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A new triphenylamine-based diamine monomer 4,4′-diamino-4″-(1-piperidinyl)triphenylamine was synthe-
sized and polymerized with various aromatic dicarboxylic acids via the phosphorylation polyamidation tech-
nique leading to a series of redox-active aromatic polyamides (aramids). All the aramids exhibit good
solubility in many organic solvents and can be solution-cast into flexible and strong films with high thermal sta-
bility. Cyclic voltammograms of the polymer films on the indium-tin oxide (ITO)-coated glass substrate exhibit a
pair ofwell-defined and reversible oxidationwaveswith very lowonset potentials of 0.27–0.35V (vs. Ag/AgCl) in
acetonitrile solution, with a strong color change from colorless neutral form to green and deep blue oxidized
forms in the range of 0.75–1.20 V. The optical transmittance change (Δ%T) at 636 nm between the neutral
state and the fully oxidized state is up to 83%.

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

Electrochromism is well-known as the reversible color change of an
electroactive species upon electrochemical oxidation or reduction [1,2].
This unique property is of great interest for a wide range of applications,
such as smart windows [3,4], color changing eyewear [5,6], display
devices [7,8], and military camouflage [9]. Recent high-profile com-
mercialization of electrochromic materials includes the Boeing 787
Dreamliner windows manufactured by Gentex [10]. Metal oxides
[11,12], organic π-conjugated polymers [13–16], and metallo-
supramolecular coordination polymers [17–20] are frequently
used for electrochromic studies. In particular, π-conjugated polymers
have attracted tremendous attention because of combined several ad-
vantages such as mechanical flexibility, high optical contrast ratios,
long-term redox stability and easy color tuning through structural con-
trol [21–25].

Aromatic polyamides (aramids) are well accepted as high-
performance polymers because of their good thermal and chemical
stability, excellent mechanical properties, and high glass transition
temperatures [26]. However, these polymers are difficult to pro-
cess due to their high glass transition temperatures (Tg), or high
melting temperatures (Tm), and limited solubility in organic sol-
vents. Considerable efforts have been made to improve the solubil-
ity and melting processability of polymers while maintaining their
Triphenylamine-based redox
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positive properties [27]. A variety of structural modifications to the
polymer backbone, such as insertion of flexible linkage on main
chain, utilization of noncoplanar or asymmetric monomers, and incor-
poration of pendent groups in the polymer backbone, can be used to
modify the polymer properties, either by lowering the inter-chain inter-
action or by reducing the stiffness of the polymer chain [28–42].
Depending on the type and amount of structuralmodification, themelt-
ing temperatures can be lowered and the solubility improved, resulting
in processable aramids. It has also been demonstrated that incorporat-
ing the rigid three-dimensional structure of triphenylamine (TPA) into
the aramid backbones reduces the polymer chain packing and improves
the solubility [43–45].

On the other hand, TPAderivatives and polymers arewell-known for
their electroactive and photoactive properties that may find optoelec-
tronic applications as photoconductors, hole-transporters, and light-
emitters [46,47]. TPAs can be easily oxidized to form stable radical cat-
ions as long as the para-position of the phenyl rings is protected
[48–50]. Since 2005,we have performed extensive studies on the design
and synthesis of high-performance polymers (typically aromatic
polyimides and polyamides) bearing TPA unit as redox-chromophore
for potential electrochromic applications [51,52]. It has also been dem-
onstrated that incorporation of electron-donating substituent at the
para position of TPA can afford a stable radical cation thus enhancing
the electrochemical and electrochromic stability of the polymers
[53–55]. As a continuation of our efforts in developing electrochromic
materials with long-term stability, rapid redox switching, and high
optical contrast between their bleached and colored states, herein we
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synthesize a new diamine monomer, 4,4′-diamino-4″-(1-
piperidinyl)triphenylamine, and its derived aramids containing the
electroactive TPA unit with 1-piperidinyl substituent as an auxiliary
donor. We anticipated that incorporating (1-piperidinyl)TPA unit into
the aramid backbone could improve the solubility, electrochemical sta-
bility, and electrochromic performance.

2. Experimental section

2.1. Materials

Piperidine (Tedia), 4-fluoronitrobenzene (Acros), potassium car-
bonate (K2CO3) (Showa), cesium fluoride (CsF) (Acros), dimethyl sulf-
oxide (DMSO), 10% palladium on charcoal (Pd/C) (Fluka), hydrazine
monohydrate (TCI) were used as received. N,N-Dimethylacetamide
(DMAc) (Tedia), N,N-dimethylformamide (DMF) (Tedia), triphenyl
phosphite (TPP) (Acros), pyridine (Py) (Wako) and N-methyl-2-
pyrrolidone (NMP) (Tedia) were dried over calcium hydride for
24 h, distilled under reduced pressure, and stored over 4 Åmolecular
sieves in a sealed bottle. The commercially available aromatic dicar-
boxylic acids including terephthalic acid (5a) (Wako), isophthalic
acid (5b) (Wako), 4,4′-biphenydicarboxylic acid (5c) (TCI), 4,4′-
dicarboxydiphenyl ether (5d) (TCI), bis(4-carboxyphenyl) sulfone
(5e) (New Japan Chemicals Co.), 2,2-bis(4-
carboxyphenyl)hexafluoropropane (5f) (TCI), 1,4-
naphthalenedicarboxylic acid (5g) (Wako), and 2,6-
naphthalenedicarboxylic acid (5h) (TCI) were used as received.
Commercially obtained calcium chloride (CaCl2) (Wako) was dried
under vacuum at 180 °C for 8 h prior to use. Tetrabutylammonium
perchlorate (TBAP) (Acros) was dried in vacuo before use. All other
reagents were used as received from commercial sources.

2.2. Synthesis of (1-piperidinyl)TPA diamine monomer

2.2.1. 1-(4-Nitrophenyl)piperidine (1)
In a 250mL round-bottom flask equipped with a stirring bar, a mix-

ture of 12.8 g (0.15 mol) of piperidine, 21.2 g (0.15 mol) of 4-
fluoronitrobenzene, and 20.7 g (0.15 mol) of potassium carbonate
(K2CO3) in 100 mL of dimethyl sulfoxide (DMSO) was heated with stir-
ring at 120 °C for 20 h. After cooling, the mixture was poured into
400 mL mixed solution of ethanol/water (1:1). The yellow crystals
were collected by filtration with a yield of 30.0 g (97%) and a melting
point of 100–102 °C, measured by differential scanning calorimetry
(DSC) at a scan rate of 10 °C/min. IR (KBr):1577, 1329 cm−1 (\\NO2

str.). 1H NMR (500 MHz, DMSO-d6, δ, ppm): 8.02 (d, J = 9.5 Hz, 2H,
He), 6.98 (d, J = 9.5 Hz, 2H, Hd), 3.49 (t, J = 5.7 Hz, 4H, Hc), 1.63 (m,
2H, Ha), 1.57 (m, 4H, Hb). 13C NMR (125 MHz, DMSO-d6, δ, ppm):
154.5 (C4), 135.9 (C7), 125.8 (C6) 112.2 (C5), 47.5 (C3), 24.8 (C2), 23.8
(C1).

2.2.2. 4-(1-Piperidinyl)aniline (2)
In a 500 mL round-bottom flask, 28.3 g (0.14 mol) of nitro com-

pound 1, 0.2 g of 10 wt% Pd/C, 20 mL hydrazine monohydrate and
180 mL of ethanol was stirred at a reflux temperature for 10 h. The so-
lution was filtered hot to remove Pd/C, and the filtrate was evaporated
under reduced pressure to dryness. A deep purplish red liquid was ob-
tained. The product (2) was used for the next step without further puri-
fication. The yield was 18.1 g (75%). IR (KBr): 3429, 3346 cm−1 (\\NH2

str.). 1H NMR (500MHz, DMSO-d6, δ, ppm): 6.66 (d, J=8.8 Hz, 2H, He),
6.48 (d, J= 8.8 Hz, 2H, Hd), 4.49 (s, 2H,\\NH2), 2.84 (t, J= 5.4 Hz, 4H,
Hc), 1.59 (m, 4H, Hb), 1.45 (m, 2H, Ha). 13C NMR (125MHz, DMSO-d6, δ,
Please cite this article as: S.-H. Hsiao, et al., Triphenylamine-based redox
Enhanced electrochemical stability..., Reactive and Functional Polymers (2
ppm): 143.5 (C4), 141.9 (C7), 118.6 (C6), 114.7 (C5), 52.1 (C3), 25.8 (C2),
23.8 (C1).

2.2.3. 4,4′-Dinitro-4″-(1-piperidinyl)triphenylamine (3)
In a 250 mL round-bottom flask equipped with a stirring bar, a mix-

ture of 12.0 g (0.068 mol) of amino compound 2, 19.2 g (0.136 mol) of
4-fluoronitrobenzene, and 20.7 g (0.136 mol) of cesium fluoride (CsF)
in 100 mL of dimethyl sulfoxide (DMSO) was heated with stirring at
120 °C for 20 h. After cooling, the mixture was poured into 400 mL
mixed solution of ethanol/water (1:1), and the dark red precipitate
was collected by filtration. Recrystallization from DMF/H2O yielded
18.5 g of the desired dinitro compound (3) as red crystals in 65% yield.
[mp: 168–171 °C, measured by differential scanning calorimetry (DSC)
at a scan rate of 10 °C/min]. IR (KBr): 1579, 1340 cm−1 (\\NO2 str.).
1H NMR (500 MHz, DMSO-d6, δ, ppm): 8.15 (d, J = 9.2 Hz, 4H, Hg),
7.17 (d, J = 9.2 Hz, 4H, Hf), 7.07 (d, J = 9.0 Hz, 2H, He), 7.02 (d, J =
9.0 Hz, 2H, Hd), 3.20 (t, J = 5.6 Hz, 4H, Hc), 1.62 (m, 4H, Hb), 1.55 (m,
2H, Ha). 13C NMR (125 MHz, DMSO-d6, δ, ppm): 151.7 (C8), 150.3 (C4),
141.5 (C11), 134.1 (C7), 128.4 (C6), 125.4 (C10), 121.6 (C9), 116.7 (C5),
48.8 (C3), 25.1 (C2), 23.7 (C1).

2.2.4. 4,4′-Diamino-4″-(1-piperidinyl)triphenylamine (4)
In a 500 mL round-bottom flask, 10 g (0.024 mol) of dinitro com-

pound 3, 0.15 g of 10 wt% Pd/C, 8 mL hydrazine monohydrate and
100 mL of ethanol was stirred at a reflux temperature for 12 h. The so-
lution was filtered hot to remove Pd/C, and the filtrate was then cooled
to precipitate white needles. The product (4) was collected by filtration
and dried in vacuo at 70 °C to give 5.5 g (yield 73%) of diamine 4 as
white needles. [mp: 172–174 °C, measured by differential scanning cal-
orimetry (DSC) at a scan rate of 10 °C/min]. IR (KBr): 3338, 3291 cm−1

(\\NH2 str.). ANAL. Calculated for C23H26N4 (358.48): C, 77.06%; H,
7.31%; N, 15.63%. Found: C, 76.86%; H, 7.26%; N, 15.63%. 1H NMR
(500 MHz, DMSO-d6, δ, ppm): 6.74 (d, J = 9.1 Hz, 2H, Hd), 6.68 (d,
J = 8.6 Hz, 4H, Hf), 6.65 (d, J = 9.0 Hz, 2H, He), 6.49 (d, J = 8.7 Hz,
4H, Hg), 4.79 (s, 4H,\\NH2), 2.95 (t, J = 5.4 Hz, 4H, Hc), 1.59 (m, 4H,
Hb), 1.47 (m, 2H, Ha). 13C NMR (125 MHz, DMSO-d6, δ, ppm): 145.5
(C11), 144.02 (C8), 141.8 (C4), 137.5 (C7), 125.4 (C9), 120.8 (C6), 117.3
(C5), 114.7 (C10), 50.7 (C3), 25.5 (C2), 23.7 (C1).
-active aramids with 1-piperidinyl substituent as an auxiliary donor:
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Scheme 1. Synthetic route to the target diamine monomer 4: (a) p-fluoronitrobenzene, K2CO3, DMSO, 120 °C, 20 h; (b) hydrazine, Pd/C, EtOH, reflux, 10 h; (c) p-fluoronitrobenzene, CsF,
DMSO, 120 °C, 20 h; (d) hydrazine, Pd/C, EtOH, reflux, 12 h.
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2.3. Synthesis of polyamides

The synthesis of polyamide 6a is used as an example to illustrate the
general synthetic route used to produce the 6 series polyamides. A
50 mL round-bottom flask equipped with a magnetic stirrer was
charged with 0.5377 g (1.50 mmol) of diamine monomer 4, 0.2492 g
(1.50 mmol) of terephthalic acid (5a), 1.5 mL of TPP, 2 mL of NMP,
0.5 mL of pyridine, and 0.2 g of calcium chloride (CaCl2). The reaction
mixture was heated with stirring at 110 °C for 3 h. The resulting poly-
mer solutionwas poured slowly into 200mL of stirringmethanol giving
rise to a stringy, fiber-like precipitate that was collected by filtration,
washed thoroughly with hot water and methanol, and dried. IR (film):
3282 (amide N\\H stretch), 1653 cm−1 (amide C_O stretch). The
other polyamides were prepared by an analogous procedure.
2.4. Measurements

Infrared (IR) spectra were recorded on a Horiba FT-720 FT-IR spec-
trometer. Elemental analyseswere run in aHeraeusVario EL III CHNS el-
emental analyzer. 1H and 13C NMR spectra were measured on a Bruker
Scheme 2. Synthesis of
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AVANCE 500 FT-NMR system with tetramethylsilane as an internal
standard. The inherent viscosities were determined with a Cannon-
Fenske viscometer at 30 °C.Wide-angle X-ray diffraction (WAXD)mea-
surements were performed at room temperature (ca. 25 °C) on a
Shimadzu XRD-6000 X-ray diffractometer with a graphite monochro-
mator (operating at 40 kV and 30mA), using nickel-filtered Cu-Kα radi-
ation (λ = 1.5418 Å). The scanning rate was 2°/min over a range of
2θ = 10–40°. Thermogravimetric analysis (TGA) was performed with
a Perkin-Elmer Pyris 1 TGA. Experiments were carried out on approxi-
mately 4–6 mg of samples heated in flowing nitrogen or air (flow
rate = 40 cm3/min) at a heating rate of 20 °C/min. DSC analyses were
performed on a Perkin-Elmer Pyris 1 DSC at a scan rate of 20 °C/min
in flowing nitrogen. Thermomechanical analysis (TMA) was deter-
mined 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 with a
penetration probe 1.0 mm in diameter under an applied constant load
of 10 mN. Softening temperatures (Ts) were taken as the onset temper-
atures of probe displacement on the TMA traces. Electrochemistry was
performed with a CH Instruments 600c electrochemical analyzer. Volt-
ammograms are presented with the positive potential pointing to the
left and with increasing anodic currents pointing downwards. Cyclic
polyamides 6a–6h.

-active aramids with 1-piperidinyl substituent as an auxiliary donor:
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Table 2
Thermal properties of polyamidesa.

Polymer code Tg
b

(°C)
Ts

c

(°C)
Td at 5 wt%
lossd (°C)

Td at 10 wt%
lossd (°C)

Char yield
(%)e

In N2 In air In N2 In air

6a 287 (295)f 283 400 411 437 434 66
6b 281 (290) 278 435 432 476 478 72
6c 289 (302) 285 450 428 511 489 73
6d 274 (283) 273 439 448 486 511 69
6e 290 (296) 282 411 412 437 433 63
6f 284 (288) 283 474 465 535 512 63
6g 290 (295) 288 419 420 456 450 63
6h 297 (307) 295 422 435 455 489 71

a The polymer film samples were heated at 300 °C for 30 min prior to all the thermal
analyses.

b The samples were heated from 50 to 400 °C at a scan rate of 20 °C/min followed by
rapid cooling to 50 °C at−200 °C/min in nitrogen. The midpoint temperature of baseline
shift on the subsequent DSC trace (from 50 to 400 °C at heating rate 20 °C/min) was de-
fined as Tg.

c Softening temperature measured by TMA using a penetration method.
d Decomposition temperature at which a 5% or 10%weight losswas recorded by TGA at

a heating rate of 20 °C/min.
e Residual weight percentages at 800 °C under nitrogen flow.
f Values in parentheses are data of analogous polyamides 6′ having the corresponding

diacid residue as in the 6 series.

Table 1
Inherent viscosity and solubility behavior of polyamides.a, b

Polymer code ηinha

(dL/g)
Solubility in various solventsb

NMP DMAc DMF DMSO m-Cresol THF

6a 0.63 + + +h + +h −
6b 0.42 +h +h +h +h ± −
6c 0.90 +h +h +h + +h −
6d 0.72 + + +h + +h −
6e 0.55 + + + + +h −
6f 0.60 + + + + +h −
6g 0.61 + + + + +h −
6h 0.86 +h +h +h +h ± −

Solubility: +: soluble at room temperature; ±: partially soluble; +h: soluble on heating;
−: insoluble even on heating.
Solvents: NMP: N-methyl-2-pyrrolidone; DMAc: N,N-dimethylacetamide; DMF: N,N-
dimethylformamide; DMSO: dimethyl sulfoxide; THF: tetrahydrofuran.

a Inherent viscositymeasured at a concentration of 0.5 dL/g inDMAc— 5wt% LiCl at 30 °C.
b The solubility was determined with a 10 mg sample in 1 mL of a solvent.
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voltammetry was conducted with the use of a three-electrode cell in
which ITO (polymer films area about 0.8 cm × 1.25 cm) was used as a
working electrode. A platinum wire was used as an auxiliary electrode.
All cell potentials were takenwith the use of a home-made Ag/AgCl, KCl
(sat.) reference electrode. Ferrocene was used as an external reference
for calibration (+0.44 V vs. Ag/AgCl). Spectroelectrochemical and
electrochromic properties of the polymer films on ITO-glass were stud-
ied by a CH Instruments 600c electrochemical analyzer along with an
Agilent 8453 UV–Visible photodiode array spectrophotometer.

3. Results and discussion

3.1. Monomer synthesis

The new triphenylamine-based diamine monomer having a pendent
piperidinyl group, namely 4,4′-diamino-4″-(1-piperidinyl)triphenylamine
(4), was prepared by a four-step reaction sequence outlined in Scheme 1.
4-(1-Piperidinyl)aniline (2) was prepared by the condensation of piperi-
dine with 4-fluoronitrobenzene followed by hydrazine Pd/C-catalytic re-
duction of the intermediate compound 1-(4-nitrophenyl)piperidine (1).
The target diaminemonomer 4was successfully synthesized by the double
N-arylation reactions of compound 2 with 4-fluoronitrobenzene
and the subsequent catalytic reduction of the intermediate compound
Fig. 1. Typical IR spectrum of polyamide 6a.
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4,4′-dinitro-4″-(1-piperidinyl)triphenylamine (3) by means of hydrazine
and Pd/C catalyst. FT-IR, 1H NMR and 13C NMR spectroscopic techniques
were used to identify the structures of all the synthesized
compounds1–4. Fig. S1 (Supporting Information) shows the FT-IR spectra
of the synthesized compounds 1 to 4. The nitro groups of compounds 1 and
3 gave two characteristic bands at around 1580 and 1330–1340 cm−1

(\\NO2 asymmetric and symmetric stretching). After reduction, the
Fig. 2. TGA thermograms of polyamide 6fwith heating rate 20 °C/min.
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characteristic absorptions of the nitro group disappeared and the primary
amino group showed the typical N\\H stretching absorptions in the region
of 3200–3500 cm−1. The 1H and 13C NMR spectra of compounds 1 to 4 are
illustrated in Figs. S2 and S3, respectively. Assignments of each hydrogen
Fig. 3. CVdiagrams of (a) ferrocene and thefilms of polyamides (b) 6d and (c) 6d′ on an ITO-coa
was measured in two different potential ranges: 0–0.7 and 0–1.2 V.

Please cite this article as: S.-H. Hsiao, et al., Triphenylamine-based redox
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and carbon are assisted by the two-dimensional NMR spectra. The H\\H
COSY and C\\H COSY spectra of compound 4 are shown in Figs. S4 and
S5, respectively, and these spectra agree well with the proposedmolecular
structure of the targeted diamine monomer.
ted glass substrate inMeCNcontaining0.1MTBAP at a scan rate of 100mV/s. Polyamide 6d

-active aramids with 1-piperidinyl substituent as an auxiliary donor:
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3.2. Polymer synthesis

According to the phosphorylation technique described by Yamazaki
and co-workers [56], a series of novel TPA-based aramids, 6a–6h, with
1-piperidinyl para-substituted on the pendent phenyl ring were pre-
pared from the diamine 4 and various aromatic dicarboxylic diacids
(5a–5h) by the direct polycondensation reaction with triphenyl phos-
phate (TPP) and pyridine as condensing agents (Scheme 2). All the
polymerizations proceeded homogeneously throughout the reaction
and afforded clear, highly viscous polymer solutions. These polymers pre-
cipitated in a tough, fiber-like formwhen the resulting polymer solutions
were slowly poured with stirring into methanol. These polyamides were
obtained in almost quantitative yields, with ηinh values in the range of
0.42–0.90 dL/g, as summarized in Table 1. Structural features of these ar-
amids were verified by FTIR spectra based on characteristic absorption
bands observed around 3280 (amide N\\H stretching), 1650 (carbonyl
C_O stretching), 1270 (amine C\\N stretching). Fig. 1 illustrates a typical
FTIR spectrum of the representative polyamide 6a. All the polymers can
be solution-cast into flexible and tough films (see Fig. S6), and this is in-
dicative of the formation of high molecular weight polymers. For a com-
parative purpose, referenced polyamides 6a′–6h′ were prepared from
dicarboxylic acids 5a–5h and 4,4′-diaminotriphenylamine in a similar
synthetic procedure used for the 6 series polyamides.
Scheme 3. Proposed oxidation pathways of the (1-pip
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3.3. Properties of polymers

3.3.1. Solubility and film property
The solubility properties of polyamides 6a–6h in several organic sol-

vents at 10% (w/v) are summarized in Table 1. All the polyamides could
be dissolved in polar solvents such as NMP, DMAc, DMF, and DMSO
at room temperature or upon heating at 100 °C. This can be attrib-
uted in part to the incorporation of bulky, three-dimensional 4-
piperidinotriphenylamine groups, which retard dense chain pack-
ing and lead to a decreased interchain interaction. Therefore, the
good solubility makes these polymers potential candidates for solution
processing. All of the polymers could affordflexible and tough films, and
they were amorphous in nature as evidenced by wide-angle X-ray
diffraction (WAXD) patterns (Fig. S7).

3.3.2. Thermal properties
The thermal properties of polyamides were examined by DSC, TMA

and TGA. The thermal behavior data of all the polymers are summarized
in Table 2. The glass-transition temperatures (Tg) of the polyamides 6a–
6hwere observed in the range of 274–297 °C by DSC. The lower Tg value
of 6d can be explained in terms of theflexibility and low rotation barrier
of its diacid moiety. In most cases, the 6 series polyamides showed
slightly lower Tg values than those of the corresponding 6′ analogs
eridinyl)TPA segment in the 6 series polyamides.

-active aramids with 1-piperidinyl substituent as an auxiliary donor:
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Fig. 5. Optical switching for polyamide 6d at λmax = 805 nm as the applied voltage was
stepped between 0 and 0.75 V (vs. Ag/AgCl).

Table 3
Electrochemical properties of the polyamides.

Code Eonset (V)a E1/2 (V)b

(vs. Ag/AgCl)
Eg (eV)c HOMO

(eV)d
LUMO
(eV)e

Ox. 1 Ox. 2 Eonset E1/2 Eonset E1/2

6a 0.27 0.44 (0.87)f 0.82 2.70 4.70 4.80 2.00 2.10
6b 0.32 0.47 (0.85) 0.84 2.86 4.75 4.83 1.89 1.97
6c 0.29 0.47 (0.86) 0.86 2.76 4.72 4.83 1.96 2.07
6d 0.35 0.46 (0.86) 0.84 2.93 4.78 4.82 1.85 1.89
6e 0.30 0.48 (0.88) 0.85 2.62 4.73 4.84 2.11 2.22
6f 0.33 0.46 (0.88) 0.83 2.79 4.76 4.82 1.97 2.03
6g 0.34 0.49 (0.85) 0.84 2.92 4.77 4.85 1.85 1.93
6h 0.28 0.47 (0.85) 0.88 3.00 4.71 4.83 1.71 1.83

a Onset oxidation potentials from cyclic voltammograms.
b Oxidation half-wave potentials from cyclic voltammograms.
c Energy band gap calculated from absorption edge of the polymer film according to the

following equation: Eg = 1240/λabs,onset.
d The HOMO energy levels were calculated from Eonset or E1/2 values and were refer-

enced to ferrocene (4.8 eV).
e LUMO = HOMO − Eg.
f Values in parentheses are data of the parent polyamides 6′ having the corresponding

diacid residue as in the 6 series.
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without the piperidinyl substituent. This result might be attributed to
the internal plasticization effect of the piperidinyl substituent in the 6
series polyamides. The softening temperatures (Ts) of the polymer
films were determined with TMA by the penetration method. The Ts
value was read from the onset temperature of the probe displacement
on the TMA curve. The Ts values of the polyamides are in the range of
Fig. 4. Spectral change of 6d thin film on the ITO-coated glass substrate (in MeCNwith 0.1 M TB
(●), 0.60 (▲), 0.65 (▼), 0.75 (◆), 0.95 (□), 1.00 (○), 1.05 (△), 1.15 (▽), and 1.20 (◇) vs. Ag/A
applied voltages. (For interpretation of the references to color in this figure legend, the reader

Please cite this article as: S.-H. Hsiao, et al., Triphenylamine-based redox
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273–295 °C (see Table 2). As can be seen, in all cases, the Ts values of
the polyamides obtained by TMA are comparable to the Tg values ob-
tained by the DSC experiments. The thermal stability of polyamides
was evaluated by TGA in both air and nitrogen atmospheres. Typical
TGA curves for polyamide 6f are shown in Fig. 2. The decomposition
temperatures (Td) at 5% and 10%weight losses in nitrogen and air atmo-
sphere taken from the original TGA thermogram are list in Table 2. All of
the polymers exhibited good thermal stability; the Tds of polyamides
6a–6h at a 10%weight loss were in the range of 437–535 °C in nitrogen
and 433–512 °C in air, respectively. The amount of carbonized residue
(char yield) at 800 °C in nitrogen for the aromatic polyamides was in
the range of 63 to 73 wt%. The high char yields of these polyamides
can be attributed to their high aromatic content.

3.3.3. Electrochemical properties
The electrochemical properties of the polyamides were investigated

by cyclic voltammetry (CV) conducted for the cast film on an ITO-coated
AP as the supporting electrolyte) alongwith increasing of the applied voltage: 0 (■), 0.50
gCl couple as reference. The inset shows the photographic images of the film at indicated
is referred to the web version of this article.)
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Fig. 6. (a) Potential step absorptiometry and (b) current consumption of the polyamide 6d
film on to the ITO-coated glass substrate (coated area ~1 cm2) during the continuous
cycling test by switching potentials between 0 and 0.75 V (vs. Ag/AgCl) with a cycle
time of 4 s.
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glass slide as working electrode in anhydrous acetonitrile (MeCN),
using 0.1 M of TBAP as supporting electrolyte. Typical CV diagrams for
polyamides 6d and 6d′ are illustrated in Fig. 3. There are two reversible
oxidation redox couples at E1/2=0.46 and 0.84 V, respectively, for poly-
amide 6d and one reversible oxidation redox couple at E1/2 = 0.86 V for
polyamide 6d′ in the oxidative scan. Polyamide 6d revealed a relatively
lower onset oxidation potential (Eonset= 0.30 V) in comparisonwith its
parent analog 6d′ (Eonset = 0.72 V). This indicates that the first oxida-
tion wave in the CV diagram of polyamide 6d is associated with its
piperidinyl groups. It was also found that the 6d film changed color
from the pale yellowish neutral state to green and then to deep blue ox-
idation states. The oxidative and electrochromic reversibility of the
polyamide 6d is maintained on repeated scanning between 0 and
1.2 V (vs. Ag/AgCl). This result confirms that para-substitution of the
piperidinyl group on the TPA unit lends considerable stability to both
the cation radical and dication quinonediimine species, as shown in
Scheme 3. The other polyamides showed similar CV diagrams to that
of 6d. The redox potentials of the polyamides as well as their respective
HOMO and LUMO energy levels (vs. vacuum) are shown in Table 3. The
external ferrocene/ferrocenium (Fc/Fc+) redox standard E1/2 (Fc/Fc+)
and Eonset (Fc/Fc+) was 0.44 V and 0.37 V vs. Ag/AgCl in MeCN. Under
the assumption that the HOMO energy level for the ferrocene standard
was 4.80 eVwith respect to the zero vacuum level, theHOMOenergy for
polyamides 6a–6hwere evaluated to be 4.80–4.85 eV and 4.70–4.78 eV
Table 4
Coloration efficiency of polyamide 6d.

Cyclesa ΔOD805
b Q (mC/cm2)c η (cm2/C)d Decay (%)e

1 0.179 0.712 251 0
50 0.185 0.750 247 1.6
100 0.179 0.724 247 1.6
150 0.178 0.726 245 2.3
200 0.175 0.718 244 2.8
250 0.175 0.722 242 3.6
300 0.177 0.731 242 3.6
350 0.176 0.739 238 5.2
400 0.167 0.703 238 5.2
450 0.161 0.679 237 5.6
500 0.157 0.670 234 6.8

a Switch cycles between potential steps: 0.00 ↔ 0.75 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.
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calculated from E1/2 and Eonset, respectively. The lower ionization poten-
tial could suggest an easier hole injection into films from ITO electrodes
in electronic device applications.
3.3.4. Electro-optical and electrochromic properties
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–vis-
ible 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 con-
trol in a 0.1 M TBAP/MeCN solution. The result of the polyamide 6d film
is presented in Fig. 4 as a series of UV–vis absorbance curves correlated
to electrode potentials. In the neutral form, at 0 V, the film exhibited
strong absorption at wavelength around 344 nm, characteristic for
TPA, but it was almost transparent in the visible region. Upon oxidation
of the polyamide 6d film (increasing applied voltage from 0 to 0.75 V),
the intensity of the absorption peak at 344 nm gradually decreased
while a new peak at 402 nm and a broad band having its maximum ab-
sorption wavelength at 805 nm gradually increased in intensity. We at-
tribute this spectral change to the formation of a stable monocation
radical of the (1-piperidinyl)TPA moiety. The absorption band in the
near infrared (NIR) region can be attributed to an intervalence charge-
transfer (IV-CT) between states in which the positive charge is centered
at different amino centers (piperidinyl and TPAunits) [57,58]. As the ap-
plied potential became more anodic to 1.20 V, the absorption bands of
the cation radical decreased gradually in intensity, with the formation
of a new strong absorption band centered at around 636 nm and
862 nm. This spectral change can be attributable to the formation of a
dication in the (1-piperidinyl)TPA segment of the polyamide. The ob-
served UV–vis absorption changes in the film of 6d at various potentials
are fully reversible and are associated with strong color changes; in-
deed, they even can be seen readily by the naked eye. From the inset
shown in Fig. 4, it can be seen that the film of 6d switches from a trans-
missive neutral state (pale yellow) to a highly absorbing semi-oxidized
state (green) and a fully oxidized state (deep blue). The film colorations
are distributed homogeneously across the polymer film and survive for
more than hundreds of redox cycles. The polyamide 6d shows good
contrast in the visible region, with a very high optical transmittance
change (Δ%T) of 83% at λmax = 636 nm.

For optical switching studies, polymer filmswere cast on ITO-coated
glass slides in the same manner as described above, and each film was
potential stepped between its neutral (0 V) and first oxidized
(+0.50 V) state. While the films were switched, the absorbance at
805 nmwas monitored as a function of timewith UV–vis-NIR spectros-
copy. Switching data for the castfilm of polyamide 6d are given in Fig. 5.
The switching timewas 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 two seconds) be-
tween the highly transmissive neutral state and the colored oxi-
dized state. Thin film of polyamide 6d required only 1.7 s at 0.75 V
for coloring and 0.9 s for bleaching, reflecting the different reaction
rates between the neutral and oxidized forms of the film of 6d. As
shown in Fig. 6, 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 6d are summarized in Table 4. The
electrochromic film of 6d was found to exhibit high coloration effi-
ciencies up to 251 cm2/C at 805 nm, and to retain near 93% of its op-
tical response after 500 coloring/bleaching cycles. Therefore, the
electrochromic switching behavior appears to be a highly reversible
process.
-active aramids with 1-piperidinyl substituent as an auxiliary donor:
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4. Conclusions

A new TPA-based aromatic diamine monomer, 4,4′-diamino-4″-(1-
piperidinyl)triphenylamine, was successfully synthesized in high purity
and good yield. Novel (1-piperidinyl)TPA-functionalized aromatic poly-
amides have been readily prepared from the newly synthesized di-
amine monomer with various aromatic dicarboxylic acids via the
phosphorylation polyamidation reaction. All the polymers were amor-
phous with good solubility in many polar aprotic solvents and could
be solution-cast into flexible and tough films with high thermal stabili-
ty. Incorporating the piperidinyl substituent on the TPA unit greatly
lowered the oxidation potentials of the polyamides. These polymers
also revealed multi-color electrochromic behavior, high coloration effi-
ciency, good electrochromic reversibility and rapid switching times.
Thus, these characteristics suggest that these new aramids have great
potential for use in optoelectronics applications.
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