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Synthesis and properties of electroactive
aromatic polyimides with methyl-
or trifluoromethyl-protecting
triphenylamine units

Sheng-Huei Hsiao1 and Kai-Han Lin2

Abstract
Two series of new redox-active aromatic polyimides with methyl- (–CH3) or trifluoromethyl (–CF3)-protecting tripheny-
lamine moieties were prepared from 4,40-diamino-400-methyltriphenylamine and 4,40-diamino-400-(trifluoromethyl)-
triphenylamine with aromatic tetracarboxylic dianhydrides via the conventional two-step polycondensation technique.
Flexible and strong polyimide films could be obtained via the thermal curing of their precursor poly(amic acid) films or direct
solution cast from some organosoluble polyimides. The polyimides showed high glass-transition temperatures between
269�C and 312�C, and they did not show significant decomposition before 500�C in air or under nitrogen atmosphere.
Cyclic voltammograms of the polyimide films on the indium–tin oxide-coated glass substrate exhibited a pair of reversible
redox waves with half-wave oxidation potentials of 1.08–1.10 V (for the –CH3 series) and 1.23–1.26 V (vs. silver/silver
chloride; for the –CF3 series) in acetonitrile solution. The polyimide films showed anodic electrochromism from pale yellow
neutral state to purplish blue (for the –CH3 series) and chrome yellow (for the –CF3 series) when oxidized.
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Introduction

Aromatic polyimides are well-known high-performance

polymeric materials for their excellent thermal, mechan-

ical and electrical properties.1–4 They are commercially

important materials used extensively as dielectric films

and coatings in a wide range of high-technology applica-

tions. Incorporation of specific functionality into polyi-

mide backbones leads to various advanced functional

materials that exhibit certain advantageous properties, such

as gas separation,5–8 highly refractive,9–11 photosensitive,12

proton conducting,13–15 electrochromic16–19 and memory

characteristics.20–23 Studies in the field of functionalization

of polyimides continue to be actively developed, as is evi-

dent from the appearance of a large number of publications

on this subject in the past few years. Tremendous efforts

have also been made on the modification of the backbone

structure of polyimides to obtain organosoluble or melt pro-

cessable polyimides without much sacrificing their excellent

thermal and mechanical properties.24–33

Triphenylamine (TPA) and its derivatives with special

propeller-shaped molecular structure are well-known for

their ease in oxidation of the nitrogen core and the ability

to transport charge carriers via the radical cation species

with high stability.34–36 Owing to their attractive electro-

active and photoactive properties, various TPA derivatives

and polymers are developed for optoelectronic applica-

tions, such as electrophotography, electroluminescent

diodes, field-effect transistors, solar cells, memory devices

and electrochromic devices.37,38 TPAs can be easily oxi-

dized to form stable radical cations as long as the para-

position of the phenyl rings is protected, and the oxidation

process is always associated with a strong change of colora-

tion. During the past decade, high-performance polymers

(typically, aromatic polyamides and polyimides) carrying

the redox-active TPA unit have been developed as a new

and attractive family of electrochromic materials.17,39–47
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Thin films of these polymers are generally colourless or

near-colourless at their neutral state and then can change

to multiple colours at their oxidized states, which is impor-

tant property for neutral state colourless electrochromic

device applications. To obtain a colourless regime, these

types of materials do not need any potential or energy. In

addition, the application of redox-active polymers as active

electrode materials has attracted much attention in the area

of secondary battery research during the past few decades.48

For example, redox-active polytriphenylamine49 and

poly(N-vinylcarbazole)50 have been evaluated as a cathode

active material for use in rechargeable lithium batteries.

It is well-known that unsubstituted TPA undergoes

dimerization to tetraphenylbenzidine (TPB) after the forma-

tion of a monocation radical.51,52 This is accompanied by the

loss of two protons per dimer and the dimer is more easily

oxidized than TPA and also can undergo further oxidations

in two discrete one-electron steps to give TPBþ• and finally

the quinoidal TPBþ2. This side reaction may cause undesired

colour change and deteriorate colour efficiency for the TPA-

based electrochromic polymers. Incorporation of substitu-

ents at the para position of the TPA unit has been regarded

as an effective way to prevent the side reaction.53–55 In this

work, we therefore synthesize two TPA-based diamine

monomers, 4,40-diamino-400-methyltriphenylamine and

4,40-diamino-400-(trifluoromethyl)-triphenylamine, and their

derived aromatic polyimides with the –CH3 or –CF3 protect-

ing TPA moieties. The effect of incorporating the –CH3 and

–CF3 substituents on the thermal, electrochemical and elec-

trochromic properties of the polyimides will be investigated.

Although some polyimides based on 4,40-diamino-400-
methyltriphenylamine have been reported,56,57 their proper-

ties have not been studied systematically yet.

Experimental

Materials

According to a well-established procedure,58,59 the TPA-based

diamine monomers 4,40-diamino-400-(trifluoromethyl)

triphenylamine (3a) and 4,40-diamino-400-methyltriphenyla-

mine (3b) were prepared from the fluoro-displacement

reactions of p-fluoronitrobenzene with p-(trifluoromethy-

l)aniline (1a) and p-toluidine (1b), respectively, followed

by Pd/C-catalyzed hydrazine reduction of the corresponding

dinitro compounds, 4,40-dinitro-400-(trifluoromethyl)triphe-

nylamine (2a) and 4,40-dinitro-400-methyltriphenylamine

(2b). The synthetic route is outlined in Figure 1 and the

synthetic details and characterization data of all the synthe-

sized compounds have been reported in a separate paper.60

Pyromellitic dianhydride (PMDA; 4a; Aldrich, St. Louis,

Missouri, USA) and 3,30,4,40-benzophenonetetracar-

boxylic dianhydride (BTDA; 4c; Aldrich) were purified

by recrystallization from acetic anhydride. 3,30,4,40-Biphe-

nyltetracarboxylic dianhydride (BPDA; 4b; Oxychem,

Austin, Texas, USA) and 4,40-oxydiphthalic anhydride

(ODPA; 4d; Oxychem), 3,30,4,40-diphenylsulfonetetracar-

boxylic dianhydride (DSDA; 4e; New Japan Chemical Co.,

Japan) and 2,2-bis(3,4-dicarboxyphenyl)hexafluoropro-

pane dianhydride (6FDA; 4f; Hoechst Celanese, Irving,

Texas, USA) were heated at 250�C in vacuo for 3 h before

use. Tetra-n-butylammonium perchlorate (TBAP; from

Acros, Geel, Belgium) was recrystallized twice from ethyl

acetate and then dried in vacuo before use. All other

reagents and solvents were used as received from commer-

cial sources.

Synthesis of polyimides

The polyimides were synthesized by the conventional two-

step procedure via poly(amic acid) (PAA) precursors, fol-

lowed by thermal or chemical imidization. The synthesis of

polyimide 5a is used as an example to illustrate the general

synthetic route to produce the polyimides. The diamine

monomer 3a (0.6115 g and 1.78 mmol) was dissolved in

9.5 mL of N,N-dimethylacetamide (DMAc) in a 50 mL

round-bottom flask. Then dianhydride 4a, PMDA

(0.3885 g and 1.78 mmol) was added to the diamine solu-

tion in one portion. Thus, the solid content of the solution is

Figure 1. Synthetic route for the diamine monomers 3a and 3b: (a) p-fluoronitrobenzene, CsF, DMSO, 120�C, 20 h; (b) hydrazine,
Pd/C, EtOH, reflux, 10 h. CsF: cesium fluoride; DMSO: dimethyl sulfoxide; Pd/C: palladium on charcoal; EtOH: ethanol.
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approximately 10 wt%. The mixture was stirred at room

temperature for about 3 h to yield a highly viscous PAA

solution. The inherent viscosity of the resulting PAA was

1.02 dL g�1, measured in DMAc at a concentration of

0.5 g dL�1 at 30�C. The PAA film was obtained by casting

from the resulting polymer solution onto a glass Petri dish

and drying at 90�C overnight. The PAA in the form of solid

film was subsequently converted to polyimide 5a by suc-

cessive heating under vacuum at 150�C for 30 min, 250�C
for 30 min and then 300�C for 1 h. The infrared (IR) spec-

trum of 5a (film) exhibited characteristic imide absorption

bands at 1778 (asymmetrical C ¼ O stretch), 1725 (sym-

metrical C ¼ O stretch) and 1380 cm�1 (C–N stretch). For

the chemical imidization method, 3 mL of acetic anhydride

and 1.5 mL of pyridine were added to a PAA solution

obtained by a similar process as above, and the mixture

was heated at 100�C for 1 h to effect a complete imidiza-

tion. The reaction mixture was poured into 200 mL of

stirring methanol giving rise to a dark red-brown precipi-

tate that was collected by filtration, washed thoroughly

with hot water and methanol, and dried.

Measurements

IR spectra were recorded on a Horiba FT-720 Fourier trans-

form infrared spectrometer (Kyoto, Japan). The inherent

viscosities of the polymers were determined with an Ubbe-

lohde viscometer at 30�C. Wide-angle X-ray diffraction

measurements were performed at room temperature

(ca. 25�C) on a Shimadzu XRD-6000 X-ray diffractometer

(Kyoto, Japan) with a graphite monochromator (operating

at 40 kV and 30 mA), using nickel-filtered copper K� radia-

tion (�¼ 1.5418 Å). The scanning rate was 2� min�1 over a

range of 2� ¼ 10–40�. Thermogravimetric analysis (TGA)

was performed with a Perkin-Elmer Pyris 1 TGA (Wal-

tham, Massachusetts, USA). Experiments were carried out

on approximately 4–6 mg of film samples heated in flowing

nitrogen or air (flow rate ¼ 40 cm3 min�1) at a heating rate

of 20�C min�1. Differential scanning calorimetry (DSC)

analyses were performed on a Perkin-Elmer Pyris 1 DSC

at a scan rate of 20�C min�1 in flowing nitrogen. Thermo-

mechanical analysis (TMA) was determined with a Perkin-

Elmer TMA 7 instrument using the polyimide film samples

of about 70 mm. The TMA experiments were carried out

from 50�C to 350�C at a scan rate of 10�C min�1 with a

penetration probe 1.0 mm in diameter under an applied

constant load of 10 mN. Softening temperatures (Ts) were

taken as the onset temperatures of probe displacement on

the TMA traces. Electrochemistry was performed with a

CH Instruments 600c electrochemical analyzer (Austin,

Texas, USA). Voltammograms are presented with the pos-

itive potential pointing to the left and with increasing ano-

dic currents pointing downwards. Cyclic voltammetry was

conducted with the use of a three-electrode cell in which

indium–tin oxide (ITO; polymer films area about 0.8 �
1.25 cm2) 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 silver (Ag)/silver

Figure 2. Synthesis of polyimides. DMAc: N,N-dimethylacetamide; RT: room temperature.
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chloride (AgCl), potassium chloride (sat.) reference elec-

trode. Ferrocene was used as an external reference for cali-

bration (þ0.44 V vs. Ag/AgCl). UV–visible (UV-Vis)

absorption spectra were measured with an Agilent 8453

UV-Vis spectrophotometer (Santa Clara, California, USA).

Results and discussion

Polymer synthesis

Polyimides 5a–5f and 6a–6f were prepared in conventional

two-step method by the reactions of equal molar amounts

of diamines 3a and 3b with various aromatic dianhydrides

(4a–4f) to form the corresponding PAAs, followed by ther-

mal or chemical cyclodehydration (Figure 2). As shown in

Table 1, the inherent viscosities of the PAA precursors

were in the range of 0.85–1.60 dL g�1, indicating the for-

mation of high-molecular weight polymers. All of the

PAAs could be cast into flexible and tough films, which

were subsequently converted into tough polyimide films by

stage-by-stage heating at elevated temperatures. The PAAs

also could be chemically cyclodehydrated to polyimides by

treatment with a mixture of pyridine and acetic anhydride.

Gel permeation chromatography analysis revealed that the

weight-average molecular weight of the chemically imi-

dized polyimides 5d–5f and 6f ranged from 36,000 to

59,000. The complete imidization of polymers was con-

firmed by IR spectroscopy. Figure 3 shows a typical pair

of IR spectra for polyimide 5e and its PAA precursor. All

the polyimides showed the characteristic absorption bands

of the imide ring near 1780 (asym C ¼ O str.), 1720 (sym

C ¼ O str.), 1380 (C–N str.) and 740 cm�1 (imide ring

deformation). The disappearance of amide and carboxyl

bands indicates a virtually complete conversion of the PAA

precursor into polyimide.

Solubility and film property

The solubility behaviours of the polyimides in several

organic solvents at 10% (w/v) are summarized in Table 2.

The polyimides derived from more rigid dianhydride com-

ponents such as PMDA, BPDA and BTDA are insoluble in

organic solvents. The DSDA- and 6FDA-derived polyi-

mides 5e, 5f, 6e and 6f exhibited moderate or good solubi-

lity in the test solvents. When comparing the solubility

behaviours between ODPA-derived polyimides 5d and

6d, the introduction of bulky –CF3 substituent led to an

Table 1. Inherent viscosity (�inh) of PAAs and polyimides and average molecular weight of THF-soluble polyimides.

GPC datab,d

Code �inh of PAA (dL g�1)a �inh of polyimide (dL g�1)b Mn Mw Mw/Mn

5a 1.02 —c —e — —
5b 0.95 — — — —
5c 0.88 — — — —
5d 0.81 0.60 22,000 42,000 1.91
5e 0.80 0.48 18,000 36,000 2.00
5f 0.85 0.44 23,000 49,000 2.13
6a 1.60 — — — —
6b 1.24 — — — —
6c 1.08 — — — —
6d 1.22 0.79 — — —
6e 0.95 — — — —
6f 1.13 0.66 33,000 59,000 1.79

�inh: inherent viscosity; PAA: poly(amic acid); THF: tetrahydrofuran; GPC: gel permeation chromatography; DMAc: N,N-dimethylacetamide.
aMeasured at a concentration of 0.5 g dL�1 in DMAc at 30�C.
bPolyimide samples prepared by chemical imidization.
cInsoluble in DMAc.
dWith respect to polystyrene standards, with THF as the eluent.
eInsoluble in THF.

Figure 3. IR spectra (films) of (a) polyimide 5e and (b) its PAA
precursor. IR: infrared; PAA: poly(amic acid).
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enhanced solubility possibly because it interferes with

close chain packing. In addition, the chemically imidized

samples generally revealed a higher solubility than those

prepared by the thermal imidization method.

The X-ray diffraction patterns of all the thermally cured

polyimide films are illustrated in Figure 4. The results indi-

cate that all the polyimides are amorphous in nature. This is

rationalized by the incorporation of packing-disruptive

TPA units together with the –CH3 and –CF3 substituents.

Figure 5 shows the photos of the thermally cured films of

all the polyimides. The 5 series polymers exhibited a

slightly less colour intensity as compared to the corre-

sponding 6 series ones due to the bulky –CF3 substituent.

The polyimides derived from PMDA, BTDA and DSDA

generally displayed a darker colour than those derived from

the other dianhydrides, possibly attributable to higher inter-

chain charge transfer complexing. The colour of the poly-

imide films also depends on the imidization method. For

example, as shown in Figure 6, the film directly cast from

the chemically imidized sample of 6FDA-derived polyi-

mide 5f showed a lighter colour than that prepared from

the thermally imidization of the PAA film. The mechanical

properties of the polyimide films are summarized in Table 3.

The polyimide films had a tensile strength of 89–134 MPa,

an elongation at break of 8–15% and a tensile modulus of

2.0–2.7 GPa. Most of the polyimide films exhibited high

Table 2. Solubility behaviour of polyimides.

Polymer code

Solubilitya

NMP DMAc DMF DMSO THF m-Cresol Chloroform

5a �(�) �(�) �(�) �(�) �(�) �(�) �(�)
5b �(�) �(�) �(�) �(�) �(�) �(�) �(�)
5c �(�) �(�) �(�) �(�) �(�) �(�) �(�)
5d þ (þ) þ (þ) þh (þ) �(þ) �(þ) þh (þ) �(—)
5e þ (þ) þ (þ) þ (þ) þ (þ) þ (þ) þh (þ) þ (þ)
5f þ (þ) þ (þ) þ (þ) þ (þ) þ (þ) þ (þ) þ (þ)
6a �(�) �(�) �(�) �(�) �(�) �(�) �(�)
6b �(�) �(�) �(�) �(�) �(�) �(�) �(�)
6c �(�) �(�) �(�) �(�) �(�) �(�) �(�)
6d �(�) �(�) �(�) �(�) �(�) �(�) �(�)
6e þ (þ) þ (þ) þh (þ) þh (þh) �(�) þh (þh) �(—)
6f þ (þ) þ (þ) þ (þ) þh (þ) þ (þ) þh (þ) þ (þ)

aQualitative solubility was tested with 10 mg of a sample (chemically imidized) in 1 mL of the solvent. Data in parentheses are those of the polyimide
samples prepared via chemical imidization. þ: soluble at room temperature; þh: soluble on heating; �: insoluble. NMP: N-methyl-2-pyrrolidone;
DMAc: N,N-dimethylacetamide; DMF: N,N-dimethylformamide; DMSO: dimethyl sulfoxide; THF: tetrahydrofuran.

Figure 4. X-ray diffractograms of polyimides 5a–5f and 6a–6f.
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tensile strengths; thus, they could be considered as strong

materials. The good mechanical properties are beneficial for

their optoelectronic applications in flexible devices.

Thermal properties

The thermal properties of polyimides were examined by

DSC, TMA and TGA techniques. The thermal behaviour

data of the polyimides are included in Table 4. The glass

transition temperature (Tg) values of the polyimides mea-

sured by DSC were recorded in the range of 269–312�C.

The decreasing order of Tg generally correlated with that of

chain flexibility. For example, the polyimides from ODPA

showed the lowest Tg values (269�C for 5d and 278�C for

6d) because of the presence of flexible ether linkage

between the phthalimide segments. As compared to the

corresponding 6 series polyimides, the 5 series polyimides

revealed a slightly lower Tg possibly attributable to the

increased fractional free volume caused by the –CF3 sub-

stituent. The softening temperatures (Ts) of the polymer

films were determined with TMA by the penetration

method. The Ts value was read from the onset temperature

of the probe displacement on the TMA curve. A typical

TMA trace for polyimide 6d is shown in Figure 7. The Ts

values of the polyimides are recorded in the range of

268–310�C, comparable to the Tg values determined by

DSC. The thermal stability of polyimides was evaluated

by TGA in both air and nitrogen atmospheres. Typical TGA

curves for polyimide 6e are shown in Figure 8. All of the

polymers exhibited good thermal stability; the Tds of these

Figure 5. Photographs of the thermally cured films of polyimides 5a! 5f (top) and 6a! 6f (bottom) with film thickness of about
70 mm.

Figure 6. Photographs of the thermally (left) and chemically
(right) imidized films of polyimide 5f.

Table 3. Tensile properties of polyimide films.a

Polymer code
Strength at
break (MPa)

Elongation at
break (%)

Initial modulus
(GPa)

5a 89 8 2.2
5b 134 10 2.6
5c 138 12 2.6
5d 124 9 2.4
5e 96 10 2.5
5f 92 9 2.0
6a 122 15 2.2
6b 133 15 2.4
6c 129 11 2.7
6d 133 11 2.5
6e 124 14 2.2
6f 119 9 2.5

aSamples prepared by the thermal imidization method.
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polyimides at a 10% weight loss were recorded in the range

of 512–624�C in nitrogen and 588–621�C in air, respec-

tively. The 5 series polyimides exhibited a slightly higher

Td as compared with their corresponding six counterparts,

implying that the earlier weight loss is associated with the

decomposition of the substituent on the TPA unit. The

amount of carbonized residues (char yield) at 800�C under

nitrogen atmosphere for all polyimides was in the range of

52–68 wt%. The high char yields of these polyimides can

be attributed to their high aromatic content.

Optical and electrochemical properties

The optical and electrochemical properties of the organo-

soluble polyimides 5d–f and 6e, f were investigated with

UV-Vis spectroscopy and cyclic voltammetry (CV). The

results are summarized in Table 5. The polymer films

exhibited UV-Vis absorption �max at 302–316 nm, which

were assignable to the �–�* transition of the aromatic

segments. They showed absorption edge (�onset) at 397–

425 nm, corresponding to bang gaps of 2.92–3.12 eV.

The redox behaviours of the polyimides were investi-

gated by CV conducted for the cast films on an ITO-coated

glass substrate as the working electrode in dry acetonitrile

(CH3CN) containing 0.1 M TBAP as an electrolyte under a

nitrogen atmosphere. The typical CV diagrams for polyi-

mides 5e and 6e are depicted in Figure 9. One reversible

oxidation redox couple could be observed at E1/2 value of

Table 4. Thermal properties of polyimides.a

Polymer code Tg
b (�C) Ts

c (�C)

Td (�C)d at 5% weight loss Td (�C)d at 10% weight loss

Char yielde (%)In air In N2 In air In N2

5a 302 300 561 566 594 599 62
5b 297 299 591 591 621 624 66
5c 303 298 564 574 596 602 65
5d 269 268 559 567 593 601 65
5e 291 293 510 519 561 558 52
5f 294 290 542 550 564 575 62

6a 312 310 543 564 572 589 68
6b 310 307 551 577 589 606 67
6c 307 303 532 548 574 583 63
6d 278 275 549 536 582 574 65
6e 302 298 465 481 508 512 59
6f 298 295 517 547 545 570 62

DSC: differential scanning calorimetry; TMA: thermomechanical analysis; TGA: thermogravimetric analysis; Tg: glass transition temperature; Ts: softening
temperature; Td: Decomposition temperature.
aAll the polyimide samples were heated at 300�C for 1 h prior to DSC, TMA and TGA experiments.
bThe midpoint temperature of heat capacity jump on the DSC heating trace (from 50 to 400�C at 20�C min�1) was defined as Tg.
cSoftening temperature measured by TMA using a penetration method.
dDecomposition temperature, recorded via TGA at a heating rate of 20�C min�1 and a gas flow rate of 30 cm3 min�1.
eResidual weight percentages at 800�C under nitrogen flow.

Figure 7. The TMA curve of polyimide 6d with a heating rate of
10�C min�1. TMA: thermomechanical analysis.

Figure 8. The TGA thermogram of polyimide 6e at a scan rate of
20�C min�1. TGA: thermogravimetric analysis.
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1.23 V for polyimide 5e and at E1/2 ¼ 1.08 V for polyimide

6e in the oxidative scan. Upon oxidation, the polymer films

of 5e and 6e changed colour from original pale yellow to

chrome yellow and purplish blue, respectively. As can be

seen from Table 5, polyimides 5d–f displayed a higher E1/2

value (1.23–1.26 V) in comparison with polyimides 6e and

6f (1.08–1.10 V), attributable to the electron-withdrawing

trifluoromethyl substituent on the TPA unit. The energy

levels of the highest occupied molecular orbital (HOMO)

and the lowest unoccupied molecular orbital (LUMO) of

the corresponding polyimides were estimated from the E1/2

values. Assuming that the HOMO energy level for the fer-

rocene/ferrocenium (Fc/Fcþ) standard is 4.8 eV with

respect to the zero vacuum level, the HOMO levels for

these polyamides were calculated to be 5.44–5.62 eV. Their

LUMO energy levels deduced from the band gap calculated

from the absorption edge were 2.44–2.64 eV.

Spectroelectrochemical and electrochromic
properties

The electrochromism of thin films from the polyimides was

examined via the casting of polymer solutions onto an ITO-

coated glass substrate, and their absorption spectra were

monitored with a UV-Vis spectrometer at different applied

potentials. The electrode preparation and solution condi-

tions were identical to those used in CV. The typical spec-

tral changes of polyimides 5e and 6e are shown in

Figures 10 and 11, respectively. When the applied potential

increased from 0.91 to 1.58 V, the absorption peak of poly-

imide 5e at 308 nm decreased gradually, whereas two new

bands grew at 358 and 747 nm because of the electron

oxidation. Meanwhile, the film changed colour from pale

yellow to chrome yellow at electrode potential of 1.50 V.

Upon electro-oxidation at applied voltages higher than 0.71

V, the polymer film of 6e showed new absorption bands at

368 and 710 nm, which appeared the complementary col-

our of blue after highly oxidized at 1.50 V.

Figure 9. CV diagrams of the cast films of (a) polyimide 5e
(b) polyimide 6e film on an ITO-coated glass substrate in
0.1 M TBAP/CH3CN at a scan rate of 100 mV s�1. The CV
diagram of ferrocene (c) was used as an external reference
for calibration. CV: cyclic voltammetry; ITO: indium–tin
oxide; CH3CN: acetonitrile; TBAP: tetra-n-butylammonium
perchlorate.

Table 5. Optical and electrochemical properties of the polyimides.

Polymer code �max (nm)a �onset (nm)a E1/2 (V)b Band gap (eV)c HOMO (eV)d LUMO (eV)d

5d 316 397 1.26 3.12 5.62 2.50
5e 307 420 1.23 2.95 5.59 2.64
5f 316 400 1.25 3.10 5.61 2.51
6e 305 425 1.08 2.92 5.44 2.52
6f 302 410 1.10 3.02 5.46 2.44

HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied molecular orbital; CV: cyclic voltammetry; Ag: silver; AgCl: silver chloride.
aRead from the UV-Vis absorption spectra of the polymer films.
bOxidation half-wave potential from CV (vs. Ag/AgCl).
cThe data were calculated by the equation: Band gap ¼ 1240/�onset.
dThe HOMO energy levels were calculated from the oxidation E1/2 value of CV diagrams and were referenced to ferrocene (4.8 eV relative to vacuum
energy level; E1/2 ¼ 0.44 V in CH3CN). HOMO ¼ E1/2 þ 4.8 � 0.44 (eV); LUMO ¼ HOMO � band gap.
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To explore the potential electrochromic application of

the polyimide films, a square-wave potential step method

coupled with UV-Vis spectroscopy were used to evaluate

their switching stability. In Figure 12 are depicted the

switching results obtained for polyimide 5e film in

TBAP/CH3CN for the colour change pale yellow D chrome

yellow. The switching times estimated from the absor-

bance–time curves indicated in Figure 12 were determined

by considering 90% of the full optical change. Thin films

from polyimide 5e would require 5 s for colouring after

applying a voltage of 1.58 V and 3 s for bleaching after

switching off the potential. Because the electron-

withdrawing –CF3 group destabilizes the TPA radical

cation formed upon oxidation, a considerable loss of optical

contrast was observed after 10 redox switches for polyi-

mide 5e. Thin film from polyimide 6e would require 4 s for

colouring (at 1.33 V) and 2 s for bleaching (Figure 13).

After 10 continuous cyclic scans between 0 V and

1.33 V, the polyimide 6e film still did not show significant

loss in optical contrast. It is reasonable that the CH3TPA-

functionalized 6 series polyimides exhibited much better

electrochromic stability than the CF3TPA-based 5 series

because the former ones formed more stable TPA radical

cations in the oxidative processes. Although the CF3TPA-

based 5 series polyimides showed a less electrochromic

performance, the bulkiness of the –CF3 group and their

Figure 10. Electrochromic behaviour of polyimide 5e thin film
(in CH3CN with 0.1 M TBAP as the supporting electrolyte) at
(a) 0.0, (b) 0.91, (c) 1.00, (d) 1.10, (e) 1.19, (f) 1.29, (g) 1.38,
(h) 1.48 and (i) 1.58 V. CH3CN: acetonitrile; TBAP: tetra-n-
butylammonium perchlorate.

Figure 11. Electrochromic behaviour of polyimide 6e thin film
(in CH3CN with 0.1 M TBAP as the supporting electrolyte) at
(a) 0.0, (b) 0.71, (c) 0.79, (d) 0.88, (e) 0.97, (f) 1.06, (g) 1.15,
(h) 1.24 and (i) 1.33 V. CH3CN: acetonitrile; TBAP: tetra-n-
butylammonium perchlorate.

Figure 12. Potential step absorptometry of polyimide 5e
(in CH3CN with 0.1 M TBAP as the supporting electrolyte) by
applying a potential step (0 V � 1.58 V). CH3CN: acetonitrile;
TBAP: tetra-n-butylammonium perchlorate.

Figure 13. Potential step absorptometry of polyimide 6e
(in CH3CN with 0.1 M TBAP as the supporting electrolyte) by
applying a potential step (0 V � 1.33 V). CH3CN: acetonitrile;
TBAP: tetra-n-butylammonium perchlorate.
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good film quality make them potential application as gas

separation membranes. Their other optoelectronic applica-

tions such as memory devices and charge storage materials

are still deserved to be developed.

Conclusions

New triphenylamine-functionalized aromatic polyimides

with methyl or trifluoromethyl protecting groups were

synthesized from the polycondensation reactions of dia-

mine monomers 3a and 3b with six commercially available

aromatic dianhydrides. All the polyimides could afford

flexible and strong films. The polyimides had Tg values

higher than 269�C and were thermally stable with 10%
weight loss temperature being recorded above 500�C under

nitrogen atmosphere. Introduction of electron-withdrawing

trifluoromethyl group increased the oxidation potential and

decreased the electrochemical and electrochromic stability

of the polyimides. The methyl-substituted TPA-containing

polyimides exhibited good redox stability and might be

good candidates for electrochromic applications.
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