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Ambipolar and multi-electrochromic
polyimides based on N,N-di(4-aminophenyl)N′,N′-diphenyl-4,4′-oxydianiline
Sheng-Huei Hsiao* and Shou-Lun Cheng
Abstract
A series of novel aromatic polyimides were synthesized from N,N-di(4-aminophenyl)-N′ ,N′ -diphenyl-4,4′ -oxydianiline and
aromatic tetracarboxylic dianhydrides through a conventional two-step procedure. Most of the polyimides exhibited reasonable
solubility in organic solvents and could aﬀord robust ﬁlms via solution casting. The polyimides exhibited high thermal stability,
with glass transition temperatures in the range 227–273 ∘ C and 10% weight-loss temperatures in excess of 550 ∘ C. All the
polyimide ﬁlms showed ambipolar redox and multi-electrochromic behaviors. They exhibited two reversible oxidation redox
couples at 0.94–0.98 and 1.09–1.12 V versus Ag/AgCl in acetonitrile solution. A coupling reaction between the radical cations
of the pendent triphenylamine units occurred during the oxidative process forming a tetraphenylbenzidine structure which
resulted in an additional redox state and color change.
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by-products and storage instability of poly(amic acid) solution. To
overcome these problems, many attempts have been made to
synthesize soluble and processable polyimides in fully imidized
form while maintaining their excellent properties.34 – 36 One of
the common approaches for increasing solubility and processability of polyimides without much sacriﬁcing the high thermal
stability is the introduction of bulky, packing-disruptive groups
into the polymer backbone.37 – 42 For example, the incorporation
of three-dimensional, propeller-shaped triphenylamine (TPA) unit
into the polyimide backbone led to an enhanced solubility.43 – 45
Incorporation of triarylamine units into the polyimide backbone
not only resulted in enhanced solubility but also led to new electronic functions of polyimides, such as electrochromic46 – 50 and
memory51 – 53 characteristics, due to the redox activity of the triarylamino core. It has also been demonstrated that TPA-based polyimides generally exhibit poor electrochemical and electrochromic
stability due to the strong electron-withdrawing imide group,
which increases the oxidation potential of the TPA unit and destabilizes the resultant amino radical cation upon oxidation.54,55
Attaching the TPA units as pendent groups on the polyimide
backbone may enhance the electrochemical and electrochromic
stability of these kinds of electroactive polymers.
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Electrochromic materials consist of redox-active species that
exhibit signiﬁcant, lasting and reversible changes in color upon
electrochemical reduction or oxidation.1,2 Research in electrochromic devices has received a great deal of attention due
to the importance of this interesting phenomenon in applications such as electrochromic windows,3 – 7 displays,8 – 11 memory
devices,12 electronic papers13 – 15 and adaptive camouﬂages.16
There is a vast amount of chemical species that exhibit
electrochromic properties, including metal coordination complexes, metal oxides (especially tungsten oxide), viologens
(4,4′ -bipyridine salts) and conducting polymers (such as polyanilines, polypyrroles, polythiophenes and polyselenophenes).17 – 21
In recent years, the use of conjugated polymers as active layers in
electrochromic devices has become popular due to the advantageous properties such as fast switching time, ease of synthesis and
wide range of colors.22 – 25 In addition, several condensation-type
polymer systems with electroactive units have also been studied
for electrochromic applications.26 – 31
Aromatic polyimides are characterized as highly thermally stable polymers with a favorable balance of physical and chemical properties. They are commercially important materials used
extensively as dielectric ﬁlms and coatings in a wide range of
high-technology applications.32,33 However, rigidity of the backbone and strong interchain interactions result in high melting or
glass transition temperatures (T g ) and limited solubility in most
organic solvents. Thus, polyimide processing is generally carried out via a poly(amic acid) precursor which then converted
to polyimide by vigorous thermal or chemical cyclodehydration.
This process has inherent problems such as emission of volatile
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Scheme 1. Synthetic route to the diamine monomer 6: (a) 4-iodoanisole, Cu, K2 CO3 , TEGDME, 180 ∘ C; (b) BBr3 , CHCl3 , room temperature, then quenched
using MeOH; (c) p-ﬂuoronitrobenzene, CsF, dimethylsulfoxide (DMSO), 140 ∘ C; (d) Pd/C, hydrazine, EtOH, reﬂux; (e) p-ﬂuoronitrobenzene, CsF, DMSO,
140 ∘ C; (f ) Pd/C, hydrazine, EtOH, reﬂux.

In a continuation of our eﬀorts to improve the electrochromic
performance of polyimides, this paper describes the synthesis of new electroactive aromatic polyimides containing
TPA units both in the main chain and in the side chain
from a newly synthesized TPA-containing diamine monomer,
N,N-di(4-aminophenyl)-N′ ,N′ -diphenyl-4,4′ -oxydianiline
(compound 6 as shown in Scheme 1). Apart from basic characterization,
the electrochemical, spectroelectrochemical and electrochromic
properties of the polyimides were investigated.

EXPERIMENTAL

812

Materials
The diamine monomer 6 was synthesized starting from diphenylamine using a six-step reaction sequence as illustrated in
Scheme 1. In the ﬁrst step, the intermediate compound
4-methoxytriphenylamine (1) was synthesized via an Ullmann reaction between diphenylamine and 4-iodoanisole
by using copper powder. Demethylation of compound 1
with boron tribromide gave 4-hydroxytriphenylamine (2).
Then, 4-(4-nitrophenoxy)triphenylamine (3) was prepared by
the nucleophilic aromatic ﬂuoro-displacement reaction of
p-ﬂuoronitrobenzene with 2 in the presence of cesium ﬂuoride (CsF). Reduction of the nitro group of 3 by means of hydrazine
and Pd/C gave 4-(4-aminophenoxy)triphenylamine (4). The target
diamine monomer 6 was prepared by hydrazine Pd/C-catalyzed
reduction of dinitro compound 5, which was prepared from the
CsF-assisted N,N-diarylation reaction of 4 with two equivalent
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amounts of p-ﬂuoronitrobenzene. The synthetic details and characterization data of all the synthesized compounds can be found
in our previous publication56 or in the supporting information.
The NMR spectra of the diamine monomer 6 are shown in Fig.
S1 (supporting information). The assignments of all proton and
carbon signals assisted by the two-dimensional NMR spectra are
in good agreement with the proposed molecular structure of 6.
N,N-Dimethylacetamide (DMAc) was dried over calcium hydride
(CaH2 ) for 24 h, distilled under reduced pressure and stored over
4 Å molecular sieves in a sealed bottle. Commercially available
tetracarboxylic dianhydrides pyromellitic dianhydride (PMDA;
7a; Aldrich) and 3,4,3′ ,4′ -benzophenonetetracarboxylic dianhydride (BTDA; 7c; Aldrich) were puriﬁed by recrystallization
from acetic anhydride. 3,4,3′ ,4′ -Biphenyltetracarboxylic dianhydride (BPDA; 7b; Oxychem), 4,4′ -oxydiphthalic anhydride
(ODPA; 7d; Oxychem), 3,4,3′ ,4′ -diphenylsulfonetetracarboxylic
dianhydride (DSDA; 7e; New Japan Chemical Co.) and
2,2-bis(3,4-dicarboxyphenyl)hexaﬂuoropropane
dianhydride
(6FDA; 7f; Hoechst Celanese) were heated at 250 ∘ C in vacuo
for 3 h before use. Tetrabutylammonium perchlorate (TBAP;
Bu4 NClO4 ) was recrystallized from ethyl acetate under nitrogen
atmosphere and then dried in vacuo prior to use. All other reagents
and solvents were used as received from commercial sources.
Polymer synthesis
Polyimides 8a–8f were synthesized from diamine monomer 6
and aromatic dianhydrides 7a–7f by a conventional two-step
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Scheme 2. Synthesis of polyimides.

method via thermal or chemical imidization reaction. A typical
procedure was as follows. The diamine monomer 6 (0.5462 g,
1.022 mmol) was dissolved in 9.5 mL of CaH2 -dried DMAc in a
50 mL round-bottom ﬂask. Then 7f (6FDA; 0.4538 g, 1.022 mmol)
was added to the diamine solution in one portion. Thus, the solid
content of the solution was approximately 10 wt%. The mixture
was stirred at room temperature overnight (for about 12 h) to
yield a viscous poly(amic acid) solution. The inherent viscosity of
the resulting poly(amic acid) was 0.69 dL g−1 , measured in DMAc
at a concentration of 0.5 g dL−1 at 30 ∘ C. A poly(amic acid) ﬁlm
was obtained by casting from the reaction polymer solution onto
a glass Petri dish and drying at 90 ∘ C overnight. The poly(amic
acid) in the form of a solid ﬁlm was converted to polyimide 8f by
successive heating under vacuum at 150 ∘ C for 30 min, 200 ∘ C for
30 min and then 250 ∘ C for 1 h.

For the chemical imidization method, 4 mL of acetic anhydride
and 2 mL of pyridine were added to the poly(amic acid) solution
obtained using a process similar to that descrobed above, and the
mixture was heated at 100 ∘ C for 1 h to eﬀect a complete imidization. The homogeneous polymer solution was poured slowly into
150 mL of stirring methanol giving rise to a yellow precipitate that
was collected by ﬁltration, washed thoroughly with hot water and
methanol, and dried. A polymer solution was made by the dissolution of about 0.5 g of the polyimide sample in 10 mL of hot
DMAc. The homogeneous solution was poured into a 7 cm glass
Petri dish, which was placed in a 90 ∘ C oven overnight for the
slow release 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.

Table 1. Inherent viscosity and solubility behavior of polyimides prepared via thermal (-T) or chemical (-C) imidization
𝜂 inh (dL g−1 )
Polymer code
8a-T
8a-C
8b-T
8b-C
8c-T
8c-C
8d-T
8d-C
8e-T
8e-C
8f-T
8f-C

PAAa

Polyimideb

0.88

−d
−
−
−
−
−
−
0.42
−
−
0.49
0.62

0.48
0.76
0.47
0.78
0.69

Solubility in various solventsc
NMP

DMAc

DMF

DMSO

+−
+−
+h
+−
+−
+h
+h
++
+h
+h
++
++

+−
+−
+−
+−
+−
+h
+h
+h
+h
+h
++
++

+−
−
+−
+−
+−
++
+−
+h
+h
++
++
++

+−
−
+−
+−
+−
+
+h
+h
+h
+h
+h
+h

m-Cresol
+h
+−
+h
+h
++h
+h
+h
+h
+h
+h
+h

THF
−
−
−
+−
+−
+−
+−
++
+−
+−
++
++

a Inherent viscosity of poly(amic acid)s (PAA) measured at a concentration of 0.5 g dL−1 in DMAc at 30 ∘ C.
b Inherent viscosity of polyimides measured at a concentration of 0.5 g dL−1 in NMP at 30 ∘ C.
c Solvents: NMP, N-methyl-2-pyrrolidone; DMAc, N,N-dimethylacetamide; DMF, N,N-dimethylformamide; DMSO,

dimethyl sulfoxide; THF, tetrahydrofuran. Solubility: ++, soluble at room temperature; +h, soluble on heating at 100 ∘ C; + −, partially soluble; −, insoluble even on heating.
Could not be completely dissolved in NMP.

d
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Table 2. Thermal properties of polyimides
T 5% (∘ C)c
Polymer code
8a
8b
8c
8d
8e
8f

T g (∘ C)a

T s (∘ C)b

271
249
243
227
258
252

272
258
249
236
260
257

T 10% (∘ C)c

In N2

In air

In N2

In air

577
592
567
574
519
559

528
549
517
541
531
540

601
618
590
594
554
584

590
614
581
593
576
580

Char yield (wt%)d
67
67
65
63
59
67

Midpoint temperature of the baseline shift on the second DSC heating trace (rate = 20 ∘ C min−1 ) of the sample after quenching from 400 to 50 ∘ C
(rate = 200 ∘ C min−1 ) in nitrogen.
b Softening temperature measured by TMA with a constant applied load of 10 mN at a heating rate of 10 ∘ C min−1 .
c Decomposition temperature at which a 5 or 10% weight loss was recorded by TGA at a heating rate of 20 ∘ C min−1 and a gas ﬂow rate of 20 cm3 min−1 .
d Residual weight at 800 ∘ C at a scan rate 20 ∘ C min−1 in nitrogen.
a

CHI 750A electrochemical analyzer. Cyclic voltammetry (CV) was
conducted with the use of a three-electrode cell in which indium
tin oxide (ITO; polymer ﬁlm area of about 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
a home-made Ag/AgCl, KCl (sat.) reference electrode. Ferrocene
was used as an external reference for calibration (+0.48 V versus Ag/AgCl). Voltammograms are presented with the positive
potential pointing to the left and with increasing anodic currents
pointing downwards. 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 measured with
an Agilent 8453 UV-visible diode array spectrophotometer.

814

Figure 1. TMA and TGA curves of polyimide 8a obtained with a heating
rate of 10 and 20 ∘ C min−1 , respectively.

RESULTS AND DISCUSSION

Instrumentation and measurements
Infrared (IR) spectra were recorded with a Horiba FT-720 FT-IR
spectrometer. 1 H NMR and 13 C NMR spectra were measured with
a Bruker Avance 500 FT-NMR system with tetramethylsilane 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) with a Shimadzu XRD-6000 X-ray diﬀractometer with a
graphite monochromator (operating at 40 kV and 30 mA), using
nickel-ﬁltered Cu K𝛼 radiation (𝜆 = 1.54 Å). The scanning rate
was 2∘ min−1 over a range of 2𝜃 = 10–40∘ . TGA was performed
with a PerkinElmer Pyris 1 TGA. Experiments were carried out
on approximately 4–6 mg of sample heated in ﬂowing nitrogen
or air (ﬂow rate = 40 cm3 min−1 ) at a heating rate of 20 ∘ C min−1 .
DSC analyses were performed with a PerkinElmer Pyris 1 DSC
at a scan rate of 20 ∘ C min−1 in ﬂowing nitrogen. Thermomechanical analysis (TMA) of polyimide ﬁlms (about 40 μm thick)
was carried out with a PerkinElmer TMA 7 instrument. The TMA
experiments were carried out from 50 to 400 ∘ C at a scan rate of
10 ∘ C min−1 with a penetration probe of 1.0 mm in diameter under
an applied constant load of 10 mN. Softening temperatures (T s )
were taken as the onset temperatures of probe displacement on
the TMA thermograms. Electrochemistry was performed with a

Polymer synthesis
Polyimides 8a–8f were prepared by the reactions of equal molar
amounts of diamine monomer 6 with various aromatic dianhydrides (7a–7f) to form poly(amic acid)s, followed by thermal or
chemical cyclodehydration (Scheme 2). As evident from Table 1,
the poly(amic acid) precursors have inherent viscosities in the
range 0.47–0.88 dL g−1 . The resulting viscous poly(amic acid) solutions were poured into smooth glass Petri dishes and dried to form
solid ﬁlms. Thermal conversion to polyimides was carried out via
stage-by-stage heating of the poly(amic acid) ﬁlms to 250 ∘ C. All
the thermally cured polyimide ﬁlms are ﬂexible and exhibit high
strengths. The poly(amic acid) precursors also could be chemically
dehydrated to the polyimides by treatment with acetic anhydride
and pyridine. All the polyimides show the characteristic absorption bands of the imide ring near 1780 cm−1 (asymmetric C O
stretching) and 1720 cm−1 (symmetric C O stretching) in their
IR spectra. Typical IR spectra of polyimide 8b and its poly(amic
acid) precursor are illustrated in Fig. S2 (supporting information).
Representative 1 H NMR and H–H COSY NMR spectra of polyimide 8f in CDCl3 are illustrated in Fig. S3 (supporting information). The aromatic protons on the diamine moieties resonate in
the region of 6.9–7.4 ppm. The signals appearing at 7.8–8.1 ppm
are assigned to the protons on the dianhydride moieties. The
assignments of all protons agree well with the proposed polymer
structure.
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Figure 2. CV diagrams of cast ﬁlms of polyimides (a) 8a, (b) 8b, (c) 8c, (d) 8d, (e) 8e and (f ) 8f on an ITO-coated glass substrate in 0.1 mol L−1 Bu4 NClO4 in
acetonitrile (for anodic process) and DMF (for cathodic process) at scan rates of 50 and 100 mV s−1 , respectively.

Polym Int 2015; 64: 811–820

contribution of the hexaﬂuoroisopropylidene (—C(CF3 )2 —) fragment in the polymer backbone. It is also found that the polyimides
prepared using the chemical imidization method exhibit better
solubility as compared with those prepared using the two-step
thermal imidization method. The lower solubility of polyimides
obtained by the latter method can be ascribed to morphological change of the polymers during heat treatment resulting
in some degree of ordering from molecular aggregation of
the polymer chain segments. As shown in Fig. S4 (supporting

© 2014 Society of Chemical Industry

wileyonlinelibrary.com/journal/pi

815

Solubility and ﬁlm properties
The solubility behavior of the polyimides depends on their chain
packing ability and intermolecular interactions that are aﬀected by
the rigidity, symmetry and regularity of the molecular backbone.
Except for the polyimides derived from more rigid dianhydrides,
such as PMDA and BPDA, the other polyimides 8c–8f exhibit
moderate to high solubility in polar aprotic organic solvents such
as NMP, DMAc, DMF and DMSO (Table 1). Polyimide 8f also shows
good solubility in less polar solvents like THF because of additional
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Table 3. Redox potentials and energy levels of polyimides
Redox potential (V)
Thin-ﬁlm absorption wavelength (nm)
Polymer
8a
8b
8c
8d
8e
8f

𝜆max

abs

303
307
309
309
303
304

𝜆onset

abs

445
432
426
435
418
405

E 1/2 1

E onset

E 1/2 2

Ox.a

Red.b

Ox.

Red.

Ox.

Red.

0.87
0.88
0.88
0.89
0.88
0.90

−0.49
−1.03
−0.75
−1.05
−0.73
−0.95

0.97
0.98
0.98
0.98
0.98
0.94

−0.63
−1.01
−0.86
−1.20
−0.84
−1.07

1.12
1.10
1.11
1.09
1.12
1.11

−1.16
−1.33
−1.13
−1.33
−1.03
−1.17

E 1/2 3
Ox.
–
–
–
–
–
–

Red.
–
–
−1.31
–
–
–

Energy level (eV)
Eg

(eV)c
2.79
2.87
2.91
2.85
2.97
3.06

HOMOd

LUMOe

5.33
5.34
5.34
5.34
5.34
5.30

2.54
2.47
2.43
2.49
2.37
2.24

a

From cyclic votammograms versus Ag/AgCl in CH3 CN; E 1/2 : average potential of redox couple peaks.
Versus Ag/AgCl in DMF.
c Data calculated from the absorption edge of the polymer ﬁlms using the equation: E = 1240/𝜆
g
onset (energy gap between HOMO and LUMO).
d HOMO energy levels calculated from CV and were referenced to ferrocene (4.8 eV).
e LUMO = HOMO − E .
g
b

information), all the polyimides show amorphous WAXD patterns.
Their amorphous properties can be attributed to the incorporation
of packing-disruptive ether-linked bis(triphenylamine) (O(TPA)2 )
unit along the polymer backbone, which results in a high steric
hindrance for close packing, and thus reduces the crystallization
tendency.
Thermal properties
The thermal stability and phase transition temperatures of the
polyimides were determined using TGA, DSC and TMA techniques.
The thermal behavior data are included in Table 2. Typical TGA
and TMA curves of the representative polyimide 8a are shown
in Fig. 1. All of the polyimides exhibit a similar TGA pattern
with no signiﬁcant weight loss below 500 ∘ C in air or nitrogen
atmosphere. The decomposition temperatures (T d ) for a 10%
weight loss of these polyimides in nitrogen and air are recorded
in the range 554–618 and 576–614 ∘ C, respectively. The amount
of carbonized residue (char yield) of these polymers in nitrogen
atmosphere is more than 59% at 800 ∘ C. The high char yields of
these polymers can be ascribed to their high aromatic content.
T g of all the polymers are observed in the range 227–271 ∘ C
using DSC (Fig. S5, supporting information) and decrease with
decreasing rigidity and symmetry of the aromatic tetracarboxylic
dianhydride. The decreasing order of T g generally correlates with
that of chain ﬂexibility. For example, the polyimide 8d from ODPA
shows the lowest T g of 227 ∘ C because of the presence of a
ﬂexible ether linkage between the phthalimide units. T s (may be
referred to as apparent T g ) of the polymer ﬁlm samples determined
using TMA are in the range 236–272 ∘ C. They are obtained from
the onset temperature of the probe displacement on the TMA
trace. A typical TMA thermogram for polyimide 8a is illustrated
in the inset of Fig. 1. In most cases, the T s values obtained
using TMA are comparable to the T g values measured using
DSC. The thermal analysis results reveal that these polyimides
exhibited excellent thermal stability, which in turn is beneﬁcial to
increase the service time in device application and enhance the
morphological stability of the spin-coated ﬁlms.
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Electrochemical properties
The electrochemical behavior of each polyimide was investigated
using CV with a conventional three-electrode cell assembly. The

wileyonlinelibrary.com/journal/pi

CV diagrams of all the polyimides are depicted in Fig. 2, and
quantitative details are summarized in Table 3. As evident from
Table 3, the oxidation half-wave potentials (E 1/2 ox ) are in the range
0.94–0.98 V and 1.09–1.12 V. In comparison with analogous polyimides containing N,N,N′ ,N′ -tetraphenylphenylenediamine (TPPA)
segments,46 the present ones show a closer redox potential splitting ΔE of the two oxidation peaks. This implies a weak electronic
coupling between the two TPA amino redox centers mediated by
the ether connector and is consistent with the ﬁndings reported
by Liou and co-workers.50 Thus, the oxidation processes of the
two amino centers in the O(TPA)2 segment seem to occur separately without strong electronic coupling in their radical cationic
states. These polyimides also exhibit additional one, two or three
quasi-reversible reduction peaks due to diﬀerent aryl imide structures. Redox reactions for the diimide systems shown in Scheme
S1 (supporting information) represent a possible distribution of
electron density for the reduced forms and can be described
by other resonance forms, which contribute to the charge delocalization. Reduction of the imide groups may induce increased
quinoid character due to charge separation by the ring structure to minimize the electron–electron repulsion. The CV curve
of PMDA polyimide 8a (Fig. 2(a)) shows that the pyromellitimide
groups undergo two quasi-reversible reductions, which occur at
E pc = −0.83 and −1.31 V. The ﬁrst reduction corresponds to formation of radical anions, and the second reduction relates to formation of dianions (see Scheme S1). Similar result is observed with
the BPDA polyimide 8b (Fig. 2(b)); however, the ﬁrst reduction
process (E pc = −1.24 V) occurs at a more negative potential than
observed for the PMDA polyimide 8a. Two separated reduction
peaks peculiar to the BPDA diimide segment indicate a facile electronic communication between the two phthalimide groups. It is
worth noting that the benzophenone diimide group of the BTDA
polyimide 8c reveals three reversible redox couples (Fig. 2(c)). It is
proposed that the ﬁrst two electro-reduction processes occur for
the BTDA diimide units, leading to the radical-anion (E pc = −0.91 V)
and diradical-dianion form (E pc = −1.16 V), respectively. The benzophenone moiety allows a third electro-reduction to the proposed radical-trianion form (E pc = −1.34 V) as depicted in Scheme
S1. Two pairs of redox waves are observed for the imide reduction of ODPA polyimide 8d (Fig. 2(d)), 6FDA polyimide 8f (Fig. 2(f ))
and DSDA polyimide 8e (Fig. 2(e)) during the negative CV scanning, even though the conjugation across the imide group is

© 2014 Society of Chemical Industry
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Figure 3. Spectroelectrochemistry of polyimide 8b thin ﬁlm on ITO-coated glass substrate in 0.1 mol L−1 Bu4 NClO4 –CH3 CN at (a) 1.1 V, (b) 1.2 V and (c) 0.8 V. (d) CV diagram for the ﬁrst and second scans. (e)
Spectroelectrochemical series of polyimide 8b thin ﬁlm after the ﬁrst scan.
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disrupted by the ether, hexaﬂuoroisopropylidene and sulfonyl
linker. The energy levels of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) levels
(below vacuum) of the corresponding polymers were estimated
from the ﬁrst E 1/2 ox values. Assuming that the HOMO energy level
for the ferrocene/ferrocenium (Fc/Fc+ ) standard is 4.80 eV with
respect to the zero vacuum level, the HOMO and LUMO values for
these polyimides are calculated to be in the range 5.30–5.34 and
2.24–2.54 eV, respectively.

818

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. The results for the 8b ﬁlm upon
electro-oxidation (p-doping) are presented in Fig. 3 as a series
of UV-visible–near-IR absorption curves correlated to electrode
potentials. In the neutral form, at 0 V, polyimide 8b exhibits
strong absorption at wavelength around 309 nm, but is almost
transmissive in the visible region. When the applied voltage is
stepped from 0 to 1.1 V, the intensity of the absorption peak
around 309 nm decreases gradually, and new peaks at 375 and
760 nm gradually increase in intensity (Fig. 3(a)). We attribute
these spectral changes to the formation of a stable cation radical
of the TPA side-group. As reported previously,46 the polaron of
TPPA-based polyimide exhibited a red-shifted absorption in the
near-IR region due to extended electron delocalization and the
inter-valence charge transfer (IVCT) eﬀect.57 Thus, inserting the
ether linkage between two TPA units interrupts the electronic coupling between the amino centers and decreases IVCT absorption.
Upon further oxidation of polyimide 8b at applied voltages to
1.2 V, corresponding to the second oxidation step, the intensity of
characteristic absorptions of the radical cation slightly decreases
and one new band arises at 480 nm (Fig. 3(b)). The new spectrum
is assigned in terms of a dication of polyimide 8b. From the images
shown in the insets of Figs 3(a) and (b), it can be seen that the
ﬁlm changes from a transmissive neutral state (pale yellowish) to
a highly absorbing semi-oxidized state (blue) and a fully oxidized
state (purple). As shown in Fig. 3(c), when the applied voltage
returns from 1.2 to 0.8 V, the characteristic absorption of the diradical cation is decreased markedly and the absorption at 480 nm
further intensiﬁes. Meanwhile, the ﬁlm changes color from purple
to orange-yellow. As shown in Fig. 3(d), after the ﬁrst CV scan,
polyimide 8b displays another earlier redox wave at around 0.83 V
in its subsequent CV scan. After the ﬁrst electrochemical series of
polyimide 8b was recorded from 0 to 1.2 V and then back to 0 V,
we re-applied the electrode voltage and recorded the absorption
proﬁle. As shown in Fig. 3(e), although the 𝜆max absorption values
have slightly shifted, an additional orange-yellow oxidized state
is observed in the re-scan ﬁlm at an applied voltage of 0.8 V.
The ﬁlm shows multicolored electrochromism from pale yellow
neutral state to orange-yellow, blue and purple oxidized states.
This phenomenon persists for several subsequent scans. The new
orange-yellow oxidized state may be attributed the oxidation of
the tetraphenylbenzidine unit resulting from a coupling reaction
occurring on the active sites of the side-chain TPA unit, as shown
in Scheme S2 (supporting information).
Figure 4 shows the spectral changes of cast ﬁlms of polyimides
8a and 8b upon electro-reduction (n-doping). The radical anion
of polyimide 8a, which appears at a potential of −0.8 V, exhibits
a strong band at 315 nm and an increased absorption between
660 and 725 nm. As shown in Fig. 4(a), the radical anion form of
polyimide 8a is light green in color. Further reduction at potentials
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Figure 4. Spectroelectrochemistry of cast ﬁlms of polyimides (a) 8a and (b)
8b on ITO-coated glass substrate in 0.1 mol L−1 Bu4 NClO4 –DMF at various
applied potentials.

negative to −1.3 V results in the two-electron reduced (dianion)
state with absorption maxima at 560 and 725 nm, and the ﬁlm
turns to a pink color during the second reduction. The spectral
changes of polyimide 8a upon electro-reduction are similar to
those obtained for the conventional PMDA polyimide and diimide
model compounds.58,59 Figure 4(b) shows the spectral changes of
the polyimide 8b ﬁlm upon electro-reduction. The radical anion
of polyimide 8b, which appears at a potential of −1.5 V, exhibits
an absorption peak around 315 nm which decreases gradually,
and a new peak at 640 nm gradually increases in intensity. It can
be seen (inset of Fig. 4(b)) that the ﬁlm changes from a pale
yellowish neutral state to a blue dianion state. However, during
n-doping, these polyimide ﬁlms show a quick optical contrast loss
after about ﬁve full switches. It is believed that a small amount of
unwanted delamination or dissolution of the anionic products in
the DMF–electrolyte solution is the main cause of the unstable
switching behavior.
In order to obtain a crosslinked ﬁlm of polyimide 8b, the ﬁlm
of 8b on ITO-coated glass was repeatedly scanned between 0.0
and 1.2 V at 100 mV s−1 for 10 cycles. After that, the spectroelectrochemistry and electrochromic switching of the electrochromic
ﬁlm was investigated. The spectroelectrochemical behavior of
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Figure 5. Potential step absorptometry of cast ﬁlm of polyimide 8b on ITO-coated glass slide (active area ≈ 1 cm2 ) (in CH3 CN with 0.1 mol L−1 TBAP as the
supporting electrolyte) by applying a potential step of (a) 0.0 V ↔ 0.8 V and cycle time of 10 s and (b) 0.0 V ↔ 1.1 V and cycle time of 12 s. Optical switching
for polyimide 8b at 𝜆max = 790 nm as (c) the applied voltage was stepped between 0 and 0.8 V (versus Ag/Ag/Cl) and (d) the applied voltage was stepped
between 0 and 1.1 V (versus Ag/Ag/Cl).
Table 4. Electrochromic properties of polyimide 8b
Response timeb(s)
𝜆max a (nm)
790
790
a

Δ%T
61
80

tc

tb

ΔODc

Qd d(mC cm−2 )

CEe (cm2 C−1 )

4.23
5.74

1.07
1.40

0.488
0.788

4.22
7.99

116
99

Wavelength of absorption maximum.

b Time for 90% of the full-transmittance change.
c Optical density (ΔOD) = log[T
bleached /T colored ],

where T colored and T bleached are the maximum transmittance in the oxidized and neutral states,
respectively.
d Ejected charge, determined from in situ experiments.
e Coloration eﬃciency (CE) = ΔOD/Q .
d

Polym Int 2015; 64: 811–820

contrast measured as Δ%T of polyimide 8b between neutral pale
yellowish and oxidized orange-yellow states is found to be 61%
at 790 nm. The electrochromic coloring eﬃciency (CE) for the
orange-yellow coloring (𝜂 = ΔOD790 /Q) of polyimide 8b is estimated to be 116 cm2 C−1 (Table 4). When the potential is stepped
between 0.0 and 1.1 V, the thin ﬁlm of polyimide 8b would require
5.74 s for the coloring process at 790 nm and 1.40 s for bleaching
process. The CE for the blue electrochromism (𝜂 = ΔOD790 /Q) of
polyimide 8b is estimated to be 99 cm2 C−1 (Table 4).

CONCLUSIONS
A new series of aromatic polyimides with laterally attached
O(TPA)2 units as redox chromophore have been successfully
synthesized. All the polymers could form morphologically stable
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the polyimide ﬁlm is found to be very similar to that shown in
Fig. 3(e). Electrochromic switching studies of the polyimides were
performed to monitor the percent transmittance changes (Δ%T)
as a function of time at their absorption maximum (𝜆max ) and to
determine the response time by stepping the potential repeatedly
between the neutral and oxidized states. The active area of the
polymer ﬁlm on ITO-coated glass is about 1 cm2 . Figures 5(a)
and (b) depict the optical transmittance as a function of time at
790 nm by applying square-wave potential steps between 0.0
and 0.8 V for a resident time of 10 s and between 0.0 and 1.1 V
for a resident time of 12 s. The response time was calculated at
90% of the full-transmittance change, because it is diﬃcult to
perceive any further color change with the naked eye beyond this
point. As shown in Fig. 5(c), polyimide 8b attains 90% of complete
coloring and bleaching in 4.23 and 1.07 s, respectively. The optical

www.soci.org
and uniform amorphous ﬁlms using solution-casting and thermal
curing techniques. The polyimides prepared from less stiﬀ dianhydrides were soluble in polar organic solvents and, thus, could be
solution-processed directly in the fully imidized form. In addition
to high T g and high thermal stability, the polymers also revealed
ambipolar (p- and n-doping) multi-electrochromic characteristics.
These polyimides revealed moderately high electrochromic stability on low-level p-doping; however, they did not show good
electrochromic performance because of partial dissolution of the
anionic products and delamination of the cast ﬁlm during the
n-doping process. Thus, these polyimides may be more suitable
for use as anodic electrochromic materials.
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Ambipolar and Multi-electrochromic Polyimides Based on
N,N-Di(4-aminophenyl)-N',N'-diphenyl-4,4'-oxydianiline
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Department of Chemical Engineering and Biotechnology, National Taipei
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Monomer Synthesis

4-Methoxytriphenylamine (1): A mixture of the diphenylamine (82.6 g, 0.3 mol),
4-iodoanisole (70.2 g, 0.3 mol), K2CO3 (82.9 g, 0.6 mol), Cu (19.2 g, 0.3 mol), and
TEGDME (60 mL) was heated and stirred at 180 oC for 24 h. Then, the reaction
mixture was poured into 1 L of water to precipitate the product. The crude product
was collected by filtration and then recrystallized from methanol to give brown
crystals (30.0 g, 60% yield) with a melting point of 104-106 oC.
4-Hydroxytriphenylamine (2): A solution of compound 1 (30.0 g; 0.11 mol) in 220 mL
of chloroform was cooled to 0 oC, and BBr3 (55.1 g; 0.22 mol, 220 mL 1 M solution
in CH2Cl2) was added slowly with stirring. After stirring for 1 h at 0 oC, the reaction
mixture was allowed to warm to room temperature (~25 oC) and stirred for 18 h. The
reaction was carefully quenched with methanol using an ice bath. The solvent was
then removed under reduced pressure, and the residue was re-dissolved in ethyl
acetate (440 mL). The resulting solution was washed with a saturated aqueous
solution of NaHCO3 (2 × 220 mL) and water (2 × 220 mL), dried over MgSO4, and
evaporated to give green powder (22.8 g, 80% yield) with a melting point of 121-123
o

C.

4-(4-Nitrophenoxy)triphenylamine (3): In a 250 mL three-neck round-bottom flask
equipped with a stirring bar, a mixture of 22.8 g (0.087 mol) of compound 2, 12.3 g

~1~

(0.087 mol) of p-fluoronitrobenzene, and 13.2 g (0.087 mol) of CsF in 90 mL of dry
DMSO was heated with stirring at 120 °C for 12 h under nitrogen atmosphere. After
cooling, the reaction mixture was poured into 450 mL of stirred methanol slowly, and
the precipitated yellow crystals (23.3 g, 70% yield; mp = 129-131 oC) were collected
by filtration. IR (KBr): 1588, 1330 cm-1 (-NO2 stretch). 1H NMR (500 MHz,
DMSO-d6, δ, ppm): 7.04 (d, J = 7.8 Hz, 4H, Hc), 7.05 (t, J = 7.8 Hz, 2H, Ha), 7.08 (d,
J = 8.9 Hz, 2H, Hd), 7.13 (d, J = 8.9 Hz, 2H, He), 7.18 (d, J = 9.0 Hz, 2H, Hf), 7.32 (t,
J = 7.8 Hz, 4H, Hb), 8.26 (d, J = 9.0 Hz, 2H. Hg). 13C NMR (125 MHz, DMSO-d6, δ,
ppm): 117.09 (C10), 121.55 (C7), 122.97 (C1), 123.61 (C3), 125.30 (C6), 126.10 (C11),
129.51 (C2), 142.08 (C12), 144.50 (C5), 147.09 (C4), 149.26 (C8), 163.08 (C9).
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4-(4-Aminophenoxy)triphenylamine (4):

In a 500 mL three-neck round-bottom flask

equipped with a stirring bar, 23.3 g (0.061 mol) of the nitro compound 3 and 0.15 g of
10% Pd/C were dissolved/suspended in 350 mL of ethanol under nitrogen atmosphere.
The suspension solution was heated to reflux, and 8 mL of hydrazine monohydrate
was added slowly to the mixture, then the solution was stirred at reflux temperature.
After a further 24 h of reflux, the solution was filtered hot to remove Pd/C, and the
filtrate was then cooled to precipitate white product. The product was collected by
filtration and dried in vacuo at 80 °C to give 15.0 g (70% in yield) of white powders
with an mp of 123-124 °C. IR (KBr): 3441, 3361 cm-1 (-NH2 stretch). 1H NMR (500
MHz, DMSO-d6, δ, ppm): 4.93 (s, 2H, -NH2), 6.58 (d, J = 8.7 Hz, 2H, Hg), 6.78 (d, J
= 8.7 Hz, 2H, Hf), 6.83 (d, J = 8.9 Hz, 2H, Hd), 6.94 (d, J = 7.8 Hz, 4H, Hc), 6.96 (t, J
= 7.8 Hz, 2H, Ha), 6.99 (d, J = 8.9 Hz, 2H, He), 7.25 (t, J = 7.8 Hz, 4H, Hb). 13C NMR
(125 MHz, DMSO-d6, δ, ppm): 114.86 (C11), 117.61 (C6), 120.78 (C10), 122.10 (C1),
122.53 (C3), 126.91 (C7), 129.34 (C2), 141.05 (C12), 145.42 (C5), 145.67 (C9), 147.51
(C4), 155.32 (C8).
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N,N-Di(4-nitrophenyl)-N',N'-diphenyl-4,4'-oxydianiline (5):

In a 250 mL three-neck

round-bottom flask equipped with a stirring bar, a mixture of 15.0 g (0.043 mol) of
compound 4, 12.1 g (0.086 mol) of p-fluoronitrobenzene, 13.1 g (0.086 mol) of CsF,
in 70 mL of dry DMSO was heated with stirring at 140 °C for 12 h under nitrogen
atmosphere. After cooling, the reaction mixture was poured into 700 mL of stirred
methanol slowly, and the crude product was collected by filtration and then
recrystallized from acetonitrile twice to give orange crystals (16.0 g, 70% yield) with
a melting point of 164-167 oC. IR (KBr): 1573, 1344 cm-1 (-NO2 stretch). 1H NMR
(500 MHz, DMSO-d6, δ, ppm): 7.00 (d, J = 7.8 Hz, 4H, Hc), 7.02 (t, J = 7.8 Hz, 2H,
Ha), 7.06 (s, 4H, Hd + He), 7.13 (d, J = 8.8 Hz, 2H, Hg), 7.21 (d, J = 9.1 Hz, 4H, Hh),
7.27 (d, J = 8.8 Hz, 2H, Hf), 7.29 (t, J = 7.8 Hz, 4H, Hb), 8.18 (d, J = 9.1 Hz, 4H, Hi).
13

C NMR (125 MHz, DMSO-d6, δ, ppm): 119.75 (C11), 120.64 (C6), 122.12 (C14),

122.77 (C1), 123.31 (C3), 125.59 (C15), 125.98 (C7), 129.45 (C10), 129.54 (C2), 139.18
(C12), 141.95 (C16), 143.42 (C5), 147.34 (C4), 151.45 (C9), 151.65 (C13), 156.15 (C8).
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N,N-Di(4-aminophenyl)-N',N'-diphenyl-4,4'-oxydianiline (6):

In 250 mL three-neck

round-bottom flask equipped with a reflux condenser and a stirring bar were placed

~3~

16.0 g (0.027 mol) of the dinitro compound 5, 0.15 g of 10% Pd/C, 4 mL of hydrazine
monohydrate, and 200 mL of ethanol. The reaction mixture was heated at a reflux
temperature under nitrogen atmosphere for 24 h. After that, the solution was filtered
hot to remove Pd/C, and the filtrate was then cooled to precipitate white product. The
product was collected by filtration and dried in vacuo at 80 oC to give 10.1 g (70% in
yield) of purple powders with a mp of 198-199 °C. IR (KBr): 3423, 3348 cm-1 (-NH2
stretch). 1H NMR (500 MHz, DMSO-d6, δ, ppm): 4.94 (s, 2H, -NH2), 6.54 (d, J = 8.6
Hz, 4H, Hi), 6.65 (d, J = 9.0 Hz, 2H, Hg), 6.79 (d, J = 8.6 Hz, 4H, Hh), 6.83 (d, J = 9.0
Hz, 2H, Hf), 6.88 (d, J = 8.9 Hz, 2H, Hd), 6.95 (d, J = 7.8 Hz, 4H, Hc), 6.97 (d, J = 7.8
Hz, 2H, Ha) , 7.01 (d, J = 8.9 Hz, 2H, He) , 7.26 (t, J = 7.8 Hz, 4H, Hb).

13

C NMR

(125 MHz, DMSO-d6, δ, ppm): 114.79 (C15), 118.30 (C6), 118.49 (C11), 119.93 (C10),
122.16 (C1), 122.61 (C3), 126.62 (C7), 126.73 (C14), 129.30 (C2), 136.32 (C13), 141.53
(C12), 145.14 (C16), 145.93 (C5), 147.37 (C4), 147.79 (C9), 154.26 (C8).
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Fig. S1. (a) 1H NMR (b) 13C NMR (c) H-H COSY and (d) C-H HMQC spectra of
the diamine monomer 6 in DMSO-d6.
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Fig. S2. IR spectra of polyimide 8b and its poly(amic acid) precursor.

Fig. S3. 1H NMR and H-H COSY NMR spectra of polyimide 8f in CDCl3.
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Fig. S4. WAXD patterns of the polyimide films.

Fig. S5. DSC curves (the second scans after quenching from 400 oC) of
polyimides 8a-8f with a heating rate of 20 oC min-1.
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Scheme S1. Postulated reduction chemistry of various diimide systems.
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Scheme S2. Coupling reaction of the radical cation of TPA units and the subsequent oxidation reactions of the tetraphenylbenzidine
segment.
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