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New triphenylamine-based aromatic diamine and dicarboxylic acid monomers, namely 3,5-dimethyl-4′,4″-
diaminotriphenylamine (3a) and 3,5-dimethyl-4′,4″-dicarboxytriphenylamine (3b), were successfully
synthesized by well-established procedures. Two series of novel aromatic polyamides 5a–5h and 7a–7e with
3,5-dimethyltriphenylamine units were prepared respectively from phosphorylation condensation of 3a with
commercially available aromatic dicarboxylic acids and from 3bwith commercially available aromatic diamines.
Almost all the polyamideswere amorphous and could be solution-cast into flexible, transparent, and toughfilms.
All the polyamides exhibited useful levels of thermal stability, such as high glass-transition temperatures of
245–322 °C, 10% weight-loss temperatures in excess of 500 °C, and char yields at 800 °C in nitrogen higher
than 63%. Cyclic voltammograms of the 5 series polyamides exhibited a reversible oxidation wave with E1/2
around 0.95 V versus Ag/AgCl in acetonitrile solution. The polymer films revealed excellent stability of
electrochromic characteristics, with a color change from neutral state pale yellowish to green doped form at
applied potentials ranging from 0 to 1.25 V.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Aromatic polyamides are a kind of important high performance
polymers owing to their high mechanical properties, good chemical
resistance, and excellent thermal stability [1]. For example, Aramid
fibers such as Kevlar and Nomex produced by DuPont are a class of
flame, cut-resistant and high-tensile strength synthetic fibers [2,3].
They are used in aerospace and military applications, for bullet-proof
body armor fabric and ballistic composites. They are fibers in which
the chain molecules are highly oriented along the fiber axis, so the
strength of the chemical bond can be exploited. However, amajor prob-
lem with aramids is their high softening temperatures and low solubil-
ity and resultant difficulty in fabrication. Therefore, many efforts have
been made to increase the solubility and processability of aramids
through structural modification of their monomers [4–11]. One of the
common approaches to increasing solubility withoutmuch compromis-
ing their thermal and mechanical stability is the use of monomers with
bulky packing-disruptive moieties [12–20]. On the other hand, polyam-
ides can be endowed with new functions by varying the chemical
structure and composition. There is continuously a great effort directed
toward expanding the application of the aromatic polyamides as
optically active materials, luminescent, and electroactive films, gas
separationmembranes, etc. by incorporating new chemical functionali-
ties in the polyamide backbone or lateral structure [1,21–25].

The triphenylamine (TPA) unit is well-known for its ease in oxida-
tion of the nitrogen center and the ability to transport charge carriers
via the radical cation species with high stability [26,27]. TPA-
containing polymers are well-known for their electroactive and
photoactive properties that may find optoelectronic applications in xe-
rography, electroluminescent diodes, field-effect transistors, solar cells,
memory devices, and electrochromic or electroluminochromic devices
[28–33]. TPAs can be easily oxidized to form stable radical cations as
long as the para-position of the phenyl rings is protected, and the oxida-
tion process is always associated with a strong change of coloration.
Over past years, high-performance polymers such as aromatic polyam-
ides and polyimides carrying the redox-active TPA unit have been
developed as an attractive family of anodically electrochromicmaterials
[34–44]. In addition, aromatic polyamides bearing the propeller-shaped
TPA unit in the backbone were amorphous and easily soluble in polar
organic solvents and could be solution-cast into flexible and strong
films with high thermal stability [12,13]. Thus, incorporation of three-
dimensional, packing-disruptive TPA units into the aramid backbone
not only resulted in enhanced solubility but also led to new electronic
functions of aramids such as electrochromic characteristics.

The radical cations of some TPAs may undergo dimerization to
tetraphenylbenzidine (TPB) upon anodic oxidation in acetonitrile [45].
This is accompanied by the loss of two protons per dimer and the
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dimer is more easily oxidized than TPA and also can undergo further
oxidations in two discrete one-electron steps to give TPB+• and finally
the quinoidal TPB+2. Quantitative data have been obtained for several
4-substituted TPAs in the form of second-order coupling rate constants,
and it was generally found that electron-donating substituents such as
methoxy group tended to stabilize the cation radicals while electron-
withdrawing groups such as nitro group had the opposite effect [46,
47]. Therefore, it has been a popular methodology to enhance the
electrochemical and electrochromic stability of the TPA-containing
polymers by incorporating bulky substituents such as tert-butyl or
electron-donating groups such as methoxy and dialkylamino groups
on the active sites of TPA [35–38,48–50]. As a continuation of our
efforts in developing TPA-functionalized high performance
polymers, herein we synthesize two TPA-based monomers, 3,5-
dimethyl-4′,4″-diaminotriphenylamine (3a) and 3,5-dimethyl-
4′,4″-dicarboxytriphenylamine (3b), and their derived aromatic
polyamides containing the electroactive TPA unit with two −CH3

groups 3,5-substituted on the pendent phenyl ring. The 3,5-dimethyl
substituents might interfere sterically with the coupling reaction be-
tween the TPA radical cations upon anodic oxidation, and thus lead to
an increased redox stability of the polyamides. The effect of orientation
of the amide linkage on the electrochemical and electrochromic proper-
ties of the polyamides will also be investigated.
2. Experimental section

2.1. Materials

3,5-Dimethylaniline (1; TCI), 4-fluoronitrobenzene (Acros), 4-
fluorobenzonitrile (TCI), cesium fluoride (CsF; Acros), sodium hydride
(NaH, Alfa Aesar 60% in white oil), potassium hydroxide (KOH), 10%
palladium on charcoal (Pd/C) (Fluka), hydrazine monohydrate (Acros)
were used as received. Commercially aromatic dicarboxylic acids that
include terephthalic acid (4a) (TCI), isophthalic acid (4b) (TCI), 4,4′-
biphenyldicarboxylic acid (4c) (TCI), 4,4′-dicarboxydiphenyl ether
(4d) (TCI), 4,4′-sulfonyldibenzoic acid (4e) (New Japan Chemical
Co.), 2,2-bis(4-carboxyphenyl)-1,1,1,3,3,3-hexafluoropropane (4f)
(TCI), 1,4-napthalenedicarboxylic acid (4g) (Wako), and 2,6-
napthalenedicarboxylic acid (4h) (TCI) were used as received. p-
Phenylenediamine (6a; TCI) was purified by vacuum sublimation.
The other diamine monomers such as benzidine (6b; TCI), 4,4′-
oxydianiline (6c; TCI), 1,4-bis(4-aminophenoxy)benzene (6d; TCI),
and 9,9-bis(4-aminophenyl)fluorene (6e; TCI) were used as received.
Triphenyl phosphite (TPP) (Fluka) was purified by distillation under
reduced pressure. Calcium chloride (CaCl2) was dried under vacuum
at 180 °C for 8 h prior to use. Pyridine (Py;Wako) and N-methyl-2-pyr-
rolidone (NMP; Fluka) were dried over calcium hydride for 24 h,
distilled under reduced pressure, and stored over 4 Å molecular sieves
in sealed bottles. Tetra-n-butylammonium perchlorate (TBAP) was ob-
tained from Acros and recrystallized twice from ethyl acetate and then
dried in vacuo before use. All other reagents were used as received from
commercial sources.

2.2. Monomer synthesis

2.2.1. Synthesis of 3,5-dimethyl-4′-4″-dinitrotriphenylamine (2a)
A mixture of 12.1 g (0.1 mol) of 3,5-dimethylaniline (1), 28.2 g

(0.2 mol) of 4-fluoronitrobenzene, 30.4 g (0.2 mol) of CsF, and 100 mL
of DMSOwas heated and stirred at 140 °C for 10 h. The reactionmixture
was cooled and poured into 400mLof ethanol to precipitate 22.4 g (62%
yield) of yellowish needles with a melting point of 187 °C (by DSC,
at scan rate 2 °C min−1). IR (KBr): 1575, 1336 cm−1 (−NO2 str.). 1H
NMR (500 MHz, δ, ppm, in CDCl3): 8.12 (d, 4H, Ha), 7.15 (d, 4H, Hb),
6.97 (s, 1H, Hd), 6.79 (s, 2H, Hc), 2.31 (s, 6H, −CH3). 13C NMR
(125 MHz, δ, ppm, in CDCl3): 151.85 (C4), 144.55 (C5), 142.40 (C1),
140.37 (C7), 128.92 (C8), 125.34 (C2), 124.93 (C6), 122.08 (C3), 21.14
(−CH3).

2.2.2. Synthesis of 3,5-dimethyl-4′,4″-diaminotriphenylaimine (3a)
A mixture of 18.2 g (0.05 mol) of dinitro compound 2a, 0.2 g of

10 wt% Pd/C, 15 mL of hydrazine monohydrate, and 200 mL of ethanol
was heated a reflux temperature for 10 h. The solution was filtered
hot to remove Pd/C. The filtrate was then stored in a refrigerator to pre-
cipitate 13.1 g (83% yield) of pure diamine 3a as pale grey crystals;
mp = 193 °C (by DSC, at scan rate 2 °C min−1). IR (KBr): 3419 and
3359 cm−1 (−NH2 str.). 1H NMR (500 MHz, δ, ppm, in CDCl3): 6.95
(d, 4H, Hb), 6.63 (d, 4H, Ha), 6.56 (s, 2H, Hc), 6.50 (s, 1H, Hd), 3.56 (s,
4H, −NH2), 2.20 (s, 6H, −CH3). 13C NMR (125 MHz, δ, ppm, in
CDCl3): 149.04 (C5), 142.03 (C1), 139.64 (C7), 138.25 (C4), 126.75 (C3),
121.60 (C2), 117.80 (C8), 115.99 (C6), 21.36 (−CH3). ANAL. Calcd for
C20H21N3 (303.17): C,79.17%; H, 6.98%; N, 13.85%. Found: C, 78.94%; H,
7.40%; N, 14.04%.

2.2.3. Synthesis of 3,5-dimethyl-4′,4″-dicyanotriphenylamine (2b)
In a 500 mL round-bottom flask, a mixture of 12.1 g (0.1 mol) of 1

and 9 g (0.225 mol) of 60% sodium hydride (NaH) in 150 mL of DMSO
was stirred at room temperature for about 30 min. After the evolution
of hydrogen was complete, 24.2 g (0.2 mol) of 4-fluorobenzonitrile
were added to the mixture, and heating was continued at 140 °C for
12 h. Then, the reaction solutionwas poured into water, and the precip-
itated crude product was recrystallized from methanol to afford 8 g
(24% yield) of pure brown crystals; mp = 212 °C (DSC, at scanning
rate of 2 °C min−1). IR (KBr): 2222 cm−1 (C`N stretching). 1H NMR
(500 MHz, δ, ppm, DMSO-d6): 7.69 (d, 4H, Ha), 7.07 (d, 4H, Hb), 6.95
(s, Hd, Hd), 6.81 (s, 2H, Hc), 2.23 (s, 6H, −CH3). 13C NMR (125 MHz, δ,
ppm, DMSO-d6): 149.89 (C4), 144.48 (C5), 139.4 (C8), 133.71 (C2),
128.4 (C7), 124.84 (C6), 122.47 (C3), 118.95 (−CN), 104.32 (C1), 20.72
(−CH3).

2.2.4. Synthesis of 3,5-dimethyl-4′,4″-dicarboxytriphenylaimine (3b)
A suspension of the 2b (8 g; 0.024 mol) in a mixture of water

(80mL) and ethanol (80mL) containing dissolved potassiumhydroxide
(KOH) (20 g; 0.35 mol) were stirred at a reflux temperature for 24 h
until no further ammonia was generated. The resulting hot solution
was filtered to remove any insoluble impurities. The filtrate was cooled
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and acidified by concentrated HCl to pH= 2–3 when a white solid pre-
cipitated. The solid was collected by filtration, washed thoroughly with
water, and dried to give 8.1 g (yield 94%) of 3,5-dimethyl-4′,4″-
dicarboxytriphenylamine (3b) (mp = 274 °C, by DSC, at scanning rate
of 2 °C min−1). IR (KBr): 2450–3340 cm−1 (carboxyl O\\H stretching),
1689 cm−1 (C_O stretching). 1H NMR (500MHz, δ, ppm, in DMSO-d6):
12.68 (br, 2H, −COOH), 7.83 (d, 4H, Ha), 7.04 (d, 4H, Hb), 6.85 (s, 1H,
Hd), 6.74 (d, 2H, Hc), 2.19 (s, 6H, −CH3). 13C NMR (125 Hz, δ, ppm,
DMSO-d6): 167.42 (C_O), 150.49 (C4), 145.60 (C5), 139.49 (C7),
130.99 (C2), 127.45 (C1), 124.49 (C8), 124.37 (C6), 122.97 (C3), 20.81
(−CH3). ANAL. Calcd for C20H21N3 (361.39): C, 73.12%; H, 5.30%; N,
3.88%. Found: C, 72.52%; H, 5.08%; N, 3.83%.

2.3. Synthesis of polyamides

The synthesis of polyamide 7a is used as an example to illustrate
the general synthetic route for all polyamides. A mixture of 0.361 g
(1 mmol) of the dicarboxylic acid monomer 3b, 0.108 g (1 mmol) of
p-phenylenediamine (6a), 0.8 mL of TPP, 0.3 mL of pyridine, 1.2 mL of
NMP, and 0.2 g of calcium chloride was heated with stirring at 120 °C
for 3 h. The resulting viscous polymer solution was poured slowly into
250 mL of stirring methanol, giving rise to a stringy, fiber-like precipi-
tate that was collected by filtration, washed thoroughly with hot
water and dried in vacuum at 100 °C. The inherent viscosity (ηinh) of
the obtained polyamide 7a was 1.16 dL g−1, measured at a concentra-
tion of 0.5 g dL−1 in DMAc containing 5 wt% LiCl at 30 °C.

2.4. Preparation of polyamide films

A solution of polymer was made by the dissolution of about 0.8 g of
the polyamide sample in 8 mL of hot DMAc to afford an approximately
10 wt% solution. The clear solution was poured into a 7-cm-diameter
glass culture dish, which was placed in a 90 °C oven for 12 h for evapo-
ration of the solvent. The cast film was then released from the glass
substrate andwas further dried in vacuum at 160 °C for 6 h. The obtain-
ed filmswere about 0.09mmthick andwere used for tensile tests, X-ray
diffraction measurements, and thermal analyses.

2.5. Instrumentation and measurements

Infrared (IR) spectra were recorded on a Horiba FT-720 FT-IR spec-
trometer. Elemental analyses were run in an Elementar VarioEL-III
elemental analyzer. 1H and 13CNMR spectraweremeasured on a Bruker
AVANCE 500 FT-NMR system with tetramethylsilane as an internal
standard. The inherent viscosities were determined at 0.5 g dL−1

concentration using an Ubbelohde or 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 with a graphite monochromator (operating at
40 kV and 30 mA), using nickel-filtered Cu-Kα radiation (λ =
1.5418 Å). The scanning rate was 2° min−1over a range of 2θ = 10–
40°. Ultraviolet-visible (UV–vis) spectra of the polymer films were
recorded on a Jasco UV/VIS V530 spectrometer. An universal tester
LLOYD LRX with a load cell 5 kg was used to study the stress-strain be-
havior of the samples. A gauge length of 2 cm and a crosshead speed of
5 mm/min were used for this study. Measurements were performed at
room temperature with film specimens (0.5 cm width, 6 cm length),
and an average of at least three replicates was used. Thermogravimetric
analysis (TGA) was performed with a Perkin-Elmer Pyris 1 TGA. Exper-
iments were carried out on approximately 4–6 mg of film samples
heated in flowing nitrogen or air (flow rate= 40 cm3/min) at a heating
rate of 20 °C min−1. DSC analyses were performed on a Perkin-Elmer
Pyris 1 DSC at a scan rate of 20 °C min−1 in flowing nitrogen.
Thermomechanical analysis (TMA) was determined with a Perkin-
Elmer TMA 7 instrument. The TMA experiments were carried out from
50 to 350 °C at a scan rate of 10 °C min−1 with a penetration probe
1.0mm in diameter under an applied constant load of 10mN. Softening
temperatures (Ts) were taken as the onset temperatures of probe dis-
placement on the TMA traces. Electrochemistry was performed with a
CHI 611B electrochemical analyzer. Voltammograms are presented
with thepositive potential pointing to the left andwith increasing anod-
ic currents pointing downward. Cyclic voltammetry was conducted
with the use of a three-electrode cell in which ITO (polymer films area
about 0.7 cm × 0.5 cm) was used as a working electrode. A platinum
wire was used as an auxiliary electrode. All cell potentials were taken
with the use of a home-made Ag/AgCl, KCl (saturated) reference elec-
trode. Ferrocene was used as an external reference for calibration
(+0.46 V vs. Ag/AgCl). Spectroelectrochemistry analyses were carried
out with an electrolytic cell, which was composed of a 1 cm cuvette,
ITO as a working electrode, a platinumwire as an auxiliary electrode,
and an Ag/AgCl reference electrode. Absorption spectra in the
spectroelectrochemistry experiments were measured with an
Agilent 8453 UV–visible photodiode array spectrophotometer.
Photoluminescence (PL) spectra were measured with a VARIAN Cary
Eclipse fluorescence spectrophotometer.

3. Results and discussion

3.1. Monomer synthesis

Two main monomers containing 3,5-dimethyltriphenylamine unit,
3,5-dimethyl-4′,4″-diaminotriphenylamine (3a) and 3,5-dimethyl-
4′,4″-dicarboxytriphenylamine (3b), were prepared by the synthetic
routes outlined in Scheme 1. The intermediate compounds, 3,5-
dimethyl-4′,4″-dinitrotriphenylamine (2a) and 3,5-dimethyl-4′,4″-
dicyanotriphenylamine (2b), were synthesized by nucleophilic
aromatic fluoro-displacement of 4-fluoronitrobenzene and 4-
fluorobenzonitrile, respectively, with 3,5-dimethylaniline (1) in DMSO
using CsF and NaH, respectively, as the base. The dinitro compound 2a
was then reduced to diamine 3a using hydrazine monohydrate and
Pd/C catalyst in refluxing ethanol, and the dicyano compound 2b was
converted into dicarboxylic acid 3b by alkaline hydrolysis. The struc-
tures of the intermediates and the target monomers were confirmed
by FTIR and NMR spectroscopy. Fig. S1 (Supplementary Information)
shows the FTIR spectra of all the synthesized compounds. The nitro
group of 2a gave two characteristic bands around 1575 and
1336 cm−1, which disappeared after reduction. The diamine 3a showed
characteristic−NH2 absorptions in the region of 3300–3500 cm−1. The
dinitrile compound 2b displayed a characteristic sharp absorption peak
characteristic to the C`N stretch at 2222 cm−1, which disappeared
after hydrolysis. The dicarboxylic acid 3b displayed strong characteristic
absorptions of −COOH at 2450–3400 (O\\H stretching) and
1689 cm−1 (C_O stretching). Figs. S2 and S3 illustrate the 1H NMR
and 13C NMR spectra of 3a and 3b, respectively. Assignments of each
carbon andproton signals are also given in thesefigures, and these spec-
tra agree well with the proposed molecular structures. The molecular
structure of dinitro compound 2a was also confirmed by X-ray crystal
analysis acquired from the single crystal obtained by slow crystalliza-
tion from acetonitrile. As shown in Fig. 1, the dinitro compound 2a dis-
play a propeller-shaped configuration of the triphenylamine core, and
these three benzene rings are not in the same plane. The conformation
will hinder the close packing of polymer chains and enhance the solubil-
ity of formed polyamides. Some of the crystal data and parameters of 2a
are presented in Tables S1 and S2.
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Scheme 1. Synthesis of 3,5-dimethyltriphenylamine-containing diamine monomer 3a and dicarboxylic acid monomer 3b.
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3.2. Polymer synthesis

The phosphorylation polyamidation technique developed by
Yamazaki et al. [51] was used to prepare polyamides 5a–h and 7a–e
Fig. 1.Molecular structure of dinitro compo
from diamine 3awith aromatic dicarboxylic acids 4a–h and from diacid
3b with aromatic diamines 6a–e, respectively. Structures and codes of
the polymers prepared are shown in Scheme 2. The polyamidation
was carried out via solution polycondensation using TPP and pyridine
und 2a by single crystal X-ray analysis.

Image of Scheme 1
Image of Fig. 1


Scheme 2. Synthesis of polyamides 5a–h and 7a–e.
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as condensing agents in the NMP solution containing dissolved CaCl2.
The inherent viscosities of the resulting polyamides were in the range
of 0.56–1.43 dL g−1, as shown in Table 1.Most of the5 and 7 series poly-
amides could be solution-cast into flexible and tough films, indicating
they are high-molecular-weight polymers. Structural features of these
polyamides were verified by FTIR and NMR spectra. As a typical exam-
ple, the FTIR spectrum of polyamide 7e is illustrated in Fig. S4. Polymer
7e gives rise to characteristic absorptions of the amide group around
3320 (N\\H stretching) and 1664 cm−1 (C_O stretching). The 1H
NMR spectrum of a typical polyamide 5a is illustrated in Fig. S5. Assign-
ments of each proton are also given in the figure, and this spectrum
agrees with the proposed polymer structure.

3.3. Solubility and film property

The solubility behavior of these polyamides was tested qualitatively,
and the results are also included in Table 1. All the polyamides were
readily soluble in amide-type polar aprotic solvents such as NMP,
DMAc and DMF. Almost all the polymers were also soluble in dimethyl
sulfoxide (DMSO) and m-cresol. Polymer 7b showed a slightly lower
solubility, possibly attributed to its rigid biphenylene segments. The
high solubility of these polyamides is apparently due in part to the pres-
ence of the packing-disruptive 3,5-dimethyltriphenylamine unit in the
polymer backbone, which resulted in increased chain packing distances
and decreased intermolecular interactions. Therefore, the good solubil-
ity makes these polymers potential candidates for practical applications
in solution processing.

The WAXD patterns of 5a–h and 7a–e are illustrated in Fig. S6. The
results indicate that all the 5 and 7 series polyamides are amorphous
in nature except for 5g which cannot afford flexible and creasable
films. One of the factors contributing to the enhanced solubility was
the characteristic amorphous nature caused by the introduction of
bulky 3,5-dimethyltriphenylamine core. The tensile properties of the
polyamide films are also summarized in Table 1. They showed tensile

Image of Scheme 2


Table 1
Inherent viscosity and solubility behavior, and tensile properties of polyamides.

Polymer ηinh (dL g−1)a Solubility c Tensile properties of the polymer films

NMP DMAc DMF DMSO m-Cresol THF Tensile strength (MPa ) Elongation to break ( % ) Initial modulus ( GPa )

5a 0.91 + + + + － － 73 12 2.15
5b 0.77 + + + + +h － 61 16 1.77
5c 1.43 + + + + － － 89 24 2.04
5d 0.58 + + + + － － 62 42 1.56
5e 0.89 + + + + +h － 58 19 1.58
5f 0.82 + + + + +h + 61 23 1.60
5g 1.25 + + + +h － － －d －d －d

5h 0.74 + + + +h +h － 75 15 1.71
7a 1.16 + + + + +h － 77 17 2.20
7b 1.23b + － － － － － 68 13 2.01
7c 0.56 + + + + － － 68 8 2.10
7d 0.81 + + + + +h － 68 10 1.66
7e 0.80 + + + + +h － 73 10 1.67

a Measured in DMAc containing 5 wt % LiCl at 30 °C on 0.5 g dL−1.
b Measured in NMP at 30 °C on 0.5 g dL−1.
c Qualitative solubility was testedwith 10mg sample in 1mL solvent. Symbol:+, soluble at room temperature;+h, soluble on heating at 100 °C;－, insoluble even on heating. NMP,N-

methyl-2-pyrrolidone; DMAc, N,N-dimethylacetamide; DMF, N,N-dimethylformamide; DMSO, dimethyl sulfoxide; THF, tetrahydrofuran.
d The film of 5g is too brittle to be tested.
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strengths of 58–89 MPa, elongations to break 8–42%, and initial moduli
of 1.56–2.20 GPa. Most of the polymer films necked during tensile
testing and had moderate elongations to break, indicating strong and
tough materials.
3.4. Thermal properties

Thermal properties of the polyamides were evaluated by DSC, TMA
and TGA, and the relevant data are summarized in Table 2. Glass transi-
tion temperature (Tg) of these polyamides was obtained from the
middle-point temperature of baseline shift on the second DSC heating
trace (heating rate = 20 °C min−1) after rapid cooling from 400 °C
(cooling rate = 200 °C min−1). Polyamides 5a–h and 7a–e showed a
well-defined Tg in the range of 251–270 °C and 245–322 °C, respective-
ly. In general, the Tg values depend on the structures of diamine and
Table 2
Thermal properties of polyamidesa.

Polymer Tg (°C)b Ts (°C)c Td (°C)d Char yield (%)e

In N2 In air

5a 269 270 530 514 72
5b 251 275 535 522 73
5c 270 286 494 519 63
5d 268 252 530 484 73
5e 267 263 545 526 65
5f 253 238 495 499 67
5g –f (396)g –h 518 518 72
5h 262 289 534 529 76
7a 287 280 516 516 70
7b 280 281 533 549 71
7c 265 255 507 521 73
7d 245 242 509 503 71
7e 322 321 488 531 68

a The polymerfilm sampleswere heated at 300 °C for 1 h prior to all the thermal analyses.
b Midpoint temperature of baseline shift on the second DSC heating trace (scan rate =

20 °C min−1) of the sample after quenching from 400 °C.
c Softening temperatures of the polymer film samples measured with TMA by the pen-

etration method at a scan rate of 10 °C min−1.
d Decomposition temperature at which a 10% weight loss was recorded by TGA at a

heating rate of 20 °C min−1.
e Residual weight (%) at 800 °C at a scan rate of 20 °C min−1 in nitrogen.
f No discernible transitions were observed.
g Peak top temperature of the melting endotherm on the first heating DSC trace.
h No available sample.
dicarboxylic acid moieties, and decreasing with decreasing rigidity and
symmetry of the polymer backbone. The highest Tg of 322 °C was ob-
served for polyamide 7e due to its rigid 9,9-diphenylfluorene segment.
Polyamide 5g did not show a well-defined glass transition, possibly at-
tributable to its semi-crystalline characteristics as evidenced by the
WAXD study. The DSC curve of 5g displayed a medium endotherm
around 396 °C, indicating the semi-crystalline nature. The softening
temperatures (Ts) of the polymer film samples were measured with
TMA by the penetration method. They were obtained from the onset
temperature of the probe displacement on the TMA trace. Typical TMA
trace for polymer 7c is illustrated in Fig. S7. The Ts values of these poly-
amides were observed in the range 238–321 °C. In most cases, the Ts
values obtained by the TMA are comparable to the Tg values measured
by the DSC experiments.

The thermal and thermo-oxidative stability of the polyamides
was studied by TGA. Typical TGA thermograms in nitrogen and air
atmospheres of the representative polymer 5a are shown in
Fig. S8. The temperatures of 10% weight loss in nitrogen and air
atmospheres determined from the original thermograms are
included in Table 2. In general, these polyamides exhibited good
thermal stability with decomposition temperatures (Td) at 10%
weight loss above 490 °C in both air and nitrogen atmospheres.
The anaerobic char yields at 800 °C for all polymers were recorded
in the range of 65–73 wt%.

3.5. Optical and electrochemical properties

The optical properties of themonomers and the polyamideswere in-
vestigated with UV–vis and PL spectroscopy. The results are
summarized in Table 3. The UV–vis and PL spectra of compounds 2a,
2b, 3a and 3b are illustrated in Fig. S9. Their dilute solutions in NMP
(10−5 M) exhibited UV–vis absorption bands at 423, 349, 299 and
379nm, respectively. The absorption band at 423nmof 2a can be attrib-
uted to typical charge transfer complexing in its donor-acceptor system.
Their PL spectra in NMP solutions showedmaximum bands at 482, 421,
423 and 439 nm in the blue region. The dinitro compound 2a displays
the weakest blue photoluminescence because of quenching by the
charge transfer complexing. Typical UV–vis absorption and PL profiles
of polyamides 5 and 7 are shown in Fig. 2. The UV–vis absorption max-
ima of the 5 and 7 series polyamideswere recorded in the range of 314–
356 nm and 355–362 nm, respectively. Their PL spectra in NMP showed
emission peak around 420–456 nm in the blue region. The NMP solu-
tions of these polyamides were pale yellow and exhibited a medium
blue PL under irradiation with long UV light (365 nm). The PL quantum



Table 3
Optical and electrochemical properties for the polyamides.

Index λabs, max (nm)a λabs, onset (nm)a λPL
b (nm) E1/2 (V) vs. Ag/AgCl Gapc (eV) HOMOd (eV) LUMOe (eV) ΦF (%)f

5a 356 (363) 431 (451) 442 0.92 2.75 5.26 2.51 1.1
5b 345 (341) 399 (417) 466 0.92 2.97 5.26 2.29 3.6
5c 355 (361) 419 (440) 433 0.91 2.81 5.25 2.44 0.8
5d 340 (335) 392 (407) 467 0.95 3.04 5.29 2.25 0.9
5e 352 (380) 448 (497) 465 0.96 2.49 5.30 2.81 1.0
5f 347 (350) 407 (429) 461 0.92 2.89 5.26 2.37 0.4
5g 314 (311) 395 (414) 467 0.92 2.99 5.26 2.27 3.3
5h 349 (372) 434 (469) 464 0.91 2.64 5.25 2.61 3.4
7a 362 (361) 386 (412) 442 –g 3.01 – – 1.5
7b 361 (363) 389 (405) 438 –g 3.06 – – 2.8
7c 356 (360) 397 (397) 440 –g 3.12 – – 8.3
7d 355 (360) 396 (402) 455 –g 3.08 – – 8.4
7e 356 (360) 386 (407) 439 1.34 3.04 5.68 2.64 12

a UV/vis absorption measurements in NMP (10−5 M) at room temperature. Values in the parentheses are measured in polymer thin films.
b PL spectra were measured in NMP (10−5 M) at room temperature.
c The data were calculated by the equation: gap = 1240/λabs, onset of polymer films.
d The homo energy levels were calculated from cyclic voltammetry and were referenced to ferrocence (4.8 eV).
e LUMO = HOMO – gap.
f The quantum yield in dilute solution was calculated with quinine sulfate as the standard (ΦF = 55%).
g No discernible oxidation redox was observed.
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yields (ΦF) of these polymers in NMP (ca. 10−5 M) were measured in
comparison with quinine sulfate (ca. 10−5 M) in 1 N H2SO4 as standard,
and the results are also summarized in Table 3. AssumingΦF of quinine
sulfate in a 1 N H2SO4 solution to be 55% at 350 nm excitation, the ΦF

values of dilute solutions of the 5 and 7 series polyamides in NMP
were 0.4–3.6% and 1.5–12%, respectively. The 7 series polyamides ex-
hibited a slightly higher ΦF than 5 series ones because of the presence
of electron-donor (NAr3) and electron-acceptor (C_O) in the main
chain.

The electrochemical properties of the 5 and 7 series polyamides
were investigated by cyclic voltammetry technique conducted for a
cast film on a ITO-coat glass substrate asworking electrode in dry aceto-
nitrile (CH3CN) containing 0.1 M of TBAP as supporting electrolyte and
saturated Ag/AgCl as reference electrode under nitrogen atmosphere.
Fig. 3 shows the cyclic voltammograms of polyamides 5d and 7e. The
5 series polymers exhibit one reversible redox couple at a half-wave po-
tential (E1/2) of 0.91–0.95 V. In the 7 series polyamides, only 7e showed
a reversible redox couple, and its E1/2 is about 1.34 V. The other 7 series
polyamides did not show any reversible redoxwaves due to poor stabil-
ity of their cation radicals. This can be ascribed to the presence of two
Fig. 2.UV–vis absorptions and PL spectra of polyamides 5b, 5g, 7c, and 7e in NMP solution
(10−5 M). PL was excited at the absorption maximum of each solution.
para-substituted carbonyl groups on the triphenylamine unit. The ener-
gy of the highest occupied molecular orbital (HOMO) and lowest occu-
pied molecular orbital (LUMO) levels of the investigated polyamides
can be determined from their oxidation half-wave potentials (E1/2)
and the onset absorption wavelength, and the results are listed in
Table 3. For example, the (E1/2) for 5d has been determined to be
0.96 V versus Ag/AgCl. The external ferrocene/ferrocenium (Fc/Fc+)
redox standard E1/2 value is 0.46 V versus Ag/AgCl in CH3CN. Assuming
that theHOMO energy for the Fc/Fc+ standard is 4.80 eVwith respect to
the zero vacuum level, the HOMO energy for 5d has been evaluated to
be 5.30 eV.

3.6. Electrochromic characteristics

Electrochromism of the thin film from polyamide 5d was
determined with an optically transparent thin-layer electrode
coupled with UV–vis spectroscopy. The electrode preparations and
solution conditions were identical to those used in CV. As a typical
example, the spectral changes of 5d at various applied potentials
are shown in Fig. 4. When the applied voltage increased positively
from 0 to 1.25 V, the peak of the characteristic absorbance at
356 nm for polyamide 5d decreased gradually while four new
bands grew up at 305, 429, 645, and 852 nm due to the electron ox-
idation. As the applied potential increased to oxidation side, the film
color changed from pale yellow to green (as shown in Fig. 4 insets).

The stability and response time upon eletrochromic switching of
the polymer film of 5d between its neutral and oxidized forms was
monitored (Fig. 5). The color switching time was defined as the
time required reaching 90% of the full change in absorbance after
switching potential. The thin film from polyamide 5d would require
5 s at 1.25 V for switching absorbance at 429 and 645 nm and 3 s for
bleaching. After many continuous cyclic scans between 0 V to 1.25 V,
the polymer films still exhibited excellent stability of electrochromic
characteristics. In contrast, the 7 series polyamides did not show
stable electrochromic performance because of the electrochemical
instability of their oxidized forms. Significant optical contrast loss
was observed in some switching cycles.

4. Conclusions

Two triphenylamine-containing aromatic diamine and dicarboxylic
acid monomers, 3,5-dimethyl-4′,4″-diaminotriphenylamine (3a) and

Image of Fig. 2


Fig. 5. Variation of absorbance for a cast film of polyamide 5d as a function of time for
twelve switches between 0 and 1.25 V vs. Ag/AgCl in 0.1 M TBAP/CH3CN.

Fig. 4. Spectral changes of 5d thin film (in CH3CN with 0.1 M TBAP as the supporting
electrode) at various applied voltages: (a) 0 V, (b) 0.60 V, (c) 0.71 V, (d) 0.82 V,
(e) 0.93 V, (f) 1.04 V, (g) 1.15 V, (h) 1.25 V.

Fig. 3. Cyclic voltammograms of (a) ferrocene and thin films of polyamides (b) 7e and
(c) 5d on an indium-tin oxide (ITO)-coated glass substrate in CH3CN containing 0.1 M
TBAP at scan rate of 100 mV s−1.
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3,5-dimethyl-4′,4″-dicarboxytriphenylamine (3b), were successfully
synthesized and led to serial electroactive polyamides 5a–h and 7a–e.
Most of the polyamides were readily soluble in polar organic solvents
and could be cast into tough, amorphous films with high Tg and good
thermal stability. The 5 series polyamides can be more easily oxidized
and form stable cation radicals as compared to the 7 series polymer.
All the 5 series polymers revealed high electrochemical and
electrochromic stability, changing color from pale yellow to green
when oxidized. Thus, the 5 series polyamides are promising anodically
green coloring materials for electrochromic applications.
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