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Introduction

In order to investigate electrochemical and electrochromic behaviors of the structurally related TPA-based polymers and aniline-based polymers, we therefore synthesized a novel diamine monomer, (3’) containing one 4-methoxyphenyl substituted tertiary amino and two secondary amino moieties, and their corresponding aromatic polyimides. For comparison, the structurally related two series of polyimides were also prepared from the diamines, (3) with structure close to PANI, and (3”)​​​. 
Results and Discussion

Among the three series, the polyimide IIIa showed the fastest response time than others. When the applied potential was adjusted to the first oxidation stage from 0.00 to 0.70 V, the coloring and bleaching time were less than 5 and 2 s, respectively, with 99 % of the ratio of the charge density. While the switched potential was set between 0.00 and 0.94 V, the polyimide IIIa thin film required almost the same times for coloration and bleaching with 96 % of the ratio of the charge density. The electrochromic stability of the polyimide Ia, IIa and IIIa films was also determined by measuring the optical change as a function of the number of switching cycles [Figure 4]. After continuous 100 cyclic scanning at the first oxidation stage, the polyimide Ia film reduced electroactivity rapidly [Figure 4(a)]. On the contrary, the polymer IIIa was found to exhibit high CE up to 171 cm2/C at 1090 nm and to retain their electroactivity after switching 100 times between 0.00 and 0.70 V with only slightly decay of 0.58% [Figure 4(e)]. As the applied switching potential increased to the second oxidation stage, the polymer IIIa still revealed good electrochromic characteristics, and a higher CE (168 cm2/C at 1070 nm) could be obtained with only 1.19 % decay of its electroactivity after 30 cycles [Figure 4(f)]. 
Conclusions

Three series of novel ambipolar electrochromic aromatic polyimides containing electroactive aniline-based diphenylamine or triphenylamine derivatives were prepared from the diamine monomers 3, 3’ and 3’’, with various tetracarboxylic dianhydrides. Introduction of the methoxy-substituted phenyl groups into the nitrogen atom position not only stabilized its radical cations but also enhanced the solubility of the resulting polyimides. In addition to the excellent thermal stability, these polymers also revealed valuable electrochromic characteristics both in visible and NIR region. The series of conjugated DPA-based polyimides could not effectively stabilize the cationic radicals of oxidized form comparing to the corresponding non-conjugated TPA-based polymers due to lack of the extra phenyl rings as the additional routes for resonance. Furthermore, the lower electrochemical stability of the DPA-based polyimides I than the TPA-based polyimides III also could be attributed to the unrecoverable protons in the amino groups after removed in the non-acidic solution.
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Scheme 1. Synthesis and structures of polyimides I-III
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Figure 1. Cyclic voltammograms of the polyimide films (a) Ia, (b) IIa, (c) IIIa, and (d) IIIc, respectively, on an ITO-coated glass substrate in 0.1 M TBAP acetonitrile (for anodic process) and DMF (for cathodic process) solution at a scan rate of 50 and 100 mV/s
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Figure 2. Optical spectra of polyimides (a) IIIa and (b) IIIc thin films (~260 nm in thickness) on the ITO-coated glass substrate (coated area: 1.1 cm × 0.5 cm) in 0.1 M TBAP/DMF at various applied potentials versus Ag/AgCl. The inset shows the n-doping electrochromic photographic images of the film at indicated applied voltages
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Figure 3. Electrochromic behavior at different potentials (V vs. Ag/AgCl) of polyimide Ia, IIa and IIIa thin film (~250 nm in thickness ) on the ITO-coated glass substrate (coated area: 1.1 cm × 0.5 cm) in 0.1 M TBAP/ CH3CN.
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Figure 4. Electrochromic switching between (A) 0 and 0.58 V and (B) 0 and 0.83 V of polyimide Ia thin film (~260 nm in thickness) (C) 0 and 0.71 V and (D) 0 and 1.10 Vof polyimide IIa thin film (~300 nm in thickness) (E) 0 and 0.70 V and (F) 0 and 0.94 V (vs. Ag/AgCl) of polyimide IIIa thin film (~300 nm in thickness) on the ITO-coated glass substrate (coated area: 1.1 cm × 0.5 cm) in 0.1 M TBAP/CH3CN with a cycle time of 60 s. (a) Current consumption and (b) absorbance change monitored at the given wavelength.
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