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ABSTRACT: A series of electroactive aromatic polyamides with 4-(dimethylamino)triphenylamine [(NMe2)TPA]
units in the backbone were prepared from a newly synthesized diamine monomer, 4,4′-diamino-4′′-(dimethylamino)triphenylamine, and various aromatic dicarboxylic acids via the phophorylation polyamidation reaction.
These polyamides are readily soluble in many organic solvents and can be solution-cast into tough and amorphous
films. They had useful levels of thermal stability associated with relatively high glass-transition temperatures
(277–298 °C), 10% weight loss temperatures in excess of 500 °C, and char yields at 800 °C in nitrogen higher
than 67%. The polymer films showed reversible electrochemical oxidation accompanied by strong color changes
with high coloration efficiency, high contrast ratio, and rapid switching time. The optical transmittance change
(∆%T) at 640 nm between the neutral state and the fully oxidized state is up to 88%, and the coloration efficiency
is as high as ca. 261 cm2/C with high optical density change (δOD) up to 0.94. The polymers also displayed low
ionization potentials as a result of their (NMe2)TPA moieties. Cyclic voltammograms of the polyamide films on
the indium-tin oxide (ITO)-coated glass substrate exhibited a pair of reversible oxidation waves with very low
onset potential of 0.35 V (vs Ag/AgCl) in acetonitrile solution.

Introduction
Electrochromism is known as the reversible change in optical
absorption or transmittance upon redox switching.1 This interesting property led to the development of many technological
applications such as automatic antiglazing mirror, smart windows, electrochromic displays, and chameleon materials.2 Many
different classes of electrochromic materials, such as organic
systems, e.g., bipyridium salt (also known as viologens),3
electroactive conducting polymers (e.g., polyanilines,4 polythiophenes,5 and polypyrroles),6 as well as inorganic systems
based on transition metal oxides (e.g., WO3),7 have been
described. Conducting or conjugated polymers have been found
to be more promising as electrochromic materials because of
their better stability, faster switching speeds, and easy processing
compared to the inorganic electrochromic materials, but the most
exciting properties are the display of multiple colors with the
same material while switching between their different redox
states,8 and fine-tuning of the color transition through chemical
structure modification of the conjugated backbone.9,10 Considerable effort in the Reynolds group has been made on the
understanding and the tailoring of electrochromic properties
in conducting polymers such as poly(3,4-alkylenedioxythiophene)s5 and poly(3,4-alkylenedioxypyrrole)s6 and their derivatives.
Triarylamine derivatives are well-known for photo and
electroactive properties that find optoelectronic applications as
photoconductors, hole transporters, and light emitters.11 Triarylamines can be easily oxidized to form stable radical cations,
and the oxidation process is always associated with a noticeable
change of coloration. Thus, many triarylamine-based electrochromic polymers have been reported in the literature.12 In
recent years, we have developed a number of high-performance
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polymers (e.g., aromatic polyamides and polyimides) carrying
the triphenylamine (TPA) unit as an electrochromic functional
moiety.13 Our strategy was to synthesize the TPA-containing
monomers such as diamines and dicarboxylic acids that were
then reacted with the corresponding comonomers through
conventional polycondensation techniques. The obtained polymers possessed characteristically high molecular weights and
high thermal stability. Because of the incorporation of packingdisruptive, propeller-shaped TPA units along the polymer
backbone, most of these polymers exhibited good solubility in
polar organic solvents. They may form uniform, transparent
amorphous thin films by solution-casting and spin-coating
methods. This is advantageous for their ready fabrication of
large-area thin-film devices.
In order to be useful for applications, electrochromic materials
must exhibit long-term stability, rapid redox switching, and large
changes in transmittance (large ∆%T) between their bleached
and colored states.14 As an electrochromic functional moiety,
the TPA unit has two basic properties: (1) the easy oxidizability
of the nitrogen center and (2) its hole-transporting ability via
the radical cation species. However, unsubstituted TPA undergoes coupling deprotonation to form tetraphenylbenzidine after
the formation of the initial monocation radical.15 The oxidation
potential and the π-π* bandgap of the product, generally called
triaryldiamine, are different from that of the starting material.
Therefore, the small concentration of the product may cause
an unstable color change of the electrochromic material during
redox switching. The formation of protons as byproduct may
deteriorate the coloration efficiency of the electrochromic
devices through undesirable side reactions. It has been well
established that incorporation of electron-donating substituents
such as methoxy group at the para position of TPA prevents
the coupling reactions and affords stable radical cations.15,16 It
has also been demonstrated that carbazole derivatives with
dimethylamino (NMe2) groups para to the carbazole nitrogen
could afford quite stable radical cations in the first one-electron
oxidation process and reasonably stable dication quinonedi-
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imines could also be generated by a second one-electron
process.17 Therefore, we synthesized the diamine monomer, 4,4′diamino-4′′-(dimethylamino)triphenylamine [(NMe2)TPA-diamine; 2], and its derived aromatic polyamides containing
electroactive TPA units with electron-donating NMe2 para
substituted on the pendent phenyl ring. The NMe2 substituents
are expected to reduce the oxidation potential and increase the
electrochemical stability and electric conductivity of the polyamides. We anticipated that the electrochromic films prepared
from the present polyamides would be very stable to multiple
redox switching and exhibit enhanced optical response times.
For a comparative study, some properties of the present
polyamides will be compared with those of structurally related
ones based on 4,4′-diamino-4′′-(diphenylamino)triphenylamine
[(NPh2)TPA-diamine; 2′] that has been reported previously.13b

Experimental Section
Materials. The (NPh2)TPA-diamine 2′ (mp 245–248 °C) was
synthesized according to a previously reported procedure.13a
Commercially available aromatic dicarboxylic acids such as 1,4naphthalenedicarboxylic acid (3a), 4,4′-oxidibenzoic acid (3b), 4,4′sulfonyldibenzoic acid (3c), and 2,2′-bis(4-carboxyphenyl)hexafluoropropane (3d) were purchased from Tokyo Chemical Industry
(TCI) Co. and used as received. Commercially obtained anhydrous
calcium chloride (CaCl2) was dried under vacuum at 180 °C for
8 h. Tetrabutylammonium perchlorate (TBAP) (Acros) was recrystallized twice by ethyl acetate under nitrogen atmosphere and then
dried in vacuo prior to use. All other reagents were used as received
from commercial sources.
Monomer Synthesis. 4,4′-Dinitro-4′′-(dimethylamino)triphenylamine (1). To a solution of 6.81 g (0.05 mol) of N,N-dimethyl-pphenylenediamine and 14.11 g (0.1 mol) of 4-fluoronitrobenzene
in 100 mL of dried dimethyl sulfoxide (DMSO), 15.20 g (0.1 mol)
of dried cesium fluoride (CsF) was added with stirring all at once,
and the mixture was heated at 140 °C for 18 h under nitrogen
atmosphere. The mixture was poured slowly into 800 mL of ethanol
with stirring, and the precipitated compound was collected by
filtration and washed thoroughly by ethanol and water. The product
was filtered to afford 17.78 g (94% in yield) of dark red crystals
with a mp of 182-183 °C (by DSC at a scan rate of 2 °C/ min).
IR (KBr): 1577, 1340 cm-1 (NO2 stretch). 1H NMR (DMSO-d6, δ,
ppm): 2.95 (s, 6H, methyl), 6.81 (d, 2H, Hd), 7.08 (d, 2H, Hc),
7.17 (d, 4H, Hb), 8.16 (d, 4H, Ha). 13C NMR (DMSO-d6, δ, ppm):
40.3 (methyl), 113.5 (C7), 121.4 (C3), 125.4 (C2), 128.6 (C6), 132.3
(C5), 141.4 (C1), 149.3 (C8), 151.8 (C4). Anal. Calcd (%) for
C20H18N4O4 (378.38): C, 63.49; H, 4.79; N, 14.81. Found: C, 63.37;
H, 4.85; N, 14.75.

4,4′-Diamino-4′′-(dimethylamino)triphenylamine (2). In a 100mL three-neck round-bottomed flask equipped with a stirring bar

Electroactive Aromatic Polyamides 2801
under nitrogen atmosphere, 7.56 g (0.01 mol) of dinitro compound
1 and 0.1 g of 10% Pd/C were dispersed in 80 mL of ethanol. The
suspension solution was heated to reflux, and 5 mL of hydrazine
monohydrate was added slowly to the mixture. After a further 8 h
of reflux, the solution was filtered to remove Pd/C, and the filtrate
was cooled under nitrogen atmosphere to precipitate white crystals.
The product was collected by filtration and dried in vacuo at 80 °C
to give 5.42 g (85% in yield) of pale green crystals with a mp of
177-178 °C (by DSC). IR (KBr): 3417, 3340 cm-1 (N-H stretch).
1H NMR (DMSO-d , δ, ppm): 2.77 (s, 6H, methyl), 4.74 (s, 4H,
6
-NH2), 6.47 (d, 4H, Ha), 6.61 (d, 2H, Hd), 6.65 (d, 4H, Hb), 6.72
(d, 2H, Hc). 13C NMR (DMSO-d6, δ, ppm): 40.8 (methyl), 113.7
(C7), 114.7 (C2), 122.6 (C6), 124.6 (C3), 138.1 (C4), 139.5 (C5),
143.4 (C1), 145.2 (C8). Anal. Calcd (%) for C20H22N4 (318.42): C,
75.44; H, 6.96; N, 17.60. Found: C, 75.43; H, 6.93; N, 17.64.

Polymer Synthesis. The synthesis of polyamide 4b was used
as an example to illustrate the general synthetic route used to
produce the polyamides. A mixture of 0.318 g (1.0 mmol) of the
(NMe2)TPA-diamine monomer 2, 0.258 g (1.0 mmol) of 4,4′oxidibenzoic acid (3b), 0.1 g of calcium chloride, 1.0 mL of
triphenyl phosphite (TPP), 0.5 mL of pyridine, and 2.0 mL of
N-methyl-2-pyrrolidinone (NMP) was heated with stirring at 110
°C for 3 h. The obtained polymer solution was poured slowly into
300 mL of stirred methanol giving rise to a stringy, fiberlike
precipitate that was collected by filtration, washed thoroughly with
hot water and methanol, and dried under vacuum at 100 °C.
Reprecipitations of the polymer by N,N-dimethylacetamide (DMAc)/
methanol were carried out twice for further purification. The
inherent viscosity of the obtained polyamide 4b was 1.64 dL/g,
measured at a concentration of 0.5 g/dL in DMAc at 30 °C.
Preparation of the Polyamide Films. A solution of polymer
was made by dissolving about 0.5 g of the polyamide sample in
10 mL of DMAc. The homogeneous solution was poured into a 9
cm 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 about
30-50 µm in thickness and were used for X-ray diffraction
measurements, solubility tests, and thermal analyses.
Measurements. Elemental analyses were run in a Heraeus
VarioEL-III CHNS elemental analyzer. Infrared spectra were
recorded on a Horiba FT-720 FT-IR spectrometer. 1H and 13C NMR
spectra were measured on a 500 MHz Bruker spectrometer in
DMSO-d6, using tetramethylsilane as an internal reference. The
inherent viscosities were determined at 0.5 g/dL concentration using
a Cannon-Fenske viscometer at 30 °C. Wide-angle X-ray diffraction
(WAXD) measurements were performed at room temperature (ca.
25 °C) on a Shimadzu XRD-6000 X-ray diffractometer (40 kV, 20
mA), using graphite-monochromatized Cu KR radiation. Thermogravimetric analysis (TGA) was conducted with a PerkinElmer 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 PerkinElmer Pyris 1 DSC at a scan rate of 20 °C/min in flowing
nitrogen (20 cm3/min). Cyclic voltammetry (CV) was performed
with a Bioanalytical System 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 with a platinum wire as an
auxiliary electrode at a scan rate of 50 mV/s against a Ag/AgCl
reference electrode in acetonitrile (CH3CN, anhydrous) solution of
0.1 M tetrabutylammonium perchlorate (TBAP) under a nitrogen
atmosphere for oxidation measurements. Voltammograms are
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Scheme 1

presented with the positive potential pointing to the right and with
increasing anodic currents pointing upward. Spectroelectrochemical
experiments were carried out in a cell built from a commercial
UV–visible cuvette using a 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 electrode,
and a Ag/AgCl cell as the reference electrode.

Results and Discussion
Monomer Synthesis. The new (NMe2)TPA-diamine monomer 2 was synthesized by hydrazine Pd/C-catalyzed reduction
of the dinitro compound 1 resulting from the CsF-promoted,
aromatic fluoro displacement reaction18 of 4-fluoronitrobenzene
by N,N-dimethyl-p-phenylenediamine (Scheme 1). Elemental

Figure 1. (a) 1H NMR and (b) 13C NMR spectra of (NMe)2TPA-diamine monomer 2 in DMSO-d6.
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Scheme 2

Table 1. Inherent Viscosity, Film Color, and Solubility Behavior of Polyamides

analysis, IR, and 1H and 13C NMR spectroscopic techniques
were used to identify structures of the intermediate dinitro
compound 1 and the targeted diamine monomer 2. The FT-IR
spectra of these two synthesized compounds are illustrated in
Figure S1 in Supporting Information. The nitro groups of
compound 1 gave two characteristic bands at around 1577 and
1340 cm-1 (-NO2 asymmetric and symmetric stretching). After
reduction, the characteristic absorptions of the nitro group
disappeared and the primary amino group showed the typical
absorption pair at 3417 and 3340 cm-1 due to N-H stretching.
1H NMR and 13C NMR spectra of the diamine monomer 2 are

illustrated in Figure 1 and agree well with the proposed
molecular structure.
Polymer Synthesis. According to the phosphorylation technique first described by Yamazaki and co-workers,19 a series
of novel polyamides 4a-4d with main-chain (NMe2)TPA units
were synthesized from the diamine monomer 2 with four
aromatic dicarboxylic acids 3a-3d (Scheme 2). The polymerization was carried out via solution polycondensation using
triphenyl phosphite and pyridine as condensing agents. All
polymerization reactions proceeded smoothly and gave high
molecular weights. The obtained polyamides had inherent
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Figure 2. (a) 1H NMR, (b) 13C NMR, and (c) 13C DEPT-135 spectra of polyamide 4b in DMSO-d6.
Table 2. Thermal Properties of Polyamidesa
polymer
codeb

Td at 5 wt %
lossc (°C)
Tgb (°C)

N2

air

Td at 10 wt %
lossc (°C)
N2

air

char yieldd
(%)

4a
283
492
466
525
524
72
4b
277
514
491
569
554
72
4c
295
475
485
514
527
71
4d
298
504
520
566
576
67
4b′
263
504
502
546
537
71
4c′
287
486
489
549
551
67
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 the heating
DSC trace (from 50 to 400 at 20 °C/min). c Decomposition temperature at
which a 5% or 10% weight loss was recorded 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.

viscosities in the range of 0.77-1.64 dL/g, as shown in Table
1. All the polymers could afford transparent and tough films
via solution casting, indicating high molecular weights. The
structures of the polyamides could be confirmed by IR and NMR
spectroscopy. A typical IR spectrum for polyamide 4a is given
in Figure S2 in Supporting Information. The characteristic IR
absorption bands of the amide group appeared at around 3280
cm-1 (N-H stretch) and 1657 cm-1 (amide carbonyl). 1H NMR
and 13C NMR spectra of polyamide 4b are illustrated in Figure
2. Assignments of each proton and carbon are also given in the
figure, and these spectra agree well with the proposed polymer

Figure 3. TGA thermograms of polyamides 4c and 4c′ at a scan rate
of 20 °C/min.

structure. Two structurally related polyamides 4b′ and 4c′
derived from (NPh2)TPA-diamine 2′ are used for comparison
studies. The synthesis and characterization of polymers 4b′ and
4c′ have been described previously.13b
Solubility and Film Property. The solubility properties of
polymers 4a-4d were investigated qualitatively, and the results
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ent, and tough films. As shown in Table 1, the cast films are
transparent gray (for 4b), light yellowish green (for 4a and 4d),
and pale brown (for 4c) in color. The WAXD studies of these
film samples indicated that all the polymers were essentially
amorphous (see Figure S3 in Supporting Information). Their
high solubility and amorphous properties can be attributed to
the incorporation of bulky, three-dimensional (NMe2)TPA
moiety along the polymer backbone, which results in a high
steric hindrance for close packing, and thus reduces their
crystallization tendency.

Figure 4. Cyclic voltammetric diagrams of the polyamide 4b film on
an ITO-coated glass substrate in CH3CN solutions containing 0.1 M
TBAP at a scan rate of 50 mV/s. The arrows indicate the film color
change during CV scan. E1/2 values are indicated by dashed lines.

are also listed in Table 1. All the polyamides were readily
soluble in polar aprotic organic solvents such as NMP, DMAc,
DMF, and DMSO. Thus, the excellent solubility makes these
polymers potential candidates for practical applications by spincoating or inkjet-printing processes to afford high performance
thin films for optoelectronic devices. As mentioned earlier, the
polyamides 4a-4d could be solvent cast into flexible, transpar-

Thermal Properties. The thermal properties of polyamides
were examined by TGA and DSC, and the thermal behavior
data are summarized in Table 2. Typical TGA curves of
representative polyamides 4c and 4′c in both air and nitrogen
atmospheres are shown in Figure 3. Even with the introduction
of NMe2 groups, all prepared polyamides exhibited good thermal
stability with insignificant weight loss up to 450 °C under
nitrogen or air atmosphere. The 10% weight loss temperatures
of these polymers in nitrogen and air were recorded in the
range of 514–566 and 527–576 °C, respectively. The concentration of carbonized residue (char yield) of these polymers in a
nitrogen atmosphere was more than 67% at 800 °C. The high
char yields of these polymers can be ascribed to their high
aromatic content. The glass-transition temperatures (Tg) of
polyamides 4a–4d could be easily measured in the DSC
thermograms; they were observed in the range of 277–298 °C,
depending upon the stiffness of the polymer chain. The lowest
Tg value of 4b in this series polymers can be explained in terms
of the flexible ether linkage in its diacid component. All the

Scheme 3
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Table 3. Redox Potentials and Energy Levels of Polyamides
oxidation potential (V) (vs Ag/AgCl in CH3CN)
E1/2a

UV–vis absorption of the polymer films (nm)
polymer

λmax

λonset

first

second

Eonset

Egb (eV)

HOMOc (eV)

LUMO (eV)

4a
320
460
0.44
0.88
0.32
2.70
4.68
1.98
4b
343
440
0.47
0.91
0.38
2.82
4.74
1.92
4c
320
490
0.41
0.91
0.37
2.53
4.73
2.20
4d
346
454
0.45
0.91
0.35
2.73
4.71
1.98
4b′
348
398
0.63
1.00
0.53
2.95
4.89
1.94
4c′
321
467
0.65
1.03
0.52
2.51
4.88
2.37
a
E1/2 (average potential of the redox couple peaks). b The data were calculated from polymer films by the equation Eg ) 1240/λonset (energy gap between
HOMO and LUMO). c The HOMO energy levels were calculated from cyclic voltammetry and were referenced to ferrocene (4.8 eV).

shown in Scheme 3. The other polyamides showed similar CV
curves to that of 4b. The redox potentials of the various
polyamides as well as their respective HOMO and LUMO
potentials (vs vacuum) are shown in Table 3. It is also worth
noting that polyamide 4b reveals a lower onset oxidation
potential (Eonset) (0.38 V) compared to its analog 4b′ (Eonset )
0.53 V) with an NPh2 substituent on the TPA unit. This indicates
that the first oxidation wave in the CV curve of polyamide 4b
is attributed to its NMe2 groups. As shown in Table 3, the
HOMO level or called ionization potentials (vs vacuum) of
polyamides 4a–4d are estimated from the onset of their
oxidation in CV experiments as 4.68–4.74 eV (on the basis that
ferrocene/ferrocenium is 4.8 eV below the vacuum level). The
lower ionization potential could suggest an easier hole injection
into films from ITO electrodes in electronic device applications.
Traditionally, introduction of TPA units in conjugated polymers
or organic molecules was found to effectively enhance the holeinjecting properties of the resulting materials.21
Figure 5. Spectral change of 4b thin film on the ITO-coated glass
substrate (in CH3CN with 0.1 M TBAP as the supporting electrolyte)
along with increasing of the applied voltage: 0 (9), 0.40 (b), 0.50 (2),
0.55 (1), 0.60 ([), 0.70 (f), 0.80 (0), 0.90 (O), 0.95 (4), 1.00 (3),
1.10 (]), and 1.20 V (0) vs Ag/AgCl couple as reference. The inset
shows the photographic images of the film at indicated applied voltages.

polymers indicated no clear melting endotherms up to the
decomposition temperatures on the DSC thermograms. This
result supports the amorphous nature of these polyamides. As
can be seen from Table 2, polyamides 4b and 4c revealed a
slightly higher Tg as compared to their respective analogs 4b′
and 4c′. This result implies that the bulky NPh2 substituent in
the 4′ series polyamides leads to an increase in steric hindrance
for close chain packing, as well as an enhanced fractional free
volume between polymer chains.
Electrochemical Properties. The electrochemical properties
of the polyamides were investigated by cyclic voltammetry (CV)
conducted for the cast film on an ITO-coated glass slide as
working electrode in anhydrous acetonitrile (CH3CN), using 0.1
M of TBAP as a supporting electrolyte under a nitrogen
atmosphere. Figure 4 displays the first CV scan of polyamide
4b; we observe two reversible redox steps at the half-wave
oxidation potential (E1/2) of 0.45 and 0.91 V, respectively. When
comparing the first and second oxidation steps, the first oxidation
step exhibited smaller anodic and cathodic currents and larger
difference between Epa and Epc (∆Ep ) 0.29 V) than the second
step (∆Ep ) 0.16 V). It could be attributed to the lower
heterogeneous electron transfer rate of first oxidation step.20 The
color of the film changed from colorless to green and then to
deep blue because of electrochemical oxidation of the polymer.
The oxidative and electrochromic reversibility of polymer 4b
is maintained on repeated scanning between 0 and 1.4 V (vs
Ag/AgCl). This result confirms that para-substitution of the
NMe2 group on the TPA unit lends considerable stability to
both the cation radical and dication quinonediimine species, as

Spectroelectrochemical and Electrochromic Characteristics. Following the electrochemical tests, the optical properties
of the electrochromic films were evaluated by using spectroelectrochemistry. For these investigations, the polyamide film
was cast on an ITO-coated glass slide (a piece that fit in the
commercial UV–visible cuvette), and a homemade electrochemical cell was built from a commercial UV–visible cuvette.
The cell was placed in the optical path of the sample light beam
in a commercial diode array spectrophotometer. This procedure
allowed us to obtain electronic absorption spectra under potential
control in a 0.1 M TBAP/MeCN solution. The result of the 4b
film is presented in Figure 5 as a series of UV–vis absorbance
curves correlated to electrode potentials. Figure 6 shows the
three-dimensional % transmittance-wavelength-applied potential
correlations of this sample. In the neutral form, at 0 V, the film
exhibited strong absorption at wavelength around 350 nm,
characteristic for triarylamine, but it was almost transparent in
the visible region. Upon oxidation of the 4b film (increasing
applied voltage from 0 to 0.7 V), the intensity of the absorption
peak at 351 nm gradually decreased while a new peak at 400
nm and a broadband having its maximum absorption wavelength
at 805 nm gradually increased in intensity. We attribute this
spectral change to the formation of a stable monocation radical
of the (NMe2)TPA moiety. As the applied potential became
more anodic to 1.2 V, the absorption bands of the cation radical
decreased gradually in intensity, with the formation of a new
broadband centered at around 640 nm. This spectral change can
be attributable to the formation of a dication in the (NMe2)TPA
segment of the polyamide. The observed UV–vis absorption
changes in the film of 4b at various potentials are fully reversible
and are associated with strong color changes; indeed, they even
can be seen readily by the naked eye. From the inset shown in
Figure 5, it can be seen that the film of 4b switches from a
transmissive neutral state (colorless) to a highly absorbing
semioxidized state (green) and a fully oxidized state (deep blue).
The film colorations are distributed homogeneously across the
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Figure 6. 3-D spectroelectrochemical behavior of the 4b thin film on the ITO-coated glass substrate (in CH3CN with 0.1 M TBAP as the supporting
electrolyte from 0 to 1.2 V (vs Ag/AgCl).
Table 4. Coloration Efficiency of Polyamide 4b
a

cycles

Figure 7. (a) Potential step absorptometry and (b) current consumption
of the polyamide 4b film on to the ITO-coated glass substrate (coated
area ) 1 cm2) during the continuous cycling test by switching potentials
between 0 and 0.55 V (vs Ag/AgCl).

polymer film and survive for more than hundreds of redox
cycles. The polymer 4b shows good contrast in the visible
region, with an extremely high optical transmittance change
(∆%T) of 88% at λmax ) 640 nm, comparable to that obtained
in conducting poly(3,4-dialkylenedioxythiophene) derivatives.14
The coloration efficiency at 640 nm is as high as ca. 261 cm2/C
with a high optical density change (δOD) up to 0.94, determined
from the in situ experiments. Because of the apparent high
electrochromic contrast in the spectroelectrochemistry, optical
switching studies were performed to more deeply probe the
polymer’s electrochromic properties.
For optical switching studies, polymer films were cast on ITOcoated glass slides in the same manner as described above, and
each film was potential stepped between its neutral (0 V) and
oxidized (+0.55 V) state. While the films were switched, the
absorbance at 805 nm was monitored as a function of time with
UV–vis-near-IR spectroscopy. Switching data for the cast film

δOD805b

Qc (mC/cm2)

ηd (cm2/C)

decaye (%)

1
0.176
0.727
242
0
50
0.191
0.802
238
1.7
100
0.185
0.797
232
4.1
150
0.182
0.801
227
6.2
200
0.176
0.796
221
8.7
250
0.168
0.770
218
9.9
300
0.169
0.793
213
12.0
350
0.176
0.842
209
13.6
400
0.173
0.848
204
15.7
450
0.168
0.848
198
18.2
500
0.168
0.870
193
20.2
a
Times of cyclic scan by applying potential steps: 0.00 T 0.55 V (vs
Ag/AgCl). b Optical density change at 805 nm. c Ejected charge, determined
from the in situ experiments. d Coloration efficiency is derived from the
equation: η ) δOD805/Q. e Decay of coloration efficiency after cyclic scans.

of polyamide 4b are given in Figure S4 (see Supporting
Information). 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. The polyamides switch
rapidly (within 2 s) between the highly transmissive neutral state
and the colored oxidized state. Thin film of polyamide 4b
required only 1.65 s at 0.55 V for coloring and 0.93 s for
bleaching, reflecting the different reaction rates between the
neutral and oxidized forms of the film of 4b. As shown in Figure
7, the absorbance changes at 805 nm reflect the switch in current,
and the kinetics of the charge transport process can be referenced
to the coloration response time. The electrochromic coloration
efficiencies (η ) δOD805/Q) after various switching steps of
the film of polyamide 4b are summarized in Table 4. The
electrochromic film of 4b was found to exhibit high coloration
efficiencies up to 242 cm2/C at 805 nm, and to retain near 80%
of its optical response after 500 coloring/bleaching cycles.
Therefore, the electrochromic switching behavior appears to be
a highly reversible process.
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Conclusions
A new triphenylamine-based aromatic diamine monomer,
4,4′-diamino-4′′-(dimethylamino)triphenylamine, was synthesized in high purity and high yields from readily available
reagents. A series of novel 4-(dimethylamino)triphenylamine
[(NMe2)TPA]-functionalized aromatic polyamides were readily
prepared from the newly synthesized diamine monomer with
various aromatic dicarboxylic acids via the phosphorylation
polyamidation reaction. Introduction of extremely electrondonating (NMe2)TPA group to the polymer main chain not only
stabilizes triphenylamine cationic radicals and dications but also
leads to good solubility and film-forming properties of the
polyamides. In addition to high Tg and good thermal stability,
all the obtained polymers also reveal valuable electrochromic
characteristics such as high contrast (colorless neutral form to
oxidized dark blue forms), high coloration efficiency, good
electrochromic reversibility and rapid switching times. Thus,
these characteristics suggest that these new polyamides have
great potential for use in optoelectronics applications.
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Figure S1. IR spectra of (NMe2)TPA-dinitro compound 1 and diamine monomer 2.
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Figure S2. The IR spectrum of polyamide 4a.

Figure S3. WAXD patterns of polyamides.
2

Figure S4. Optical switching for polyamide 4b at λmax = 805 nm as the applied
voltage was stepped between 0 and 0.55 V (vs. Ag/AgCl).
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