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a b s t r a c t

This work deals with the synthesis and characterization of a new m-phenylenediamine-
type monomer with pendent 3,6-dimethoxycarbazole group, namely N-(4-(3,6-dimethoxy
carbazol-9-yl)phenyl)-3,5-diaminobenzamide (2), and its derived aromatic polyamides
and polyimides. New electroactive aromatic polyamides were synthesized from diamine
2 with four aromatic dicarboxylic acids via the phosphorylation polyamidation technique,
and the polyimides were prepared from equimolar mixtures of 4,40-oxydianiline and dia-
mine 2with four aromatic tetracarboxylic dianhydrides via a conventional two-step proce-
dure. All the polyamides and the 6FDA-derived polyimide were readily soluble in many
organic solvents and could afford strong and flexible films by solution casting. The poly-
mers showed useful levels of thermal stability with glass-transition temperatures (Tgs)
in the range of 237–313 �C and 10% weight-loss temperatures in excess of 450 �C. All the
polyamides and polyimides showed reversible electrochemical oxidation, accompanied
by strong color changes. By incorporation of electron-donating methoxy groups on the
electrochemically active C-3 and C-6 sites of the carbazole unit, the polymers exhibit
greatly enhanced electrochemical stability and electrochromic performance in comparison
with the analogs without any substituents on the carbazole unit.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Aromatic polyaimdes and polyimides are well accepted as high-performance polymers because of their good thermal and
chemical stability, excellent mechanical properties, and high glass transition temperatures [1–4], and are widely used in var-
ious fields including aerospace and electronic industries. However, these polymers are difficult to process due to their high
glass transition temperatures (Tg), or high melting temperatures (Tm), and limited solubility in organic solvents. Considerable
efforts have been made to improve the solubility and melting processability of polymers while maintaining their positive
properties [5–7]. A variety of structural modifications to the polymer backbone, such as insertion of flexible linkage on main
chain and utilization of noncoplanar or asymmetric monomers, incorporation of pendent groups in the polymer backbone,
can be used to modify the polymer properties, either by lowering the inter-chain interaction or by reducing the stiffness of
the polymer chain. Depending on the type and amount of structural modification, the melting temperatures can be lowered
and the solubility improved, resulting in processable materials [8–15].
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Carbazole are well-known hole-transporting and light-emitting units. Carbazole can be easily functionalized at the (3,6)-,
(2,7)-, or N-positions and then covalently linked into polymeric systems, both in the main chain as building blocks and in the
side chain as pendent groups [16]. Polymers containing carbazole moieties in the main chain or side chain have attracted
much attention because of their unique properties, which allow various optoelectronic applications such as photoconduc-
tive, electroluminescent, electrochromic, and photorefractive materials [17–19]. As reported previously [20–22], carbazole
group can be used as a fluorophore and electrochromophore onto the backbones of high-performance polymers such as aro-
matic polyamides and polyimides. However, the electrogenerated cation radical of carbazole is not reversible, possibly due to
the electrochemical coupling of carbazoles through the active C-3 and C-6 sites [23]. This may lead to problems with elec-
trochemical and electrochromic stability of this kind of electrochromic materials. It has been demonstrated that introduction
of bulky groups such as tert-butyl group on the electrochemically active sites (C-3 and C-6) of carbazole leads to enhanced
electrochemical and morphological stability [24–27]. Very recently, we have illustrated that carbazole containing polya-
mides and polyimides exhibited even lower oxidation potentials and higher electrochemical stability if the electrochemically
active sites (C-3 and C-6) of carbazole were protected with the electron-donating methoxy group [28,29]. In a effort to con-
tinue our work in the design and synthesis of carbazole-based electrochromic polymers with better performance, in this
work an aromatic diamine monomer with pendent 3,6-dimethoxycarbazol-9-yl group, namely N-(4-(3,6-dimethoxycarba
zol-9-yl)phenyl)-3,5-diaminobenzamide (Compound 2 in Scheme 2), was synthesized and led to serial aromatic polyamides
and polyimides. Basic characterizations, electrochemical and electrochromic properties of the polymers were studied. The
effect of the incorporation of methoxy group on the C-3 and C-6 positions of pendent carbazole units on the properties of
these polymers was also investigated.
2. Experimental section

2.1. Materials

Carbazole (Acros), p-fluornitrobenzene (Acros), cesium fluoride (CsF) (Acros), 10% palladium on charcoal (Pd/C, Acros),
3,5-dinitrobenzoyl chloride (Arcos), triethylamine (Acros), triphenyl phosphite (TPP, Acros), and 80% hydrazine monohydrate
(TCI) were used without further purification. N,N-Dimethylacetamide (DMAc, Acros) and N-methyl-2-pyrrolidone (NMP,
Acros) were dried over calcium hydride for 24 h, distilled under reduced pressure, and stored over 4 Å molecular sieves in
a sealed bottle. The aromatic dicarboxylic acid monomers such as 4,40-biphenydicarboxylic acid (3a) (TCI), 4,40-
dicarboxydiphenyl ether (3b) (TCI), bis(4-carboxyphenyl) sulfone (3c, Acros), and 2,2-bis(4-carboxyphenyl)hexafluoropro
pane (3d, TCI) were used as received from commercial sources. The aromatic tetracarboxylic dianhydrides including 3,304,
40-biphenyltetracarboxylic dianhydride (5a, BPDA) (Oxychem), 4,40-oxydiphthalic dianhydride (5b, ODPA) (Oxychem), 3,30

4,40-diphenylsulfonetetrscarboxylic dianhydride (5c, DSDA) (Oxychem) and 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane
dianhydride (5d, 6FDA) (Hoechst Celanese) were purified by dehydration at 250 �C in vacuo for 3 h. Commercially obtained
calcium chloride was dried under vacuum at 150 �C for 6 h prior to use. Tetrabutylammonium perchlorate (Bu4NClO4)
(Arcos) was recrystallized twice by ethyl acetate under nitrogen atmosphere and then dried in vacuo. All other reagents
and solvents were used as received from commercial sources. As depicted in Scheme 1, the 3,6-dimethoxy-N-(4-
aminophenyl)carbazole was synthesized according to a four-step synthetic route reported in a previous article [27].

2.2. Monomer synthesis

2.2.1. N-[4-(3,6-Dimethoxycarbazol-9-yl)phenyl]-3,5-dinitrobenzamide (1)
In a 250 mL round-bottom flask equipped with a stirring bar and a nitrogen gas inlet tube, 3.18 g (0.01 mol) of 3,6-dime

thoxy-9-(4-aminophenyl)carbazole were dissolved in 20 mL of DMF and 1.01 g (0.01 mol) of trimethylamine was added into
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Scheme 1. Synthetic route to 3,6-dimethoxy-9-(4-aminophenyl)carbazole.
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the solution. After the reaction solution was cooled to 0–5 �C, 3,5-dinitrobenzoyl chloride (2.54 g, 0.011 mol) were slowly
added and the reaction mixture was stirred at room temperature for 3 h. Subsequently, the mixture was poured into
100 mL of stirred methanol slowly, and the red precipitate was collected by filtration, washed with water, and recrystallized
from DMF to afford 4.20 g of the dinitro compound (1) as red powder in 80% yield. Mp = 328–331 �C, measured by DSC at
10 �C/min. IR (KBr): 3415 (amide NAH stretch), 2930, 2820 (methoxy CAH stretch), 1519, 1342 cm�1 (ANO2 stretch). 1H
NMR (500 MHz, DMSO-d6, d, ppm): 3.86 (s, 6H, Hb, �OCH3), 7.04 (d, J = 9.0 Hz, 2H, Hc), 7.31 (d, J = 9.0 Hz, 2H, Hd), 7.60 (d,
J = 9.0 Hz, 2H, He), 7.77 (s, 2H, Ha), 8.01 (d, J = 9.0 Hz, 2H, Hf), 9.00 (s, 1H, Hh), 9.15 (s, 2H, Hg), 11.06 (s, 1H, amide NH).
13C NMR spectrum with good resolution was not obtained due to limit solubility of the dinitro compound in DMSO-d6.
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2.2.2. N-[4-(3,6-Dimethoxycarbazol-9-yl)phenyl]-3,5-diaminobenzamide (2)
In a 250 mL three-neck round-bottom flask equipped with a stirring bar, 3.50 g (0.068 mol) of dinitro compound 1 and

0.1 g of 10% Pd/C were dissolved/suspended in 50 mL of ethanol under nitrogen atmosphere. The suspension solution was
heated to reflux, and 4 mL of hydrazine monohydrate was added slowly to the mixture. After a further 24 h of reflux, the
solution was filtered hot to remove Pd/C, and the filtrate was left overnight at room temperature to crystallize the product.
The product as colorless crystals was collected by filtration and dried in vacuum at 80 �C to give 2.00 g of the desired diamine
compound 2 in 67% yield, with a melting point of 238–239 �C, measured by DSC at 10 �C/min. IR (KBr): 3200–3500 cm�1

(amide and amine NAH stretch). 1H NMR (500 MHz, DMSO-d6, d, ppm): 3.89 (s, 6H, Hb, �OCH3), 4.98 (s, 4H, �NH2), 6.10
(s, 1H, Hh), 6.42 (s, 2H, Hg), 7.06 (dd, J = 9.0, 2.5 Hz, 2H, Hc), 7.30 (d, J = 9.0 Hz, 2H, Hd), 7.52 (d, J = 9.0 Hz, 2H, He), 7.81 (d,
J = 2.5 Hz, 2H, Ha), 8.02 (d, J = 9.0 Hz, 2H, Hf), 10.20 (s, 1H, amide proton). 13C NMR (125 Hz, DMSO-d6, d, ppm): 56.0 (�OCH3),
102.8 (C12), 102.9 (C14), 103.6 (C2), 110.8 (C5), 115.6 (C4), 121.8 (C9), 123.4 (C1), 126.7 (C8), 132.7 (C10), 135.9 (C3), 136.8 (C11),
138.5 (C7), 149.4 (C6), 153.9 (C13), 167.7 (amide carbon).
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2.3. Polymer synthesis

2.3.1. Synthesis of polyamides
The synthesis of polyamide 4b was used as an example to illustrate the general synthetic route used to produce the poly-

amides. A mixture of 0.317 g (0.70 mmol) of diamine monomer 2, 0.181 g (0.70 mmol) of 4,40-dicarboxydiphenyl ether (3b),
0.15 g of anhydrous calcium chloride, 0.80 mL of triphenyl phosphite (TPP), 0.20 mL of pyridine, and 0.60 mL of NMP was
heated with stirring at 120 �C for 3 h. The polymerization proceeded homogeneously throughout the reaction and afforded
clear, highly viscous polymer solution. The resulting viscous solution was poured slowly with stirring into 150 mL of metha-
nol, giving rise to a tough, fibrous precipitate. The precipitated product was collected by filtration, washed repeatedly with
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methanol and hot water, and dried to give a quantitative yield of polyamide 4b. The inherent viscosity of the polymer was
0.52 dL/g, measured in DMAc (containing 5 wt.% LiCl) at a concentration of 0.5 g/dL at 30 �C.

IR spectrum of 4b (film): 3408 (amide NAH stretch), 2945, 2830 (methoxy CAH stretch), 1660 cm�1 (amide carbonyl
stretch). 1H NMR (600 MHz, DMSO-d6, d, ppm): 3.87 (s, 6H, Hb), 7.04 (dd, J = 9.0, 2.4 Hz, 2H, Hc), 7.26 (d, J = 9.0 Hz, 4H,
Hj), 7.30 (d, J = 9.0 Hz, 2H, Hd), 7.57 (d, J = 9.0 Hz, 2H, He), 7.80 (d, J = 2.4 Hz, 2H, Ha), 8.07 (d, J = 9.0 Hz, 2H, Hf), 8.11 (s,
2H, Hg), 8.15 (d, J = 9.0 Hz, 4H, Hi), 8.63 (s, 1H, Hh), 10.58 (s, 2H, Hl, amide protons), 10.68 (s, 1H, Hk, amide proton).
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2.3.2. Synthesis of polyimides
The polyimides were prepared from tetracarboxylic dianhydrides (BPDA, OPDA, DSDA or 6FDA) with an equimolar mix-

ture of 4,40-oxydianiline (ODA) and diamine 2 by the conventional two-step method via thermal or chemical imidization
reaction. A typical example for the preparation of polymer 6d is given. A mixture of diamine 2 0.294 g (0.65 mmol) and
ODA 0.130 g (0.65 mmol) was dissolved in 4.8 mL of DMAc in a 50 mL round bottom flask. Then dianhydride 6FDA (5d)
0.577 g (1.30 mmol) was added to the diamine solution in one portion. Thus, the solid content of the solution is approxi-
mately 10 wt.%. The mixture was stirred at room temperature for about 18 h to yield a viscous poly(amic acid) solution.
The inherent viscosity of the resulting poly(amic acid) was 1.24 dL/g, measured in DMAc at a concentration of 0.5 g/dL at
30 �C. The 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 solid film was converted to the polyimide film by successive heating at
150 �C for 30 min, 200 �C for 30 min, 250 �C for 30 min, and 300 �C for 1 h. For the chemical imidization method, 2 mL of
acetic anhydride and 1 mL of pyridine were added to the poly(amic acid) solution obtained by a similar process as above,
and the mixture was heated at 100 �C for 1 h to effect a complete imidization. The homogenous polymer solution was poured
slowly into an excess of methanol giving rise to a pale yellow precipitate that was collected by filtration, washed thoroughly
with hot water and methanol, and dried. The inherent viscosity of the resulting polyimide 6d was 0.8 dL/g, measured in
DMAc at a concentration of 0.5 g/dL at 30 �C. A polymer solution was made by the dissolution of about 0.4 g of the polyimide
sample in 5 mL of hot DMAc. The homogeneous solution was poured into a glass Petri dish, which was placed in a 90 �C oven
overnight for the slow release of solvent, and then the film was stripped off from the glass substrate and further dried in
vacuum at 160 �C for 6 h.

The IR spectrum of 6d (film) exhibited characteristic imide absorption bands at 1783 cm�1 (asymmetrical C@O stretch)
and 1720 cm�1 (symmetrical C@O stretch). 1H NMR (600 MHz, DMSO-d6, d, ppm): 3.84 (6H, Hb), 6.98 (2H, Hc), 7.24 (4H, Hj),
7.32 (2H, Hd), 7.49 (4H, Hi), 7.60 (2H, He), 7.78 (2H, Ha), 7.84 (5H, Hg + Hk + Hk0), 7.97 (4H, Hm + Hm0), 8.01 (2H, Hf), 8.19 (5H,
Hh + Hl + Hl0), 10.71 (1H, amide proton).
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2.4. Fabrication of electrochromic devices (ECDs)

Solid-state ECD: Electrochromic polymer films (about 20 mm � 20 mm) were prepared by dropping solution of the poly-
imide (5 mg/mL in DMAc) onto an ITO-coated glass substrate (20 � 30 � 0.7 mm, 50–100X/square). A gel electrolyte based
on poly(methyl methacrylate) (PMMA) and LiClO4 was plasticized with propylene carbonate to form a highly transparent
and conductive gel. PMMA (1 g) was dissolved in dry MeCN (4 mL), and LiClO4 (0.1 g) was added to the polymer solution
as supporting electrolyte. Then propylene carbonate (1.5 g) was added as plasticizer. The mixture was then gently heated
until gelation. The gel electrolyte was spread on the polymer-coated side of the electrode, and the electrodes were sand-
wiched. Finally, an epoxy resin was used to seal the device.

Liquid type ECD: A polyimide tape with about 40 lm thickness was pasted on the conductive surface of ITO glass. The elec-
trode area framed by the cut out portion is about 6 cm � 4 cm. A solution of 5 mg polyimide 6d and 3 mg Bu4NClO4 in 10 mL
DMAc was filled in the cut out area. Then, the polyimide frame was sealed by epoxy resin and another ITO glass was covered
on to construct the ECD cell.

2.5. 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 or a Bruker Avance III HD-600 MHz NMR spectrometer with tetramethylsilane as an internal
standard. The inherent viscosities were determined with an Ubbelohde viscometer at 30 �C. Thermogravimetric analysis
(TGA) was performed with a Perkin-Elmer Pyris 1 TGA. Experiments were carried out on approximately 4–6 mg of polymer
film samples heated in flowing nitrogen or air (flow rate = 40 cm3/min) at a heating rate of 20 �C/min. DSC analyses were
performed on a PerkinElmer DSC 4000 at a scan rate of 20 �C/min in flowing nitrogen. 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 electrochemical analyzer. Voltammograms are presented with the positive potential pointing to the left and with
increasing anodic currents pointing downwards. Cyclic voltammetry 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. 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
(+0.44 V vs. Ag/AgCl). 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 home-made Ag/AgCl, KCl (sat.)
reference electrode. Absorption spectra in the spectroelectrochemical experiments were measured with an Agilent 8453
UV–visible photodiode array spectrophotometer.

3. Results and discussion

3.1. Monomer synthesis

According to a reported synthetic procedure [8], the new m-phenylenediamine-type diamine monomer 2 with pendent
3,6-dimethoxycarbazole group was prepared by the synthetic route outlined in Scheme 2. The intermediate dinitro com-
pound 1 was prepared by condensation of 3,6-dimethoxy-N-(4-aminophenyl)carbazole with 3,5-dinitrobenzoyl chloride
in DMF in the presence of triethylamine. Diamine 2 was prepared in good yields by the hydrazine Pd/C-catalyzed reduction
of the dinitro compound in refluxing ethanol. IR, 1H NMR and 13C NMR spectroscopic techniques were used to identify the
structures of the intermediate dinitro compound and the target diamine monomer.

The FT-IR spectra of all the synthesized compounds are illustrated in Fig. S1 (see Supplementary Information). The IR
spectrum of compound 1 gave characteristic bands of nitro groups at around 1519 and 1342 cm�1 (ANO2 asymmetric
and symmetric stretching), which disappeared after reduction. Diamine 2 showed a typical ANH2 stretching absorption pair
in the region of 3200–3500 cm�1. These two compounds also showed aliphatic CAH stretching absorptions around 2830–
2930 cm�1 due to the presence of methoxy groups. The 1H and 13C NMR spectra of the intermediate dinitro compound 1
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Scheme 2. Synthetic route to the diamino monomer 2.



Fig. 1. (a) 1H and (b) 13C NMR spectra of diamine monomer 2 in DMSO-d6.
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and the target diamine 2 are illustrated in Fig. S2 and Fig. 1, respectively. The 1H NMR spectra confirm that the nitro groups
have been completely transformed into amino groups by the high field shift of the protons Hg and Hh and the resonance sig-
nals at about 5.0 ppm corresponding to the aromatic primary amino protons. The presence of amide linkage in diamine
monomer 2 can be evidenced by the resonance peaks at 10.2 ppm in its 1H NMR spectrum and at 167.7 ppm in its 13C
NMR spectrum. Assignments of all proton and carbon signals were assisted by the two-dimensional (2-D) NMR spectra.
These spectra agree well with the proposed molecular structures of compounds 1 and 2.

3.2. Polymer synthesis

3.2.1. Synthesis of polyamides
According to the phosphorylation polyamidation technique reported by Yamazaki et al. [30], a series of novel polyamides

4a�4d were synthesized from the polycondensation reactions of diamine monomer 2 with four aromatic dicarboxylic acids
3a�3d by using triphenyl phosphite (TPP) and pyridine as condensing agents (Scheme 3). The polymerization proceeded
homogeneously throughout the reaction and afforded a clear, highly viscous polymer solution. All the polymers precipitated
in a tough, fiber-like form when the resulting polymer solutions were slowly poured under stirring into methanol. The
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Table 1
Inherent viscosity and solubility behavior of polyamides and polyimides.

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

NMP DMAc DMF DMSO m-Cresol THF

4a 0.83 + + ++ + +� �
4b 0.69 ++ ++ ++ ++ + +�
4c 0.59 ++ ++ ++ ++ + �
4d 0.52 ++ ++ ++ ++ + ++
6a 1.20 +� � � � +� �
6b 1.18 + + + + + �
6c 1.08 ++ + + + + �
6d 1.24 (0.80)b ++ ++ ++ ++ + ++

a Inherent viscosity measured at a concentration of 0.5 g/dL for polyamides 4a–4d in DMAc �5 wt.% LiCl at and for the poly(amic acid) precursors of
polyimides 6a–6d in DMAc 30 �C.

b Inherent viscosity of polyimide 6d (obtained by chemical imidization) in DMAc at 30 �C.
c The qualitative solubility was tested with 10 mg of the sample in 1 mL of stirred solvent. Solubility: ++: soluble at room temperature; +�: partially

soluble; +: soluble on heating; �: insoluble even on heating. Solvents: NMP: N-methyl-2-pyrrolidone; DMAc: N,N-dimethylacetamide; DMF: N,N-
dimethylformamide; DMSO: dimethyl sulfoxide; THF: tetrahydrofuran.
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obtained polyamides had inherent viscosities in the range of 0.52–0.83 dL/g, as summarized in Table 1. All the polymers can
be solution-cast into flexible and strong films (Fig. S3, see Supplementary Information), indicating the formation of high
molecular weight polymers.

The structures of the polyamides were confirmed by IR and NMR spectroscopy. A typical IR spectrum for polyamide 4b
together with that of diamine 3 is shown in Fig. S4. The enhanced intensity in the characteristic absorption bands of the
amide group at around 3408 cm�1 (NAH stretch) and 1660 cm�1 (amide carbonyl stretch) confirms the formation of main
chain amide linkages. Fig. S5 shows the 1H NMR and HAH COSY spectra of polyamide 4b in deuterated dimethyl sulfoxide
(DMSO-d6). Assignments of each proton are assisted by the 2-D HAH COSY NMR spectrum, and the spectra agree well with
the proposed molecular structure of this polyamide.

3.2.2. Synthesis of polyimides
Homopolymerization of diamine monomer 2 with dianhydrides BPDA, ODPA, DSDA or 6FDA just produced low-

molecular-weight oligomers, which could not afford free-standing films. In order to obtain polymers with sufficient molec-
ular weights to permit the casting of tough films, we carried out the copolymerization of an equimolar mixture of ODA and
diamine 2 with dianhydrides BPDA, ODPA, DSDA or 6FDA, respectively (Scheme 4). As shown in Table 1, the resulting poly
(amic acid)s exhibited inherent viscosities of 1.08–1.24 dL/g. The molecular weights of these poly(amic acid)s were suffi-
ciently high to permit the casting of flexible and strong polyimide films (color image see Supplementary Information
Fig. S5). The poly(amic acid) of 6d was also chemically cyclodehydrated into polyimide 6d by treatment with a mixture
of acetic anhydride and pyridine. The chemically imidized 6d was soluble in polar organic solvents; therefore, it could be
solution cast into flexible film (e.g., from DMAc) in the imide form.
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Structural features of these polyimides were characterized by IR and NMR analysis. A typical set of IR spectra of polyimide
6d and it poly(amic acid) precursor are illustrated in Fig. S4 (see Supplementary Information). All the polyimides exhibited
characteristic imide group absorptions around 1780 and 1720 cm�1 (typical of imide carbonyl asymmetrical and symmet-
rical stretch), 1380 cm�1 (CAN stretch), and 1100 and 720 cm�1 (imide ring deformation). Representative 1H NMR and
HAH COSY NMR spectra of polyimide 6d in DMSO-d6 are presented in Fig. S5 (see Supplementary Information). All the aro-
matic protons resonate in the region of d 6.9–8.2 ppm. The signal appearing around 10.7 ppm is assigned to the pendent
amide linkages, and that appearing at 3.80 ppm in 1H NMR spectrum of polyimide 6d is assigned to the methoxy sub-
stituents. Assignments of each proton are in good agreement with the structure of the repeating unit of 6d.

3.3. Polymer properties

3.3.1. Solubility
The qualitative solubility properties of polymers in several organic solvents at 10% (w/v) are summarized at Table 1. All of

the polyamides were well dissolved in polar aprotic solvents such as NMP, DMAc, DMF, and DMSO at room temperature or
upon heating at 70 �C, and could be solution-cast into transparent, flexible, and strong films. Polyimide 6d derived from dian-
hydride 6FDA showed a high solubility; it could be readily soluble not only in polar aprotic organic solvents but also in less
polar solvents like THF. The high solubility of polyimide 6d could be attributed to the additional contribution of the hexaflu-
oroisopropylidene (AC(CF3)2A) fragment in polymer backbone which reduce the intermolecular interactions and close pack-
ing. Therefore, the excellent solubility makes these polymers potential candidates for practical applications by simple spin-
or drop-coating processes.

3.3.2. Thermal stability
Thermal properties of the polymers were investigated by DSC and TGA. The relevant data are summarized in Table 2. DSC

measurements were conducted with a heating rate of 20 �C/min in nitrogen. Quenching from an elevated temperature of
about 400 �C to 50 �C gave predominantly amorphous samples so that the glass-transition temperatures (Tg) of these poly-
amides and polyimides could be easily measured in the second heating traces of DSC (Figs. S8 and S9, see Supplementary
Information); they were observed in the range of 237–271 �C and 298–313 �C, respectively. Polyamide 4b and polyimide
6b displayed the lowest Tgs in each polymer series because of the presence of flexible ether linkage in their backbones.
The higher Tgs values associated with polymers 4a and 6a could be attributed to the presence of rigid biphenylene and
pyromellitimide units that stiffen the polymer backbones.

The thermal stability of polymers was evaluated by TGA in both air and nitrogen atmospheres. TGA curves of polyamides
4a�4d and polyimides 6a�6d are included in Figs. S10 and S11 (see Supplementary Information), respectively. These poly-
mers exhibited reasonable thermal stability without significant weight loss up to 450 �C (for the polyamides) or 500 �C (for
the polyimides) under nitrogen or air atmosphere. The decomposition temperatures (Td) at 10% weight losses in nitrogen and



Table 2
Thermal properties of polyamides 4a–4d and polyimides 6a–6d.

Polymera code Tg
b (�C) Td

10 (�C)c Char yield (wt.%)d

In N2 In air

4a 272 491 479 73
4b 237 476 472 69
4c 258 471 464 63
4d 258 475 465 60
6a 320 603 549 65
6b 292 567 564 63
6c 311 570 517 62
6d 313 566 514 59

a The polymer film sample 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 a heating rate 20 �C/min) was defined as Tg.
c Decomposition temperature at which a 10% weight loss was recorded by TGA at a heating rate of 20 �C/min.
d Residual weight percentage when heated to 800 �C in nitrogen.

Table 3
Redox potentials and energy levels of polyamides and polyimides.

Polymer code Absorption
(nm)

Oxidation
potential (V)a

Reduction potential (V)b Eg (eV)c HOMO (eV)d LUMO (eV)e

kmax konset Eonset
ox E1/2

ox Eonset
red E1/2

red1 E1/2
red2 Eonset E1/2 Eonset E1/2

4a 311 393 0.73 0.92 – – – 3.16 5.16 5.28 2.00 2.12
4b 311 391 0.76 0.93 – – – 3.17 5.19 5.29 2.02 2.12
4c 311 392 0.74 0.93 – – – 3.16 5.17 5.29 2.01 2.13
4d 311 388 0.77 0.93 – – – 3.20 5.20 5.29 2.00 2.09
4b0 294 369 1.15 1.29 – – – 3.36 5.58 5.65 2.22 2.29
6a 280 392 0.79 0.97 �0.80 �1.00 �1.14 3.16 5.15 5.33 2.06 2.17
6b 280 394 0.88 1.01 �1.05 �1.19 �1.35 3.15 5.28 5.37 2.16 2.22
6c 280 390 0.86 0.97 �0.82 �1.01 �1.16 3.18 5.22 5.33 2.11 2.15
6d 280 388 0.85 1.00 �0.97 �1.19 – 3.20 5.21 5.36 2.08 2.16
6b0 278 380 1.18 1.23 �0.99 �1.19 �1.32 3.26 5.54 5.59 2.31 2.33

a vs. Ag/AgCl in MeCN. E1/2 = average potential of the redox couple peaks.
b vs. Ag/AgCl in DMF.
c Bandgaps calculated from absorption edge of the polymer films: Energy gap = 1240/konset.
d The HOMO energy levels were calculated from E1/2

ox or Eonset values of CV curves and were referenced to ferrocene (4.8 eV relative to the vacuum energy
level, Eonsetox = 0.37 V and E1/2

ox = 0.44 V vs. Ag/AgCl). EHOMO = Eonset
ox + 4.8–0.37 (eV), or EHOMO = E1/2

ox + 4.8–0.44 (eV).
e ELUMO = EHOMO � Eg.
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air atmospheres taken from the original TGA thermograms are given in Table 2. The decomposition temperatures at 10%
weight-loss of polyamides 4a�4d in nitrogen and air were recorded in the range of 471–491 �C and 464–486 �C, respectively,
and those of polyimides 6a�6d stayed in the range of 567–603 �C and 514–564 �C, respectively. The amount of carbonized
residues (char yield) at 800 �C in nitrogen for all polymers was in the range of 59–73 wt.%. The high char yields of these poly-
mers can be attributed to their high aromatic content.

3.3.3. Electrochemical properties
The electrochemical behavior of the polymer was investigated by cyclic voltammetry (CV) conducted for the cast film on

an ITO-coated glass substrate as working electrode in dry acetonitrile (MeCN) (for anodic oxidation) or N,N-
dimethylformamide (DMF) (for cathodic reduction) containing 0.1 M of tetrabutylammonium perchlorate (Bu4NClO4) as
the supporting electrolyte and saturated Ag/AgCl as the reference electrode under nitrogen atmosphere. The derived oxida-
tion and reduction potentials are summarized in Table 3. As illustrated in Fig. 2, all the polyamides show a reversible oxi-
dation process in the initial ten CV scans with oxidation peak potentials (Epa) at about 1.02–1.07 V that corresponds to
the carbazole oxidation. As shown in Table 3, the oxidation half-wave potentials (E1/2) of the 4 series polyamides are almost
the same (0.92–0.93 V). This implies the oxidation of the pendent carbazole unit is little affected by the dicarboxylic acid
component in the polymer backbone. For comparison, the CV diagrams for polyamides 4b (with methoxy substituents on
the active sites of the carbazole unit) and 4b0 (without methoxy substituents on its carbazole unit) are shown in Fig. 3. Poly-
amide 4b exhibited a lower oxidation potential (Eonset = 0.76 V, E1/2 = 0.93 V) than 4b0 (Eonset = 1.15 V, E1/2 = 1.29 V) because
of electron-donating methoxy groups on the carbazole unit. Polyamide 4b also displayed a reversible electrochemical behav-
ior, which indicates that the intermediates produced in the oxidation process are stable in the time scale of the CV scan.
Repetitive scans between 0 and 1.2 V provided the similar patterns as that observed in the first scan and no new peaks were
detected. In contrast, the electrochemical behavior of the analogous 4b0 is completely different. For the first positive



Fig. 2. Repetitive anodic CV scans of the cast films of polyamides (a) 4a, (b) 4b, (c) 4c, and (d) 4d on an ITO-coated glass substrate in 0.1 M Bu4NClO4/MeCN
solutions at a scan rate of 50 mV/s.

N N

C O
N H

N

C
O

OC

4b'

O

n

H H

N N

C O
N H

N

H3CO OCH3

C
O

OC

4b

O

n

H H

Fig. 3. Anodic cyclic voltammograms of the cast film of polyamides 4b and 4b0 on an ITO-coated glass substrate in 0.1 M Bu4NClO4/MeCN solutions at a scan
rate of 50 mV/s.
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Fig. 4. Cyclic voltammetric diagrams of the cast films of polyimides (a) 6a, (b) 6b, (c) 6c, and (d) 6d 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.
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potential scan, we observed an oxidation peak at about 1.45 V. From the first reverse negative potential scan, we detected two
cathodic peaks at 1.13 and 0.93 V. In the second scan, a new oxidation peak appeared at 1.08 V, which is the complementary
anodic process of the cathodic peak at 0.93 V. The observation of a new oxidation couple in the second potential scan indicates
that the carbazole radical cations were involved in very fast electrochemical reactions that produced a new structure that was
easier to oxidize thanwas the parent carbazole. As described by Ambrose and Nelson in their pioneering work [23] devoted to
anodic oxidation of carbazole and other N-substituted derivatives, ring�ring coupling is the predominant pathway. One pos-
sible coupling reaction of carbazolium radical cations to biscarbazole shown in Scheme S1 (Supplementary Information) can
be used to explain the irreversible oxidation process occurring in polyamide 4b0. Thus, in the second CV curve of 4b0, the first
anodic peak corresponds to the first oxidation of the biscarbazole units to form radical cations, followed subsequently by the
second oxidation to dicationic species. Therefore, the introduction of electron-donating methoxy groups on the active sites of
the carbazole unit could greatly prevent the coupling reaction between carbazole units.

The first scan CV diagrams of polyimides 6a�6d are shown in Fig. 4. All the polyimides showed a reversible oxidation
process at Epa at around 1.01–1.10 V, similar to those of polyamides 4a�4d. Similarly, the oxidation potentials of these poly-
imides did not show a fairly large variation by their dianhydride residues in the main chain. In addition, all the polyimides
also revealed one or two quasi-reversible reduction peaks at Epc in the range of �1.04��1.40 V due to the electron-charging
on the phthalimide units [31–33]. In general, the oxidation process of these polyimides is very stable. As shown in Fig. S12
(Supplementary Information), all the polyimides still exhibited good electro-activity after 100 anodic scans. Similarly, as can
be seem from Fig. 5, the incorporation of methoxy groups on the active sites of the pendent carbazole unit interferes with the
coupling reaction of carbazoles and hence increases the electrochemical stability of these polyimides.

The energy levels of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of
the corresponding polymers were estimated from the E1/2

ox value. The redox potentials and energy levels of all the polymers
are summarized in Table 3. 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 energy levels for the polyamides and polyimides were calculated (from E1/2

ox

values) to be in the range of 5.28–5.29 eV and 5.33–5.37 eV, respectively. The LUMO/HOMO energy gaps estimated from the
absorption spectra were then used to obtain the LUMO energy levels.
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Fig. 5. Anodic cyclic voltammograms of the cast film of polyimides 6b and 6b0 on an ITO-coated glass substrate in 0.1 M Bu4NClO4/MeCN solutions at a scan
rate of 50 mV/s.

Fig. 6. Spectroelectrochemistry of the cast film polyamide 4b on an ITO-coated glass substrate (in MeCN with 0.1 M Bu4NClO4 as the supporting electrolyte
vs. Ag/AgCl couple as reference) along with increasing of the applied voltage up to +1.20 V. The inset shows the color changes of the polymer film at
indicated potentials. (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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3.3.4. Spectroelectrochemical 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 of polyamide 4b and polyimide 6b upon electro-oxidation are presented in Figs. 6 and 7,
respectively, as a series of UV–vis absorption curves correlated to electrode potentials. The films of polyamide 4b and poly-
imide 6b exhibited strong absorption at wavelength around 300–310 nm in the neutral form, but they were almost trans-
missive in the visible region. As the applied voltage was stepped from 0 to 1.1 or 1.2 V, the intensity of the absorption
peak at 300–310 nm increased slightly, and a new peak at 800 nm gradually increased in intensity. In the same time, the
films turned into a sky blue color (L⁄: 66; a⁄: �4, b⁄: �2). We attribute the spectral changes to the formation of a stable
cation radical of the side-chain carbazole moiety.

Electrochromic switching studies for the polymers were performed to monitor the % transmittance (%T) as a function of
time at their absorption maximum (kmax) and to determine the response time by stepping potential repeatedly between the
neutral and oxidized states. The active area of the polymer film on ITO-glass is approximately 1 cm2. As typical examples,



Fig. 7. Spectroelectrochemistry of the cast film polyimide 6b on an ITO-coated glass substrate (in MeCN with 0.1 M Bu4NClO4 as the supporting electrolyte
vs. Ag/AgCl couple as reference) along with increasing of the applied voltage up to +1.10 V. The inset shows the color changes of the polymer film at
indicated potentials. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Potential step absorptiometry of the cast films of polyamides on the ITO-glass slide by applying a potential step (a) 4b0 for 10 cycles (b) 4b for 20
cycles with a pulse width of 18 s.
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Fig. 8 depicts the %T and current density changes of polyamides 4b and 4b0 as a function of time at their long-wavelength
absorption maximum (at 800 nm for 4b, 876 nm for 4b0) by applying square wave potential steps (between 0 and 1.55 V for
4b0; between 0 and 1.15 V for 4b) with a residence time of 18 s. The response time was calculated at 90% of the full-
transmittance change because it is difficult to perceive any further color1 change with naked eye beyond this point. The opti-
cal contrast measured as D%T of these polymers between neutral and oxidized state was found to be 39% for 4b0 and 56% for 4b,
respectively. Fig. 9 depicts the %T and current density changes of polyimides 6b and 6b0 as a function of time at their long-
wavelength absorption maximum (at 800 nm for 6b, 876 nm for 6b0) by applying square wave potential steps (between 0
and 1.80 V for 6b0 with a switching time of 20 s; between 0 and 1.10 V for 6bwith a switching time of 32 s). The optical contrast
measured as D%T of these two polymers between neutral and oxidized state was found to be 19% for 6b0 and 37% for 6b, respec-
tively. Polymers 4b and 6b exhibited much better electrochromic stability as compared to 4b0 and 6b0 in the first twenty switch-
1 For interpretation of color in Figs. 8–10, the reader is referred to the web version of this article.



Fig. 9. Potential step absorptiometry of the cast films of polyimides on the ITO-glass slide by applying a potential step (a) 6b0 (b) 6b for 20 cycles with a
pulse width of 20 s.

Fig. 10. (a) Schematic illustration of the structure of single-layer ITO-coated glass electrochromic device (ECD). (b) Photo of solid-state ECD using polyimide
6d as active layer and a polymer gel electrolyte based on LiClO4/PMMA/propylene carbonate. (c) Photo of the liquid type ECD using the Bu4NClO4/DMAc
solution of polyimide 6d as the electrochromic layer.
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ing cycles. Therefore, by incorporating electro-donating methoxy substituents at the electrochemically active C-3 and C-6 sites
of carbazole unit effectively prevent the ring–ring coupling reaction and could increase the electrochromic performance of these
polymers.

Finally, we fabricated single layer electrochromic cells (Fig. 10) as preliminary investigations for electrochromic applica-
tions of the polyamides and polyimides. The structure of ECD is schematically illustrated in Fig. 10(a). For the fabrication of
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solid type ECD, the polyimide films were cast onto the ITO-coated glass and then dried. Afterward, the gel electrolyte was
sandwiched. To prevent leakage, an epoxy resin was applied to seal the device. As a typical example, an electrochromic cell
based on polyimide 6d was fabricated. As shown in Fig. 10(b), the polymer film is colorless in the neutral form, and the color
changed to sky blue (due to electro-oxidation) as the applied voltage was increased to 1.8 V. When the potential was sub-
sequently set back at 0 V, the polymer film turned back to original colorless. Because polyimide 6d is readily soluble in many
organic solvents, its solution in polar solvents such as DMAc containing dissolved electrolyte could be used as a liquid elec-
trochromic layer. The liquid type ECD based on the Bu4NClO4/DMAc solution of polyimide 6d could switch sky blue color
change at a lower applied voltage of 1.5 V (Fig. 10(c)). We believe that optimization could further improve the device per-
formance and fully explore the potential of the present electrochromic polyimides and polyamides.

4. Conclusions

A series of electroactive polyamides and polyimides incorporated with pendent 3,6-dimethoxycarbazole group as a
redox-chromophore have been synthesized. All the polyamides and polyimides exhibited good thermal stability and could
afford flexible and strong films. Incorporating electro-donating methoxy substituents at the electrochemically active C-3 and
C-6 sites of carbazole unit effectively prevents carbazole-carbazole coupling reaction, lowers the oxidation potentials, and
enhances electrochemical and electrochromic stability of the polymers. Thus, these characteristics suggest that this class
of polyamides and polyimides may find applications in electrochromic and other optoelectronic devices.
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Fig. S1. IR spectra of the synthesized compounds. 
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Fig. S2. (a) 1H and (b) H-H COSY NMR spectra of dinitro compound 1 in 

DMSO-d6. 
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Fig. S3. The solution-cast films of polyamides 4a−4d from DMAc. 

 

Fig. S4. IR spectra of diamine 2 and polyamide 4b. 
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Fig. S5. (a) 1H and (b) H-H COSY NMR spectra of polyamide 4b in DMSO-d6. 
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Fig. S6. IR spectra of (a) polyimide 6d and (b) its poly(amic acid) precursor. 
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Fig. S7. (a) 1H and (b) H-H COSY NMR spectra of the polyimide 6d in 
DMSO-d6. 
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Fig. S8. DSC curves (the second scans after quenching from 400 oC) of all the 
polyamides with a heating rate of 20 oC/min in nitrogen. 

 
Fig. S9. DSC curves (the second scans after quenching from 400 oC) of all the 
polyimides with a heating rate of 20 oC/min in nitrogen. 
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Fig. S10. TGA curves of all the polyamides: (a) in nitrogen and (b) in air, with a 
heating rate of 20 oC/min. 
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Fig. S11. TGA curves of all the polyimides: (a) in nitrogen and (b) in air, with a 
heating rate of 20 oC/min. 
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Fig. S12. Repetitive anodic CV diagramss of the cast films of polyimides (a) 6a, (b) 6b, (c) 6c, and (d) 6d on an ITO-coated glass 

substrate in 0.1 M Bu4NClO4/MeCN solutions at a scan rate of 50 mV/s. 
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Scheme S1. The anodic oxidation pathways of polyamides 4b and 4b’. 
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