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ABSTRACT: A series of triphenylamine-based polymers containing electron-donating
methoxy (AOCH3) and electron-withdrawing cyano or nitro (ACN or ANO2) substitu-
ents in the main chains have been designed and investigated. These conjugated poly-
mers (P1–P3) could be readily prepared by oxidative coupling polymerization from
monomers (M1–M3) using FeCl3 as an oxidant. The P2 and P3 exhibited moderate
high Tg values (203–205 �C) and thermal stability. These polymers in NMP solution
showed UV–vis absorption around 288–404 nm and photoluminescence peaks around
435–492 nm. P1–P3 showed reversible oxidation redox couples at Eonset ¼ 0.67, 0.99,
and 1.00 V in solution of 0.1 M tetrabutylammonium perchlorate (TBAP)/acetonitrile
(CH3CN), respectively. M3 and P3 exhibited reversible reduction redox couples at
Eonset ¼ �1.04 and �1.03 V. These polymers also revealed electrochromic characteris-
tic changing color at different potential. VVC 2008 Wiley Periodicals, Inc. J Polym Sci Part A:

Polym Chem 47: 285–294, 2009

Keywords: conjugated polymers; electrochemistry; fluorescence; functionalization
of polymers; high-performance polymers

INTRODUCTION

In the past decade, conjugated polymers have
received considerable attention because of their
promising applications in optic-electronic devi-
ces,1,2 such as electroluminescence display,3 thin
film transistor,4 and photovoltaic devices.5,6 In
particular, significant progress has been achieved
in the development of light-emitting diodes
(LEDs) based on conjugated polymer.7,8 Triaryl-

amines have attracted considerable interest as
hole-transport materials for using in multilayer
organic electroluminescence (EL) devices because
of their relatively high mobility and their low ioni-
zation potentials.9–12 The characteristic structure
feature of triphenylamine (TPA) is the electroac-
tive nitrogen atom, which is linked to three elec-
tron-rich phenyl groups in a propeller-like geome-
try. The anodic oxidation of TPA in aprotic solvent
was well studied in 1966.13 The electrogenerated
cation radical of TPAþ is not stable and could to
form tetraphenylbenzidine (TPB) by tail-to-tail
coupling. TPB is more easily oxidized than the
TPA molecule. When the phenyl groups are
substituted by electron-donating groups at the
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para-position, the couple reactions could be greatly
prevented by giving stable cation radicals.14

To obtain high Tg hole-transporting polymers,
many research groups have prepared polymers
containing TPA units in themain and/or chain,15–23

such as Ogino and Kakimoto.24–27 Recently, we
have reported the synthesis of soluble aromatic
polyamides and polyimides bearing TPA units in
themain chain.28–35 Because of the incorporation of
bulky and three-dimensional TPA units along the
polymer backbone, all the polymers were amor-
phous and soluble in many organic solvents with
excellent thin film formability. Polymeric triaryl-
amines are prepared using copper-mediated Ull-
man reactions,36 palladium37,38 or nickel-catalyzed
coupling reactions,39,40 and nucleophilic substitu-
tion reactions.41 However, these synthetic methods
are not straightforward and require multiple steps
to prepare themonomers. Therefore, weneed a sim-
ple and rapidmethod to replace the aforementioned
reaction. Herein, we design a series of differ-
ent para-substituted TPA-based homopolymers
(Scheme 1) by using FeCl3 as an oxidant and report
the synthesis, characteristics, photophysical, elec-
trochemical properties, and the substituent effect
for the coupling reaction.42

EXPERIMENTAL

Materials

Diphenylamine (99%, ACROS), 4-fluorobenzoni-
trile (99%, TCI), 4-fluoronitrobenzene (99%,
ACROS), 4-iodoanisole (98%, ALFA AESAR), so-
dium hydride (95%, Aldrich), copper powder (99%
ACROS), potassium carbonate (SCHARLAU), tri-
ethyleneglycol dimethyl ether (TEGDME) (99%,
ALFA AESAR), iron (III) chloride (SHOWA),
toluene (TEDIA), nitrobenzene (ACROS), N,N-
dimethylacetamide (DMAc) (TEDIA), N,N-dime-
thylformamide (DMF) (ACROS), N-methyl-2-pyr-
rolidinone (NMP) (TEDIA), chloroform (CHCl3)
(TEDIA), and tetrahydrofuran (THF) (ECHO)
were used without further purification. Tetrabuty-
lammonium perchlorate (TBAP) was obtained
from ACROS and recrystallized twice from ethyl
acetate and then dried in vacuo prior to use. All
other reagents were used as received from com-
mercial sources.

Monomer Synthesis

M1 and M3 synthesis routes according to the pre-
vious literature.43,44 M1 (Mp: 108–110 �C) was

Scheme 1. Synthesis routes for monomers and polymers.
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synthesized by the reaction of diphenylamine
with 4-iodoanisole. M3 (Mp: 144–145 �C) was pre-
pared by the aromatic nucleophilic amination of
4-fluoronitrobenzene and diphenylamine in DMF
in the presence of sodium hydride.

4-Cyanotriphenylamine (M2)

A mixture of 1.07 g (45 mmol) of sodium hydride
and 100 mL of DMF was stirred at room tempera-
ture. To the mixture, 6.77 g (40 mmol) of diphe-
nylamine and 4.97 g (41 mmol) of 4-fluorobenzoni-
trile were added in sequence. The mixture was
heated with stirring at 140 �C for 15 h under
nitrogen and then precipitated into 700 mL of ice
water. The products was filtered and recrystal-
lized from methanol to give 7.78 g (72% in yield)
of pale gray needles. Mp ¼ 128–130 �C (lit. 126–
127 �C)45 measured by differential scanning calo-
rimeter (DSC) at 10 �C/min. FTIR (KBr): 2214
cm�1 (CBN).

1H NMR (DMSO-d6, d, ppm): 7.57 (d, J ¼ 8.43
Hz, 2H), 7.40 (t, J ¼ 15.33 Hz, 4H), 7.22–7.14 (m,
J ¼ 25.86 Hz, 6H), 6.82 (d, J ¼ 8.43 Hz, 2H). 13C
NMR (DMSO-d6, d, ppm): 151.4, 145.5, 133.6,
130.2, 126.5, 125.7, 119.6, 118.7, 101.2. Anal.
Calcd. for C19H14N2 (270.33): C, 84.42%; H, 5.22%;
N, 10.36%. Found: C, 84.33%;H, 5.20%;N, 10.47%.

Polymer Synthesis

Poly[N,N-diphenyl-4cyanophenylamine-40,
400-diyl] (P2)

In a 50-mL round-bottomed flask fitted with a
three-way stopcock were placed M2 (1.62 g,
6.0 mmol), FeCl3 (2.43 g, 15.0 mmol), and nitro-
benzene (12 mL) under nitrogen. The solution
was stirred at room temperature for 24 h and
poured into a mixture of methanol containing
10% hydrochloric acid. The precipitate was col-
lected and washed thoroughly with aqueous
ammonium hydroxide. Precipitations from chloro-
form into methanol were carried out twice for fur-
ther purification to afford the polymer 1.35 g (84%
in yield). FTIR (KBr): 2212 cm�1 (CBN).

1H NMR (CDCl3, d, ppm): 7.58 (d, J ¼ 8.43 Hz,
4H), 7.49 (d, J ¼ 8.16 Hz, 2H), 7.23 (d, J ¼ 8.16
Hz, 4H), 7.10 (d, J ¼ 8.43 Hz, 2H). 13C NMR
(CDCl3, d, ppm): 151.4, 145.5, 136.8, 133.3, 128.1,
126.1, 120.6, 119.5, 103.4. Anal. Calcd. for
(C19H12N2)n (268.31)n: C, 85.05%; H, 4.51%; N,
10.44%. Found: C, 84.33%; H, 5.20%; N, 10.47%.
The polymers (P1 and P3) were prepared by the

same method but the reaction time was different
(P1 for 24 h, P3 for 18 h).

ELEM. ANAL. data of P1: Anal. Calcd. for
(C19H15NO)n (273.33)n: C, 83.49%; H, 5.53%; N,
5.12%. Found: C, 82.89%; H, 5.50%; N, 5.06%.
ELEM. ANAL. data of P3: Anal. Calcd. for
(C18H12N2O2)n (288.30)n: C, 74.99%; H, 4.20%; N,
9.72%. Found: C, 73.43%; H, 4.65%; N, 10.13%.

Preparation of the Films

A polymer solution was made by the dissolution of
about 0.7 g of the P2 sample in 8 mL of NMP. The
homogeneous solution was poured into a 9-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 vacuo at 180 �C for
10 h. The obtained films were used for measure-
ments of molecular weight, solubility, and thermal
properties.

Measurements

Infrared spectra were recorded on a Perkin–
Elmer RXI FTIR spectrometer. ELEM. ANAL. were
run in an Elementar VarioEL-III. 1H and 13C
NMR spectra were measured on a Bruker AV-300
FT-NMR system. The inherent viscosities were
determined at 0.5 g/dL concentration using a
Tamson TV-2000 viscometer at 30 �C. Ultraviolet–
visible (UV–vis) spectra of the polymer films were
recorded on a Varian Cary 50 Probe spectrometer.
Gel permeation chromatography (GPC) was car-
ried out on a Waters chromatography unit
interfaced with a Waters 2414 refractive index
detector. Two Waters 5 lm Styragel HR-2 and
HR-4 columns (7.8 mm I. D. � 300 mm) con-
nected in series were used with NMP as the elu-
ent at a flow rate of 1 mL/min and were cali-
brated with narrow polystyrene standards.
Thermogravimetric analysis (TGA) was con-
ducted with a PerkinElmer Pyris 1 TGA.
Experiments were carried out on �6–8 mg film
samples heated in flowing nitrogen or air (flow
rate ¼ 20 cm3/min) at a heating rate of 20 �C/
min. DSC analyses were performed on a Perki-
nElmer Pyris Diamond DSC at a scan rate of
20 �C/min in flowing nitrogen (20 cm3/min).
Thermomechanical analysis (TMA) was con-
ducted with a PerkinElmer TMA 7 instrument.
The TMA experiments were conducted from 50
to 280 �C at a scan rate of 10 �C/min with a pen-
etration probe 1.0 mm in diameter under an
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applied constant load of 10 mN. Cyclic voltam-
metry was performed with a Bioanalytical Sys-
tem Model CV-27 potentiostat and a BAS X-Y
recorder with ITO (polymer films area about 0.7
cm �0.5 cm) was used as a working electrode
and a platinum wire as an auxiliary electrode
at a scan rate of 50 mV/s against a Ag/AgCl ref-
erence electrode in solution of 0.1 M TBAP/ace-
tonitrile (CH3CN). Voltammograms are pre-
sented with the positive potential pointing to
the left and with increasing anodic currents
pointing downward. The spectroelectrochemical
cell was composed of a 1 cm cuvette, ITO as a
working electrode, a platinum wire as an auxil-
iary electrode, and an Ag/AgCl reference elec-
trode. Absorption spectra in spectroelectochem-
ical analysis were measured with a HP 8453
UV–visible spectrophotometer. Photolumines-
cence spectra were measured with a Jasco FP-
6300 spectrofluorometer. Fluorescence quantum
yields (UF) of P2 in different solvent were mea-
sured by using quinine sulfate in 1 N H2SO4 as
a reference standard (UF ¼ 0.546).46 All cor-
rected fluorescence excitation spectra were

found to be equivalent to their respective
absorption spectra.

RESULTS AND DISCUSSION

Monomer Synthesis

M2 and M3 were prepared by the condensation of
diphenylamine with 4-fluorobenzonitrile and 4-
fluoronitrobenzene, respectively, according to the
synthetic route outlined in Scheme 1. M2 was
purified by recrystallization from a methanol to
give pale gray needles, which is a blue light
(453 nm) emitter with photoluminescence quan-
tum efficiency of 36%. M3 was purified by recrys-
tallization from an ethanol to give orange crystals.
ELEM. ANAL., IR, 1H NMR, and 13C NMR spectro-
scopic techniques were used to identify chemical
structures of monomers. Figure S1 illustrated the
1H NMR and 13C NMR spectra of M2. Assign-
ments of each carbon and proton are assisted by
the two-dimensional NMR spectra shown in Fig-
ures S2 and S3, which agree well with the pro-
posed molecular structure of M2. The ELEM. ANAL.

Table 1. Solubility and GPC Data

Code ginh
a Mw

b Mn
b PDIc

Solventd

NMP DMAc DMSO DMF THF CHCl3

P1 0.09 3,300 1,900 1.74 þþ þþ þþ þþ þþ þþ
P2 0.19 26,200 14,400 1.82 þþ þþ þþ þh þþ þþ
P3 0.48 1263,000 365,000 3.46 þh – – – – –

aMeasured at a polymer concentration of 0.5 g/dL in NMP at 30 �C.
bAverage molecular weights relative to polystyrene standard in NMP by GPC.
c PDI ¼ Mw/Mn.
dþþ, soluble at room temperature; þh, soluble on heating; –, insoluble even on heating.

Table 2. Thermal Properties

Code Tg (�C)a Ts (
�C)b

Td at 5% Weight
Lossc

Td at 10%
Weight Lossc

Char Yield
Weight (%)dN2 Air N2 Air

P1 –e 150 460 455 500 500 60
P2 205 196 615 610 655 630 71
P3 203 195 460 450 500 490 78

aMidpoint temperature of baseline shift on the DSC heating trace (rate 20 �C /min).
b Softening temperature measured by TMA with a constant applied load of 10 mN at a heating rate of 10 �C /min.
cDecomposition temperature, recorded via TGA at a heating rate of 20 �C /min and a gas-flow rate of 20 cm3/min.
dResidual weight percentage at 800 �C in nitrogen.
e –: Nondetectable.
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on the C, H, and N also has an excellent agree-
ment with the theoretical content. These results
suggest the successful synthesis of the monomer
(4-cyanotriphenylamine, M2).

Polymer Synthesis

P2 could be readily prepared by oxidative cou-
pling polymerization of M2 using FeCl3 as an oxi-
dant. The structure of polymer was confirmed by
IR, 1H and 13C NMR spectroscopy shown in Fig-
ures S4 and S1, respectively. DEPT135 NMR
shown in Figure S5 demonstrates that the
coupling reaction occurred at para-position of the
4-cyanotriphenylamine moiety. The introduction
of electron-withdrawing group can effectively in-
crease oxidative coupling reaction rate because
of the higher oxidative potential and lower elec-
trochemical stability by electron-withdrawing
substituent effect.42 Thus, the conjugated P2 and
P3 exhibited much higher molecular weight than
the from electron-donating–substituted TPA P1.
The inherent viscosities of the polymers P1–P3
measured in NMP at 30 �C were 0.09, 0.19, and
0.48 dL/g, respectively. Figure S6 shows the mo-
lecular weight curves of P1–P3 measured by GPC
using polystyrenes as standard and NMP as sol-
vent, and the weight–average molecular weights
(Mw) were 3300, 26,200, and 1263,000 with poly-
dispersity index (Mw/Mn) of 1.74, 1.82, and 3.46,
respectively. The extremely high molecular
weight of P3 could be attributed to the poor cati-
onic radical stability after oxidation of the nitro-
substituted TPA structure (monomer M3).

Polymer Properties

Basic Characterization

P1 and P2 showed excellent solubility in various
organic solvents even less polar solvents such as
chloroform and THF (Table 1), but P3 only could
dissolve in NMP with heating. The lowering solu-
bility of P3 could be attributed to both the
extremely high molecular weight of P3 and the
much stronger acceptor substituent (ANO2),
which can enhance the intermolecular charge
transfer attraction between the nitrogen atom of
TPA unit and the nitro groups. The thermal prop-
erties of P1–P3 were investigated with TGA,
TMA, and DSC. The results are summarized in
Table 2. TGA curves of P2 in both air and nitro-
gen atmospheres are shown in Figure 1. These
polymers exhibited good thermal stability with a
10% weight loss temperature in excess of 500 �C,
and char yield at 800 �C higher than 60% in nitro-
gen. The high char yield of the polymer could be

Figure 1. TGA and TMA curves of P2 (TGA: a scan
rate of 20 �C/min; TMA: heating rate ¼ 10 �C/min;
applied force ¼ 10 mN).

Figure 2. Molar absorptivity (left) and photolumi-
nescence intensity (right) of P2 in different polarity
organic solvent (�1 � 10�5 M) and thin film.
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ascribed to their high aromatic content. The P2
and P3 revealed softening temperature (Ts) 196
and 195 �C determined from the onset tempera-
ture of the probe displacement on the TMA, and
exhibited glass transition temperature (Tg) 205
and 203 �C by DSC trace of the polymer films.

Optical and Electrochemical Properties

The UV–vis absorption and photoluminescence
spectra of P2 were investigated in dilute solution
(10�5 M) of different polarity organic solvents and
thin film state at room temperature (Fig. 2), and
the results are listed in Tables 3 and 4. The P2
shows main absorption peak at 358–364 nm (in
different solutions) and 362 nm (in film state),
which is attributed to the electron transition of p–
p* along the main chain. The absorption peak
wavelength is nearly solvent-polarity independ-
ent, indicating little interaction in the ground
state during exciting process. From photolumines-
cence spectra in Figure 2, P2 in toluene solution
exhibited a maximum blue photoluminescence
peak at 429 nm with photoluminescence quantum
efficiency of 45% by comparing with that of qui-
nine sulfate. When the polarity increases from tol-
uene to NMP, the emission spectra of P2 reveal a
red shift from 429 to 477 nm.47 The oxidation
potentials of P1–P3 are listed in Table 5. As
the substituents vary from electron-donating
(AOCH3) to electron-withdrawing (ANO2) groups,
it could be observed that methoxy-substituted P1
exhibited much easier to be oxidized than cyano-
substituted P2 and then nitro-substituted P3.
Figure 3 shows the cyclic voltammograms of M2
and P2 with clear onset oxidation potentials Eonset

at 1.07 and 0.99 V, respectively. The ipc/ipa rela-

tionship is approximately equal to 1 for P2, indi-
cating that the polymer produced by the oxidative
coupling reaction is stable in the time scale of a
CV scan even after over 30 cyclic scans. Figure 4
shows the cyclic voltammograms of M3 and P3
with clear onset oxidation potential Eonset at 1.19
and 1.00 V, respectively, which are higher than
M2 series because of more electron-withdrawing
nitro group induced. The HOMO energy levels of
the polymers were determined from their oxida-
tion onset potentials. The oxidation onset poten-
tial for P2 has been determined as 0.99 V, and the
external ferrocene/ferrocenium (Fc/Fcþ) redox
standard E1/2 is 0.46 V versus Ag/AgCl in CH3CN.
Assuming that the HOMO energy for the Fc/Fcþ

standard is 4.80 eV with respect to the zero vac-
uum level, the HOMO energy for P2 was esti-
mated to be 5.33 eV. The film onset absorption
value is 426 nm and estimated optical band gap of
the P2 is around 2.91 eV. P1 and P3 were calcu-
lated by the same method. The cutoff wavelengths
(absorption edge) from UV–vis transmittance

Table 3. Optical Properties

Code

NMP (1 � 10�5 M) solution, r.t. Film, r.t.

kabs (nm) kem (nm) UF (%)a k0
b (nm) kabs (nm) konset (nm) kem (nm)

M1 303 435 63 –c – – –
M2 329 453 36 – – – –
M3 288,404 498 0.5 – – – –
P1 370 435 51 430 371 437 446
P2 364 477 16 406 362 426 454
P3 404 492 0.1 506 336,456 575 –

aThe value was measured by using quinine sulfate (dissolved in H2SO4 with a concentration of 10�5 M, assuming fluores-
cence quantum efficiency of 0.546) as a standard at 24–25 �C.

bThe cutoff wavelengths (k0) from the transmission UV/vis spectra of absorption polymer films (30–60 lm).
c –: Nondetectable.

Table 4. Optical Properties: Solvent Effect

P2

(1 � 10�5 M) solution, r.t.

kabs (nm) kem (nm) UF
a (%)

Toluene 360 429 45
THF 358 445 25
CHCl3 360 455 16
NMP 364 477 16

aThe value was measured by using quinine sulfate (dis-
solved in H2SO4 with a concentration of 10�5 M, assuming
fluorescence quantum efficiency of 0.546) as a standard at
24–25 �C.
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Table 5. Electrochemical Properties

Code

Oxidation Reduction

HOMOa LUMOb LUMOc EOpt
g (eV)d EEC

g
eEonset Eonset

M1 0.82 – 5.16 –f – – –
M2 1.07 – 5.41 – – – –
M3 1.19 �1.04 5.53 – 3.30 – 2.23
P1 0.67 – 5.01 2.17 – 2.84 –
P2 0.99 – 5.33 2.42 – 2.91 –
P3 1.00 �1.03 5.34 3.18 3.31 2.16 2.03

aThe HOMO energy levels were calculated from cyclic voltammetry and were referenced to
ferrocene (4.8 eV).

b LUMO ¼ HOMO � EOpt
g .

c LUMO ¼ HOMO � EECe
g .

d The data were calculated by the equation: energy gap EOpt
g ¼ 1240/konset.

eEEC
g ¼ Eox

onset � Ered
onset.

f –: Nondetectable.

Figure 3. Cyclic voltammograms of (a) ferrocene,
(b) M2, and (c) P2 film onto an indium-tin oxide
(ITO)-coated glass substrate in CH3CN containing
0.1 M TBAP. Scan rate ¼ 50 mV/s. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 4. Cyclic voltammograms of (a) ferrocene,
(b) M3, and (c) P3 film onto an indium-tin oxide
(ITO)-coated glass substrate in CH3CN containing
0.1 M TBAP. Scan rate ¼ 50 mV/s. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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spectrum were P2 ¼ 406 and P3 ¼ 506 nm
(Fig. 5).

Electrochromic Characteristics

Anodically electrochromic materials could exhibit
different colors depending on their oxidation
state. The applications for electrochromic-conju-
gated polymers are quite diverse because of sev-
eral favorable properties of these materials.
Because the conjugated polymers at various
oxidation states are quite stable, the colors corre-
sponding to these states are long-lasting. In addi-
tion, conjugated polymeric electrochromics usu-
ally show fast switching times and exhibit color
changes upon lower applying potentials.48–51

Spectroelectrochemical analysis of the P2 and P3
films was carried out on an ITO-coated glass sub-
strate by stepping the potential between 0.00  !
1.35 and 0.00  ! 1.55 V, respectively. The trans-
mittance (% T) at 386, 485, and 750 nm was moni-
tored for P2 as shown in Figure 6, and peaks
showed at 388, 520, and 773 nm for P3 in Fig-
ure 7. When the applied potentials increased posi-
tively from 0.00 to 1.35 V, the peak of absorption
at 386 nm, characteristic for neutral state P2
decreased gradually while new bands grew up at
485 and 750 nm because of the oxidation of TPA
moiety. The new spectrum was assigned as that of

Figure 5. Transmission UV–visible absorption spec-
tra of P2 and P3 films (Thin film: 30–60 lm).

Figure 6. Electrochromic behavior of P2 thin film
(in CH3CN with 0.1 M TBAP as the supporting elec-
trolyte) at (a) 0.00, (b) 1.00, (c) 1.05, (d) 1.10, (e) 1.15,
(f) 1.20, (g) 1.25, (h) 1.30, and (i) 1.35 V. [Color figure
can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 7. Electrochromic behavior of P3 thin film
(in CH3CN with 0.1 M TBAP as the supporting elec-
trolyte) at (a) 0.00, (b) 1.10, (c) 1.20, (d) 1.35, (e) 1.45,
and (f) 1.55 V. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Figure 8. Potential step absorptometry and current
consumption of P2 (in CH3CN with 0.1 M TBAP as
the supporting electrolyte) by applying a potential
step (0.00 V  ! 1.35 V), (coated area: 1 cm2), and
cycle time 24 s.
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the stable cationic radical P2þ, and the film color
changed from original colorless to blue with high
contrast of optical transmittance change (DT %)
up to 62% at 750 nm. For P3 film, color changed
from original orange to deep blue or near black
with high contrast of optical transmittance
change (DT %) up to 61% at 773 nm.

The stability and response time upon electro-
chromic switching of the polymer film P2 between
neutral and oxidized forms with time intervals of
24 s are shown in Figure 8, and absorbance at
386, 485, and 750 nm was monitored versus time.
The switching time was defined as the time
required for reach 90% of the full change in ab-
sorbance after the switching of the potential. For
most electrochromic films, the oxidation (colora-
tion step) of the neutral form proceeded more
slowly than the reduction (bleaching step) of the
oxidized form because of the difference in charge-
transport rates between the two forms.52–55 P2
film required 4.9 s at 1.35 V for switching color
and 2.2 s for bleaching, and P3 required 5.6 s at
1.55 V for switching color and 3.3 s for bleaching
(Fig. 9). The amount of charge (Q) in each current
curve for both processes was very similar that
reveals the stable anodic electrochemical charac-
teristic of P2 and P3 film. The value of the charge
was used to calculate the coloration efficiency (g)
by the equation56 g ¼ DA (k)/Q, where Q is the
injected charge per unit electrode area (C/cm2)
and DA is the change in absorbance during a re-
dox step. The P2 coloration efficiency at 750 nm is
as high as about 215 cm2/C with high absorbance
change (DA) up to 0.46. After over continuous 10

cyclic switches between 0.00 and 1.35 V, the poly-
mer films still exhibited excellent stability of elec-
trochromic characteristics. The P3 coloration effi-
ciency at 773 nm is as high as about 260 cm2/C.

CONCLUSIONS

Poly(triphenylamine)s having high molecular
weight were successfully synthesized from 4-cya-
notriphenylamine and 4-nitrotriphenylamine by
oxidative coupling polymerization using FeCl3 as
an oxidant. These results presented herein also
demonstrated that incorporating electron-with-
drawing substituents at para-position of TPA not
only could increase the molecular weight of the
poly(triphenylamine)s while maintaining good
thermal stability but also revealed adjustable
band gaps, good electrochemical stability, and
highly electrochromic contrast characteristics.
Thus, these polymers could be good candidates
as electrochromic and electroactive materials
because of their proper HOMO value, excellent
thermal stability, and reversible electrochemical
behavior.
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