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ABSTRACT
A new class of electrochemically active polyimides with di-tert-butyl-substituted N,N,N’,N’-tetraphenyl-1,4-phenylenediamine units were prepared from  N,N-bis(4-aminophenyl)- N',N'-bis(4-tert-butylphenyl)-1,4-

phenylenediamine and various aromatic tetracarboxylic dianhydrides via a conventional two-step procedure that included a ring-opening polyaddition to give poly(amic acid)s, followed by chemical or thermal 
cyclodehydration. Most of the polyimides are readily soluble in many organic solvents and can be solution-cast into tough and amorphous films. They had useful levels of thermal stability, with relatively high glass-
transition temperatures (276-334 oC), 10 % weight loss temperatures in excess of 500 oC, and char yields at 800 oC in nitrogen higher than 60 %. Cyclic voltammograms of the polyimide films cast on the indium-tin 
oxide (ITO)-coated glass substrate exhibited two reversible oxidation redox couples at 0.70–0.74 V and 1.05–1.08 V versus Ag/AgCl in acetonitrile solution. The polyimide films revealed excellent stability of 
electrochromic characteristics, with a color change from colorless or pale yellowish neutral form to green and blue oxidized forms at applied potentials ranging from 0.0 to 1.3 V. These anodically coloring polymeric 
materials exhibited high optical contrast of percentage transmittance change (Δ%T) up to 44 % at 413 nm and 43 % at 890 nm for the green coloration, and 98% at 681 nm for the blue coloration. After over 50 cyclic 
switches, the polymer films still exhibited good redox and electrochromic stability. 
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INTRODUCTION
Electrochromism is known as the evocation or alternation of color by passing a current or applying a potential.1~3 This interesting property led to the development of many technological applications such as self-darkening rear-view mirrors, adjustably darkening windows, 

large-scale electrochromic screens, and chameleon materials. There are many chemical systems that are intrinsically electrochromic, such as metal oxides, metal-organic complexes, and conjugated conductive polymers. Conjugated electroactive polymers offer a broad 
set of new materials for electrochromic applications. These polymers exhibit ease of processability and useful mechanical properties (e.g. flexibility). However, the major advantage of these organic-based materials is that their electrochromic properties (switching speed, 
contrast ratio, and color) can be tuned through chemical structure modification.4 The Reynolds group has carried out extensive studies on the design and synthesis of poly(3,4-alkylenedioxythiophene)s and poly(3,4-alkylenedioxypyrrole)s based polymers for 
electrochromic applications.5,6

It is well known that aromatic polyimides offer a combination of outstanding properties such as chemical and thermal stabilities, electric and mechanical properties, gas separation characteristics, etc; therefore, they have been widely used in microelectronics, 
optoelectronics, and aerospace engineering.7 However, they are difficult to process in their fully imidized form because of high softening temperatures and limited solubility in commercially available solvents, thus possibly narrowing down their applicability. To overcome 
these limitations, polymer-structure modification becomes necessary. One of the common approaches for increasing solubility and processability of polyimides without sacrificing high thermal stability is the introduction of bulky, packing-disruptive groups into the polymer 
backbone. For example, the incorporation of three-dimensional, propeller-shaped triphenylamine (TPA) unit into the polyimide backbone led to an enhanced solubility.8~10 Furthermore, triphenylamine-based polymers are widely used as the hole-transport layer in EL 
devices, but they also show interesting electrochromic behavior.11

The anodic oxidation pathways of TPA were also well studied.12 The electrogenerated cation radical of TPA is not stable and could dimerize to form tetraphenylbenzidine by tail to tail coupling with loss of two protons per dimer. When the phenyl groups were 
incorporated by electron-donating substituents at the para-position of TPA, the coupling reactions were greatly prevented by affording stable cationic radicals and lowering the oxidation potenials. The redox properties, ion-transfer process, and electrochromic behavior of
N,N,N’,N’-tetraaryl-1,4-phenylenediamines are important for technological application. In this article, we therefore synthesized the new diamine, N,N-bis-(4-aminophenyl)-N',N'-bis(4-tert-butylphenyl)-1,4-phenylenediamine (4), and its derived polyimides containing the 
electroactive N,N,N’,N’-tetraphenyl-1,4-phenylenediamine (TPPA) moiety. With such a configuration, the electrochemically active sites of the pendent phenyl groups are blocked, giving the polyimides extra electrochemical stability. 

EXPERIMENTAL
Compound 1 (yellow crystals ) 
yield: 60 %. mp: 178-179 oC (DSC, 
10 oC/min). IR (KBr)：1321, 1585 
cm-1 (-NO2 stretch), 2958 cm-1 (t-
butyl C-H stretch). 

Compound 2 (amethyst crystals ) 
yield: 80 %. mp: 139-141 oC (DSC, 10 
oC/min). IR (KBr): 3444, 3363 cm-1 (-
NH2 stretch), 2960 cm-1 (t-butyl C-H 
stretch). 

Compound 3 (red crystals ) 
yield: 86 %. mp: 249-251 oC (DSC, 10 
oC/min). R (KBr)：1307, 1504 cm-1 (-
NO2 stretch), 2960 cm-1 (t-butyl C-H 
stretch). 

Compound 4 (pink crystals ) 
yield: 64 %. mp: 211-213 oC (DSC, 10 
oC/min). IR (KBr): 3444, 3359 cm-1 (-
NH2 stretch), 2960 cm-1 (t-butyl C-H 
stretch). ANAL. Calcd for C38H42N4 
(554.77)：C, 82.27 %; H, 7.63 %; N, 
10.10 %. Found：C, 82.22 %; H, 7.46 
%; N, 10.07 %.

Polymer Synthesis. Polyimides 6a-6f were prepared in 
conventional two-step method by the reactions of equal 
molar amounts of diamine 4 with various aromatic 
dianhydrides (5a-5f) to form poly(amic acid)s, followed by 
thermal or chemical cyclodehydration (Scheme 2). As 
shown in Table 1, the poly(amic acid) precursors had 
inherent viscosities in the range of 0.56-1.11 dL/g. The 
resulting viscous poly(amic acid) solutions were poured into 
a smooth glass Petri dish and dried to form solid films. The 
thermal conversion to polyimides was carried out by 
successive heating of the poly(amic acid) films to 250 oC. 
The poly(amic acid) precursors also could be chemically 
dehydrated to the polyimides by treatment with acetic 
anhydride and pyridine. All polyimides except for 6a could 
afford flexible and tough films. The films of 6a might crack 
on fingernail creasing because of the structural rigidity of its
polymer backbone.
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Fig. 1. Typical IR spectra of the polyimide 6a and its poly(amic acid) precursor.

RESULTS AND DISCUSSION
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a The polymer film samples were heated at 300 °C for 30 min prior to all the thermal analyses. 
b Midpoint temperature of the baseline shift on the second DSC heating trace (rate = 20 oC/min) of the sample 
after quenching from 400 to 50 oC (rate = -200 oC/min) in nitrogen. 
c Softening temperature measured by TMA with a constant applied load of 10 mN at a heating rate of 10 
oC/min.
d Decomposition temperature, recorded via TGA at a heating rate of 20 oC/min and a gas-flow  rate of 30 
cm3/min.
e Residual weight percentage at 800 oC in nitrogen.
f  Data in parentheses are those of structurally similar polyimides 6’a–6’f without the tert-butyl substituent.

Table 2. Thermal properties of polyimidesa

+ ++ +±+ ++ ++ +0.576f-C
+ ++ +±+ ++ ++ +0.33

0.67
6f-T

+ ++ +±+ ++ ++ +0.406e-C
+ ++ +±+ ++ ++ +0.32

0.56
6e-T

+ ++ +－±+ ++ +0.406d-C
++ +－±+ ++ +0.44

0.81
6d-T

++ +－±±+ +－6c-C
++－±±+－

0.65
6c-T

±±－±±±－6b-C
±+－±±±－

0.92
6b-T

±±－±±±－6a-C
±+－±±±－

1.11
6a-T

THFm-CresolDMSODMFDMAcNMPPolyimidePAA

Solvents cηinh
a(dL/g)Polymer

Code

Table 1.  Inherent viscosity and solubility behavior of polyimides
prepared via thermal (-T) or chemical (-C) imidization

a Inherent viscosity measured at a concentration of 0.5 dL/g in DMAc at 30 oC. PAA: poly(amic acid).
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; －, insoluble even on heating. NMP: N-
methyl-2-pyrrolidone; DMAc: N,N-dimethylacetamide; DMF: N,N-dimethylformamide; DMSO: dimethyl
sulfoxide; THF: tetrahydrofuran.
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a Measured in dilute solution in NMP at a concentration of about 10-5 mol/L.
b The quantum yield in dilute solution was calculated in an integrating sphere with quinine sulfate as the standard (ΦF = 54.6%).
c Oxidation potentials from cyclic votammograms.
d Energy gap = 1240/abs λonset of the polymer film.
e The HOMO energy levels were calculated from Eonset or E1/2 and were referenced to ferrocene (4.8 eV). LUMO = HOMO - Eg.

Fig. 3. Cyclic voltammograms of (a) ferrocene and (b) 
the cast film of polyimide 6e on the ITO-coated glass 
slide in CH3CN containing 0.1 M TBAP at scan rate of 
0.1 V/s.

Table 3.  Optical and electrochemical properties of the polyimides
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Fig. 4. Spectral change of the cast film of polyimide 6e
on the ITO-coated glass substrate (in acetonitrile with 
0.1 M TBAP as the supporting electrolyte) along with 
increasing applied voltages: 0.0 (■), 0.7 (●), 0.8 (▲), 
0.9 (▼), 1.0 (◆), 1.1 (□), 1.15 (○), 1.2 (△), 1.25 (▽) 
and 1.3 V (◇) (vs. Ag/AgCl couple as reference).

a Times of cyclic scan by applying potential steps between 0 V and 1.0 V ( vs. Ag/AgCl).
b Optical density change at 890 nm.
c Ejected charge, determined from the in situ experiments.
d Coloration efficiency is derived from the equation: η = δOD890/Q.
e Decay of coloration efficiency after various cyclic scans.

Table 4. Coloration efficiency of polyimide 6e
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Fig. 5. (a) Current consumption and (b) electrochromic switching between 
0 V and 1.0 V and optical absorbance change monitored at 413 and 890 
nm for polyimide 6e in 0.1 M TBAP/CH3CN with a cycle time of 18 s.

Fig. 6. (a) Current consumption and (b) electrochromic
switching between 0 V and 1.0 V and optical absorbance 
change monitored at 681 and 645 nm for polyimide 6e 
and 6’e in 0.1 M TBAP/CH3CN with a cycle time of 18 s.

Fig. 2. TGA curves of polyimides 6a and 6’a with a 
heating rate of 20 oC/min.

Scheme 1. Synthetic route to the diamine monomer 4.
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Scheme 2. Synthesis of polyimides 6a-6f by the two-step method.


