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ABSTRACT: A series of near-infrared (NIR) electrochromic aromatic poly(aryl ether)s
containing N,N,N0,N0-tetraphenyl-p-phenylenediamine (TPPA) moieties in the back-
bone were prepared from the high-temperature polycondensation reactions of a
biphenol monomer, 2,5-bis(diphenylamino)hydroquinone, with difluoro compounds.
The obtained polymers were readily soluble in many organic solvents and showed
useful levels of thermal stability associated with high glass-transition temperatures
(182–205 �C) and high char yields (higher than 40% at 800 �C in nitrogen). The
polymer films showed reversible electrochemical oxidation with high contrast ratio
both in the visible range and NIR region, and also exhibited high coloration effici-
ency (CE), low switching time, and stability for electrochromic operation. The poly-
ether TPPA-a thin film revealed good CE in visible (CE ¼ 217 cm2/C) and NIR (CE
¼ 192 cm2/C) region with reversible electroactive stability (over 500 times within 5%
loss relative to its initial injected charge). VVC 2009 Wiley Periodicals, Inc. J Polym Sci Part

A: Polym Chem 47: 5378–5385, 2009

Keywords: electrochemistry; functionalization of polymers; high performance poly-
mers; poly(ether ketones)

INTRODUCTION

Electrochromic materials exhibit a reversible
optical change in absorption or transmittance
upon electrochemically oxidized or reduced, such
as transition-metal oxides, inorganic coordination
complexes, organic molecules, and conjugated
polymers.1 Traditionally, investigation of electro-
chromic materials has been directed toward opti-
cal changes in the visible region (e.g., 400–800
nm), proved especially useful of variable reflec-

tance mirrors, tunable windows, and electrochro-
mic displays. Increasingly, attention of the optical
changes has been focused extending from the near
infrared (NIR; e.g., 800–2000 nm) through the
microwave regions of the spectrum,2 which could
be exploitable for environmental control (heat
gain or loss) in buildings. Recently, NIR electro-
chromic materials such as transition metal oxides
(WO3), quinone-containing organic materials, and
organic metal complex (ruthenium dendrimer)
have been investigated.3 For organic materials, in
addition to conjugated polymers,4 N,N,N0,N0-tetra-
phenyl-p-phenylenediamine (TPPA) containing
molecule is a interesting anodic electrochromic
system for NIR applications because of its
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particular intramolecular electron transfer (ET)
in the oxidized states.

Intramolecular ET processes were studied
extensively in the mixed-valence (MV) systems,5

and usually employed one-dimensional MV com-
pounds containing two or more redox states.
According to Robin and Day,6 the TPPA cation
radical has been reported as a symmetrical delo-
calized class III structure with a strong electronic
coupling (the electron is delocalized over the two
redox centers), leading an intervalence charge
transfer (IV-CT) absorption band in the NIR
region.7

To be useful for electrochromic applications,
some key issues such as long-term stability, rapid
redox switching, high coloration efficiency (CE),
and high optical transmittance change (D%T) dur-
ing operation played important roles and required
to be achieved. In our ongoing effort to develop
electrochromic polymeric materials, we have
synthesized and investigated a series of triphenyl-
amine (TPA) containing high-performance poly-
mers,8 which showed good electrochromic revers-
ibility in the visible region. Additionally, we also
prepared the analogous polymers bearing pendent
variety moieties, and showed observable contrast
ratio.9 Furthermore, our research goal and strat-
egy was extended to prepare the novel TPPA-
based electrochromic polymers with absorption
band in the NIR region by using conventional poly-
condensation methods. Because of the incorpora-
tion of packing-disruptive TPPA units into the
polymer backbone, most of the thermal stable
polymers exhibited good solubility in polar
organic solvents, thus transparent and amor-
phous thin films could be prepared by solution
casting or spin-coating techniques which are ben-
eficial for their fabrication of large-area, thin-film
electrochromic devices.

In this contribution, we therefore synthesized
the TPPA-based aromatic polyethers from the
diphenol monomer 2,5-bis(diphenylamino)hydro-
quinone (TPPA-2OH) with difluoro compounds.
Incorporation of preformed TPA units into poly-
(aryl ether)s allows the retention of some of the
favorable properties of polymers such as high
thermal stability and glass transition tempera-
ture, whereas the aryl ether linkages increase the
solubility and enhance the film-forming ability,
facilitating both processing and application.10 We
anticipate that the obtained electrochromic poly-
ethers could reveal quick optical response times
with high optical density changes in NIR region.

In addition to the general properties (such as
inherent viscosities, molecular weights, solubility,
and thermal properties), the electrochemical and
electrochromic behaviors of these polymers were
also investigated.

EXPERIMENTAL

Materials

2,5-Bis(diphenylamino)-1,4-dihydroxybenzene11

(TPPA-2OH) (mp: 204–207 �C) and 2,5-bis(4-
fluorophenyl)-1,3,4-oxadiazole12 (BF-b) (mp: 205–
206 �C) were synthesized according to a previ-
ously reported procedure. 4,40-Difluoro-benzo-
phenone (BF-a) (ACROS) was purified by recrys-
tallization. Tetrabutylammonium perchlorate
(TBAP) (ACROS) was recrystallized twice from
ethyl acetate under a nitrogen atmosphere and
then dried in vacuo prior to use. All other
reagents were used as received from commercial
sources.

Polymer Synthesis

The synthesis of polyether TPPA-b was used as
an example to illustrate the general synthetic
route used to produce the polyethers. To a two
necked 50 mL glass reactor was charged with
TPPA-2OH (0.89 g, 2 mmol), BF-b (0.52 g,
2 mmol), and 4 mL N-methyl-2-pyrrolidinone
(NMP), 2 mL of toluene, and an excess of
potassium carbonate (0.42 g, 3 mmol). The reac-
tion mixture was heated at 150 �C for 3 h as dehy-
dration, then heated at 170 �C for 1 h, 180 �C for
3 h, and finally heated at 190 �C for 1 h. After the
reaction, the obtained polymer solution was
poured slowly into 400 mL of acidified methanol/
water (v/v ¼ 1/1). The precipitate was collected
by filtration, washed thoroughly with hot
water and methanol, and dried under vacuum at
100 �C. Reprecipitations of the polymer by NMP/
methanol were carried out twice for further
purification. The inherent viscosity and weight-
average molecular weights (Mw) of the obtained
polyether TPPA-b was 0.42 dL/g (measured at a
concentration of 0.5 g/dL in NMP at 30 �C) and
25,000, respectively. Anal. Calcd (%) for
(C30H24N2O2)n (444.58)n: C, 79.50; H, 4.85; N,
8.43. Found: C, 80.44; H, 5.16; N, 8.06. The other
polyether TPPA-a was prepared by an analogous
procedure.
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Preparation of the Polyether Films

A solution of polymer was made by dissolving the
polyether sample in NMP. The homogeneous solu-
tion was poured into a glass Petri dish, which was
placed in a 90 �C oven for 5 h to remove most of
the solvent; then the semidried film was further
dried in vacuo at 180 �C for 8 h. The obtained
films were used for solubility tests and thermal
analyses.

MEASUREMENTS

Elemental analyses were run in a Heraeus Vari-
oEL-III CHNS elemental analyzer. The inherent
viscosities were determined at 0.5 g/dL concentra-
tion using Tamson TV-2000 viscometer at 30 �C.
Gel permeation chromatographic (GPC) analysis
was performed on a Lab Alliance RI2000 instru-
ment (one column, MIXED-D from Polymer Labo-
ratories) connected with one refractive index
detector from Schambeck SFD Gmbh. All GPC
analyses were performed using a polymer/DMF
solution at a flow rate of 1 mL/min at 70 �C and
calibrated with polystyrene standards. Thermo-
gravimetric analysis (TGA) was conducted with a
PerkinElmer Pyris 1 TGA. Experiments were car-

ried out on �6–8 mg film samples heated in flow-
ing nitrogen or air (flow rate ¼ 20 cm3/min) at a
heating rate of 20 �C/min. The DSC analyses
were performed on a PerkinElmer Pyris Diamond
DSC at a scan rate of 20 �C/min in flowing nitro-
gen (20 cm3/min). Softening temperatures (Ts)
were taken as the onset temperatures of probe
displacement on the TMA traces. Electrochemis-
try was performed with a CH Instruments 611B
electrochemical analyzer. Voltammograms are
presented with the positive potential pointing to
the left and with increasing anodic currents point-
ing downward. Cyclic voltammetry (CV) was con-
ducted with the use of a three-electrode cell in
which indium-tin oxide (ITO) (polymer films area
about 0.5 � 1.6 cm) was used as a working elec-
trode. A platinum wire was used as an auxiliary
electrode. All cell potentials were taken by using
a homemade Ag/AgCl, KCl (sat.) reference elec-
trode. Spectroelectrochemical experiments were
carried out in a cell built from a 1 cm commercial
UV-visible cuvette using Hewlett-Packard 8453
UV-Visible diode array spectrophotometer. The
ITO-coated glass slide was used as the working
electrode, a platinum wire as the counter elec-
trode, and a Ag/AgCl cell as the reference elec-
trode. CE (g) determines the amount of optical
density change (dOD) at a specific absorption
wavelength induced as a function of the injected/
ejected charge (Q; also termed as electroactivity)
which is determined from the in situ experiments.
CE is given by the equation: g ¼ dOD/Q ¼ log[Tb/
Tc]/Q, where g (cm2/C) is the CE at a given wave-
length, and Tb and Tc are the bleached and col-
ored transmittance values, respectively. The
thickness of the polyether thin films was meas-
ured by a-step profilometer (Kosaka Lab., Surfcor-
der ET3000, Japan). Colorimetry measurements
were obtained using a Minolta CS-100A Chroma
Meter. The color coordinates are expressed in the
CIE 1931 Yxy color spaces.

Scheme 1. Synthesis of aromatic polyethers.

Table 1. Inherent Viscosity,a Molecular Weights,b and Solubility Behavior of Polyethers

Polymer ginh (dL/g) Mw PDIc

Solubility in Various Solventd

NMP DMAc DMF THF CHCl3 Toluene CH3CN

TPPA-a 0.36 57,000 1.90 þþ þþ þþ þþ þþ þþ �
TPPA-b 0.42 25,000 1.39 þ þ þ þ� þ þ� �

aMeasured at a polymer concentration of 0.5 g/dL in NMP at 30 �C.
bCalibrated with polystyrene standards, using DMF as the eluent at a constant flow rate of 1 mL/min at 70 �C.
cDegree of Polymerization.
d The solubility was determined with a 1 mg sample in 1 mL of a solvent. þþ, soluble at room temperature; þ, soluble on

heating; þ�, partially soluble or swelling; �, insoluble even on heating.
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RESULTS AND DISCUSSION

Polymer Synthesis

A series of newly TPPA-based poly(aryl-ether)s
were synthesized from the biphenol monomer
TPPA-2OH with corresponding difluoro com-
pounds BFs (Scheme 1). The polymerization was
carried out via potassium carbonate-mediated
high temperature solution polycondensation. All
polymerization reactions proceeded homogenously
and gave high molecular weights. The obtained
polyethers had inherent viscosities in the range of
0.36–0.42 dL/g with weight-average molecular
weights (Mw) and polydispersity index ranged of
25,000–57,000 Da and 1.39–1.90, respectively, rel-
ative to polystyrene standards (Table 1).

Polymer Properties

Basic Characterization

The solubility properties of the polyethers were
investigated qualitatively, and the results are also
listed in Table 1. The polyether TPPA-a with
benzophenone groups in the polymer main chain

showed higher solubility than TPPA-b with co-
planar oxadiazole groups in polar aprotic organic
solvents such as NMP, N,N-dimethylacetamide,
N,N-dimethylformamide (DMF), and toluene. The
wide-angle X-ray diffraction diagram studies
(shown in Fig. 1) of these polyether films revealed
amorphous nature, which also reflected in their
good solubility. Thus, the result good solubility
makes these polymers as potential candidates for
practical applications by spin-coating or inkjet-
printing processes to afford high performance
thin films for optoelectronic devices.

The thermal properties of polyethers were
examined by TGA, TMA, and DSC, and the ther-
mal behavior data were summarized in Table 2.
Typical TGA and TMA curves of representative
polyether TPPA-a were shown in Figure 2. All
the prepared polyethers exhibited good thermal
stability with insignificant weight loss up to 400
�C under nitrogen or air atmosphere. The 10%
weight loss temperatures of these polymers in
nitrogen and air were recorded in the range of
520–530 �C and 520–530 �C, respectively. The
concentration of carbonized residue (char yield) of
these polymers in a nitrogen atmosphere was
more than 40% at 800 �C. The high char yields of
these polymers can be ascribed to their high aro-
matic content. The glass-transition temperatures
(Tg) of polyethers could be easily measured in the
DSC thermograms; they were observed in the
range of 182–205 �C, depending upon the stiffness
of the polymer chain. All the polymers indicated
no clear melting endotherms up to the decomposi-
tion temperatures on the DSC thermograms,
which supports the amorphous nature of these
polyethers. The softening temperatures (Ts) (may
be referred as apparent Tg) of the polymer film
samples were determined by the TMA method

Figure 1. XRD pattern of poly(aryl-ether)s films.

Table 2. Thermal Properties of Polyethers

Polymera Tg (�C)b Ts (
�C)c

T5
d (�C)d T10

d (�C)d

Rw800 (%)eN2 Air N2 Air

TPPA-a 182 182 505 505 530 530 53
TPPA-b 205 195 500 495 520 520 40

aThe polymer film samples were heated at 200 �C for 1 h prior to all the thermal analyses.
bMidpoint temperature of baseline shift on the second DSC heating trace (rate: 20 �C/min)

of the sample after quenching from 400 �C to 50 �C (rate: 200 �C/min) in nitrogen.
c Softening temperature measured by TMA with a constant applied load of 10 mN at a heat-

ing rate of 10 �C/min.
d Temperature at which 5% and 10% weight loss occurred, respectively, recorded by TGA at a

heating rate of 20 �C/min and a gas flow rate of 30 cm3/min.
eResidual weight percentages at 800 �C under nitrogen flow.
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with a loaded penetration probe. They were
obtained from the onset temperature of the probe
displacement on the TMA traces. In most cases,
the Ts values obtained by TMA are compar-
able with the Tg values measured by the DSC
experiments.

Electrochemical Properties

The electrochemical properties of the polyethers
were investigated by CV conducted for the cast
film on an ITO-coated glass substrate as working
electrode in anhydrous CH3CN and DMF contain-
ing 0.1 M of TBAP as an electrolyte under nitro-
gen atmosphere for oxidation and reduction meas-
urements, respectively. Figure 3 displays the typi-
cal CV curves of TPPA-based polyethers which
undergoes two reversible oxidation and one reduc-

tion processes. As shown in Table 3, the reduction
behavior of polyethers TPPA-a and TPPA-b were
attributed the methanone and oxadiazole groups
in the polymer main chain, respectively. During
the electrochemical oxidation scanning of the pol-
yether thin films, the color of the film changed
from colorless to yellow, green, and then to blue.
The redox potentials of the polyethers and their
respective highest occupied molecular orbital and
lowest unoccupied molecular orbital (on the basis
that ferrocene/ferrocenium is 4.8 eV below the
vacuum level with Eonset ¼ 0.36 V) estimated from
the onset of their oxidation or reduction in CV
experiments are summarized in Table 3.13

Spectroelectrochemical and
Electrochromic Properties

Spectroelectrochemical experiments were used to
evaluate the optical properties of the electrochro-
mic films. For the investigations, the polyether
film was cast on an ITO-coated glass slide, and a
homemade electrochemical cell was built from a
commercial ultraviolet (UV)-visible cuvette. The
cell was placed in the optical path of the sample
light beam in a UV-vis-NIR spectrophotometer,
which allowed us to acquire electronic absorption
spectra under potential control in a 0.1 M TBAP/
MeCN solution. The UV-vis-NIR absorbance
curves of TPPA-a film correlated to applied
potentials are depicted in Figure 4, and the three-
dimensional transmittance-wavelength-applied
potential correlation of this sample is revealed in
Figure 5. The TPPA-a film exhibited strong
absorption at around 313 nm, characteristic for

Figure 2. TGA and TMA curves of polyether TPPA-a.

Figure 3. Cyclic voltammogram of (a) TPPA-a and (b) TPPA-b films on ITO-coated
glass substrate in CH3CN (oxidation) and DMF (reduction) solutions containing 0.1
M TBAP at scan rate of 100 mV/s.
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TPA unit in the neutral form (0 V), with almost
colorless and transparent in the visible region.
Upon oxidation (increasing applied voltage from 0
to 1.30 V), the intensity of the absorption peak at
313 nm gradually decreased whereas a new peak
at 423 nm and a broad band having its maximum
absorption wavelength at 1080 nm in the NIR
region gradually increased in intensity. We attrib-
ute the spectral change in visible range to the for-
mation of a stable monocation radical of the TPA
unit in TPPA moiety. Furthermore, the broad
absorption in NIR region was the characteristic
result because of IV-CT excitation associated with
ET from active neutral nitrogen atom to the cat-
ion radical nitrogen center of TPPA moiety, which
was consistent with the phenomenon classified by

Robin and Day.6 As the anodic potential increas-
ing to 1.50 V, the absorption bands of the cation
radical decreased gradually with a new broad
band centered around 660 nm. The disappearance
of NIR absorption band can be attributable to the
further oxidation of monocation radical species to
the formation of dication in the TPPA segments.
From the inset shown in Figure 4, the polyether
TPPA-a film switches from a transmissive neu-
tral state (colorless; Y: 85; x, 0.310; y, 0.332) to a
highly absorbing semioxidized state (yellow; Y: 40;
x, 0.403; y, 0.482), (green; Y: 20; x, 0.294; y, 0.408),
and a fully oxidized state (blue; Y; 7; x, 0.264; y,
0.289). The distribution of coloration across the
polymer film was very homogeneous and still

Table 3. Redox Potentials and Energy Levels of Polyethers

Index

Oxidation/Va

Reduction/Vb

EHOMO

(eV)c
ELUMO

(eV)c
Eg

(eV)d

E1/2

Eonset1st 2nd Eonset

TPPA-a 0.97 1.22 0.86 �0.78 5.30 3.66 1.64
TPPA-b 0.94 1.21 0.85 �0.78 5.29 3.66 1.63

aFrom cyclic votammograms vs. Ag/AgCl in CH3CN. E1/2: Average potential of the redox cou-
ple peaks.

b From cyclic votammograms vs. Ag/AgCl in DMF.
c The energy levels were calculated from cyclic voltammetry and were referenced to ferrocene

(4.8 eV; onset ¼ 0.36 V).
dDifference between EHOMO and ELUMO.

Figure 4. Electrochromic behavior of polyether
TPPA-a thin film (�80 nm in thickness) on the ITO-
coated glass substrate in 0.1 M TBAP/CH3CN at
applied potentials of (a) 0, (b) 0.90, (c) 0.95, (d) 1.00,
(e) 1.05, (f) 1.10, (g) 1.15, (h) 1.20, (i) 1.25, (j) 1.30, (k)
1.35, (l) 1.40, (m) 1.45, (n) 1.50 (V vs. Ag/AgCl).

Figure 5. 3-D spectroelectrochemical behavior of
the TPPA-a thin film on the ITO-coated glass sub-
strate in 0.1 M TBAP/CH3CN from 0.8 to 1.50 V (vs.
Ag/AgCl).
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stable even after more than hundreds of redox
cycles. The polymer TPPA-a shows good contrast
both in the visible and NIR regions with an
extremely high optical transmittance change
(D%T) of 70% at 423 nm and 61% at 1080 nm for
green coloring and 78% at 660 nm for blue color-
ing, respectively.

For electrochromic switching studies, polymer
films were cast on ITO-coated glass slides in the
same manner as described earlier, and chronoam-
perometric and absorbance measurements were
performed. Although the films were switched, the
absorbance at the given wavelength was moni-
tored as a function of time with UV-vis-NIR spec-
troscopy. The switching time of polyether TPPA-a
shown in Figure 6 was calculated at 90% of the
full switch because it is difficult to perceive any
further color change with naked eye beyond this
point. As depicted in Figure 6(a), polyether
TPPA-a thin film revealed switching time of 3.76
s at 1.10 V for coloring process at 423 nm and
0.97 s for bleaching. The amounts of Q were calcu-
lated by integration of the current density and
time obtained from Figure 6(b) as 2.677 and 2.434
mC/cm2 for oxidation and reduction process at the
first oxidation stage, respectively. The ratio of the
charge density was 90.9%, indicated that charge
injection/extraction was reversible during the
electrochemical reactions. The electrochromic sta-
bility of the polyether TPPA-a film was deter-
mined by measuring the optical change as a func-

tion of the number of switching cycles shown
in Figure 7. The electrochromic CE (g ¼ dOD/Q)
and injected charge (electroactivity) after various
switching steps are summarized in Table 4. The
electrochromic behavior of TPPA-a film exhibited
high CE up to 217 cm2/C at 423 nm within 1.4%
of CE loss after switching 100 times between 0
and 1.10 V, and retained 95% of their electroactiv-
ity even after further 500 switching cycles.

Figure 6. Calculation of optical switching time at
(a) 423 nm at the applied potential and (b) current-
time curves of polyether TPPA-a thin film (�80 nm
in thickness) on the ITO-coated glass substrate
(coated area: 1.6 � 0.5 cm) in 0.1 M TBAP/CH3CN.

Figure 7. (a) Current consumption and (b) electro-
chromic switching between 0 and 1.10 V (vs. Ag/AgCl)
and absorbance change monitored at 423 nm and
1080 nm of polyether TPPA-a thin film (�80 nm in
thickness) on the ITO-coated glass substrate (coated
area: 1.6 � 0.5 cm) in 0.1 M TBAP/CH3CN with a
cycle time of 20 s.

Table 4. Optical and Electrochemical Data
Collected for Coloration Efficiency Measurements
of Polyether TPPA-a

Cycling
Timesa dOD423

b
Q

(mC/cm2)c
g

(cm2/C)d
Decay
(%)e

1 0.580 2.677 217 0
10 0.580 2.677 217 0
20 0.579 2.677 216 0.46
30 0.578 2.676 216 0.46
40 0.577 2.676 216 0.46
50 0.576 2.675 215 0.92
60 0.575 2.675 215 0.92
70 0.574 2.674 215 0.92
80 0.574 2.673 215 0.92
90 0.572 2.673 214 1.38

100 0.571 2.673 214 1.38

aSwitching between 0.00 and 1.10 (V vs. Ag/AgCl).
bOptical density change at 423 nm.
cEjected charge, determined from the in situ experi-

ments.
dColoration efficiency is derived from the equation: g ¼

dOD423/Q.
e Decay of coloration efficiency after cyclic scans.

5384 LIOU, YEN, AND CHIANG

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



CONCLUSIONS

A series of NIR electroactive poly(aryl-ether)s
were synthesized from the diol monomer TPPA-
2OH with corresponding difluoro compounds
BFs. The polymerization was carried out via
potassium carbonate-mediated high temperature
solution polycondensation. Introduction of elec-
tron-donating TPPA group to the polymer main
chain not only afford high Tg and good thermal
stability but also leads to good solubility of the
polyethers. All the obtained polymers reveal valu-
able electrochromic characteristics such as high
contrast both in visible range and NIR region,
low switching times, good CE, and high-level
electrochromic/electroactive reversibility.

The authors are grateful to the National Science
Council of the Republic of China for its financial support
of this work.
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