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A series of near-infrared (NIR) electrochromic aromatic polyamides with tetraphenylbenzidine (TPB)
units were prepared by phosphorylation polyamidation from a newly synthesized aromatic diamine
monomer, N,N'-bis(4-aminophenyl)-N,N'-di(4-methoxyphenyl)-4,4’-biphenyldiamine, and various
dicarboxylic acids. These polymers were highly soluble in many organic solvents and showed useful
levels of thermal stability associated with high glass-transition temperatures and char yields. These
anodically polymeric electrochromic materials showed reversible electrochemistry and
electrochromism with high contrast ratio both in the visible range and NIR regions. Notably,
copolymerization of TPB-based and TPPA-based aramids (TPPA: tetraphenyl-p-phenylenediamine)
showed a good combination of the individual homopolymers in electrochemical and electrochromic
properties, producing a transmissive-to-black electrochromic polymer with high NIR and multicolor

electrochromism.

Introduction

Electrochromic materials exhibit a reversible optical change in
absorption or transmittance upon being -electrochemically
oxidized or reduced, such as transition-metal oxides, inorganic
coordination complexes, conjugated polymers, and organic
molecules.! Despite the fact that the earliest electrochromic
devices are mostly based on inorganic oxides, nevertheless, the
organic compounds have several advantages over the former
ones, such as processability, high coloration efficiency, fast
switching ability, and multiple colors within the same material.
Initially, investigation of electrochromic materials has been
directed towards optical changes in the visible region (e.g., 400—
800 nm), proved useful in variable applications such as E-paper,
optical switching devices, smart window, and camouflage mate-
rials.? Increasingly, attention of the optical changes has been
extended from the near infrared (NIR; e.g., 800-2000 nm) to the
microwave regions of the spectrum, which could be exploitable
for optical communication, data storage, and thermal control
(heat gain or loss) in buildings and spacecrafts.®> Therefore,
NIR electrochromic materials including transition metal oxides
WO;, organic metal complex (ruthenium dendrimers), quinone-
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containing organic materials, and conjugated polymers have
been investigated in recent years.* According to Robin and Day,*
the N,N,N',N'-tetraphenyl-p-phenylenediamine (TPPA) cation
radical have been reported as a symmetrical delocalized class III
structure with a strong electronic coupling, while the N,N,N',N'-
tetraphenylbenzidine (TPB) cation radical was demonstrated as
a class I structure with a weakly electronic coupling, both
leading intervalence charge transfer (IV-CT) absorption bands in
the NIR region.® These results made aryldiamine-containing
molecules an interesting anodic electrochromic system for NIR
applications.

Since 2005, our group has reported several arylamine/triphe-
nylamine (TPA) containing electrochromic polymers (ECPs)
with interesting color transitions and good electrochromic
reversibility in the visible region or NIR range,” which could be
differentiated on the method of increasing coloring stages. A first
class spans materials polymerized from two electroactive
monomers (e.g., polyamides prepared by electroactive diamines
and diacids).”™ A second class includes the further chemical
modification of electroactive units on the end functional groups
of electrochromic hyperbranched polymers.” A third class is
represented by increasing the electroactive sites into the synthe-
sized monomers by multi-step procedure approaches.”’ In
addition, it is also important to note that most of the colors in the
visible spectrum can be attained with red,® green® and blue'
ECPs according to color mixing theory, which claims that if two
colors are mixed, the resulting color will lie somewhere along
a straight line connecting two points on the chromaticity dia-
gram." To date, significant efforts have been devoted to the
design and synthesis of novel ECPs with saturated and tunable
colors. In spite of the panoramic breadth of the colors of ECPs,
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the construction of a transmissive-to-black ECP remains elusive
due to the complexity of designing such material, which is also
a challenging task to access in view of optoelectronic devices.
Therefore, our strategy is to design and synthesize TPB-based
ECPs with a longer distance between two electroactive nitrogen
centers and higher absorption wavelength than the TPPA-based
ones.®” Furthermore, by the copolymerization of these two ECPs,
the absorbing bands and reflected coloration could be merged
and offer the potential for ECPs possessing either highly satu-
rated or darker colors.

In this contribution, we synthesized the TPB-based diamine
monomer, N,N'-bis(4-aminophenyl)-N,N’-di(4-methoxyphenyl)-
4,4'-biphenyldiamine, and its derived aromatic polyamides con-
taining para-substituted methoxy groups which could not only
enhance the solubility by a high steric hindrance for close
packing but also greatly prevent the electrochemical coupling
reactions by affording stable cationic radicals. The result TPB-
based polyamides are expected to reveal a slightly bathochromic
shift when compared with the reported TPPA-based ones in the
oxidized stages due to the longer conjugating length between two
electroactive nitrogen atoms. In addition, by random copoly-
merization of TPB and TPPA-based diamine monomers, the
resulting copolymer IIb could exhibit extensive absorption
ranging of 400-750 nm required for a black electrochromism in
the oxidized state.

Results and discussion
Monomer and polymer synthesis

The new diamine with TPB unit, N, N'-bis(4-aminophenyl)-N,N'-
di(4-methoxyphenyl)-4,4’-biphenyldiamine (2), was synthesized
by palladium catalyzed hydrazine reduction of N,N'-bis(4-nitro-
phenyl)-N,N'-di(4-methoxyphenyl)-4,4'-biphenyldiamine 1
resulting from the Cu-mediated Ullmann condensation of 4-
methoxy-4'-nitrodiphenylamine ~ and  4,4'-diiodo-biphenyl
(Scheme 1). Elemental analysis, FT-IR, and NMR spectroscopic
techniques were used to identify structures of the intermediate
dinitro compound 1 and the target diamine monomer 2. The 'H
NMR and "*C NMR spectra of the diamine monomer 2 are
illustrated in the ESI (Fig. S1 to S4)f and agree well with the
proposed molecular structures. Thus, the results of all the

NO,

Ullman Reaction Q

spectroscopic and elemental analyses suggest the successful
preparation of the target diamine monomer.

According to the phosphorylation technique first described by
Yamazaki and co-workers,"" two series of novel polyamides I
and I’ were synthesized from the diamine monomer 2 and 2" and
three commercial dicarboxylic acids 3a—3c. On the other hand,
copolymer IIb was prepared from TPB-based diamine 2 and
TPPA-based diamine 2" (Scheme 2). The polymerization was
carried out via solution polycondensation using triphenyl phos-
phite and pyridine as condensing agents. All polymerization
reactions proceeded homogeneously and gave high molecular
weights. The obtained polyamides had inherent viscosities in the
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range of 0.42-0.91 dL/g with weight-average molecular weights
(M,,) and polydispersity (PDI) of 45 800-125 600 daltons and
1.41-1.89, respectively, relative to polystyrene standards
(Table S1).1 All the high molecular weights polymers could be
cast into transparent, flexible, and tough films via solution
casting. The appearance and quality of these films are also shown
in Scheme 2. The structures of the polyamides were confirmed by
elemental analysis and IR spectroscopy. As shown in Figure S5,
a typical IR spectrum for polyamide Ib exhibited characteristic
IR absorption bands of the amide group around 3315 (N-H
stretching) and 1660 cm~! (amide carbonyl).

Solubility and film properties

The solubility properties of polymers were investigated at 0.5%
w/v concentration and the results are listed in Table S2.+ Most of
the polyamides were readily soluble in polar aprotic organic
solvents such as N-methyl-2-pyrrolidinone (NMP), N,N-dime-
thylacetamide (DMAc), N,N-dimethylformamide (DMF), and
m-cresol. The polyamides I had higher solubility than I’, which
could be attributed to the introduction of the bulky pendent 4,4'-
dimethoxy-substituted TPB moiety into the repeat unit. The
excellent solubility makes these polymers as potential candidates
for practical applications by spin-coating or inkjet-printing
processes to afford high performance thin films for optoelec-
tronic devices.

The thermal properties of polyamides were examined by TGA
and DSC, and the data are summarized in Table S3.1 Typical
TGA curves of representative polyamides Ib and I'b in both air
and nitrogen atmospheres are shown in Figure S6.1 All the
prepared polyamides exhibited good thermal stability with
insignificant weight loss up to 450 °C under nitrogen or air
atmosphere even with the introduction of methoxy groups. The
10% weight loss temperatures of these polymers in nitrogen and
air were recorded in the range of 475-585 and 490-570 °C,
respectively. The carbonized residue (char yield) of these poly-
mers in a nitrogen atmosphere was more than 53% at 800 °C. The
high char yields of these polymers can be ascribed to their high
aromatic content. The glass-transition temperatures (7) of these
polyamides could be easily measured by the DSC thermograms;
they were observed in the range of 270-315 °C (as shown in
Figure S7),1 depending upon the stiffness of the polymer chain.

Electrochemical properties

The redox behavior of the polyamides were investigated by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)
conducted by the cast film on an indium-tin oxide (ITO) coated
glass slide as working electrode in anhydrous acetonitrile
(CH;CN), using 0.1 M of tetrabutylammonium perchlorate
(TBAP) as a supporting electrolyte under a nitrogen atmosphere.
The typical CV for polyamides Ib (with 4,4'-dimethoxy-
substituted) and I'b (without 4,4’-dimethoxy-substituted) are
shown in Fig. la for comparison. We observe two reversible
oxidation redox steps for polyamides Ib and I'b, which means that
electrons are successively removed from the two different redox
centers and a higher potential is needed to transform Ib* into Ib**.
The lower oxidation potential and higher electrochemical stability
of polyamide Ib comparing to its analog I’b could be attributed to
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Fig.1 Cyclic voltammetric diagrams of (a) polyamide Ib and I’b films on
an ITO-coated glass substrate over cyclic scans and (b) ferrocene (inset)
in 0.1 M TBAP/CH;CN at a scan rate of 50 mV/s, and (c) differential
pulse voltammograms of polymer Ib and I'b films onto an ITO-coated
glass substrate in 0.1 M TBAP/CH;CN. Scan rate, 5 mV/s; pulse
amplitude, 50 mV; pulse width, 50 ms; pulse period, 0.2 s.

the para-position substituted methoxy group on TPB groups.
Moreover, the DPV clearly showed two splitting oxidation
potentials for polyamide Ib (0.76 and 0.90 V) and I'b (0.84 and
0.96 V) (as shown in Fig. 1c), suggesting charge delocalization
through the biphenyl unit in its mixed-valence Ib* and longer
distance electronic coupling between the bridged of TPB moieties.
During the electrochemical oxidation of the polyamide thin films,
the color of the film changed from colorless to red brown and then
to blue. The other polyamides showed similar CV curves to Fig. 1.
The redox potentials of the polyamides as well as their respective
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) (versus vacuum) are shown in
Table 1. The HOMO level or called ionization potentials
(versus vacuum) of polyamides Ia—Ic are estimated from the onset
of their oxidation in CV experiments as 5.05-5.06 eV (on the basis
that ferrocene/ferrocenium is 4.8 eV below the vacuum level with
Eonset = 0.36 V).

In addition, Fig. 2 shows the CV and DPV of copolymer IIb
and the corresponding individual molecular structure of Ib and
I"b. Due to the lack or absence of electrochemical splitting for
the IIb** and IIb** resulted from cationic radical of Ib* and I'’b"*,
respectively, the separation was further investigated by spec-
trochemical UV-Vis-NIR investigations.

Spectroelectrochemistry

Spectroelectrochemical experiments were used to evaluate the
optical properties of the electrochromic films. For the
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Table 1 Redox Potentials and Energy Levels of Polyamides

Thin films (nm)

Oxidation potential (V)*

Eyp
Polymer Amax Nonset Ist 2nd Ejpset E, (eV)? HOMO (eV)*© LUMO (eV)
Ia 312 399 0.72 0.88 0.61 3.11 5.05 1.94
Ib 342 411 0.74 0.89 0.61 3.02 5.05 2.03
Ic 308 415 0.76 0.92 0.62 2.99 5.06 2.07
b 341 402 0.80 0.95 0.70 3.08 5.14 2.06

“ From cyclic voltammograms versus Ag/AgClin CH3CN. E;»: Average potential of the redox couple peaks. © The data were calculated from polymer

films by the equation: E; = 1240/, (energy gap between HOMO and LUMO). ¢

and were referenced to ferrocene (4.8 eV; onset = 0.36 V).

The HOMO energy levels were calculated from cyclic voltammetry
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Fig. 2 Cyclic voltammetric diagrams of polyamide IIb, Ib and I"b films
on an ITO-coated glass substrate in 0.1 M TBAP/CH;CN at a scan rate
of 5 mV/s, and differential pulse voltammograms (inset) of polymer films
onto an ITO-coated glass substrate in 0.1 M TBAP/CH;3CN. Scan rate,
1 mV/s; pulse amplitude, 50 mV; pulse width, 50 ms; pulse period, 0.2 s.

investigations, the polyamide film was cast on an ITO-coated glass
slide, and a homemade electrochemical cell was built from
acommercial ultraviolet (UV)-visible cuvette. The cell was placed in
the optical path of the sample light beam in a UV-Vis-NIR spec-
trophotometer, which allowed us to acquire electronic absorption
spectra under potential control in a 0.1 M TBAP/CH;CN solution.
UV-Vis-NIR absorbance curves correlated to applied potentials
and three-dimensional transmittance-wavelength—applied poten-
tial correlation of Ib film are depicted in Fig. 3.

In the neutral form (0 V), the colorless Ib film exhibited strong
characteristic absorption at 357 nm of triarylamine in the
visible region. Upon oxidation (increasing applied voltage from

0 to 0.80 V), the intensity of the absorption peak at 357 nm
gradually decreased while a new peak at 486 nm and a broad I'V-
CT band centered around 1350 nm in the NIR region gradually
increased in intensity. We attribute the spectral change in visible
light region to the formation of a stable monocation radical of
the TPA center in TPB moiety. Furthermore, the broad
absorption in NIR region was the characteristic result due to IV-
CT excitation between states in which the positive charge is
centered at different nitrogen atoms, which was consistent with
the phenomenon classified by Robin and Day.®> As the more
anodic potential to 1.05 V, the absorption bands of the cation
radical decreased gradually with a new broad band centered at
around 954 nm. The disappearance of NIR absorption band can
be attributed to the further oxidation from monocation radical
species to the formation of dication in the TPB segments. The
UV-Vis-NIR absorption changes in the polyamide Ib film at
various potentials were fully reversible associated with strong
color changes. The other polyamides showed similar spectral
change to that of Ib. From the inset shown in Fig. 3, the poly-
amide Ib film switches from a transmissive neutral state (color-
less; L*, 96.0; a*, —0.4; b*, —0.1) to a highly coloring semi-
oxidized state (red-brown; L*, 54.9; a*, 21.6; b*, 25.1) and a fully
oxidized state (deep blue; L*, 50.5; a*, —13.4; b*, —8.6). The
colorations were homogeneously distributed across the polymer
film and survived for more than hundreds of redox cycles. The
polymer Ib showed good contrast both in the visible and NIR
regions with a high optical transmittance change (A%7T) of 46%
at 1350 nm for red brown coloring at the first oxidation stage,
and 88% at 954 nm for blue coloring at the second oxidation
stage.

UV-Vis-NIR absorbance curves correlated to applied poten-
tials of copolymer IIb film are summarized in Fig. 4 and
compared with the corresponding molecular structure of Ib and
I'"b films (Fig. 5). This nearly colorless film exhibited a strong
band at 351 nm in the neutral form. Upon oxidation of the IIb
film (increasing electrode potential from 0 to 0.60 V), the inten-
sity of the absorption bands at 351 nm gradually decreased while
new peaks at 433 and 1080 nm gradually increased in intensity
due to the formation of cation radical IIb* (Fig. 4a), which is
corresponding to the spectral changes of I’b*. Meanwhile, the
color of the film changed from colorless (L*, 96.0; a*, —0.4; b*,
—0.2) to green (L*, 68.7; a*, —14.0; b*, —17.5). The IIb*",
appearing at potentials between 0.60 and 0.80 V, exhibited two
new shoulders at 486 and 749 nm with a broad absorption from
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Fig. 3 Electrochromic behavior (left) at applied potentials of (a) 0.00, (b) 0.4, (c) 0.5, (d) 0.6, (e) 0.7, () 0.8, (g) 0.85, (h) 0.9, (i) 0.95, (j) 1.05 (V vs. Ag/
AgCl), and 3-D spectroelectrochemical behavior (right) from 0.00 to 1.05 (V vs. Ag/AgCl) of a polyamide Ib thin film (~65 nm in thickness) on the ITO-
coated glass substrate in 0.1 M TBAP/CH;CN, the recovery was the absorbance ratio of the neutral state to the cation state for the 1st and the dication

state for the 2nd at 357 nm.

800 nm to 1600 nm in the NIR region, which were consistent with
the absorption of Ib*. As shown in Fig. 4b and 5a, the IIb** is
nearly black in color (L*, 58.2; a*, 3.1; b*, 3.2) and revealed
a broad visible absorption from 450 to 700 nm with a good

combination of the NIR absorption. The colorimetric result is
consistent with the absorption spectra of IIb** thin film (Fig. 4b)
as a small amount of red and yellow light is transmitted. By
further applying positive potential value up to 0.90 V
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Fig. 4 Spectroelectrochemistry of polyamide IIb thin film (~65 nm in thickness) on an ITO-coated glass substrate in 0.1 M TBAP/CH;CN by
increasing the applied voltage to (a) 0.60, (b) 0.80, (c) 0.90, and (d) 1.00 (V vs. Ag/AgCl) and the possible electro-oxidation order for the amino centers.
The potential was varied in 25 mV intervals. The inset shows the color change of the polymer film at the indicated potentials.

6234 | J. Mater. Chem., 2011, 21, 6230-6237

This journal is © The Royal Society of Chemistry 2011



(a) ——1Ib Neutral
|| =——I1Ib Ox. 1

i|——1Ib Ox. 2

1| ——1Ib Ox. 3

\|——I1Ib Ox. 4

(b) ——1"b Neutral
| ——1"b Ox. 1
= 1"h Ox. 2

Absorbance

(€)! [—1b Neutral]
| |——1b Ox. 1
| |——1bOx.2

1 X 1 * 1 * T * ) ¥ 1 ¥
400 600 800 1000 1200 1400 1600
Wavelength (nm)
Fig. 5 Spectroelectrochemistry of polyamides (a) IIb, (b) I’b and (c) Ib
thin films on an ITO-coated glass substrate in 0.1 M TBAP/CH;CN as
their neutral and oxidized forms.

corresponding to IIb%*, the characteristic absorbance at 835 and
954 nm appeared with an absence of the shoulder at 486 nm.
Therefore, the spectral change of IIb** could be attributed to the
oxidation of Ib* species to the formation of Ib*" in the TPB
segments, and the film became a bluish-green color (L*, 57.7; a*,
—16.7; b*, 14.7) during the third oxidation. When the applied
potential was added to 1.00 V, the absorption bands at 433 nm
decreased gradually with a new shoulder at 667 nm and agree
well with the spectral change of I"b**. At the final stage, the
polymer film turned to a deep blue color (L*, 45.7; a*, —10.1; b*,
—35.0). The results demonstrated a new approach for tuning the
absorption regions not only the coloration changed in visible
region but also in the NIR range.

Conclusions

A series of UV-Vis-NIR electrochromic aromatic polyamides
with TPB units were readily prepared via phosphorylation pol-
yamidation. In addition to high 7, and good thermal stability, all
the obtained polymers also reveal valuable electrochromic
characteristics such as high contrast in UV-Vis-NIR region and
good electrochromic/electroactive reversibility. Moreover,
a novel solution-processable transmissive-to-black

electrochromic copolymer also could be obtained from the
TPPA-based diamine and newly synthesized TPB-based diamine.
Our simple band-merging concept is an effective approach to
generate electroactive polymers which are colorless in neutral
state, but with which broad and homogeneous absorption
bandwidths extending over the entire visible spectrum could be
successfully achieved during different oxidation stages that will
span numerous applications including electrochromic windows
and displays.

Experimental
Materials

N,N'-Bis(4-aminophenyl)-N,N'-diphenyl-4,4’-biphenyldiamine'?
(2'), N,N'-bis(4-aminophenyl)-N,N'-di(4-methoxylphenyl)-1,4-
phenylenediamine'® (2), and 4-methoxy-4'-nitrodiphenylamine™
were synthesized according to a previously reported procedure.
Commercially available dicarboxylic acids such as trans-1,4-
cyclohexanedicarboxylic acid (3a), 4,4'-oxydibenzoic acid (3b),
and  2,2-bis(4-carboxyphenyl)hexafluoropropane (3c) were
purchased from Tokyo Chemical Industry (TCI) Co. and used as
received. Commercially obtained anhydrous calcium chloride
(CaCl,) was dried under vacuum at 180 °C for 8 h. TBAP
(ACROS) was recrystallized twice by ethyl acetate under nitrogen
atmosphere and then dried in vacuo prior to use. All other reagents
were used as received from commercial sources.

N,N -Bis(4-nitrophenyl)- N,V -di(4-methoxylphenyl)-4,4'-
biphenyldiamine (1)

To a solution of 2.03 g (5.00 mmol) of 4,4'-diiodo-biphenyl,
2.93 g (12.00 mmol) of 4-methoxy-4'-nitrodiphenylamine, 3.08 g
(22.30 mmol) of powdered anhydrous potassium carbonate,
1.42 g (22.30 mmol) of copper powder and 0.66 g (2.50 mmol) of
18-crown-6-ether was stirred in 10 mL of o-dichlorobenzene
under nitrogen atmosphere. After being heated at 180 °C for
24 h, the solution was filtered and cooled to precipitate brown
crystals. The precipitated brown crystals were collected by
filtration and purified by o-dichlorobenzene/ethyl acetate. The
product was filtered to afford 3.19 g (76% in yield) of brown
crystals with a mp of 202-203 °C (by Melting Point System at
a scan rate of 1 °C/min). '"H NMR (500 MHz, DMSO-dg, J,
ppm): 3.79 (s, 6H, -OCH3), 6.82 (d, J = 9.3 Hz, 4H, Hy), 7.05
(d, J = 8.8 Hz, 4H, Hy), 7.26 (d, J = 8.8 Hz, 4H, H,), 7.32 (d,
J = 8.5 Hz, 4H, Hy), 7.72 (d, J = 8.5 Hz, 4H, H,), 8.07
(d, J = 9.3 Hz, 4H, H,). *C NMR (125 MHz, DMSO-dj, 3,
ppm): 55.3, 115.5, 116.2, 125.6, 126.4, 128.0, 128.9, 136.4, 137.3,
138.6, 144.3, 153.4, 157.7. Anal. Calcd (%) for CsgH3oN4Og
(638.7): C, 71.46; H, 4.73; N, 8.77. Found: C, 70.83; H, 4.67; N,
8.43. ESI-MS: calcd for (CsgH3oN4Og)*: m/z 638.7; found:
m/z 638.0.

N, N -Bis(4-aminophenyl)-V, N’ -di(4-methoxylphenyl)-4,4'-
biphenyldiamine (2)

In a 100 mL three-neck round-bottomed flask equipped with
a stirring bar under nitrogen atmosphere, 1.28 g (2.00 mmol) of
dinitro compound 1 and 0.1 g of 10% Pd/C were dispersed in
10 mL of ethanol and 25 mL of THF. The suspension solution
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was heated to reflux, and 1 mL of hydrazine monohydrate was
added slowly to the mixture. After a further 30 h of reflux, the
solution was filtered to remove Pd/C, and the filtrate was cooled
under nitrogen atmosphere. The precipitated product was
collected by filtration and dried in vacuo at 80 °C to give 0.93 g
(84% in yield) of light green powder with a mp of 190-191 °C (by
Melting Point System at a scan rate of 1 °C/min). FT-IR (KBr):
3430, 3350 cm~! (N-H stretch). "H NMR (500 MHz, DMSO-dg,
3, ppm): 3.72 (s, 6H, -OCH3;), 5.01 (s, 4H, -NH>), 6.56 (d, /= 8.3
Hz,4H, H,), 6.74 (d, J = 8.5 Hz, 4H, H,), 6.82 (d, / = 8.3 Hz, 4H,
Hy), 6.87 (d, J = 8.7 Hz, 4H, H,), 7.00 (d, J = 8.7 Hz, 4H, Hy),
7.34 (d, J = 8.5 Hz, 4H, H,). *C NMR (125 MHz, DMSO-dg, 3,
ppm): 55.1, 114.6, 114.8, 118.6, 125.7, 126.2, 127.4, 130.8, 135.5,
140.5, 145.8, 147.4, 155.1. Anal. Calcd (%) for CsgH34N40;
(578.7): C, 78.87; H, 5.92; N, 9.68. Found: C, 78.46; H, 5.88; N,
10.01. ESI-MS: calcd for (C3sH34N405)*: m/z 578.7; found: m/z
578.4.

Polymer synthesis

The synthesis of polyamide Ib was used as an example to illus-
trate the general synthetic route utilized to produce the poly-
amides. A mixture of 578.7 mg (1.00 mmol) of the diamine
monomer 2, 259.1 mg (1.00 mmol) of 4,4’-oxydibenzoic acid (3b),
100 mg of calcium chloride, 0.80 mL of triphenyl phosphite,
0.40 mL of pyridine, and 0.80 mL of NMP was heated with
stirring at 105 °C for 3 h. The obtained polymer solution was
poured slowly into 300 mL of stirred methanol giving rise to
a stringy, fiber-like precipitate that was collected by filtration,
washed thoroughly with hot water and methanol, and dried
under vacuum at 100 °C. Reprecipitations of the polymer by N,
N-dimethylacetamide (DMAc)/methanol were carried out twice
for further purification. The inherent viscosity and weight-
average molecular weights (M) of the obtained polyamide Ib
were 0.76 dL/g (measured at a concentration of 0.5 g/dL in
DMACc at 30 °C) and 94 600 daltons, respectively. The FT-IR
spectrum of Ib (film) exhibited characteristic amide absorption
bands at 3315 cm™' (N-H stretch), 3045 cm™! (aromatic C-H
stretch), 2935, 2835 cm~! (CH; C-H stretch), 1660 cm™' (amide
carbonyl), Anal. Calcd (%) for (CssHasN4O5), (830.97),: C,
78.05; H, 5.58; N, 6.74. Found: C, 76.60; H, 4.96; N, 6.93. The
other polyamides were prepared by an analogous procedure.

Preparation of the polyamide films

A solution of the polymer was made by dissolving about 0.5 g of
the polyamide sample in 10 mL of DMAc or NMP. The
homogeneous solution was poured into a 9 cm glass Petri dish,
which was placed in a 90 °C oven for 5 h to remove most of the
solvent; then the semi-dried film was further dried in vacuo at
170 °C for 8 h. The obtained films were about 75-100 pm thick
and were used for solubility tests, and thermal analyses.

Measurements

Fourier transform infrared (FT-IR) spectra were recorded on
a PerkinElmer Spectrum 100 Model FT-IR spectrometer.
Elemental analyses were run in a Heraeus VarioEL-III CHNS
elemental analyzer. NMR spectra were measured on a Bruker
Avance-500 MHz spectrometer in  DMSO-ds, using

tetramethylsilane as an internal reference, and peak multiplicity
was reported as follows: s, singlet; d, doublet. The inherent
viscosities were determined at 0.5 g/dL concentration using
a Tamson TV-2000 viscometer at 30 °C. Gel permeation chro-
matographic (GPC) analysis was performed on a Lab Alliance
RI2000 instrument (one column, MIXED-D from Polymer
Laboratories) connected with one refractive index detector
from Schambeck SFD Gmbh. All GPC analyses were performed
using a polymer/DMF solution at a flow rate of 1 mL/min at
70 °C and calibrated with polystyrene standards.
Thermogravimetric analysis (TGA) was conducted with a Perki-
nElmer Pyris 1 TGA. Experiments were carried out on approx-
imately 6-8 mg film samples heated in flowing nitrogen or air
(flow rate = 20 cm*min) at a heating rate of 20 °C/min. DSC
analyses were performed on a PerkinElmer Pyris 1 DSC at a scan
rate of 10 °C/min in flowing nitrogen (20 cm*min). Electro-
chemistry was performed with a CH Instruments 612C electro-
chemical analyzer. Voltammograms are presented with the
positive potential pointing to the left and with increasing anodic
currents pointing downwards. Cyclic voltammetry (CV) was
conducted with the use of a three-electrode cell in which ITO
(polymer films area about 0.5 cm x 1.2 cm) was used as
a working electrode. A platinum wire was used as an auxiliary
electrode. All cell potentials were taken by using a homemade
Ag/AgCl, KCl (sat.) reference electrode. Spectroelectrochemical
experiments were carried out in a cell built from a 1 cm
commercial UV-visible cuvette using Hewlett-Packard 8453 UV-
Visible diode array and Hitachi U-4100 UV-Vis-NIR spectro-
photometer. The ITO-coated glass slide was used as the working
electrode, a platinum wire as the counter electrode, and a Ag/
AgCl cell as the reference electrode. The thickness of the poly-
amide thin films was measured by alpha-step profilometer
(Kosaka Lab., Surfcorder ET3000, Japan). Colorimetric
measurements were obtained using JASCO V-650 spectropho-
tometer and the results are expressed in terms of lightness (L*)
and color coordinates (a*, b*).
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