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Abstract A novel dicarboxylic acid monomer bearing two
built-in imide rings, namely N,N-bis(4-trimellitimidophenyl)-
1-aminopyrene, was synthesized from the condensation of N,
N-di(4-aminophenyl)-1-aminopyrene and two equivalent
amount of trimellitic anhydride. New poly(amide-imide)s
(PAIs) with diphenylpyrenylamine segments were prepared
by the direct phosphorylation polyamidation reactions from
the newly synthesized diimide-diacid monomer with two dif-
ferent aromatic diamines or from N,N-di(4-aminophenyl)-1-
aminopyrene with four different imide ring-preformed dicar-
boxylic acids. All the polymers were readily soluble in many
organic solvents and could be solution-cast into tough and
flexible polymer films. These PAIs showed glass-transition
temperatures (Tgs) in the range of 211–352 °C, and they did
not show significant weight-loss before 500 °C. Cyclic volt-
ammograms of the PAI films cast onto the indium-tin oxide
(ITO)-coated glass substrate revealed reversible electrochem-
ical oxidation processes accompanied with strong color
changes from the pale yellow neutral state to the purplish blue
oxidized state and the orange reduced state, respectively.
Incorporating the diphenylpyrenylamine unit on the amide
side of PAIs led to lower oxidation potentials and higher redox
reversibility and, thus, better electrochromic performance
such as high coloration efficiency, fast switching speed, and
high electrochromic stability.
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Introduction

Electrochromic materials exhibit reversible and persistent col-
or change by means of electrochemical redox reactions [1].
These materials have attracted much attention over the last
few decades because they can be used as display devices,
self-darkening rear-view mirrors, adjustable darkening win-
dows, and camouflage materials [2–12]. There are several
chemical systems that are intrinsically electrochromic, such
as transitionmetal oxides (especially tungsten oxide), inorgan-
ic coordination complexes, small organic molecules, and con-
jugated polymers [13–19]. Electrochromic applications based
onπ-conjugated polymers become popular owing to their ease
of color-tuning, fast switching time, and high contrast ratios
[20–23]. Extensive studies from the Reynolds’ group have
shown a wide variety of conjugated polymers with color
changes that cover the entire visible spectrum [23–28].

Aromatic polyimides are well-known as high performance
polymeric materials because they exhibit excellent thermal
stability and mechanical properties as well as good chemical
resistance [29–31]. They have found a wide range of applica-
tions in advanced technologies. The outstanding properties of
aromatic polyimides come from their rigid backbones and
strong intramolecular and intermolecular forces between the
polymer chains due to the charge transfer complex (CTC)
formation between electron-donating and electron-accepting
segments. However, they are often insoluble and infusible in
their fully imidized form due to their rigid chain characteristics
and strong interchain interactions, leading to processing diffi-
culties. To overcome this shortcoming, various polymer struc-
ture modifications have been developed [32, 33]. The incor-
poration of bulky substituents or bulky pendant groups into
rigid polymer backbones was very successful [34–38].
Replacement of polyimides by copolyimides such as PAIs is
also useful in modifying the intractable character of
polyimides [39–44]. Due to the combination of both amide
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and imide groups in polymer repeating units, PAIs have struc-
tural and physical similarity between polyamides and
polyimides; accordingly, this class of polymers displays a
good compromise between high thermal property and
processability.

Triarylamine derivatives are well known for photo- and
electroactive properties that find optoelectronic applications
as photoconductors, hole-transporters, and light-emitters
[45–47]. Electron-rich triarylamines can be easily oxidized
to form stable radical cations, and the oxidation process is
always associated with a noticeable change of coloration. In
recent years, a huge number of triarylamine-based high per-
formance polymers such as aromatic polyimides and polyam-
ides have been developed for electrochromic applications
[48]. We have incorporated diphenylpyrenylamine (DPPA)
units into the backbones of polyamides and polyimides as
the electro-chromophore [49, 50]. As a result of the introduc-
tion of packing-disruptive, three-dimensional DPPA units
along the polymer backbone, the polyamides generally exhib-
ited good solubility in polar organic solvents. They could be
easily formed uniform, transparent amorphous thin films by
solution casting and spin-coating methods. However, most of
the aromatic polyimides containing the DPPA units are spar-
ingly soluble in organic solvents. As a continuation of our
efforts in developing easily processable high-performance
functional polymers with the triarylamine moieties, the pres-
ent study describes the synthesis and electrochromic proper-
ties of novel DPPA-containing PAIs. The PAIs are expected to
exhibit good solubility while preserve high thermal stability
and good redox activity. The effects of the location of DPPA
(i.e., on the imide side or the amide side) on the electrochem-
ical and electrochromic properties of the PAIs are also
investigated.

Experimental

Materials

According to a reported synthetic procedure [49], the
pyrenylamine-based diamine 4 was synthesized by a four-
step reaction sequence starting from the nitration of pyrene
using copper (II) nitrate trihydrate. The synthetic details and
the characterization data of this diamine monomer have been
reported previously [49]. The monoimide- or diimide-
dicarboxylic acid (hereafter, abbreviated as imide-diacid and
diimide-diacid) monomers were prepared by the previously
reported procedures [51–53]. 4,4’-Oxydianiline (ODA) was
used as received from Tokyo Chemical Industry. N,N-
Dimethylacetamide (DMAc) (Tedia), pyridine (Py) (Wako),
N-methyl-2-pyrrolidone (NMP) (Tedia), and N,N-
dimethylformamide (DMF) (Tedia) were dried over calcium
hydride for 24 h, distilled under reduced pressure, and stored

over 4 Å molecular sieves in a sealed bottle. Commercially
obtained calcium chloride (CaCl2) was dried under vacuum at
180 °C for 3 h prior to use. Tetrabutylammonium perchlorate
(Bu4NClO4) (TCI) was recrystallized twice from ethyl acetate
under nitrogen atmosphere and then dried in vacuo prior to
use. All other reagents and solvents were used as received
from commercial sources.

Synthesis of N,N-bis(4-trimellitimidophenyl)-1-aminopyrene
(5)

A flask was charged with 3.84 g (20 mmol) of trimellitic
anhydride, 3.99 g (10 mmol) of N,N-di(4-aminophenyl)-1-
aminopyrene, and 90 mL of glacial acetic acid. The heteroge-
neous mixture was stirred for 1 h at room temperature and then
refluxed at 120 °C for 12 h. After cooling, the mixture was
poured into 300 mL of methanol, and the precipitate was
collected by filtration and washed thoroughly with methanol
to remove acetic acid. The product was washed several times
with hot water and then dried in vacuum to afford 6.13 g
(82 % yield) of diimide-diacid monomer 5 as yellow powder;
mp: 346-348 °C. The product can be directly used for the
subsequent polymerization reaction without any further puri-
fication. IR (KBr) (Fig. 1): 2700–3400 cm−1 (O-H stretch);
1776, 1720 cm−1 (imide C=O stretch). 1H-NMR (500 MHz,
DMSO-d6, δ, ppm) (for the peak assignments, see Fig. 2a):
7.20 (d, J=8.5 Hz, 4H, Hj), 7.38 (d, J=9.0 Hz, 4H, Hk), 8.03
(d, J=8.0 Hz, 1H, Ha), 8.04 (d, J=8.0 Hz, 2H, Hm), 8.10 (t, J=
7.5 Hz, 1H, Hf), 8.19 (2H, Hc+d), 8.24 (s, 2H, Hh+i), 8.27 (d,
2H, Hl), 8.28 (d, J=7.0 Hz, 1H, He), 8.35 (d, J=8.0 Hz, 1H,
Hg), 8.39 (d, J=8.0 Hz, 2H, Hn), 8.42 (d, J=8.0 Hz, 1H, Hb).
13C-NMR (125 Hz, DMSO-d6, δ, ppm) (for the peak assign-
ments, see Fig. 2b): 121.3 (C18), 122.3 (C6), 123.2 (C23),
123.6 (C26), 123.8 (C4), 125.4 (C20), 125.5 (C8+10), 125.6
(C14), 126.5 (C9), 126.6 (C3), 127.1 (C12), 127.4 (C13),

Fig. 1 IR spectrum of diimide-diacid monomer 5
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127.8 (C2), 128.0 (C15), 128.3 (C19), 128.5 (C5), 129.7 (C16),
130.4 (C11), 130.6 (C7), 131.9 (C22), 134.8 (C27), 135.3 (C25),
136.3 (C24), 139.3 (C1), 147.2 (C17), 165.7 (COOH), 166.2
(C21), 166.3 (C28).

Synthesis of PAIs

The synthesis of PAI-1 was used as an example to illustrate
the general synthetic route to produce the PAIs. A mixture of
0.4486 g (0.6 mmol) of diimide-diacid monomer 5, 0.1201 g
(0.6 mmol) of ODA, 0.1 g of anhydrous calcium chloride,
0.6 mL of triphenyl phosphite (TPP), 0.15 mL of pyridine,
and 0.6 mL of NMP was heated with stirring at 120 °C for
3 h. The resulting polymer solution was poured slowly into
150 mL of methanol giving rise to a tough, fibrous precipitate.
The precipitated product was collected by filtration, washed
thoroughly with hot water and methanol, and then dried to
give PAI-1. The inherent viscosity of the polymer was
0.70 dL/g, measured in DMAc (containing 5 wt.% LiCl) at a
concentration of 0.5 g/dL at 30 °C. The IR spectrum of PAI-1
(film) exhibited characteristic amide absorption bands at

3287 cm−1 (amide N-H stretch) and 1670 cm−1 (amide car-
bonyl stretch), together with the imide absorption bands at
1776 cm−1 (asymmetrical C=O stretch) and 1717 cm−1 (sym-
metrical C=O stretch).

Preparation of the PAI films

A solution of the polymer was made by dissolving about 0.6 g
of the PAI sample in 10 mL of hot DMAc. The homogeneous
solution was poured into a 7-cm glass Petri dish, which was
placed in a 90 °C oven overnight for the slow release of the
solvent. The cast film was then released from the glass sub-
strate and was further dried in vacuo at 160 °C for 8 h. The
obtained films were about 70μm in thickness and were used
for X-ray diffraction measurements, solubility tests and ther-
mal analyses.

Instrumentation and measurements

Infrared (IR) spectra were recorded on a Horiba FT-720 FT-IR
spectrometer. 1H and 13C NMR spectra were measured on a

Fig. 2 (a) 1H, (b) 13C, (c) H-H COSY, and (d) C-H HMQC NMR spectra of diimide-diacid monomer 5 in DMSO-d6
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Bruker AVANCE 500 FT-NMR systemwith tetramethylsilane
as an internal standard. The inherent viscosities were deter-
mined with a Cannon-Fenske viscometer at 30 °C. Wide-
angle X-ray diffraction (WAXD) measurements were per-
formed at room temperature (ca. 25 °C) on a Shimadzu
XRD-6000 X-ray diffractometer with a graphite monochro-
mator (operating at 40 kV and 30 mA), using nickel-filtered
Cu-Kα radiation. The scanning rate was 2°/min over a range
of 2θ=10–40°. Thermogravimetric analysis (TGA) was per-
formed with a Perkin-Elmer Pyris 1 TGA. Experiments were
carried out on approximately 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 determined
with a Perkin-Elmer TMA 7 instrument. The TMA experi-
ments were carried 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 temperature (Ts)
were taken as the onset temperatures of probe displacement on
the TMA traces. Ultraviolet–visible (UV–vis) spectra of the
polymer films were recorded on an Agilent 8453 UV-visible
spectrometer. Electrochemistry was performed with a CHI
611C electrochemical analyzer. Voltammograms are present-
ed with the positive potential pointing to the left and with
increasing anodic currents pointing downwards. Cyclic volt-
ammetry was conducted with the use of a three-electrode cell
in which ITO (polymer films area about 0.9×1.1 cm) was
used as a working electrode. 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 (+0.44 V vs. Ag/AgCl). Spectroelectrochemistry
analyses were carried out with an electrolytic cell, which
was composed of a 1 cm cuvette, ITO as a working electrode,
a platinum wire as an auxiliary electrode, and a home-made
Ag/AgCl, KCl (sat.) reference electrode. Absorption spectra

Scheme 1 Synthetic route to the
diimide-diacid monomer 5
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in the spectroelectrochemical experiments were measured
with an Agilent 8453 UV-visible photodiode array
spectrophotometer.

Results and discussion

Monomer synthesis

The new diimide-diacid monomer 5 containing the DPPA unit
was synthesized by the synthetic route outlined in Scheme 1.
The diamine 4 was prepared from the CsF-assisted N,N-
diarylation of 1-aminoprene with p-fluoronitrobenzene,
followed by hydrazine Pd/C-catalyzed reduction of the inter-
mediate dinitro compound 3. Synthetic details and character-
ization data of compounds 1 to 4 have been described previ-
ously [49]. The targeted diimide-diacid monomer 5 was pre-
pared by the condensation of diamine 4 with two molar equiv-
alents of trimellitic anhydride in refluxing glacial acetic acid.
The structures of all the synthesized compounds were

Scheme 2 Synthesis of PAI-1to PAI-6 (the photograph shows the images of the solution-cast films of these PAIs)

Table 1 Inherent viscosity and solubility behavior of poly(amide-
imide)s

Polymer
code

ηinh (dL/g)
a Solubility in various solventsb

NMP DMAc DMF DMSO m-Cresol THF

PAI-1 0.70 ++ ++ +h +h +h –

PAI-2 0.54 +h +h +− +− +h –

PAI-3 0.64 ++ ++ +h +h +h –

PAI-4 0.74 ++ ++ +h +h +h +−
PAI-5 0.79 +h ++ +− +− +h –

PAI-6 0.90 ++ ++ +h +h +h +−

a Inherent viscosity measured at a concentration of 0.5 dL g−1 in DMAc-
5 wt.% LiCl at 30 °C
b The qualitative solubility was tested with 10 mg of the sample in 1 mL
of stirred solvent. Notation of solubility: ++: soluble at room temperature;
+−: partially soluble; +h: soluble on heating; −: insoluble even on heating.
So lven t s : NMP: N -me thy l -2 -py r ro l i done ; DMAc: N,N -
dimethylacetamide; DMF: N,N-dimethylformamide; DMSO: dimethyl
sulfoxide; THF: tetrahydrofuran
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Fig. 3 (a) IR, (b) 1H NMR
(measured in DMSO-d6), and (c)
H-H COSY NMR spectra
of PAI-1
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confirmed by IR and NMR analyses. The IR spectrum (Fig. 1)
of diimide-diacid 5 showed absorption bands around 2700–
3400 (O-H stretch, carboxylic acid), 1776 (imide C=O asym-
metrical stretching), and 1720 cm−1 (imide C=O symmetrical
stretching and carboxyl C=O stretching), confirming the pres-
ence of imide ring and carboxylic acid groups in the structure.
Figure 2 illustrates the 1H NMR and 13C NMR spectra of
diimide-diacid 5. Assignments of each carbon and hydrogen
are assisted by the two-dimensional NMR spectra, and these
spectra are in good agreement with the proposed molecular
structure of 5.

According to the phosphorylation polyamidation technique
described by Yamazaki and co-workers [54], a series of novel
PAIs were synthesized from various combinations of diamine
4 (or ODA) with diimide-diacid 5 or the other imide ring-
preformed dicarboxylic acids shown in Scheme 2 by using
triphenyl phosphite (TPP) and pyridine (Py) as condensing
agents. All the polymerization reactions proceeded homoge-
neously throughout the reaction and afforded clear, highly
viscous polymer solutions. All the polymers precipitated in a
tough, fiber-like form when the resulting polymer solutions
were slowly poured under stirring intomethanol. The obtained
PAIs had inherent viscosities in the range of 0.54–0.90 dL g−1,
as shown in Table 1. All the polymers can be solution-cast into
flexible and transparent films, indicating the formation of high
molecular weight polymers. The structures of the PAIs were
confirmed by IR and NMR spectroscopy. As shown in Fig. 3a,
the IR spectrum for PAI-1 exhibited characteristic absorption
bands of the amide group at around 3287 cm−1 (N-H stretch)

and 1670 cm−1 (amide carbonyl), and the characteristic imide
absorption bands at 1776 cm−1 (asymmetrical C=O) and
1717 cm−1 (symmetrical C=O). Fig. 3b shows the 1H NMR
spectrum of PAI-1 in deuterated dimethyl sulfoxide (DMSO-
d6). Assignments of each proton are assisted by the two-
dimensional H-H COSY NMR spectrum (Fig. 3c), and the
spectra agree well with the proposed molecular structure of
PAI-1.

As it was mentioned earlier, all the PAIs could be solution-
cast into flexible and strong films. TheWAXD studies of these
film samples indicated that all the polymers were essentially
amorphous. The qualitative solubility properties of PAIs in
several organic solvents at 10 % (w/v) are summarized in
Table 1. Most of the PAIs were well dissolved in polar aprotic
solvents such as NMP, DMAc, DMF, and DMSO at room
temperature or upon heating at 70 °C. The slightly decreased
solubility of PAI-2 and PAI-5 may be due to their more rigid
structures and higher aromatic contents. The high solubility
and amorphous properties of these PAIs can be attributed to
the incorporation of bulky, packing-disruptive, and three-
dimensional DPPA units in the polymer structure, which re-
sults in a high steric hindrance for close packing and thus
reduces their crystallization tendency and interchain interac-
tions. Therefore, the excellent solubilitymakes these polymers
potential candidates for practical applications by simple solu-
tion processes.

Thermal properties

Thermal properties of the PAIs were investigated by DSC,
TMA and TGA techniques. The relevant data are summarized
in Table 2. The glass-transition temperatures (Tg) of these
PAIs could be easily determined by the DSC method; they
were observed in the range of 211–352 °C. PAI-4 and PAI-
6 exhibited relatively lower Tg values (252 and 211 °C, re-
spectively) when compared with PAI-3 (Tg=335 °C) and
PAI-5 (Tg =326 °C) due to the presence of flexible

Table 2 Thermal properties of PAIs

Polymer a Tg
b (°C) Ts

c (°C) Td
10 (°C)d Char yield (wt%)e

in N2 in air

PAI-1 340 317 635 632 77

PAI-2 352 325 650 621 80

PAI-3 335 308 623 626 75

PAI-4 252 248 542 540 65

PAI-5 326 324 613 593 76

PAI-6 211 208 519 516 62

a The polymer film samples were heated at 300 °C for 1 h before 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 °C to 400 °C at heating rate 20 °C/min) was defined as Tg
c Softening temperature measured by TMAwith a constant applied load
of 50 mN at a heating rate of 10 °C/min
d Decomposition temperature at which a 10 % weight loss was recorded
by TGA at a heating rate of 20 °C/min
e Residual weight percentage when heated to 800 °C at 20 °C/min in
nitrogen

Fig. 4 TMA and TGA curves of PAI-2 with a heating rate of 10 and
20 °C/min, respectively
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polymethylene segments. The highest Tg value (352 °C) of
PAI-2 can be explained by the presence of bulky DPPA seg-
ment in both the imide and amide sides of the repeat unit. The
softening temperatures (Ts) of the polymer films were deter-
mined with TMA by the penetration method. The Ts value was
read from the onset temperature of the probe displacement on

the TMA curve. A typical TMA curve for the representative
PAI-2 is shown in Fig. 4. The Ts values of this PAI series are in
the range of 208–325 °C. The thermal stability of PAIs was
evaluated by TGA in both air and nitrogen atmospheres.
Typical TGA curves of the representative PAI-2 in both air
and nitrogen atmospheres are illustrated in the inset of Fig. 4.

Table 3 Redox potentials and energy levels of PAIs

Polymer code Oxidation potential (V)a Reduction potential (V)b Eg
opt (eV)c Eg

CV (eV)d HOMO (eV)e LUMO (eV)f

Eonset E1/2
ox1 E1/2

ox2 Eonset E1/2
red1 E1/2

red2 Eonset E1/2 Eonset E1/2

PAI-1 0.90 1.08 – −0.93 −1.18 −2.01 2.68 2.26 5.26 5.44 3.00 3.18

PAI-2 0.65 0.81 1.00 −1.03 −1.19 −2.11 2.15 2.00 5.02 5.08 3.02 3.08

PAI-3 0.66 0.86 – −1.05 −1.15 −2.04 2.29 2.01 5.09 5.20 3.08 3.19

PAI-4 0.74 0.86 – −1.11 −1.23 −2.01 2.34 2.09 5.10 5.22 3.01 3.13

PAI-5 0.71 0.87 – −0.94 −1.14 −2.12 2.26 2.01 5.07 5.23 3.06 3.22

PAI-6 0.70 0.87 – −1.07 −1.21 −2.10 2.31 2.08 5.05 5.23 2.97 3.15

a vs. Ag/AgCl in CH3CN. E1/2=average potential of the redox couple peaks
b vs. Ag/AgCl in DMF
c Bandgaps calculated from absorption edge of the polymer films: Energy gap=1240/λonset
d Bandgaps calculated from CV measurements
e The HOMO energy levels were calculated from E1/2

ox1 or Eonset values of CV curves and were referenced to ferrocene (4.8 eV relative to the vacuum
energy level)
f LUMO=HOMO-Eg

CV

Fig. 5 Anodic CV diagrams of
the cast films of PAI-1 to PAI-3
on the ITO-coated glass substrate
in 0.1 M Bu4NClO4/CH3CN at a
scan rate of 50 mV/s
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The decomposition temperatures (Td) at a 10 % weight-loss in
nitrogen and air atmosphere taken from the original TGA
thermograms are given in Table 2. TGA measurements reveal
that they possess high thermal stability with decomposition
temperature above 500 °C. The 10 % weight-loss temperature
in nitrogen and air was recorded in the range of 519–650 and
516–632 °C, respectively. The amount of carbonized residues
(char yield) at 800 °C in nitrogen for all PAIs was in the range
of 62–80 wt.%. The relatively high char yield of PAI-2 can be
attributed to its high aromatic content.

Electrochemical properties

The electrochemical behavior of the PAIs was investigated by
cyclic voltammetry (CV) conducted for the cast film on an
ITO-coated glass substrate as working electrode in dry aceto-
nitrile (CH3CN) (for anodic oxidation) or DMF (for cathodic

Fig. 6 CV diagrams of the PAI-3 film on an ITO-coated glass substrate
in 0.1 M Bu4NClO4 acetonitrile (for the oxidation process) and DMF (for
the reduction process) solutions at a scan rate of 50 and 100 mV/s, re-
spectively. The arrows indicate the film color change during CV scan

Scheme 3 Postulated redox
chemistry of PAI-3
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reduction) containing 0.1 M of Bu4NClO4 as the supporting
electrolyte using saturated Ag/AgCl as the reference electrode.
The derived oxidation and reduction potentials are summa-
rized in Table 3. The anodic CV scans of PAI-1 to PAI-3
are compared in Fig. 5. As expected, PAI-3 revealed a lower
oxidation potential (Eonset=0.66 V, Epa=0.96 V) as compared
to PAI-1 (Eonset=0.90 V, Epa=1.19 V) because its DPPA unit
is located in the amide side, which should be more electron-
rich than that in the imide side. PAI-2 exhibits the DPPA
segment in both the amide and imide sides and reveals two
corresponding anodic redox couples. Figure 6 depicts the an-
odic and cathodic CV diagrams for PAI-3, which is represen-
tative for the other PAI-4 to PAI-6 analogs. The anodic wave
originates from the oxidation of the DPPA segment, and the
cathodic waves are attributable to the reduction of the imide
and pyrene units. The possible mechanism for the electro-
chemical oxidation and reduction of PAI-3 is depicted as in
Scheme 3. The oxidation of the DPPA unit in PAI-3 started at
around 0.66 V (onset potential; Eonset) with E1/2=0.86 V. A
strong color change (from yellow to bluish gray) of the PAI-3
film was observed during CV scans. The Eonset values of the
reduction processes of the PAIs were recorded in the range
from −0.93 to −1.11 V. As shown in Fig. 7a, the first reduction
process of PAI-3 was reversible, with half-wave potential
(E1/2

red1) of −1.15 V; however, the second reduction process
was irreversible as the applied potential was over −2.0 V
(Fig. 7b). The semi-aromatic PAI-4 and PAI-6 showed higher
reduction potentials than the other fully aromatic ones, which
should be a result of the reduced electron affinity because of
the presence of the aliphatic segments. The color of the PAI
films changed from yellow to orange and red-brown due to
electrochemical reduction of the polymers.

The HOMO (highest occupied molecular orbital) energy
levels of the investigated PAIs were estimated from the oxi-
dation onset potentials (Eonset) or half-wave potentials of the
first anodic peak (E1/2

ox1) and by comparison with ferrocene
(4.8 eV). These data together with the onset absorption wave-
lengths of the UV–vis spectra were then used to obtain the
LUMO (lowest unoccupied molecular orbital) energy levels
(Table 3). The HOMO and LUMO values for these PAIs were
calculated to be in the range of 5.02–5.26 eV and 2.97–
3.08 eV (calculated from Eonset values), respectively, which
are similar to those reported for the pyrene-containing
triarylamines [55]. The high-lying HOMO energy level and
reversible electrochemical oxidation of these polymers sug-
gest that they have potential for use as hole injection and
transport materials in EL devices.

Spectroelectrochemistry

The electro-optical properties of the polymer films were in-
vestigated using the changes in electronic absorption spectra
at various applied voltages. The electrode preparations and

solution conditions were identical to those used in the CV
experiments. For these investigations, the PAI film was cast
on an ITO-coated glass slide (a piece that fit in the commercial
UV-visible cuvette), and a homemade electrochemical cell
was built from a commercial UV-visible cuvette. The cell
was placed in the optical path of the sample light beam in a
commercial diode array spectrophotometer. This procedure
allowed us to obtain electronic absorption spectra under po-
tential control in a 0.1 M Bu4NClO4/CH3CN solution for ox-
idation and 0.1 M Bu4NClO4/DMF solution for reduction,
respectively. The results of the PAI-1 film upon electrochem-
ical oxidation and reduction are presented in Fig. 8 as a series
of UV–vis-NIR absorption curves correlated to electrode po-
tentials. In the neutral form the film exhibits a strong band at
329 nm, due to the π-π* transitions, but it is almost transpar-
ent in the visible and NIR regions. Upon electro-oxidation of
the PAI-1 film (increasing applied voltage from 0 to 1.20 V),
the absorption of π-π* transitions at 329 nm gradually de-
creased while new peaks at 550 and 600 nm gradually in-
creased in intensity. We attribute this spectral change to the
formation of a monocation radical from the DPPAmoiety. The
observed electronic absorption changes in the PAI-1 film at
various potentials are associated with strong color changes;
indeed, they even can be seen readily by the naked eye.
These spectroscopic changes are manifest as a change in film

Fig. 7 Cathodic CV diagrams of the cast film of PAI-3 on an ITO-coated
glass substrate in 0.1 M Bu4NClO4/DMF at a scan rate of 100 mV/s: (a)
first redox couple (applied voltage: 0 to −1.5 V); (b) first and second
redox couples (applied voltage: 0 to −2.2 V)
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color from pale yellow to purplish blue (Fig. 8a inset). Fig. 8b
shows the spectral changes of the PAI-1 film upon electro-
reduction. The radical anion, which appears at potentials be-
tween −1.00 V and −1.50 V vs. Ag/AgCl, exhibits a strong
band at 329 nm and a peak at 540 nm in the visible region. As
shown in the inset of Fig. 8b, the radical anion form of PAI-1
is pink in color. Further reduction at potentials negative to
−2.4 V results in the dianion state with intensified absorption
in the region of 400~500 nm. Since the potential examined is
similar to the second cathodic process, the spectral change is
assigned to the radical anion formation arising from the reduc-
tion of the pyrene unit. At this stage, the polymer film turns
from pink to red-brown.

PAI-3 also showed interesting electrochromic behavior up-
on electrochemical oxidation or reduction. The result of the
PAI-3 film upon electro-oxidation is presented in Fig. 9a as a
series of UV–vis-NIR absorption curves correlated to elec-
trode potentials. In the neutral form the film exhibits a strong
band at 319 nm with a shoulder at 412 nm, but it is almost
transparent at wavelengths longer than 520 nm. Upon oxida-
tion of PAI-3 film (increasing electrode potential from 0 to
1.03 V), the absorbance at 319 nm gradually decreased while
new peaks at 550 and 600 nm in the visible region and a
broadband having its maximum absorption wavelength at
825 nm gradually increased in intensity. Meanwhile, the color
of the film changed from yellow to bluish gray. We attribute

Fig. 9 Spectroelectrochemistry of PAI-3 thin film on an ITO-coated
glass substrate (in CH3CN or DMF with 0.1 M Bu4NClO4 as the
supporting electrolyte vs. Ag/AgCl couple as reference) along with (a)

increasing of the applied voltage up to +1.03 V (for the oxidation process
is CH3CN) and (b) decreasing to −2.30 V (for the reduction process in
DMF)

Fig. 8 Spectroelectrochemistry of PAI-1 thin film on an ITO-coated
glass substrate (in CH3CN or DMF with 0.1 M Bu4NClO4 as the
supporting electrolyte vs. Ag/AgCl couple as reference) along with (a)

increasing of the applied voltage up to +1.20 V (for the oxidation process
is CH3CN) and (b) decreasing to −2.40 V (for the reduction process in
DMF)
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this spectral change to the formation of a stable radical cation
of the DPPA moiety. Figure 9b shows the spectral changes of
the PAI-3 film upon electro-reduction. The radical anion,
which appears at potential between −0.9 V and −1.3 V vs.
Ag/AgCl, exhibits a strong band at 320 nm and an increased
absorbance between 450 to 600 nm. As shown in the inset of
Fig. 9b, the radical anion form ofPAI-3 is orange in color. The
spectrum of further reduction at potentials negative to −2.3 V
has a peak at 505 nm. At this stage, the polymer film appears
as a red-brown color. Thus, these PAIs exhibit different redox

and coloring states by incorporating DPPA unit into the amide
or the imide side of the repeat unit.

Electrochromic switching and stability

The stability, response time, and color efficiency are the key
parameters for an electroactive polymer film to be amenable
for usage in optical and electrochromic devices, thus the
electrochromic switching studies were further measured.
Electrochromic switching studies for the PAIs were performed

Fig. 10 (a) and (b): Calculation of optical switching time at 600 nm; (c)
and (e): Electrical current response; (d) and (f): Transmittance change as a
function of time for the cast film of PAI-1 and PAI-3 on the ITO-coated

glass slide in 0.1 M Bu4NClO4/CH3CN by applying a potential step
between 0–1.16 Vand 0–1.0 V, respectively
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to monitor the percent transmittance changes (Δ%T) as a
function of time at their absorption maximum (λmax) and to
determine the response time by stepping potential repeatedly
between the neutral and oxidized states. The polymer filmwas
cast onto an ITO-coated glass slides in the same manner as
described earlier, and the active area of the polymer film on
ITO glass is about 1 cm2. When the films were switched, the
absorbance at the given wavelength was monitored as a func-
tion of time with UV–vis-NIR spectroscopy. Switching data
for the representative cast film of polymers PAI-1 and PAI-3
are depicted in Fig. 10 for comparison. The response time was
calculated at 90 % of the full-transmittance change because it
is difficult to perceive any further color change with naked eye
beyond this point. As shown in Fig. 10a, PAI-1 film revealed
switching time of 3.1 s at 1.16 V for coloring process at
600 nm and 1.3 s for bleaching. On the other hand, Fig. 10b
depicted that the PAI-3 film required 3.5 s for coloration at
600 nm and 1.3 s for bleaching. The PAIs switched rapidly
between the highly transmissive neutral state and the colored
oxidized state. Figures 10c,d and e,f show the current density

and optical transmittance changes at λmax=600 nm of PAI-1
and PAI-3 films while switching between their neutral and
oxidized states in 0.1 M Bu4NClO4/CH3CN by applying a
potential step between 0 to 1.16 V and 0 to 1.00 V (vs. Ag/
AgCl), respectively. The PAI-1 film showed a moderate opti-
cal contrast loss after 10 full switches. PAI-1 showed a larger
loss of electrochromic contrast as compared to the PAI-3with
the isomeric repeat unit after 10 full switches. The less stabil-
ity of PAI-1 might be attributable to the strong electron-
withdrawing effect of the imide group. In contrast, PAI-3
exhibited excellent electrochromic stability because the
DPPA unit is located in the amide side. Even though the
slightly lower long-term stability of PAI-1, it still exhibited
interesting ambipolar electrochromic behaviors upon oxida-
tion or reduction.

Figures 11a and b depict the optical transmittance as a
function of time at 600 and 805 nm of PAI-2 while
switching between its yellow (neutral) and deep blue
(oxidized) states in 0.1 M Bu4NClO4/CH3CN by apply-
ing square-wave potential step between 0 to 1.1 V and 0

Fig. 11 Optical transmittance
change monitored at 600 nm and
805 nm for PAI-2 thin film on
ITO-coated slide in 0.1 M
Bu4NClO4/CH3CN: (a) switched
between 0 and +1.1 V (vs. Ag/
AgCl) with cycle time of 22 s; (b)
switched between 0 and +1.25 V
(vs. Ag/AgCl) with cycle time of
26 s
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to 1.25 V (vs. Ag/AgCl), respectively. Figure 11a depicts
the optical transmittance changes during the first oxida-
tive process, and the polymer film exhibits good stability
in the first 30 full switches. As shown in Fig. 11b, a
large optical contrast loss after 30 full switches was ob-
served if the polymer film was switched between 0 and
1.25 V. This result clearly indicated that incorporating
the DPPA unit on the amide side of PAIs led to lower
oxidation potentials, higher redox reversibility, and better
electrohromic performance.

Conclusions

A series of novel DPPA-based PAIs have been successfully
prepared from the imide ring-preformed dicarboxylic acids with
N,N-di(4-aminophenyl)-1-aminopyrene or from N,N-bis(4-
trimellitimidophenyl)-1-aminopyrene with aromatic diamines
via the phosphorylation polyamidation reaction. Because of
the presence of DPPA unit, all the polymers were amorphous,
had good solubility in many polar aprotic solvents, and exhib-
ited excellent film-forming ability. In addition to high Tg values
and good thermal stability, all the PAIs were electroactive and
electrochromic. The PAIs containing the DPPA unit in the im-
ide or amide side exhibited an ambipolar electrochromic behav-
ior and also revealed good electrochromic stability and multi-
colored electrochromic behavior. Incorporating the
diphenylpyrenylamine unit on the amide side of PAIs led to
lower oxidation potentials, higher redox reversibility, and better
electrohromic performance. Thus, this new PAI family could be
good candidates as anodically electrochromic or hole-
transporting materials due to their proper oxidation potentials,
good electrochemical stability, and thin film formability.
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