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a b s t r a c t

Two series of novel polyamides I-II with diphenylamine (DPA) and triphenylamine (TPA)-
derivatives were prepared via the low temperature polycondensation from two kinds of
synthesized diamines and diacid chlorides, respectively. The aromatic polyamides had use-
ful level of thermal stability associated with relatively high glass-transition temperatures
(Tg) (252–275 �C), 10% weight-loss temperatures (T10

d ) nearly in excess of 430 �C, and char
yield at 800 �C in nitrogen higher than 55%. Due to the additional 4-methoxy-phenyl ring
which can provide additional route to stabilize the cation radical formed during oxidation,
the TPA-based polyamides III revealed more stable electrochemical oxidation behavior and
better electrochromic reversibility than DPA-based polyamides. In addition, the prepared
electrochromic films had high coloration efficiency, low switching time, and good redox
stability.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction their thermal properties, electrochemical properties, and
Polyaniline (PANI) is an important organic conducting
polymer for commercial applications, such as electrochro-
mic display [1], chemical and electromagnetic actuator
[2], rechargeable batteries [3], and anti-corrosion coatings
[4]. However, PANI synthesized by chemical and electro-
chemical methods usually exhibited an ill-defined molecu-
lar structure and had limited solubility in common of
organic solvents. Therefore, oligoanilines can be considered
as good model compounds of PANI, which exhibited well-
defined structure, easily processible, and even designed
the electroactive polymers containing aniline oligomer for
applications. Recent studies in preparing polyamides with
aniline oligomer has focused on the synthesis of macromo-
nomer [5] to proceed oxidative coupling polymerization or
using oligoaniline bearing an orthogonal tert-butoxycar-
bonyl (BOC) group [6] as a monomer to react with acyl chlo-
rides via the polycondensation. These resulting polymers
have been successfully synthesized and investigated on
. All rights reserved.
multicolored nature, but the long-term stability of ani-
line-derivative polyamides were rarely mentioned. In addi-
tion, the rigidity of the backbone and strong hydrogen
bonding of conjugated polyamides result in high glass-tran-
sition temperatures and limited solubility in most organic
solvents. To overcome such a dilemma, introduction of
bulky and packing-disruptive groups into the polymer
backbone is a feasible approaching [7]. Since 2005, our
groups have initiated several high-performance polymers
(e.g., aromatic polyamides and polyimides) utilizing the tri-
phenylamine (TPA) units as a hole-transporting and elec-
trochromic functional moiety [8]. Because of the
introduction of packing-disruptive TPA units into the poly-
mer backbone, most of the polymers exhibited good solu-
bility in polar organic solvents, thus transparent and
flexible polymer thin films could be prepared easily by
solution casting and spin-coating techniques.

In this article, we therefore synthesized new series of
polyamides containing TPA and diphenylamine
(DPA) moieties via low-temperature polycondensation
from 4,40-bis[(4-aminophenyl)amino]-400-methoxytriphe-
nylamine (2), and another series of DPA-derivatives
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polyamides from 4,40-bis[(4-aminophenyl)amino]-diphe-
nyl amine (1). The general properties such as solubility, vis-
cosity, and thermal properties are described. For a
comparative study, electrochemical and electrochromic
properties of the present polyamides were also compared
with that of structurally related one based on 4,40-bis[4-
aminophenyl(4-methoxyphenyl)amino]-400-methoxytri-
phenylamine (3) that has been reported previously [8l].

2. Experimental section

2.1. Materials

4,40-Bis[(4-aminophenyl)amino]-diphenylamine (1)
and 4,40-bis[(4-aminophenyl)amino]-400-methoxytriphe-
nylamine (2) (mp = 77–79 �C), were prepared according
to the previously reported procedure [9]. Commercially
available diacid chlorides such as isophthaloyl dichloride
(3a), and terephthaloyl dichloride (3b) were purchased
from Tokyo Chemical Industry (TCI) Co. and used as re-
ceived. Commercially obtained anhydrous calcium chlo-
ride (CaCl2) was dried under vacuum at 180 �C for 8 h.
Tetrabutylammonium perchlorate (TBAP) (Acros) was
recrystallized twice by ethyl acetate under nitrogen atmo-
sphere and then dried in vacuo prior to use. All other re-
agents were used as received from commercial sources.

2.2. Preparation of polyamides via low-temperature solution
method

The synthesis of polyamide IIb0 was used as an example
to illustrate the general synthetic route used to produce
the series of polyamides. The solution of 0.05 g of CaCl2,
and 0.24 g (0.50 mmol) of diamine 2 in 1.0 mL of NMP
was mechanically stirred at room temperature. Until the
salts and diamine monomer dissolved completely, liquid
nitrogen with ice-bath was used to freeze the solution.
And then, 0.10 g (0.50 mmol) of diacid chloride TPC (3b)
was added in one portion (25 wt.% solid content). When
the mixture started stirring, 0.10 mL (1.50 mmol) of pro-
pylene oxide or 0.05 g of CaO was added to the solution.
The mixture was mechanically stirred and kept at low tem-
perature (ca. �10 �C) for about 3 h. The resulting polymer
solution was poured into 100 mL of water giving a dark
green precipitate, which was washed thoroughly with
hot water and methanol and collected by filtration. The
other polyamides were prepared by an analogous proce-
dure. The obtained polyamide IIb0 only can dissolve in
H2SO4, and the inherent viscosity was 0.93 dL/g (measured
at a concentration of 0.5 g/dL in H2SO4 at 30 �C) revealing
that the polymer with high molecular weight was ob-
tained. However, because of the poor solubility of polyam-
ide IIb0 that could not be practical for characterization,
therefore we synthesized the polyamide IIb, which with-
out adding salts in the polymerization procedure to control
the molecular weight for further investigation of electro-
chemical properties. The inherent viscosities, weight-
average molecular weights (Mw), and polydispersity index
(PDI) of the obtained polyamide IIb was 0.61 dL/g (mea-
sured at a concentration of 0.5 g/dL in DMAc at 30 �C),
83,000 daltons, and 1.54, respectively. The FT-IR spectrum
of IIb (film) exhibited characteristic amide absorption
bands at around 3330 (N-H stretching), and 1651 cm�1

(amide C@O). 1H NMR (500 MHz, DMSO-d6, d,
ppm):10.20 (s, 2H, -NH-CO-), 8.06 (s, 4H, Hi), 7.97 (s, 2H,
Hf), 7.61 (d, 4H, Hh), 7.03–6.99 (m, 8H, He + Hg), 6.94 (d,
2H, Hc), 6.87 (d, 6H, Hb + Hd), 3.73 (s, 3H, Ha). Anal. Calcd
(%) for C39H31N5O3 (617.70): C, 75.83%; H, 5.06%; N,
11.34%. Found: C, 73.78%; H, 5.18%; N, 10.83%. The IR and
1H NMR spectra of IIb are shown in the Supporting infor-
mation (see Figs. S1 and S2).

2.3. Preparation of the polyamide films

A solution of the polymer was made by dissolving about
0.2 g of the polyamide sample in 6 mL of NMP. The homo-
geneous solution was poured into a 5 cm glass Petri dish,
which was heated in oven at 80 �C for 5 h to remove most
of the solvent; then the semi-dried film was further dried
in vacuo at 180 �C for 10 h. The obtained films were about
70–80 lm thick and were used for solubility tests and
thermal analyses.

2.4. Fabrication of the electrochromic device

Electrochromic polymer films were prepared by drop-
ping solution of the polyamide IIb (1 mg mL�1 in DMAc)
onto an ITO-coated glass substrate (20 � 30 � 0.7 mm,
50–100 X/square). The polymers were drop-coated onto
an active area (about 20 � 20 mm2) then dried in vacuum.
A gel electrolyte based on PMMA (Mw: 350,000) and LiClO4

was plasticized with propylene carbonate to form a highly
transparent and conductive gel. PMMA (3 g) was dissolved
in dry acetonitrile (15 g), and LiClO4 (0.3 g) was added to
the polymer solution as supporting electrolyte. Then, pro-
pylene carbonate (5 g) was added as plasticizer. The gel
electrolyte was spread on the polymer-coated side of the
electrode, and the electrodes were sandwiched. Finally,
an epoxy resin was used to seal the device.

2.5. Measurements

Fourier transform infrared (FT-IR) spectra were recorded
on a PerkinElmer Spectrum 100 Model FT-IR spectrometer.
Elemental analyses were run in a HeraeusVarioEL-III CHNS
elemental analyzer. 1H NMR spectra were measured on a
Bruker AVANCE-500 FT-NMR using tetramethylsilane as
the internal standard, and peak multiplicity was reported
as follows: s, singlet; d, doublet. The inherent viscosities
were determined at 0.5 g/dL concentration using Tamson
TV-2000 viscometer at 30 �C. Gel permeation chromato-
graphic (GPC) analysis was carried out on a Waters chroma-
tography unit interfaced with a Waters 2410 refractive
index detector. Two Waters 5 lm Styragel HR-2 and HR-4
columns (7.8 mm I.D. � 300 mm) were connected in series
with NMP as the eluent at a flow rate of 0.5 mL/min at 40 �C
and were calibrated with polystyrene standards. Thermo-
gravimetric analysis (TGA) was conducted with a PerkinEl-
mer Pyris 1 TGA. Experiments were carried out on
approximately 6–8 mg film samples heated in flowing
nitrogen or air (flow rate = 20 cm3/min) at a heating
rate of 20 �C/min. DSC analyses were performed on a
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Scheme 1. Synthesis of aromatic polyamides Ia-Ib and IIa-IIb. Photographs show appearance of these polymer flexible films.

Table 1
Thermal properties of polyamides.

Polymera Tg (�C)b
T5

d (�C)c T10
d (�C)c Rw800 (%)d

N2 Air N2 Air

Ia 270 400 420 435 440 55
Ib 275 415 400 495 430 58
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PerkinElmer Pyris 1 DSC at a scan rate of 20 �C/min in flow-
ing nitrogen (20 cm3/min). Electrochemistry was per-
formed with a CH Instruments 611B electrochemical
analyzer. Voltammograms are presented with the positive
potential pointing to the left and with increasing anodic
currents pointing downwards. Cyclic voltammetry (CV)
was conducted with the use of a three-electrode cell in
which ITO (polymer films area about 0.5 cm � 1.1 cm)
was used as a working electrode. A platinum wire was used
as an auxiliary electrode. All cell potentials were taken by
using a homemade Ag/AgCl, KCl (sat.) reference electrode.
Spectroelectrochemical experiments were carried out in a
cell built from a 1 cm commercial UV–vis cuvette using
Hewlett–Packard 8453 UV–vis diode array spectrophotom-
eter. The ITO-coated glass slide was used as the working
electrode, a platinum wire as the counter electrode, and a
Ag/AgCl cell as the reference electrode. CE (g) determines
the amount of optical density change (dOD) at a specific
absorption wavelength induced as a function of the
ejected/injected charge (Qr; also termed as electroactivity)
which is determined from the in situ experiments. CE is gi-
ven by the equation: g = dOD/Q = log[Tb/Tc]/Q, where g
(cm2/C) is the coloration efficiency at a given wavelength,
Q is the injected charge, and Tb and Tc are the bleached
and colored transmittance values, respectively. The thick-
ness of the polyamide thin films was measured by alpha-
step profilometer (Kosaka Lab., Surfcorder ET3000, Japan).
IIa 252 540 525 585 575 76
IIb 255 540 500 575 560 72

a The polymer film samples were heated at 300 �C for 1 h prior to all
the thermal analyses.

b Midpoint temperature of baseline shift on second DSC heating trace
(rate 20 �C/min) of the sample after quenching from 400 �C.

c Temperature at which 5% and 10% weight loss occurred, respectively,
by TGA at a heating rate of 20 �C/min and a gas flow rate of 20 cm3/min.

d Residual weight percentages at 800 �C under nitrogen flow.
3. Results and discussion

3.1. Polymer synthesis

Two series of polyamides I-II containing aniline- and
DPA-derivatives units were prepared from diamines 1
and 2 with two commercially available diacid chlorides
3a and 3b, respectively (Scheme 1). The polycondensation
was carried out via low-temperature solution method
using propylene oxide or calcium oxide as an acid acceptor.
All the polymerization proceeded homogeneously and
gave high molecular weights. The obtained polyamides
had inherent viscosities in the range of 0.51–0.80 dL/g with
weight-average molecular weights (Mw) and polydisper-
sity (PDI) of 83,000–102,000 daltons and 1.42–1.54,
respectively, relative to polystyrene standards (Table S1).
All the polymers could afford tough and free-standing films
via solution casting. The formation of polyamides was con-
firmed with FT-IR and NMR spectroscopy (as shown in Figs.
S1 and S2). The FT-IR spectra of polyamide IIb exhibited
characteristic absorption bands of the amide group at
around 3330 cm�1 (N-H stretch) and 1651 cm�1 (amide
carbonyl). The structural compositions of these polyamides
were also verified by the high resolution NMR spectra. A
structurally related polyamide IIIb derived from diamine



Fig. 1. Cyclic voltammograms of polyamide Ib, IIb, and IIIb films on an
ITO-coated glass substrate in CH3CN containing 0.1 M TBAP. Scan
rate = 50 mV/s.
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3 was used for comparison studies. The synthesis of poly-
mer IIIb has been described previously [8l].
Table 2
Redox potentials and energy levels of polyamides.

Code Thin films Oxidationa

konset Eonset E1/2(ox1) E1/2(ox2

Ia 657 0.18 0.34 0.67
Ib 682 0.20 0.35 0.69
IIa 446 0.23 0.37 0.66
IIb 454 0.24 0.41 0.70
IIIb 443 0.27 0.45 0.71

a Versus Ag/AgCl in CH3CN. E1/2: average potential of the redox couple peaks.
b Bandgaps calculated from absorption edge of the polymer films: Eg = 1240/k
c The HOMO energy levels were calculated from cyclic voltammetry and were
d Irreversible peak potential.

Fig. 2. Electrochromic behavior (left) at applied potentials of (A) 0.00, (B) 0.5
behavior (right) from 0.00 to 1.50 (V versus Ag/AgCl) of polyamide Ib thin film
1.1 cm � 0.3 cm) in 0.1 M TBAP/CH3CN.
3.2. Basic characterization

The solubility properties of polyamides I-II in some or-
ganic solvents were investigated, and the results are listed
in Table S2 in Supporting information. Due to the strong
hydrogen bonding interaction and less steric hindrance
for close packing, the polymer I series exhibited lower sol-
ubility among these polyamides. While polyamides II with
packing-disruptive TPA-derivatives showed the better sol-
ubility, and make these polymers as potential candidates
for practical applications by spin-coating or inkjet-printing
processes to afford high performance thin films for opto-
electronic devices. The thermal properties of these
polyamides measured by TGA and DSC are summarized
in Table 1. Typical TGA curves of polyamides Ib and IIb
in both air and nitrogen atmospheres are depicted in
Fig. S3. All the prepared polyamides exhibited good ther-
mal stability with insignificant weight loss up to 350 �C
under nitrogen or air atmosphere. The 10% weight-loss
temperature of these polymers in nitrogen and air were re-
corded in the range of 435–585 and 430–575 �C, respec-
Eg/eVb HOMOc LUMO

) E1/2(ox3)

1.41d 1.89 4.70 2.81
1.35d 1.82 4.71 2.89
1.23d 2.78 4.73 1.95
1.27d 2.73 4.77 2.04
1.04 2.80 4.81 2.01

onset.
referenced to ferrocene (4.8 eV; E1/2 = 0.44 V).

5, (C) 0.85, (D) 1.50 (V versus Ag/AgCl), and 3D spectroelectrochemical
(�270 nm in thickness) on the ITO-coated glass substrate (coated area:



Fig. 3. Electrochromic behavior (left) at applied potentials of (A) 0.00, (B) 0.60, (C) 0.95, (D) 1.40 (V versus Ag/AgCl), and 3D spectroelectrochemical
behavior (right) from 0.00 to 1.40 (V versus Ag/AgCl) of polyamide IIb thin film (�260 nm in thickness) on the ITO-coated glass substrate (coated area:
1.0 cm � 0.5 cm) in 0.1 M TBAP/CH3CN.

Fig. 4. Electrochromic behavior (left) at applied potentials of (A) 0.00, (B) 0.65, (C) 0.95, (D) 1.45 (V versus Ag/AgCl), and 3D spectroelectrochemical
behavior (right) from 0.00 to 1.45 (V versus Ag/AgCl) of polyamide IIIb thin film (�260 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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tively. The amount of carbonized residue (char yield) of
these polymers in nitrogen atmosphere was more than
55% at 800 �C. The high char yields of these polymers can
be ascribed to their high aromatic content. The lowest Td

value of polyamide I series could be explained in terms
of the less aromatic segment in its backbone. The glass-
transition temperature (Tg) of these polyamides in the
range of 252–275 �C summarized in the Table 1 could be
easily observed by the DSC measurements (as shown in
Fig. S4 of the Supporting information), and polyamide I ser-
ies revealed a higher Tg that could be attributed to the
strong interaction of hydrogen bonding between the sec-
ondary amino and carbonyl groups in the polymer chains.

3.3. Electrochemical properties

The electrochemical behavior of the polyamides was
investigated by cyclic voltammetry (CV) conducted for
the cast film on an indium-tin oxide (ITO)-coated glass
slide as working electrode in anhydrous acetonitrile
(CH3CN) using 0.1 M of tetrabutylammonium perchlorate
(TBAP) as a supporting electrolyte under nitrogen



Fig. 5. Calculation of optical response time (A) 820 nm at the applied
potential of 0.53 V (B) 820 nm at the applied potential of 0.85 V (C)
current–time curves of polyamide Ib thin film (�270 nm in thickness)
coated on the ITO-coated glass substrate (coated area: 1.1 cm � 0.5 cm) in
0.1 M TBAP/CH3CN.

Fig. 6. Calculation of optical response time (A) 1066 nm at the applied
potential of 0.55 V (B) 1052 nm at the applied potential of 0.85 V (C)
current–time curves of polyamide IIb thin film (�260 nm in thickness)
coated on the ITO-coated glass substrate (coated area: 1.1 cm � 0.5 cm) in
0.1 M TBAP/CH3CN.
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atmosphere. The typical CV diagrams of polyamides Ib, IIb,
and IIIb are shown in Fig. 1 for comparison. All the polya-
mides exhibited two reversible oxidation redox couples
and one irreversible redox peak, while polyamide IIIb re-
vealed three reversible oxidation redox steps with the
highest Eonset of 0.27 V as compared with others. Thus,
the incorporation of 4-methoxy-substituted phenyl groups
into the electroactive nitrogen site of amino moieties to re-
place hydrogen atom increased the applied potential val-
ues of the first oxidation stage, but these extra phenyl
rings with electron-donating methoxy groups could pro-
vide the additional resonance routes to stabilize the cation
radical formed during oxidation procedure, and therefore
revealing higher reversibility in CV measurements. The re-
dox potentials of the polyamides as well as their respective
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) (versus vacuum)
are calculated and summarized in Table 2. The HOMO level
or called ionization potentials (versus vacuum) of polya-
mides are estimated from the E1/2 value of their oxidation
in CV experiments as 4.70–4.81 eV (on the basis that
ferrocene/ferrocenium is 4.8 eV below the vacuum level
with E1/2 = 0.44 V).
3.4. Spectroelectrochemistry

Spectroelectrochemical experiments were used to eval-
uate the optical properties of these electrochromic materi-
als. For the investigations, the polyamide films were cast
on an ITO-coated glass slide, and a homemade electro-
chemical 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 spectrophotometer,
which allowed us to acquire electronic absorption spectra
under potential control in a 0.1 M TBAP/CH3CN solution.
The typical spectroelectrochemistry and three-dimentional
% transmittance-wavelength-applied potential correlation
of polyamide Ib, IIb, and IIIb films are presented in Figs.
2–4, respectively. The Ib film exhibited strong absorption
at around 305 nm, characteristic for aromatic phenyl ring
in the neutral form (0.00 V) with a color of pale green in
the visible region. Upon oxidation (increasing applied



Fig. 7. Electrochromic switching between (A) 0 and 0.53 V and (B) 0 and
0.85 V (versus Ag/AgCl) of polyamide Ib thin film (�270 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.

Fig. 8. Electrochromic switching between (A) 0 and 0.55 V and (B) 0 and
0.85 V (versus Ag/AgCl) of polyamide IIb thin film (�260 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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voltage from 0.00 to 0.55 V), the intensity of the absorption
peak at 305 nm gradually decreased while a new peak at
423 nm and an intervalence charge transfer (IV-CT)
absorption band centered around 820 nm in the NIR region
gradually increased due to the formation of a monocation
radical of the diphenylamine moiety [9]. Furthermore,
the broad absorption in NIR region could be attributed
the result of IV-CT excitation between states in which the
positive charge is centered at different nitrogen atoms,
and that is consistent with the phenomenon classified by
Robin and Day [10]. As the higher anodic potential to
0.85 V corresponding to Ib2+, the absorption bands (305,
and 423 nm) decreased gradually while a broad band be-
tween 700 and 950 nm increased continuously. By further
applying positive potential value up to 1.50 V correspond-
ing to Ib3+, the characteristic absorbance at 570 nm in-
creased slightly. From the spectra shown in Fig. 2, the
polyamide Ib film revealed low color contrast and optical
transmittance change (DT%) of 33% at 820 nm for light blue
in second oxidation stage, and only 17% at 570 nm for the
light purple in third oxidation stage, respectively. While
the IIb film exhibited strong characteristic absorption of
triphenylamine at around 323 nm in the neutral form
(0 V) with very pale greenish color, which is shown in
the Fig. 3. Upon oxidation (increasing applied voltage from
0 to 0.60 V), the intensity of the absorption peak at 323 nm
gradually decreased while a new peak at 432 nm and a
broad IV-CT band centered around 1066 nm in the NIR re-
gion gradually increased in intensity. We attribute the
spectral change in visible-light range to the formation of
a stable monocation radical IIb1+ at the central TPA moiety.
As increasing potential to 0.95 V corresponding to IIb2+, the
absorption bands (323 and 432 nm) decreased gradually
with new broad band centered at around 1052 nm in the
NIR region. When the applied potential was added to
1.40 V, the absorption bands at 1052 nm decreased gradu-
ally with a new broad band centered at around 785 nm.
The disappearance of NIR absorption band can be ascribed
to the further oxidation of IIb2+ species to the formation of
IIb3+ in the diphenylamine segments. Meanwhile, the color
of the film changed from pale greenish neutral state to the
lawn-green/green semi-oxidation states, and deep blue
fully oxidation state. From the inset shown in Fig. 3, the
polymer IIb exhibited highly optical transmittance change
(DT%) of 62% at 1052 nm for green coloring at the second
oxidation stage, and 71% at 785 nm for deep blue coloring
at third oxidation stage, respectively. The similar experi-
ment results of the IIIb film was depicted in Fig. 4. The
polyamide IIIb film could switch from original colorless
to yellow/blue, and then to a deep blue oxidation state.

From the inset shown in Fig. 4, the TPA-based polyam-
ide IIIb revealed even higher optical transmittance change
(DT%) up to 83% at 1075 nm for blue (second oxidation



Fig. 9. Electrochromic switching between (A) 0 and 0.62 V and (B) 0 and
0.90 V (versus Ag/AgCl) of polyamide IIIb thin film (�260 nm in thick-
ness) 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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stage), and 88% at 815 nm for deep blue (third oxidation
stage), respectively. Comparing the optical transmittance
changes of these three type series, the TPA-based polya-
mides exhibited higher contrast than DPA-based polya-
mides. The film colorations could be distributed
homogeneously across polymer film and survived for more
than hundred redox cycles.
Table 3
Optical and electrochemical data collected for coloration efficiency measurements

Cycling timesa dOD820
b Ib dOD1066

b IIb dOD1090
b IIIb Q (mC/c

Ib

1 0.152 0.476 0.551 1.838
10 0.148 0.469 0.551 1.838
20 0.147 0.463 0.551 1.837
30 0.144 0.460 0.551 1.837
40 0.139 0.460 0.551 1.837
50 0.137 0.456 0.551 1.835
60 0.133 0.451 0.551 1.836
70 0.127 0.440 0.551 1.834
80 0.115 0.424 0.551 1.835
90 0.103 0.424 0.551 1.832

100 0.098 0.418 0.551 1.829

a Switching between 0 and 0.53 for Ib, 0 and 0.55 for IIb, and 0 and 0.62 for
b Optical density change at the given wavelength.
c Ejected charge, determined from the in situ experiments.
d Coloration efficiency is derived from the equation g = dOD/Q.
e Decay of coloration efficiency after cyclic scans.
3.5. Electrochromic switching studies

For electrochromic switching studies, the polymer films
were cast on ITO-coated glass slides in the same manner as
described above, then chronoamperometric and absor-
bance measurements were performed. When the films
were electrically switched, the absorbance at the given
wavelength was monitored as a function of time by UV–
vis spectroscopy. Switching results for the representative
cast film of polyamides Ib and IIb are summarized in Figs.
5 and 6 for comparison. The switching time was calculated
at 90% of the full switch because it is difficult to perceive
any further color change with naked eye beyond this point.
Comparing the response time of these two series, the poly-
amide IIb (Fig. 6) showed faster response time than Ib
(Fig. 5). When the potential was switched between 0.00
and 0.55 V for the polyamide IIb, the time for coloring
and bleaching were 3.53 and 4.07 s, respectively, with
98% of the ratio of the charge density. While the switching
potential was set between 0.00 and 0.90 V, the polyamide
IIb thin film required 3.77 s for coloration and 3.11 s for
bleaching with 97% of the ratio of the charge density. It is
noteworthy that the coloring of DPA-based polyamide Ib
proceeded during the anodic oxidation faster than the
bleaching in the reverse cathodic reduction process, which
is very similar to polyaniline system. This phenomenon
was also described and discussed in the previous reports
[9,11]. The ratio of extracted/injected charge (Qr) was cal-
culated by integration of the current density and time ob-
tained from Figs. 5(c) and 6(c) for oxidation and reduction
process at the first and second oxidation stage, respec-
tively. The electrochromic stability of these polyamide Ib,
IIb and IIIb films were also determined by measuring the
optical change as a function of the number of switching cy-
cles (Figs. 7–9). The coloration efficiency, CE (g = dOD/Q),
and injected charge (Q) at different switching steps were
summarized in Tables 3 and 4. After continuous 100 cyclic
scanning at the first oxidation stage, the polyamide Ib film
reduced electroactivity obviously [Fig. 7(A)]. On the con-
trary, the polymer IIIb exhibited high CE up to 167 cm2/C
at 1090 nm, and showed highly stable electrochromic
of polyamide Ib-IIIb.

m2)c g (cm2/C)d Decay (%)e

IIb IIIb Ib IIb IIIb Ib IIb IIIb

4.048 3.302 83 118 167 0 0 0
4.048 3.302 81 116 167 2.41 1.69 0
4.047 3.302 80 114 167 3.61 3.39 0
4.047 3.302 78 114 167 6.02 3.39 0
4.047 3.302 76 114 167 8.43 3.39 0
4.047 3.302 75 113 167 9.64 4.24 0
4.046 3.302 72 111 167 13.3 5.93 0
4.044 3.302 69 109 167 16.9 7.63 0
4.045 3.302 63 105 167 24.1 12.4 0
4.043 3.302 56 105 167 32.5 12.4 0
4.043 3.302 54 103 167 34.9 12.7 0

IIIb (V versus Ag/AgCl).



Table 4
Optical and electrochemical data collected for coloration efficiency measurements of polyamide Ib-IIIb.

Cycling timesa dOD820
b Ib dOD1052

b IIb dOD1075
b IIIb Q (mC/cm2)c g (cm2/C)d Decay (%)e

Ib IIb IIIb Ib IIb IIIb Ib IIb IIIb

1 0.227 1.100 1.070 2.932 7.842 5.466 77 140 196 0 0 0
3 0.224 1.100 1.070 2.932 7.842 5.466 76 140 196 1.30 0 0
6 0.218 1.069 1.070 2.932 7.842 5.466 74 136 196 3.90 2.86 0
9 0.209 1.051 1.070 2.931 7.840 5.466 71 134 196 7.79 4.29 0

12 0.205 1.042 1.070 2.930 7.840 5.466 70 133 196 9.09 5.00 0
15 0.197 1.002 1.070 2.930 7.838 5.466 67 128 196 13.0 8.57 0
18 0.189 0.969 1.070 2.930 7.838 5.466 65 124 196 15.6 11.4 0
21 0.178 0.956 1.070 2.929 7.838 5.466 61 122 196 20.8 12.9 0
24 0.166 0.921 1.070 2.930 7.837 5.466 57 118 196 26.0 15.7 0
27 0.160 0.903 1.070 2.926 7.836 5.466 55 115 196 28.6 17.9 0
30 0.157 0.877 1.070 2.926 7.833 5.466 54 112 196 29.9 20.0 0

a Switching between 0 and 0.85 for Ib, 0 and 0.85 for IIb, and 0 and 0.90 for IIIb (V versus Ag/AgCl).
b Optical density change at the given wavelength.
c Ejected charge, determined from the in situ experiments.
d Coloration efficiency is derived from the equation g = dOD/Q.
e Decay of coloration efficiency after cyclic scans.

848 L.-T. Huang et al. / Organic Electronics 13 (2012) 840–849
behavior without any decay [Fig. 9(A)]. As the applied
switching potential increased to the second oxidation
stage, the polymer IIIb still exhibited excellent stability
of electrochromic characteristics and high CE (196 cm2/C
at 1075 nm) after 30 cycles [Fig. 9(B)]. These results were
also consistent with the above-mentioned assumption that
the incorporating 4-methoxyphenyl moieties into the elec-
troactive nitrogen atom of amino groups could effectively
stabilize the cation radicals by the additional extra reso-
nance routes.

Furthermore, we also fabricated single layer electro-
chromic cells as preliminary investigation (Fig. 10). The
polyamide films were coated onto ITO-glass and then
dried. Then, the gel electrolyte was spread on the polymer
coated side of the electrode and the electrodes were sand-
wiched. To prevent leakage, an epoxy resin was applied to
Fig. 10. (A) Photographs of single-layer ITO-coated glass electrochromic
device, using polyamide IIb as active layer. (B) Schematic diagram of
polyamide electrochromic device sandwichcell.
seal the device. As a typical example, an electrochromic
cell based on polyamide IIb was fabricated, and the poly-
mer film was pale green at neutral form. When the voltage
was applied (from 0.0 to 1.0 V, 2.0 V and 3.0 V, respec-
tively), the color changed tolawn-green, green, and deep
blue, respectively, the same as those were already ob-
served in the spectroelectrochemical experiments. When
the potential was subsequently set back at 0.0 V, the poly-
mer film turned back to original color. We believe that
optimization could further improve the device perfor-
mance and fully explore the potential of these electrochro-
mic polyamides.
4. Conclusions

Two series of novel NIR electrochromic aromatic polya-
mides containing electroactive DPA or TPA moieties were
prepared from the diamine monomers, 4,40-bis[(4-amino-
phenyl)amino]-diphenylamine (1), and 4,40-bis[(4-amino-
phenyl)amino]-400-methoxytriphenylamine (2), with
diacid chlorides via the low-temperature polycondensa-
tion. The introduction of 4-methoxy-substituted phenyl
groups into the nitrogen atom position not only improved
the solubility but also enhanced thermal stability of the
resultant polyamides. In addition, there are two basic con-
clusions; series of new ambipolar polyamides containing
amine-derivatives with different degree of 4-methoxy-
phenyl substituent showing anodically/cathodically elec-
trochromic characteristic, and the results demonstrated
that the non-conjugated TPA-based polyamides revealed
more stable electrochemical oxidation behavior and better
coloring contrast and electrochromic reversibility than
conjugated DPA-based corresponding polyamides due to
the additional phenyl ring providing the route to stabilize
the cation radical formed during oxidation.
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