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ABSTRACT: A new carbazole-derived, triphenylamine (TPA)-
containing aromatic dicarboxylic acid monomer, 4,4'-dicar-
boxy-4"-(3,6-di-tert-butylcarbazol-9-yl)TPA, was synthesized,
and it led to a series of electroactive aromatic polyamides
with main-chain TPA and pendent 3,6-bis(tert-butyl)carbazole
units by reacting it with various aromatic diamines via the
phosphorylation polyamidation technique. The polyamides
were amorphous with good solubility in many organic sol-
vents and could be solution-cast into flexible and strong
films. They showed high glass-transition temperatures (282-
335 °C) and high thermal stability (10% weight loss tempera-
tures >480 °C). The electroactive polymer films had
well-defined and reversible redox couples with good cycle

stability in acetonitrile solutions. The polymer films also
exhibited fluorescent and multielectrochromic behaviors. The
anodically electrochromic polyamide films had moderate col-
oration efficiency (~100 cm?C) and high optical contrast ra-
tio of transmittance change (A%T) up to 47% at 813 nm
and 48% at 414 nm for the green coloring. After hundreds
of cyclic switches, the polymer films still retained good re-
dox and electrochromic activity. © 2010 Wiley Periodicals,
Inc. J Polym Sci Part A: Polym Chem 48: 4775-4789, 2010

KEYWORDS: carbazole; electrochemistry; electrochromism; fluo-
rescence; polyamides; redox polymers; spectroelectrochemis-
try; triphenylamine

INTRODUCTION Electrochromism is defined as a reversible
and visible change in the transmittance and/or reflectance of
a material as the result of electrochemical oxidation or
reduction. This is an intriguing phenomenon for which
there might be a wide range of applications, including optical
switching devices, color displays, smart windows, sensors,
memory elements, and camouflage materials.”> The property
of electrochromism is not unique to conducting polymers,
but is found in a variety of organic and inorganic materials.®
Significant effort has been put forth on electrochromic de-
vices based on inorganic electrochromic systems such as tung-
sten oxide (WO3) and nickel oxide (NiO or Ni»03).* n-Conju-
gated organic polymers present improved processability and
better color tunability than their inorganic and molecular
counterparts.” Electrochemical switching in conjugated poly-
mers, providing electrochromism, is a phenomenon possible
to achieve in robust device architectures operated at low
voltages. Considerable effort in the Reynolds group has
been focused on the understanding and the tailoring of
electrochromic properties in conjugated polymers such as
poly(3,4-alkylenedioxythiophene)s® and poly(3,4-alkylene-
dioxypyrrole)s.” Many conjugated polymer systems exhibit-
ing attractive electrochromic performance have also been
explored by other research teams.® The electroactive and

conjugated polymers generally demonstrated superior elec-
trochromic properties, such as a fast switching capability,
high contrast ratio, high coloration efficiency (CE), and good
long-term stability. Despite the attractive electrochromic per-
formance of many conjugated polymers, most of them were
prepared by electrochemical polymerization and in some
cases were insoluble after deposition on the electrode sur-
face, which may hamper their applications for large area
devices. In addition, long-term stability of conjugated poly-
mers remains a problem. For example, poly(3,4-ethylenedi-
oxythiophene) degrades over time if exposed to light or heat.
Therefore, there remains a great need to develop polymeric
electrochromics with useful electrochromic properties as well
as good processability and high thermal stability.

Wholly aromatic polyamides (aramids) are considered to be
high-performance polymers because of their outstanding ther-
mal and mechanical properties.” A major problem with ara-
mids having high softening temperatures (particularly those
prepared with p-phenylene units) is their low solubility and
resultant difficulty in fabrication. One approach to solving this
has been the incorporation of bulky groups in the main chain
or as the pendent groups.'® There is continuously a huge effort
directed toward expanding the application of the aromatic
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polyamides as optically active materials, luminescent and elec-
troactive films, gas or ion-exchange membranes, etc., by incor-
porating new chemical functionalities in the polyamide back-
bone or lateral structure.'*

Triarylamine derivatives are well-known for their electroactive
and photoactive properties that may find optoelectronic applica-
tions as photoconductors, hole-transporters, and light-emit-
ters.'? Polymers bearing triarylamine units are receiving consid-
erable interest as ideal hole-transporting materials in various
optoelectronic device applications such as organic light-emitting
diodes (OLEDs) because of the strong electron-donating and
hole-transporting/injecting properties of triarylamine units.'?
Triarylamines can be easily oxidized to form stable radical cati-
ons, and the oxidation process is always associated with a strong
change of coloration."* In recent years, we have initiated a pro-
gram aimed at the design and synthesis of high-performance
polymers (typically, aromatic polyamides and polyimides) carry-
ing the triarylamine unit as an electrochromic functional moi-
ety.!® The obtained polymers possessed characteristically high
molecular weights and high thermal stability. Because of the
incorporation of packing-disruptive, propeller-shaped triaryl-
amine units along the polymer backbone, most of these poly-
mers exhibited good solubility in polar organic solvents and
could be easily solvent cast into morphologically stable films.

Carbazole is also a well-known hole-transporting and light-
emitting unit. Carbazole could be easily functionalized at its
3,6-, 2,7-, or N-positions and then covalently linked to poly-
meric systems, both in the main chain as building blocks and
in a side chain as pending groups.'® Polymers containing car-
bazole moieties in the main chain or side chain have attracted
much attention because of their unique properties, which
allow various optoelectronic applications such as photocon-
ductive, electroluminescent, electrochromic, and photorefrac-
tive materials.)” In a previous publication, > we have
reported on the polyamides bearing main-chain triphenyl-
amine (TPA) and pendent carbazole units from the dicarbox-
ylic acid monomer 4,4'-dicarboxy-4"-N-carbazolyltriphenyl-
amine. The polyamides could afford amorphous and high-T,
films with useful mechanical properties (e.g., flexibility). They
also reveal good redox stability for the first oxidation state,
and the oxidation process is accompanied with a noticeable
change of the coloration. However, the second oxidation pro-
cess of these polymers is not reversible, possibly because of
the electrochemical coupling of carbazoles through the active
C-3 and C-6 sites. It has been demonstrated that introduction
of bulky groups on the electrochemically active sites (C-3 and
C-6) of carbazole leads to enhanced electrochemical and mor-
phological stability.'® In this article, a molecular-design strat-
egy to retain the useful properties of such polymers while
enhancing the redox stability by substitution of the C-3 and C-
6 positions of the carbazole unit with bulky tert-butyl groups
is reported. Thus, a novel carbazole-derived, TPA-containing
dicarboxylic acid monomer 5 was synthesized, and it led to a
series of novel aromatic polyamides with main-chain TPA and
pendent 3,6-bis(tert-butyl)carbazole units. The tert-butyl
groups are expected to increase the solubility and to give extra
electrochemical stability of the resulting polymers.
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EXPERIMENTAL

Materials

As reported previously,'* 4,4'-dicarboxy-4"-N-carbazolyltriphe-
nylamine was synthesized by alkaline hydrolysis of 4,4'-dicyano-
4”-N-carbazolyltriphenylamine resulting from the nucleophilic
aromatic substitution reaction of p-fluorobenzonitrile with the
amide ion of N-(4-aminophenyl)carbazole formed in situ by the
treatment with sodium hydride (NaH). According to a previously
published procedure,'®  2-trifluoromethyl-4,4'-diaminodiphenyl
ether (6¢c; mp: 112-113 °C) was synthesized by the nucleophilic
chloro-displacement reaction of 2-chloro-5-nitrobenzotrifluoride
with 4-nitrophenol in the presence of potassium carbonate, fol-
lowed by the hydrazine Pd/C-catalyzed reduction of the interme-
diate dinitro compound. 4,4'-Diamino-4"-tert-butyltriphenylamine
(6e; mp: 113-115 °C) was synthesized by the cesium fluoride-
mediated condensation of 4-tert-butylaniline with p-fluoronitro-
benzene, followed by a palladium-catalyzed hydrazine reduc-
tion.*>® The other aromatic diamines such as p-phenylenediamine
(6a), 4,4'-diaminodiphenyl ether (6b), and 9,9-bis(4-aminophe-
nyl)fluorene (6d) were supplied from TCI (Tokyo Chemical Indus-
try) and used without further purification. NMP was dried over
calcium hydride for 24 h, distilled under reduced pressure, and
stored over 4 A molecular sieves in a sealed bottle. Commercially
obtained calcium chloride (CaCl,) was dried under vacuum at 180
°C for 8 h prior to use. Tetrabutylammonium perchlorate, Bu,N-
Cl04, was recrystallized from ethyl acetate under nitrogen atmos-
phere and then dried in vacuo prior to use. All other reagents and
solvents were used as received from commercial sources.

Monomer Synthesis

9-(4-Nitrophenyl)carbazole (1)

According to the synthesis procedure reported previously,
Compound 1 (mp: 208-209 °C) was prepared by nucleo-
philic fluoro-displacement reaction of p-fluoronitrobenzene
with carbazole in the presence of cesium fluoride (CsF).

IR (KBr): 1594, 1326 cm ' (NO, stretch). 'H NMR (DMSO-
de, 6, ppm): 7.36 (t, 2H, H,), 7.48 (t, 2H, Hy), 7.56 (d, 2H,
Ho), 7.98 (d, 2H, H,), 8.28 (d, 2H, Hp), 8.50 (d, 2H, H,). °C
NMR (DMSO-de, 6, ppm): 109.8 (C®), 120.6 (C?), 121.0 (C?),
123.4 (€9, 125.6 (C?), 126.6 (C7), 126.9 (C3), 139.2 (C%),
142.9 (CY), 145.4 (C*). The IR, 'H NMR, and *C NMR spectra
of compound 1 are illustrated in the Supporting Information
(see Supporting Information Figs. S1 and S2).

15c¢

3,6-Di-tert-butyl-9-(4-nitrophenyl)carbazole (2)
To a solution of Compound 1 (14.4 g 0.05 mol) in
140 mL of tert-butyl chloride, anhydrous AlCl; (0.8 g;
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0.006 mol) was added slowly with stirring in four por-
tions over a 30-min period. After the addition, the solu-
tion became dense and a large amount of hydrochloric
acid was liberated. The solution was stirred vigorously at
room temperature for 24 h. Then, cold water was added
to decompose trace AlCl3 The solid precipitated from the
solution was collected by filtration and washed thor-
oughly with water. Recrystallization from DMF yielded 16
g (86% in yield) of nitro compound 2 as yellow needles
with mp = 236-237 °C (ref. 20: 234-235 °C) measured
by DSC at 10 °C/min.

IR (KBr): 2952 cm™* (t-butyl C-H stretch), 1592, 1336 cm ™!
(NO, stretch). '"H NMR (500 MHz, DMSO-d,, 6, ppm): 1.40 (s,
18H, Hy), 749 (d, /] = 8.7 Hz, 2H, H,), 7.52 (d, ] = 8.7 Hz,
2H, H.), 7.96 (d, ] = 8.9 Hz, 2H, H}), 8.33 (s, 2H, H,), 8.48 (d,
J = 9.0 Hz, 2H, H,). 3C NMR (125 MHz, DMSO-ds, d, ppm):
31.64 (C'%), 34.47 (C'Y), 109.30 (C®), 116.88 (C”), 123.60
(C®), 123.97 (C7), 12549 (C3), 126.21 (C?), 137.50 (C®),
143.68 (C'), 144.86 (C'), 150.91 (C*. The IR, 'H NMR,
and C NMR spectra of Compound 2 are shown in the Sup-
porting Information (see Supporting Information Figs. S1
and S3).

3,6-Di-tert-butyl-9-(4-aminophenyl)carbazole (3)

In a 1 L round-bottom flask equipped with a stirring bar,
8.0 g (0.02 mol) of Compound 2 and 0.2 g of 10% Pd/C
were dissolved/suspended in 800 mL of ethanol. The sus-
pension solution was heated to reflux, and 6 mL of hydra-
zine monohydrate was added slowly to the mixture, then
the solution was stirred at reflux temperature. After a fur-
ther 9 h of reflux, the solution was filtered hot to remove
Pd/C, and the filtrate was then cooled to precipitate a gray-
colored product. The product was collected by filtration and
dried in vacuo at 80 °C to give 6.0 g (81% in yield) of gray-
colored crystals with a mp of 223-224 °C measured by DSC
at 2 °C/min.

IR (KBr): 3442, 3336 cm™' (N-H stretch). '"H NMR (500
MHz, DMSO-ds, 3, ppm): 1.41 (s, 18H, Hy), 537 (s, 2H, -
NH,), 6.78 (d, 2H, H,), 7.15-7.17 (m, 4H, H, + H.), 7.43 (d,
2H, Hy), 8.22 (s, 2H, H,). 3C NMR (125 MHz, DMSO-d,, 6,
ppm): 31.8 (C'%), 34.3 (C'"), 108.9 (C%), 114.6 (C°), 116.3
(€9, 122.1 (C?), 123.3 (C7), 125.0 (C¥), 127.4 (C*), 139.3
(C%), 141.6 (C*), 148.1 (CY). The IR, 'H NMR, and *3C NMR
spectra of Compound 3 are included in the Supporting Infor-
mation (see Supporting Information Figs. S1 and S4).
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4,4 -Dicyano-4"-(3,6-di-tert-butylcarbazol-9-yl) TPA (4)

In a 250-mL three-neck round-bottom flask equipped with a
stirring bar, a mixture of 14.8 g (0.042 mol) of Compound 3,
10.2 g (0.084 mol) of p-fluorobenzonitrile, 12.8 g (0.084 mol)
of CsF, and 4.4 g (0.017 mol) of 18-crown-6 in 80 mL of dry
DMSO was heated with stirring at 150 °C for 24 h under nitro-
gen atmosphere. After cooling, the reaction mixture was poured
into 300 mL of stirred methanol slowly, and the crude product
was collected by filtration and then recrystallized from DMF/
methanol to give yellowish needles (11.6 g, 48% yield) with an
mp of 341-343 °C (by DSC at a scan rate of 2 °C/min).

IR (KBr): 2952 cm™* (t-butyl C-H stretch), 2217 cm™~* (C=N). 'H
NMR (500 MHz, DMSO-dg, , ppm): 1.50 (s, 18H, Hy), 7.24 (d, ] =
8.7 Hz, 4H, H,), 7.35 (d, / = 8.6 Hz, 2H, H,), 7.43 (d, ] = 8.6 Hz,
2H, H,), 7.54 (d, ] = 8.7 Hz, 2H, Hp), 7.61 (d, ] = 89 Hz, 2H, Hy),
7.62 (d, ] = 8.6 Hz, 4H, H,), 817 (s, 2H, H,). °*C NMR (125 MHz,
DMSO-d, 6, ppm): 31.96 (C'*), 34.73 (C*%), 106.33 (CY), 109.03
(€19, 11638 (C*°), 118.75 (-CN), 123.18 (C%), 123.57 (C'Y,
123.69 (C'®), 127.73 (C®), 128.07 (C7), 133.71(C?), 136.20 (C®),
138.87 (C'%), 143.27 (C%), 143.33 (C°%), 150.06 (C*). The IR, 'H
NMR, and *3C NMR spectra of Compound 4 can be seen in the
Supporting Information (Supporting Information Figs. S1 and S5).

4,4'-Dicarboxy-4"-(3,6-di-tert-butylcarbazol-9-yl) TPA (5)

A mixture of 12 g of potassium hydroxide and 4.5 g of the
dinitrile compound 4 in 150 mL ethanol and 50 mL of dis-
tilled water was stirred at about 100 °C until no further am-
monia was generated. The time taken to reach this stage was
about a week. The solution was cooled, and the pH value
was adjusted by hydrochloric acid to near 3. The yellowish
precipitate was filtered, washed thoroughly with water, and
recrystallized from acetic acid to afford 4.0 g (86% in yield)
of yellow crystals with mp of 364-366 °C (by DSC at a scan
rate of 2 °C/min).
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IR (KBr): 2400-3400 cm™ ' (0-H), 2952 cm™* (t-butyl C-H
stretch), 1687 (C=O0 stretch). "H NMR [500 MHz, DMSO-dj,
J, ppm; for the peak assignments, see Fig. 1(a)]: 1.40 (s,
18H, Hy), 7.19 (d, ] = 7.6 Hz, 4H, H,), 7.35 (d, ] = 8.4 Hz,
2H, H,), 7.38 (d, ] = 8.5 Hz, 2H, H,), 7.48 (d, ] = 8.7 Hz, 2H,
Hp), 7.62 (d, ] = 8.7 Hz, 2H, Hy), 7.93 (d, ] = 8.8 Hz, 4H, H,),
8.28 (s, 2H, H,). '*C NMR [125 MHz, DMSO-ds, J, ppm; for
the peak assignments, see Fig. 1(b)]: 31.72 (C'*), 34.39
(€, 109.10 (C'%), 116.55 (C**), 122.79 (C*), 122.99 (C'9),
123.57 (€'Y, 125.00 (CY), 127.11 (C®), 127.58 (C7), 131.04
(C», 134.00 (C®), 13836 (C'?), 142.50 (C°), 144.09 (C),
150.17 (C*), 166.70 (-COOH).

HOOC\©\ COOH
L)

2 a

s 4N %

Polymer Synthesis

The synthesis of polyamide 7a was used as an example to
illustrate the general synthetic route. A mixture of 0.489 g
(0.8 mmol) of dicarboxylic acid monomer 5, 0.086 g (0.8
mmol) of p-phenylenediamine (6a), 0.15 g of anhydrous cal-
cium chloride, 0.8 mL of triphenyl phosphite (TPP), 0.2 mL
of pyridine, and 1.0 mL of NMP was heated with stirring at
120 °C for 3 h. The resulting viscous solution was poured
slowly with stirring into 150 mL of methanol, giving rise to
a tough, fibrous precipitate. The precipitated product was
collected by filtration, washed repeatedly with methanol and
hot water, and dried to give a quantitative yield of polyamide
7a. The inherent viscosity of the polymer was 0.61 dL/g,
measured in dimethylacetamide (DMAc; containing 5 wt %
LiCl) at a concentration of 0.5 g/dL at 30 °C. The IR spec-
trum of 7a (film) exhibited characteristic amide absorption
bands at 3300 cm™' (amide N-H stretch) and 1653 cm™*
(amide carbonyl stretch).

'H NMR (500 MHz, DMSO-dg, J, ppm; for the peak assign-
ments, see Fig. 2): 1.43 (s, 18H, Hp), 7.28 (d, 4H, Hp), 7.39
(d, 4H, Hc + H.), 7.50 (d, 2H, Hp), 7.65 (d, 2H, Hgy), 7.75
(s, 4H, H)), 8.00 (d, 4H, Hg), 8.29 (s, 2H, Hg), 10.19 (s, 1H,
amide).

Preparation of the Polyamide Films

A solution of the polymer was made by dissolving about 0.6
g of the polyamide sample in 10 mL of DMAc. The homoge-
neous solution was poured into a 7-cm glass Petri dish,
which was placed in a 90 °C oven overnight to remove most
of the solvent. The cast film was then released from the glass
substrate and was further dried in vacuo at 160 °C for 8 h.
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FIGURE 1 (a) "H NMR and (b) "*C NMR spectra of the dicarbox-
ylic acid monomer 5 in DMSO-ds.

The obtained films were about 50-60 um thick and were
used for X-ray diffraction measurements, solubility tests, and
thermal analyses.

Measurements

IR spectra were recorded on a Horiba FT-720 FTIR spec-
trometer. Elemental analyses were run in a Heraeus VarioEL
Il CHNS elemental analyzer. 'H and *C NMR spectra were
measured on a Bruker Avance 500 FT-NMR system with TMS
as an internal standard. The inherent viscosities were deter-
mined with a Cannon-Fenske viscometer at 30 °C. Weight-
average molecular weights (M,,) and number-average molec-
ular weights (M,) were obtained via GPC on the basis of
polystyrene calibration using Waters 2410 as an apparatus
and THF as the eluent. Wide-angle X-ray diffraction
(WAXD) measurements were performed at room tempera-
ture (~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 Ko radiation (2 = 1.5418 A).
The scanning rate was 2°/min over a range of 20 = 10-40°.
TGA was performed with a Perkin-Elmer Pyris 1 TGA.
Experiments were carried out on ~4-6 mg of samples
heated in flowing nitrogen or air (flow rate = 40 cm®/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. TMA was determined with a Perkin-
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FIGURE 2 (a) "H NMR spectrum and (b) aromatic portion of the
"H-"H COSY spectrum of polyamide 7a in DMSO-d.
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Elmer TMA 7 instrument. The TMA experiments were car-
ried out from 50 to 400 °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 temperatures of probe displacement on
the TMA traces. UV-vis spectra of the polymer films were
recorded on an Agilent 8453 UV-Visible spectrometer. PL
spectra were measured with a Varian Cary Eclipse fluores-
cence spectrophotometer. Fluorescence quantum yields (®r)
values of the samples in NMP were measured by using qui-
nine sulfate in 1 N H,SO, as a reference standard (Or =
54.6%).2 Electrochemistry was performed with a CHI 750A
electrochemical analyzer. CV was conducted with the use of a
three-electrode cell in which indium tin oxide (ITO; polymer
films area about 0.8 cm x 1.25 cm) was used as a working
electrode. A platinum wire was used as an auxiliary elec-
trode. All cell potentials were taken with the use of a home-
made Ag/AgCl, KCl (sat.) reference electrode. Ferrocene was
used as an external reference for calibration (+0.48 V vs.
Ag/AgCl). Voltammograms are presented with the positive
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potential pointing to the left and with increasing anodic cur-
rents pointing downwards. Spectroelectrochemistry analyses
were carried out with an electrolytic cell, which was com-
posed of a 1-cm cuvette, ITO as a working electrode, a plati-
num wire as an auxiliary electrode, and a Ag/AgCl reference
electrode. Absorption spectra in the spectroelectrochemical
experiments were measured with an Agilent 8453 UV-Visible
diode array spectrophotometer. Color measurements were
performed by using Konica Minolta CS-200 ChromaMeter
with viewing geometry as recommended by Commision
Internationale de I'Eclairage.

RESULTS AND DISCUSSION

Monomer Synthesis

The new dicarboxylic acid monomer, 4,4’-dicarboxy-4"-(3,6-
di-tert-butylcarbazol-9-yl)TPA (5), was synthesized by a five-
step reaction sequence as shown in Scheme 1. In the first
step, the intermediate compound, N-(4-nitrophenyl)carbazole
(1) was synthesized by nucleophilic aromatic fluoro-displace-
ment reaction of p-fluoronitrobenzene with carbazole in the
presence of CsF.'*° Friedel-Crafts alkylation of Compound 1
with tert-butyl chloride in the presence of aluminum chlo-
ride gave 3,6-di-tert-butyl-9-(4-nitrophenyl)carbazole (2),
which was subsequently reduced by Pd/C and hydrazine to
3,6-di-tert-butyl-9-(4-aminophenyl)carbazole (3). The synthe-
sis procedure of Compound 3 is similar to that used by Zhu
and Moore?? and Chen et al,?® but with a different reducing
condition. The synthesis of 3 also can be carried out by a
different reaction sequence as reported by Koyuncu et al.®®
The target dicarboxylic acid monomer 5 was successfully
synthesized by alkaline hydrolysis of the dinitrile compound
4 resulting from the CsF-assisted N,N-diarylation of com-
pound 3 with two equivalent amount of p-fluorobenzonitrile.
The structures of all the synthesized compounds were con-
firmed by IR and NMR analyses. The FTIR spectra of inter-
mediate compounds 1-4 and the target dicarboxylic acid
monomer 5 can be seen in the Supporting Information (see
Supporting Information Fig. S1). The nitro groups of Com-
pounds 1 and 2 gave two characteristic bands at around
1594 and 1326 cm™' (-NO, asymmetric and symmetric
stretching). After Friedel-Crafts alkylation, the IR spectrum
of Compound 2 gave aliphatic C-H stretching absorption
around 2952 cm™! (t-butyl C-H stretch). After reduction, the
characteristic absorptions of the nitro group disappeared
and the amino group showed the typical N-H stretching
absorption pair in the region of 3300-3500 cem~ ! as shown
in the IR spectrum of Compound 3. The IR spectrum of Com-
pound 4 shows characteristic cyano peak at 2225 cm™ . Af-
ter hydrolysis, the characteristic absorption of the cyano
group disappeared and the carboxylic acid group showed a
typical carbonyl absorption band at 1687 cm™' (C=0
stretching) together with the appearance of broad band
around 2400-3400 cm ™! (O-H stretching). The 'H NMR and
13C NMR spectra included in the Supporting Information
(Supporting Information Figs. S2-S5) confirm the structures
of precursor compounds 1-4. Figure 1 illustrates the 'H
NMR and **C NMR spectra of dicarboxylic acid monomer 5.
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SCHEME 1 Synthesis route to target dicarboxylic acid monomer 5.

Assignments of each carbon and proton are assisted by the
2D NMR spectra shown in the Supporting Information (Sup-
porting Information Figs. S6 and S7), and the spectra agree
well with the proposed molecular structures of 4 and 5. The
13C NMR spectra confirm that the cyano groups were com-
pletely converted into the carboxyl groups by the disappear-
ance of the resonance peak for the cyano carbon at 118.7
ppm and by the appearance of the carbonyl peak at 166.7
ppm. Other important evidence of this change is the shifting
of the carbon resonance signals of C-1 adjacent to the cyano
or carboxyl group. The C-1 carbons of dinitrile compound 4
resonated at a higher field (106.3 ppm) than the other aro-
matic carbons because of the anisotropic shielding by the =
electrons of C=N. After hydrolysis, the resonance peak of C-
1 shifted to a lower field (125.0 ppm) because of lacking of
the anisotropic shielding field. In the H-H COSY spectrum for
the aromatic region of dicarboxylic acid monomer 5, the cor-
related pairs of AB doublets at 7.93/7.19 ppm and 7.62/7.36
ppm can be easily assigned to the protons a-d on the TPA
core. The aromatic protons at the four positions (proton g)
of the carbazole unit appear at the most downfield (8.29
ppm) as a singlet. Accordingly, other doublet signals at 7.19
and 7.38 ppm are assigned to the interconnected protons
e and f, respectively. The signals appeared at 1.42 ppm in
the "H NMR spectrum and at 34.4 ppm (a quaternary car-
bon) and 31.7 ppm (a methyl carbon) in the *3C NMR spec-
trum are peculiar to the tert-butyl groups. These results sug-
gest the successful preparation of the dicarboxylic acid
monomer 5.

Polymer Synthesis

According to the phosphorylation technique developed
by Yamazaki et al,>* a series of novel aromatic polyamides
(7a-7f) with (3,6-di-tert-butylcarbazol-9-yl)TPA units were
synthesized from the dicarboxylic acid monomer 5 and aro-

matic diamines 6a-6f>° using TPP and pyridine as condens-
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ing agents (Scheme 2). All the polymerizations proceeded
homogeneously throughout the reaction and afforded clear
and highly viscous polymer solutions, which precipitated in
a tough, fiberlike form when the resulting polymer solutions
were slowly poured into methanol (see Supporting Informa-
tion Fig. S8). As shown in Supporting Information Table S1,
the obtained polyamides had inherent viscosities in the
range of 0.40-0.63 dL/g and could be solution-cast into flexi-
ble and strong films, indicating the formation of high molec-
ular weight polymers. This mechanical property is important
for the further development of flexible optoelectronic devi-
ces. The weight-average molecular weights (M,,) of the THF-
soluble polyamides 7c¢ and 7f were 36,000 and 39,000 with
polydispersity index (M,,/M,) of 2.06 and 1.86, respectively.
The formation of polyamides was also confirmed by IR and
NMR spectroscopy. The representative IR spectrum for poly-
amide 7a is included in the Supporting Information (Sup-
porting Information Fig. S9), which shows the characteristic
absorption bands of the amide group at around 1650 em !
(amide carbonyl) and 3300 cm™~* (N-H stretching). Figure 2
shows the 'H NMR and COSY spectra of polyamide 7a in
DMSO-dg. All the peaks could be readily assigned to the
hydrogen atoms in the repeating unit. The resonance peak
appearing at 10.35 ppm in the '"H NMR spectrum also sup-
ports the formation of amide linkages.

Polymer Properties

Basic Characterization

The WAXD patterns of the polyamide films are shown in the
Supporting Information (Supporting Information Fig. S10).
These polymers exhibited an amorphous nature because of the
bulky, packing-disruptive 3,6-di-tert-butyl-carbazolyl-substi-
tuted triphenylamino unit along the polymer backbone, which
does not favor their close chain packing. The solubility behav-
ior of polyamides 7a-7f was tested qualitatively, and the
results are summarized in the Supporting Information Table
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SCHEME 2 Synthesis of polyamides 7a-7f.

S1. All the polyamides were highly soluble in polar solvents
such as NMP, DMAc, and DME and the good solubility could
be attributed in part to the introduction of propeller-shaped
TPA moiety and bulky pendent 3,6-di-tert-butyl-carbazole sub-
stituents in the repeat unit, which decreases interchain interac-
tions and increases the free volume. The polyamide 7c showed
a better solubility as compared with the CF3-free 7b analog.
The solubility difference between 7c¢ and 7b can be attributed
to the effect of the large volume of CF3 groups, which dis-
rupted the regularity and dense chain packing leading to
decreased interchain interactions. Thus, the excellent solubility
makes these polymers potential candidates for practical appli-
cations by spin-coating or inkjet-printing processes to afford
high-performance thin films for optoelectronic devices.

Thermal Properties

The thermal properties of all the polyamides were investi-
gated by TGA, DSC, and TMA techniques, and the thermal
behavior data are summarized in Table 1. Typical TGA
curves of representative polyamide 7e in both air and nitro-
gen atmospheres are illustrated in inset of Figure 3. All the
polymers exhibited good thermal stability with insignificant
weight loss up to 450 °C in both air and nitrogen atmos-
pheres. The decomposition temperatures (74) at a 10%
weight loss of the polyamides in nitrogen and air were
recorded in the range of 486-546 and 482-541 °C, respec-
tively. The mount of carbonized residue (char yield) of these
polymers in nitrogen atmosphere was more than 66% at
800 °C. The high char yields of these polymers can be
ascribed to their high aromatic content. The T,s of all the

POLYAMIDES CONTAINING (3,6-DI-tert-butylcarbazol-9-yl)TPA, Wang et al.

polymers were measured to be in the range of 282-352 °C
by DSC. All the polymers indicated no clear melting endo-
therms up to the decomposition temperatures on the DSC
thermograms. This result also supports the amorphous na-
ture of these polyamides. The softening temperatures (T;
may be referred as apparent T,) of the polymer film samples
determined by the TMA method with a loaded penetration

TABLE 1 Thermal Properties of Polyamides

T4 at 10%
Weight
Loss (°C)¢ Char
R E— Yield

Polymer® T, (°C)° T, (°C)° N, Air (wt %)°®
7a 335 303 518 503 71
7b 282 265 486 507 66
7c 293 282 492 482 66
7d 352 308 534 541 69
7e 323 295 505 518 68
7f 329 295 546 537 69

2 The polymer film samples were heated at 300 °C for 30 min before all
the thermal analyses.

® Midpoint temperature of the baseline shift on the second DSC heating
trace (rate = 20 °C/min) of the sample after quenching from 400 to
50 °C (cooling rate = —200 °C/min) in nitrogen.

¢ Softening temperature measured by TMA with a constant applied load
of 10 mN at a heating rate of 10 °C/min.

9 Decomposition temperature at which a 10% weight loss was recorded
by TGA at a heating rate of 20 °C/min and a gas flow rate of 20 cm®/min.

¢ Residual weight percentage at 800 °C in nitrogen.
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FIGURE 3 TMA and TGA curves of polyamide 7e with a heating
rate 10 and 20 °C/min, respectively.

probe are also listed in Table 1. They were obtained from
the onset temperature of the probe displacement on the
TMA trace. As a representative example, the TMA trace of
polyamide 7e is illustrated in Figure 3. In all cases, the T
values of the polyamides obtained by TMA are lower than
the T, values measured by the DSC experiments. This may
indicate that these polyamides exhibited a higher degree of
plasticity near T, because of the increased free volume
caused by the bulky pendent groups. The thermal analysis
results revealed that these polyamides exhibited excellent
thermal stability, which in turn is beneficial to increase the
service time in device application and enhance the morpho-
logical stability to the spin-coated film.

Optical Properties

The optical properties of the polyamides were investigated
by UV-vis and PL spectroscopy. The results are summarized
in Table 2. Figure 4 shows the UV-vis absorption and PL
spectra of polyamides 7a-7d in NMP. These polymers exhib-
ited strong UV-vis absorption bands at 298 and 348-352
nm in NMP solutions, assignable to the n-n* transitions of
the carbazole and other n-conjugated moieties in the poly-
mer backbone. In the solid state, the polyamides showed
absorption characteristics similar to those observed in solu-

TABLE 2 Optical Properties of Polyamides

In Solution?® As Film

A?nk]asx ;LrF:nLax Or ;L?r?asx ;“(a)tn)zet }"rnLax
Polymer  (nm) (nm)  (%)°  (nm) (nm) (nm)
7a 298, 352 457 2.9 298,350 406 466
7b 298, 351 462 17.0 299,347 401 457
7c 298, 348 466 21.3 298,346 400 459
7d 298, 348 465 32.8 300,347 3% 461
7e 298, 351 505 0.4 298,350 426 -
7f 298, 351 493 0.5 299,349 421 -

@ Measured in dilute solutions in NMP at a concentration of about 1 x

10~° moll/L.

b Fluorescence quantum yield calculated in an integrating sphere with
quinine sulfate as the standard (O = 54.6%).
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FIGURE 4 UV-vis absorption and PL spectra of the dilute solu-
tions of polyamides 7a-7d in NMP (1 x 10~® M). Quinine sul-
fate dissolved in 1 M H,SO, (ag.) with a concentration of 1 x
107% M as the standard (®r = 54.6%). Photos show PL images
of the solutions and thin films upon UV exposure (excited at
365 nm).

tions, with low-energy absorption /., centered at 346-350
nm with absorption onsets at 406-421 nm corresponding to
optical band gaps of 2.91-3.15 eV. Their PL spectra in dilute
NMP solution showed maximum bands around 457-505 nm
in the blue region with fluorescence quantum yields (®r)
ranging from 0.4% for 7e to 32.8% for 7d. The polyamide
7c¢ with the CF3 substituents exhibited higher fluorescence
quantum yields in comparison to the corresponding 7b with-
out the CF;3 substituents. This can be attributed to the pres-
ence of bulky, electron-withdrawing trifluoromethyl (-CF3)
substituents in polymer, which effectively restrict intra- and
intermolecular charge transfer interactions. The highest ®g
(32.8%) of 7d can be attributed to the presence of bulky,
rigid fluorene segments in polymer backbone. Although poly-
mer 7a exhibited a relatively lower ®r as compared to poly-
mers 7b to 7d, its solution and solid film showed an obvious
blue PL when irradiated by a standard laboratory UV lamp
(see the photos shown on the top of Fig. 4). Polyamides 7e
and 7f exhibited significantly less detectable fluorescence
(Pr = 0.4-0.5%) when compared to the other polyamides.
The low fluorescence can be attributed to the introduction
of a TPA-containing structure in the diamine component,
which may result in an increased nonradiative decay because
of the greater conformational mobility.
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TABLE 3 Electrochemical Properties of Polyamides

ARTICLE -

Oxidation Potential® (V)

Polymer Eonset E‘f;‘; E$722 E‘1’723
7a 0.91 1.10 1.41 -
7'a 0.97 1.06 1.52° -
7b 0.97 1.09 1.34 -
7c 0.92 1.04 1.32 -
7d 0.91 1.03 1.30 -
7d 0.97 1.09 1.40° -
7e 0.66 0.79 1.10 1.34
7f 0.65 0.71 1.14 1.25
7"a 0.68 0.83 1.18 -

@ Oxidation potentials from cyclic votammograms (vs. Ag/AgCl in
CH3CN).

° Energy gap = 1240/Abs Jonset Of the polymer film.

°The HOMO energy levels were calculated from E‘;;‘; or Eonset, refer-
enced to ferrocene (4.8 eV).

Structures of the referenced polyamides 7'a, 7'd, 7"a:
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Electrochemical Properties

The electrochemical behavior of the polyamides was investi-
gated by CV conducted for the cast film on an ITO-coated glass
substrate as working electrode in dry acetonitrile (CH3CN) con-
taining 0.1 M of BuyNCIO, as an electrolyte under nitrogen
atmosphere. The derived oxidation potentials are summarized
in Table 3. Figure 5(a) depicts the CV curves at different scan
rates for polyamide 7d, which was representative for the other
7a-7c analogs. There are two reversible oxidation redox couples
with half-wave potentials (E7,2) of 1.03 and 1.30 V (at scan rate
of 50 mV/s) for polyamide 7d. The first oxidation wave can be
due to the formation of triphenylamino radical cation, and the
second one is attributable to the oxidation of the carbazole
moiety. The two oxidation waves of 7d are separated by about
270 mV, emphasizing the strong electronic coupling between
the two redox amino centers of the TPA and carbazole units
through the p-phenylene linker. A linear dependence of the peak
currents as a function of scan rates confirmed both a nondiffu-
sional redox process and a well-adhered electroactive polymer
film [Fig. 5(b)]. Because of the stability of the films and good ad-
hesion between the polymer and ITO substrate, 7d exhibited
excellent redox stability. Polyamide 7d preserved good electro-
activity after 10 repetitive scans between 0.0 and 1.5 V at a scan
rate of 50 mV/s [Fig. 6(a)]. In contrast, the corresponding poly-
amide 7'd without the tert-butyl groups on its carbazole unit
rapidly lost redox reversibility in five cycles [Fig. 6(b)]. Thus, the

POLYAMIDES CONTAINING (3,6-DI-tert-butylcarbazol-9-yl)TPA, Wang et al.

1.38

HOMOES (eV) LUMO? (eV)
Eg° (eV) Eonset EYS Eonset EYS
3.05 5.27 5.47 2.22 2.42
3.07 5.33 5.42 2.26 2.35
3.09 5.33 5.45 2.24 2.36
3.10 5.28 5.40 2.18 2.30
3.15 5.27 5.39 2.12 2.24
3.12 5.33 5.44 2.21 2.32
2.91 5.06 5.17 2.15 2.26
2.95 5.07 5.20 2.12 2.25
3.07 5.04 5.19 1.97 2.12

¢ LUMO = HOMO - E,.
¢ Irreversible peak potential (E, a).

X0

incorporation of bulky tert-butyl groups on the active sites of
the carbazole unit lends considerable stability of the present
polyamides upon oxidation. According to these results, mecha-
nisms of oxidation reactions for polyamides 7d and 7'd are pro-
posed in Scheme 3. For polyamide 7d, the two oxidation proc-
esses observed correspond to successive one electron removal
from the TPA and carbazole moieties. These processes are highly
reversible because of blockage of electrochemically active sites
of the carbazole moiety with bulky tert-butyl group. As reported
by Ambrose and coworkers in their pioneering work®® devoted
to anodic oxidation of carbazole and various N-substituted
derivatives, ring-ring coupling is the predominant decay path-
way. One possible coupling reaction of carbazylium radical cati-
ons to biscarbazylium dications shown in Scheme 3 can be used
to explain the irreversible oxidation process occurring in poly-
amide 7'd.

The redox stability enhancement effect due to tert-butyl substi-
tution can be further confirmed by the CV curves of polyamide
7e as illustrated in Figure 6(c). Polyamide 7e exhibits three re-
dox-active amino centers in each repeat unit and shows three
corresponding quasireversible anodic redox couples. When
comparing the differential pulse voltammogram (DPV) of 7e
with that of 7a (see Fig. 7), we believe that the first oxidation
peak at £, = 0.83 V appears to involve one electron loss from
the TPA unit in the diamine component. This can be
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FIGURE 5 (a) Cyclic voltammograms of polyamide 7d film on
the ITO-coated glass substrate in 0.1 M BuyNCIO4/CH3CN at dif-
ferent scan rates: (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, and (f)
150 mV/s. (b) Relationship of anodic and cathodic current
peaks as a function of scan rate. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

rationalized because this TPA segment is more electron-rich
and the amino unit becomes more easily oxidized. The second
(Epa = 1.11 V) and third (Ep, = 1.37 V) oxidation peaks are

related to the electron losses from the TPA unit in the diacid
component and the pendent carbazole moiety of polyamide 7e.
These potentials are similar to those associated with monoca-
tion and dication formations from the amino units in polyamide
7a. The DPV diagrams of polyamides 7”a (with isomeric repeat
unit as that of 7a) and 7f are also shown in Figure 7. Appa-
rently, the two oxidation processes observed for the referenced
polyamide 7”a at 0.84 V and 1.20 V attribute to successive one
electron removal from the TPA and carbazole moieties in the
diamine residue. Although polymer 7f has four amino centers
in its repeat unit, the second and third oxidations occurred
almost simultaneously by a two-electron loss event. Therefore,
these two oxidation waves merged (around 1.1-1.2 V) and
became indistinguishable in the DPV diagram. Therefore, on the
basis of the results from CV and DPV experiments, we propose
the possible oxidation order for the amino centers of polya-
mides 7e and 7f as shown in Supporting Information Scheme
S1. The simplified anodic oxidation pathways are depicted in
Supporting Information Schemes S2 and S3. The other reso-
nance forms for the TPA and carbazole radical cations are not
shown, and a dication quinonediimine structure may form due
to radical recombination.

The HOMO energy levels of the investigated polyamides were
calculated from the oxidation onset potentials (Eo,se) Or half-
wave potentials of the first oxidation wave (E‘{’;é) and by

——7d 1™ cycle o ow i

——7d 2" cycle c o §

——7d 5" cycle T\Q\"’@/ 1
o2ma | —ee @O0

| N,
"

—7'd 1% cycle
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——7'd 5" cycle o "
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FIGURE 6 Repeated CV diagrams of (a) polyamide 7d, (b) polyamide 7'd, and (c) polyamide 7e films on the ITO-coated glass substrate
in 0.1 M BuyNCIO4/CH3CN at a scan rate of 50 mV/s. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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SCHEME 3 The anodic oxidation pathways of polyamides 7d and 7'd.

comparison with ferrocene (4.8 eV).?” These data together
with absorption spectra were then used to obtain the LUMO
energy levels (Table 3). According to the HOMO and LUMO
energy levels obtained, the polyamides in this study appear to
be promising as hole injection and transport materials.

Spectroelectrochemistry

Spectroelectrochemical measurements were performed on
films of polymers drop-coated onto ITO-coated glass slides
immersed in electrolyte solution. The electrode preparations
and solution conditions were identical to those used in the CV
experiments. The change in absorption of polyamide 7a film at
various applied potentials is shown in Figure 8(a), which was
representative for the other 7b-7d counterparts. In the neu-
tral form, at 0 V, polyamide 7a exhibited strong absorption at
wavelength around 350 nm, characteristic for n-7* transi-
tions, but it was almost transparent in the visible and near IR
(NIR) regions. The band gap of polymer 7a was calculated as
3.15 eV from the onset of the n-n* transition. Upon applying
potentials near the Eéa of 7a, the absorption of n-n* transition

POLYAMIDES CONTAINING (3,6-DI-tert-butylcarbazol-9-yl)TPA, Wang et al.

decreased while a new absorption peak at 414 nm and a
broadband from 800 nm extended to 1100 nm in the NIR
region grew up. Since the potentials examined are similar to
the first anodic process, the spectral changes are assigned to
the radical cation (polaron) formation arising from the oxida-
tion of TPA unit. The absorption band in the NIR region may
be attributed to an intervalence charge transfer (IVCT)
between states in which the positive charge is centered at dif-
ferent amino centers (TPA and carbazole). The IVCT phenom-
enon of the family of triarylamines has been reported in litera-
ture.?® Upon further oxidation at applied voltages to 1.4 V or
above, the dication (bipolaron) band at 727 nm formed, which
was also monitored synchronously with CV [Fig. 8(a), inset].
Concurrently, the IVCT band and the absorption peak at 414
nm decreased in intensity during this process. The observed
electronic absorption changes in the film of 7a at various
potentials are fully reversible and are associated with strong
color changes; indeed, they even can be seen readily by the na-
ked eye. As shown in Figure 8(a), it can be seen that the film
of polyamide 7a switches from a transmissive neutral state
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(nearly colorless) to a highly absorbing semioxidized state
(green) and a fully oxidized state (blue). Polyamide 7a exhib-
ited a very high optical contrast of transmittance change up to
85% at 727 nm for blue coloring. For a comparative study, the
spectral changes of the referenced polyamide 7’a without the
tert-butyl substituents on the carbazole unit are presented in
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FIGURE 7 DPVs of the cast films
of polyamides 7a, 7"a, 7e, and 7f
on the ITO-coated glass substrate
in 0.1 M Bu4NCIO4/CH5CN solu-
tion. Scan rate, 50 mV/s; pulse
amplitude, 50 mV; pulse width,
50 ms; pulse period, 0.2 s. [Color
figure can be viewed in the
online issue, which is available at
wileyonlinelibrary.com.]

Figure 8(b). A similar spectral change was observed for poly-
amide 7’a at early stage of oxidation (when the applied poten-
tial was below 1.3 V). The absorption around 714 nm started
to appear when the applied potential was set at 1.7 V; how-
ever, the intensity is much lower than that observed for poly-
amide 7a at the fully oxidized state. This result may be
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FIGURE 8 Spectral changes of the cast films of (a) polyamide 7a and (b) polyamide 7'a on an ITO-coated glass in 0.1 M BusNCIO,/CHCN at
various applied potentials (vs. Ag/AgCl). The insets show the color changes of the polymer films at indicated electrode potentials, together
with their CV curves. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 9 3D spectroelectrochemical behavior of polyamide 7f
thin film on the ITO-coated glass substrate (in CH3;CN contain-
ing 0.1 M Bu4NCIO, as the supporting electrolyte) from 0 to 1.7
V. The photo shows the color change of the film on an ITO
electrode at indicated potentials. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

explained by the irreversible second oxidation process associ-
ated with polyamide 7'a. Thus, the effect of tert-butyl substitu-
tion on the enhancement of electrochemical and electrochro-
mic reversibility and optical contrast ratio is very clear.

The spectral and color changes of the film of polyamide 7e upon
oxidation are illustrated in Figure S12(a), and the surface plot
diagram for the absorbance-wavelength-applied potential corre-
lations of this sample is depicted in Supporting Information
Figure S12(b). Before electrical potential was applied, the color-
less film of 7e showed an intense absorption at 350 nm. By set-
ting the potential to 1.0 V, the film showed a decrease in absorp-
tion at 350 nm with a concomitant appearance of a broad band
having its maximum absorption wavelength at 813 nm. This
spectral change corresponds to the first oxidation process of
polyamide 7e as shown in Supporting Information Scheme S2.
This clearly evidences that the first oxidation originated from the
TPA unit of the diamine residue in the 7e main chain. When the
electrode potential was adjusted to 1.3 V, the film gave new
absorption bands at 419, 534, and 736 nm and NIR absorption
from 850 to 1100 nm. We believe that the polymer has been oxi-
dized to one having the bis(radical cation) repeating unit as the
third structure shown in Supporting Information Scheme S2.

POLYAMIDES CONTAINING (3,6-DI-tert-butylcarbazol-9-yl)TPA, Wang et al.
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When the applied potential was set at 1.7 V, a strong absorption
band in the 600-850 nm region centering at around 728 nm was
observed, whereas the intensity of the absorption peak at
419 nm and the NIR absorption gradually decreased. This result
indicated the occurrence of the third oxidation. The film of poly-
amide 7e displayed a multielectrochromic behavior with colora-
tion change from colorless (L: 94; a: —2; b: 5) to green (L: 67; a:
—30; b: 5), red-purple (L: 46; a: 9; b: 1), and dark blue (L: 17; a:
—5; b: —11) along with increasing of the applied potential. Simi-
lar to that of polyamide 7e, the neutral-form polyamide 7f
showed intense absorption in the UV region peaked at 349 nm
(see Fig. 9). By setting the potential over 1.0 V, the film gave new
absorption bands in the visible and NIR regions, with coloration
changes from colorless (L: 95; a: —1; b: 2) to yellowish green (L:
64; a: —13; b: 19), green (L: 46; a: —22; b: 8), and blue (L: 22; a:
—5; b: —30). As the polymer film of 7f was oxidized at 1.0-1.3 'V,
the n-n* transition band at 349 nm began to diminish concur-
rently with intensifying of new absorption bands at 414 and
779 nm, and the film turned to a yellowish green or green color
at low doping levels. Upon further oxidation at 1.7 V, the absorp-
tion at 414 nm dropped, and a new strong absorption band
peaked at 730 nm arose; the film turned to blue. The spectral
changes had apparently arisen from the sequential oxidation
processes of the amino centers in the two different carbazol-9-yl-
substituted TPA segments in the main chain of this polyamide.
The possible anodic pathways of polyamide 7f are proposed in
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FIGURE 10 (a) Potentials and (b) current densities during switch-
ing studies. (c) Optical transmittance change monitored at 414,
779, and 1086 nm for polyamide 7f thin film on ITO-glass slide in
0.1 M Bu4NCIO4/CH5CN. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Supporting Information Scheme S3, in which the second and
third oxidation processes may take place simultaneously as
shown by the DPV experiment.

Electrochromic Switching

Optical switching studies were examined for probing changes in
transmittance with time while repeatedly stepping the potential
between neutral and oxidized states. The polymer film was cast
onto an ITO-coated glass slides in the same manner as described
earlier. We extracted the electrochromic parameters of the polya-
mides 7e and 7f films by analysis of transmittance change decre-
ment or increment of the absorption at 813 nm (for 7e) and
414, 779, and 1086 nm (for 7f) with respect to time while the
potential was switched stepwise between the neutral (0 V) and
the oxidized state at + 1.0 V with a residence time of 9 s. During
this measurement, the percent transmittance (%7) value at the
indicated wavelengths was measured using a UV-vis-NIR spec-
trophotometer. The results for the first 10 cycles are shown in
Figure 10 and Supporting Information Figure S13. The optical
contrast measured as the difference between %T of polyamide
7e at 0 and 1.0 V was found to be 47% at 813 nm. The optical
contrasts for polyamide 7f were found to be 48, 32, and 37% for
414, 779, and 1086 nm, respectively. After over hundreds of
cyclic scans between 0.0 and 1.0 V, the polymer films still exhib-
ited good electrochemical and electrochromic reversibility. CE (i
= AOD/Q)" was measured by monitoring the amount of ejected
charge (Q) as a function of the change in optical density (AOD) of
the polymer film. The CE of 7e (at 813 nm) and 7f (at 414 nm)
films was calculated to be 100 and 104 cm?/C, respectively.

CONCLUSIONS

The new carbazole and TPA-containing aromatic dicarboxylic
acid monomer, 4,4’-dicarboxy-4"-(3,6-di-tert-butylcarbazol-9-
yl)TPA was successfully synthesized in high purity and good
yield from readily available reagents. Aromatic polyamides bear-
ing redox-active TPA and carbazole units were readily prepared
from the newly synthesized dicarboxylic acid monomer and vari-
ous aromatic diamines by the phosphorylation polyamidation
technique. Because of the introduction of three-dimensional TPA
units and bulky 3,6-di-tert-butylcarbazole pendent groups in
polymer backbone, all the polymers were amorphous, had good
solubility in many polar aprotic solvents, and exhibited excellent
film-forming ability. Some of the polymers also exhibited strong
fluorescence both in film and in solution with quantum yield up
to 32%. In addition to high T, values and good thermal stability,
all the obtained polyamides also revealed good electrochemical
and electrochromic stability along with multielectrochromic
behavior. By substitution of the electrochemically active C3 and
C6 sites of the carbazole unit with sterically bulky tert-butyl
groups, the new polyamides exhibit greatly enhanced electro-
chemical stability and electrochromic performance in compari-
son with previously reported analogs without tert-butyl sub-
stituents on the carbazole moiety. Such prominent features make
these processable polymers amenable for optoelectronic applica-
tions such as OLEDs and electrochromic devices.

The authors greatly appreciate the support of this research by
the National Science Council of Taiwan (Republic of China).
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