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ABSTRACT: Two polyamides (PAs) (PA1 and PA2) with three
electroactive nitrogen atoms within triphenylamine (TPA)-
containing structures were synthesized from two diamine
monomers, 4,4′--bis[(2,4-dimethoxyphenyl)(4-aminophenyl)-
amino]-2″,4′′-dimethoxytriphenylamine (1-NH2) or 4,4′-bis(4-
aminophenyl(4-methylphenyl)amino)-4′-methyltriphenylamine
(2-NH2), and dicarboxylic acids via a phosphorylation poly-
amidation technique. PA1 exhibited highly integrated electro-
chromic performances, including multiple color changes (colorless
to grass green, green, and blue), fast response speed (7.7/2.6 s at
422 nm for the first electrochromic process), high contrast of
optical transmittance change (ΔT = 54% at 422 nm at the first
oxidation stage), and excellent electrochromic stability. Introduc-
ing electron-donating ortho and para methoxy substituents and three electroactive nitrogen centers could effectively increase the
electrochromic stability of the resulting PA1. At the first oxidation stage, PA1 exhibited the highest electrochromic stability (only 4.1
and 2.5% decay of its coloration efficiency (CE) at 422 and 1252 nm after 15,000 switching cycles, respectively) compared to all
other TPA-based polymers. It was noteworthy for the first time that the polymers containing more electroactive nitrogen centers
reveal longer wavelength absorption in the near-infrared (NIR) region at the first oxidation stage due to cation radical delocalization.
The delocalization could facilitate electrochromic stability, and the relationship between the structures and electrochromic stability
for these TPA-based polymers was also investigated. In addition, these PAs exhibited good solubility in many solvents and could be
solution-cast into flexible films. They showed good thermal stability with glass transition temperatures ranging from 236 to 278 °C
and 10% weight loss in nitrogen at temperatures above 425 °C.
KEYWORDS: triarylamine, polyelectrochromic, highly stable, substitution effect, resonance effect

1. INTRODUCTION
Electrochromism is a fascinating phenomenon in materials
science and optics that involves reversible changes in color or
optical properties upon electrochemically oxidizing or reducing
materials.1,2 They have attracted significant attention and have
been studied extensively for various applications, including
smart windows, antiglazing mirrors, and electrochromic (EC)
displays.3−6 EC materials can be classified into organic and
inorganic categories. The first observation and study in EC
materials began with inorganic compounds such as Prussian
blue and tungsten trioxide (WO3).

7 However, inorganic EC
materials are limited in manifesting diverse colors and coloring
adjustments. Organic materials such as conducting polymers
and viologens have recently become an intensive research
topic.8−13 The conducting polymers have several advantages
over inorganic compounds as EC materials, including good
electrochemical stability, fast switching speed, high coloring
efficiency (CE), easy large-area processing, and color tuning
through chemical modification. Also, triphenylamine (TPA)-
containing polymers have been developed as an attractive

family of EC materials because of their colorless neutral state
and intriguing EC behaviors.14−22 In recent years, redox-active
materials with optical absorption change in the near IR (NIR)
region have drawn significant attention due to their potential
applications in optical communication, data storage, and
thermal control in buildings and spacecraft.5,23−29 For example,
Wan et al. reported that the quinone-containing EC materials
revealed high absorption in NIR upon electrochemical
reduction.30 Reynolds and Beaujuge reported that the
conjugated polymers could exhibit multicolor in the neutral
state and transmission in the oxidized state.31,32 Liou and Lin
also noted that the TPA-based polymers demonstrated an
attractive anodic EC system for NIR applications due to their
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particular intramolecular electron transfer in the oxidized
forms.15

In 1967, Robin and Day stated that the N,N,N′,N′-
tetraphenyl-p-phenylenediamine (TPPA) cation radical could
behave as a symmetrical delocalized class III structure with
strong electronic coupling (the electron could delocalize over
the two redox centers).33 Nelson and Adams reported that the
unsubstituted TPA moieties undergo dimerization to tetra-
phenylbenzidine after the formation of a cation radical.34,35

When electron-donating substituents incorporated the phenyl
groups at the para-position of TPA, the dimerization could be
effectively reduced by affording stable cationic radicals.36,37

Although the influence of the substituents on the EC stability
of materials has been mentioned, the structure/electrochromic
stability relationships for TPA-based polymers are still unclear.
Some critical issues for EC materials, such as electrochemical

stability, rapid switching speed, high CE, and high optical
transmittance change (ΔT%) during operation, play essential
roles. Among the above characteristics, the EC stability of the
polymers is crucially vital to the practical use of materials for
any purpose.38 TPA-based EC materials have been developed
for decades and usually have limited electrochemical stability.
Most TPA-based polymers revealed their optical reversibility at
90% after only 2000 switching cycles.20,39,40 However, TPA-
based polyamides (PAs) derived from two specific diamines
demonstrated significantly enhanced EC stability, with their
electroactivity decaying less than 10% even after 10,000
switching cycles.14,16 As a result, achieving advanced EC
stability for TPA-based polymers remains a challenging task,
and research in the future is inevitable to address this issue
more intensively.
This research aims to develop organosoluble PAs with

outstanding EC stability, fast switching speed, high CE, and
multiple coloring changes, especially for further enhancing the
EC stability. This study provides strategies, including the
introduction of numerous redox-active nitrogen centers and
electron-donating methoxy substituents. Therefore, we focus
on explicitly designing TPA-based PAs containing ortho- and
para-substituted methoxy groups and three electroactive
nitrogen centers within four phenyl rings. The physical
properties, such as thermal stability and electrochemical and
spectroelectrochemical stability, were investigated. Further-
more, we also elucidated the effects of the substituents and the
number of electroactive nitrogen centers within triarylamine
moieties on the EC stability of PAs. This work aimed to obtain
more fundamental information on the relationships between
cation radical stability and the EC stability of the resulting
polymers and compare it with previous reports on the
structure-related TPA-based polyamides, such as PA1′ and
PA3.14,15

2. EXPERIMENTAL SECTION
2.1. Materials. For dehydration, we added CaH2 into N-methyl-2-

pyrrolidone (NMP) and dimethyl sulfoxide (DMSO) and then
distilled them in vacuo before use. CaCl2 subjected to high-
temperature vacuum drying was added to acetonitrile for water
removal. The dry 4 Å molecular sieves were added to pyridine and
triphenyl phosphite (TPP) for water removal. Tetrabutylammonium
perchlorate (TBAP) was recrystallized with ethyl acetate and dried in
vacuo before use. PA1′, PA3, 4,4′-bis[(4-nitrophenyl)amino]-
diphenylamine, and 9,9-bis[4-(4-carboxy-phenoxy)phenyl]fluorene
were synthesized according to a previous method.14,1541,42 All other
reagents were used as received from commercial sources.

2.2. Synthesis of 4,4′-Bis[(2,4-dimethoxyphenyl)(4-
nitrophenyl)amino]-2″,4′′-dimethoxytriphenylamine (1-NO2).
In a 150 mL three-neck flask, 5 g (11.3 mmol) of 4,4′-bis[(4-
nitrophenyl)amino]diphenylamine, 11.2 g (42.4 mmol) of 1-iodo-2,4-
dimethoxybenzene, 2.7 g of copper powder, 5.87 g of K2CO3, 3.5 g of
18-crown-6-ether, and 16 mL of o-dichlorobenzene were added. The
reaction mixture was refluxed under a nitrogen atmosphere for 24 h.
Afterward, while the reaction mixture was still hot, the copper powder
was filtered out, and the filtrate was cooled to undergo
recrystallization. The product was collected to yield 2.5 g (71%) of
yellow crystal: mp 192−194 °C. IR (KBr): 3037 (ar. C−H str.), 2940,
2837 (al. C−H str.), 1589 (sym. NO2 str.), 1303 (asym. NO2 str.). 1H
NMR (600 MHz, CDCl3, ppm): 3.68 (s, 3H), 3.71 (s, 6H), 3.83 (ss,
9H), 6.51 (m, 3H), 6.52 (m, 3H) 6.28 (d, J = 9.6 Hz, 4H), 6.96 (d, J
= 9.0 Hz, 4H), 7.09 (d, J = 9.0 Hz, 4H), 7.13 (m, 3H), 7.97 (d, J = 9.6
Hz, 4H). 13C NMR (150 MHz, CDCl3, ppm): 55.55, 55.58, 55.66,
55.72, 100.38, 100.70, 105.50, 114.09, 121.85, 125.70, 126.32, 127.19,
127.75, 130.90, 131.32, 138.22, 138.64, 145.57, 154.49, 156.89,
157.44, 159.62, 160.26. HRMS (m/z), [M+H+] calculated: 850.3083,
found: 850.3065. Crystal data: C48H43N5O10, crystal of 0.58 × 0.18 ×
0.04 mm, triclinic with a = 11.749 (5) Å, b = 12.554 (5) Å, c = 17.253
(5) Å, α = 74.340 (5)°, β = 74.891 (5)°, γ = 87.680 (5)° with Dc =
1.194 Mg/m3 for Z = 2, V = 2364.4 (15) Å3, T = 200 K, λ = 0.71073
Å, F(000) = 892, final R indices: R1 = 0.0807, WR2 = 0.1968.

2.3. Synthesis of 4,4′-Bis[4-methylphenyl(4-nitrophenyl)-
amino]-4″-methyltriphenylamine (2-NO2). A 150 mL three-neck
flask was charged with 4 g (9.07 mmol) of 4,4′-bis[(4-nitrophenyl)-
amino]diphenylamine, 7.1 g (32.6 mmol) of 4-iodotoluene, 2.1 g of
copper powder, 4.5 g of K2CO3, 3.0 g of 18-crown-6-ether, and 20 mL
of o-dichlorobenzene. The mixture was heated to reflux under a
nitrogen atmosphere for 24 h. The mixture was then filtered to
remove the copper powder, and the filtrate was allowed to cool,
resulting in the precipitation of the red crude product. The product
was purified and dried and then was collected to yield 5.2 g (80%) of
red powder: mp 306-310 °C. IR (KBr): 3024 (ar. C−H str.), 2964,
2862 (al. C−H str.), 1588 (sym. NO2 str.), 1317 (asym. NO2 str.). 1H
NMR (600 MHz, CDCl3, ppm): 2.33 (s, 3H), 2.36 (s, 6H), 6.86 (d, J
= 9.6 Hz, 4H), 7.04 (2s, 8H), 7.06 (d, J = 8.4 Hz, 2H), 7.10 (d, J = 8.4
Hz, 4H), 7.13 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.4 Hz, 4H), 8.01 (d, J
= 9.6 Hz, 4H). 13C NMR (150 MHz, CDCl3, δ, ppm): 20.90, 21.01,
116.95, 124.22, 125.51, 126.66, 127.33, 130.27, 130.54, 130.63,
133.92, 135.93, 139.55, 139.65, 142.84, 144.38, 145.29, 153.69.
HRMS (m/z), [M+] calculated: 711.2840, found: 711.2839.

2.4. Synthesis of 4,4′-Bis[(2,4-dimethoxyphenyl)(4-
aminophenyl)amino]-2″,4′′-dimethoxytriphenylamine (1-
NH2). In a 250 mL three-neck flask, 15 g (17.7 mmol) of 2, 1.2 g
of Pd/C, and 50 mL of DMF were added, and the mixture was stirred
under a hydrogen atmosphere at room temperature until the
theoretical amount of hydrogen was consumed. The time to reach
this stage is about 48 h. Afterward, Pd/C was filtered out, and the
filtrate was precipitated into methanol. The product was collected to
yield 9.6 g (83%) of pale purple powder: mp 195−197 °C. IR (KBr):
3454, 3371(N−H str.), 3034 (ar. C−H str.), 2937, 2835 (al. C−H
str.) 1H NMR (500 MHz, DMSO-d6, δ, ppm): 3.63 (9H), 3.74 (9H),
4.78 (s, 4H), 6.40 (d, J = 9.0 Hz, 4H), 6.49 (m, 7H), 6.57 (d, J = 9.0
Hz, 4H), 6.60 (m, 3H), 6.73 (d, J = 8.5 Hz, 4H), 7.00 (m, 3H).13C
NMR (125 MHz, DMSO-d6, δ, ppm): 55.26, 55.59, 55.63, 100.23,
100.31, 105.54, 105.61, 114.61, 117.60, 120.99, 124.97, 128.31,
128.46, 130.45, 130.60, 136.56, 139.80, 142.87, 144.30, 156.75,
156.85, 158.09, 158.17. HRMS (m/z), [M+] calculated: 789.3521,
found: 789.3505.

2.5. Synthesis of 4,4′-Bis[4-methylphenyl(4-aminophenyl)-
amino]-4″-methyltriphenylamine (2-NH2). The synthesis proce-
dure of 2-NH2 was the same as that of 1-NH2, and its 1H and 13C
NMR spectra were characterized and are shown in Figure S8. IR
(KBr): 3442, 3359(N−H str.), 3031 (ar. C−H str.), 2916, 2857 (al.
C−H str.) HRMS (m/z), [M+] calculated: 651.3356, found:
651.3348.

2.6. Polymer Synthesis. Using the synthesis of PA1 as an
example and the synthetic route illustrated in Scheme S1, in a 100 mL
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three-neck flask, 1.594 g (2 mmol) of monomer 1-NH2, 0.516 g (2
mmol) of 4,4′-dicarboxydiphenyl ether, 2.5 mL of NMP, 2.0 mL of
TPP, 0.7 mL of pyridine, and 0.2 g of CaCl2 were added. The reaction
was conducted at 120 °C under a nitrogen atmosphere for 6 h. The
obtained polymer solution was poured into 250 mL of stirred
methanol, forming stringy and fiber-like precipitation, washed several
times with hot water, and then vacuum-dried. The obtained PA1 was
dissolved in DMAc, and the solution was precipitated again in
methanol for purification. The inherent viscosity of purified PA1 was
measured to be 0.49 dL/g using NMP as the solvent. IR(KBr): 1655
(C=O), 3444 cm−1 (N−H str.). 1H NMR (500 MHz, DMSO-d6, δ,
ppm): 3.65 (9H), 3.76 (9H), 6.53−6.74 (m, 14H), 6.80 (d, J = 8.5
Hz, 4H), 7.08 (m, 7H), 7.50 (d, J = 8.5 Hz, 4H), 8.00 (d, J = 8.5 Hz,
4H), 10.03 (s, 2H).

2.7. Electrochemical and Spectroelectrochemical Charac-
terization. Electrochemical property characterization, including
cyclic voltammetry (CV) and electrochemical impedance spectrosco-
py (EIS), was conducted through a CH Instruments 6122E
Electrochemical Analyzer. The electrochemical analyzer used a
three-electrode system containing a platinum counter electrode, a
polymer film coated on ITO glass (0.6 cm × 3 cm) as working
electrode, and a Ag/AgCl reference electrode in 30 mL anhydrous
acetonitrile with 0.1 M TBABF4 as a supporting electrolyte under an
air atmosphere. The testing frequency of EIS was from 1.0 MHz to 0.1
Hz. The absorbance spectrum of spectroelectrochemistry and
switching time was recorded on an Agilent UV−vis spectropho-
tometer.

3. RESULTS AND DISCUSSION
3.1. Monomer Synthesis. Two diamines 4,4′-bis[4-

aminophenyl(2,4-dimethoxyphenyl)amino]-2″,4′′-dimethoxy-
triphenylamine (1-NH2) and 4,4′-bis[4-aminophenyl(4-
methylphenyl)amino]-4″-methyltriphenylamine (2-NH2)
were synthesized from 4,4′-bis[(4-nitrophenyl)amino]-
diphenylamine, as shown in Scheme 1. The C−N coupling
was performed by reactions of 4,4′-bis[(4-nitrophenyl)amino]-
diphenylamine with 1-iodo-2,4-dimethoxybenzene and 4-
iodotoluene in the presence of copper to afford compounds
1-NO2 and 2-NO2, respectively. Subsequently, hydrogenation
was followed to yield diamine monomers 1-NH2 and 2-NH2.
IR and NMR spectroscopic techniques were used to identify
the structures of the intermediate compounds (1-NO2 and 2-

NO2) and the target diamine monomers (1-NH2 and 2-NH2).
The FTIR spectra of the obtained compounds are depicted in
the Supporting Information in Figures S1 and S2. Compounds
1-NO2 and 2-NO2 exhibited two characteristic bands at
around 1589/1303 and 1588/1317 cm−1 due to the nitro
asymmetric and symmetric stretching. After reduction to
diamine monomers 1-NH2 and 2-NH2, the characteristic
absorption bands of the nitro group disappeared, and the
primary amino group characteristic bands appeared at 3454/
3371 and 3442/3359 cm−1 (N−H stretching), respectively.
The 1H and 13C NMR spectra of monomers are illustrated in
Figure 1 and Figures S3−S10 and agree well with the proposed
molecular structures. The signals at 4.78 and 5.61 ppm are
assigned to the amino groups of monomers 1-NH2 and 2-NH2,
respectively (Figures S7a and S8a). In addition, dinitro
compound 1-NO2 was confirmed by X-ray crystal analysis
from the single crystal obtained by slow crystallization from
DMF. As shown in Figure 2, 1-NO2 displays a propeller-
shaped configuration of the TPA core, and these seven phenyl
rings are not in the same plane. Its shortest distance of face-to-
face π−π interaction is 5.912 Å, demonstrating that the whole
structure is a twisted conformation.

3.2. Polymer Synthesis and Basic Properties. Accord-
ing to the phosphorylation method described by Yamazaki et
al.,43,44 polyamides PA1 and PA2 were synthesized from the
diamine monomers 1-NH2 and 2-NH2, respectively, with
aromatic dicarboxylic acids (Scheme S1). Furthermore, PA1′
and PA3, as shown in Figure 2c, were also prepared to
compare the electrochemical and electrochromic properties.
All polymerization reactions proceeded homogeneously and
yielded high inherent viscosities. The obtained PA1 and PA2
revealed inherent viscosities of 0.49 and 0.42 dL/g (Table S1),
respectively, and all of the polymers could afford transparent
and flexible films via solution casting. IR and 1H NMR
spectroscopy confirmed the formation of PAs. A typical IR
spectrum of PA1 exhibited characteristic absorption bands of
the amide group at around 3444 cm−1 (N−H stretch) and
1655 cm−1 (amide carbonyl) (Figure S2). Additionally, the
NMR spectrum also confirmed the chemical structure of PA1,

Scheme 1. Synthesis of Compounds 1-NO2, 2-NO2, 1-NH2, and 2-NH2
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and the assignment of protons for PA1 is depicted in Figure
S13.
The solubilities of PAs (PAs) were tested in various solvents,

and the solubility data are summarized in Table S1. PA1
exhibited a much higher solubility than PA2 in the different
solvents, and all PAs were soluble in NMP and o-chlorophenol.
The superb solubility of PA1 could be ascribed to the packing-
disruptive 2,4-dimethoxyphenyl pendant groups, which in-
crease chain packing distances and decrease the intermolecular
interaction. The excellent solubility makes PA1 a potential
candidate for practical applications through spin-coating or
inkjet-printing processes to produce thin films for optoelec-
tronic devices. Although dicarboxylic acid, with a kink and a
bulky unit, was introduced into the polymer structure of PA2,
the resulting polyamide exhibited poor solubility. It was only
soluble in NMP and o-chlorophenol. In contrast, PA1
demonstrated higher solubility than PA2, suggesting that
incorporating 2,4-dimethoxyphenyl groups into the polymer
chain could enhance the solubility.

Thermal analysis was conducted using DSC, TMA, and
TGA, and the obtained thermal properties are summarized in
Table S2. Typical TGA and TMA curves of the representative
polymers PA1 and PA2 are depicted in Figures S14 and S15.
Dynamic thermogravimetry revealed relatively good thermal
stability of the prepared polyamides. Typical TGA curves of
PA1 and PA2 in air and nitrogen atmospheres exhibited good
thermal stability with insignificant weight loss up to 400 °C.
The mechanical relaxation spectra of PA1 and PA2 are
illustrated in Figures S16 and S17, respectively. Based on the
tan δ and E″ peaks, the glass transition temperatures of PA1
and PA2 were observed at 236 and 269 °C, respectively. In
addition, the softening temperatures (Ts) of the polymer films
were determined from the onset temperature of the probe
displacement on the TMA trace. Typical TMA curves of
representative PA1 and PA2 are depicted as insets in Figures
S14 and S15, and the Ts is observed at 199 and 217 °C for PA1
and PA2, respectively.

3.3. Electrochemical Properties. The electrochemical
behaviors of the PAs were investigated by using cyclic

Figure 1. (a) 1H and (b) 13C NMR spectra of 1-NO2 (CDCl3).
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voltammetry (CV) measurements, with the polymer film on an
ITO as the working electrode and 0.1 M TBAP in anhydrous
acetonitrile as the supporting electrolyte. The typical CV
diagrams of PAs PA1 and PA2 exhibited three quasi-reversible
redox couples, corresponding to successive removal of
electrons from three different redox-active nitrogen centers
(Figure 3a and Figure S18). The electrochemical properties of
polymers PA1 and PA2 are summarized in Table 1. The first
electron removal occurred at the middle nitrogen atom of the
three electroactive nitrogen centers because of the highest
electron density among all the other nitrogen atoms.15,45 The
CV scans of PA2 from −0.20 to 0.65 V (Figure 3d) revealed a
moderately stable redox process over 6000 cycles, slightly
reducing the peak current.
In contrast, the CV scans of PA1 (Figure 3b), from −0.20 to

0.60 V, demonstrate unprecedented redox stability in
continuous 16,000 cycles without a noticeable decrease in
the peak current. The first redox process exhibits a tran-
scendent electrochemical stability that might be ascribed to the
lower applied potential and resonance stabilization of the
resulting cationic radicals, as depicted in Figure 4a. Besides,
PA1′ (Figure S19) and PA1 revealed a much higher
electrochemical stability than PA2 due to the chemical
structures of PA1′ and PA1, containing para methoxy or
ortho and para two methoxy substituents, whereas PA2 only
has one para methyl substituent. Furthermore, PA1 manifested
exceptional reversibility according to the characteristic
absorption peak of the initial neutral state at 336 nm observed
in the UV−vis spectra, as depicted in Figure 3d. Moreover,
substituent groups with unshared electron pairs, like methoxy
adjacent to the phenyl ring, are more substantial electron-

donating groups than ones without unshared electron pairs,
like methyl. As a result, the impedance spectroscopy revealed
that PA1 with more methoxy substituents showed a relatively
low Rct value (38.3 Ω) than PA1′ (41.2 Ω). Because of more
resonance sites in PA1 and PA1′, the Rct value could persist
without an apparent change. Also, PA1 exhibits a much better
electrochemical stability than PA2, suggesting that the
electron-donating effect of the substituent plays a critical role
in the electrochemical stability. For comparison, PA3 was also
measured by CV, as shown in Figure S20a, and exhibited
remarkable stable characteristics after 12,000 at the first
oxidation stage. However, PA3 showed apparent current
reduction after 2,000 cycles, following the continued decay
shown in Figure S20b when applied further to the second
oxidation stage.
In contrast, PA1 and PA1′ could maintain excellent

reversibility up to 8000 cycles to the second oxidation stage,
as shown in Figure 3c and Figure S19c, implying that the
resonance pathways for dicationic radicals are critical for the
materials preserving highly stable behaviors. During the
electrochemical oxidation of the PAs, the color of polymer
film PA2 changed from colorless to yellow-green, purple, and
blue (Figure S21). In contrast, the color of polymer film PA1
changed from colorless to grass green, green, and blue (Figure
5), implying that altering the substituents attached to the
phenyl ring can achieve a color-tuning effect. According to the
optical properties and redox potentials of PA1 and PA2, their
respective highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) (versus
vacuum) were calculated and are summarized in Table S3.
The HOMO level of polymers PA1 and PA2 could be

Figure 2. (a) Single-crystal structure of 1-NO2 and (b) its packing structure. (c) Chemical structures of the studied triarylamine-based polyamides.
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estimated from the E1/2 values of their oxidation in CV
experiments as 4.75 and 4.90 eV, respectively, matching the
trend of the results from density functional theory (DFT)
calculations that more effective electron-donating groups in the
triarylamine architecture possess lower oxidation potentials.

3.4. Spectroelectrochemical Properties. For the spec-
troelectrochemical study, the spectra of the polymer films
coated on the ITO substrate were collected in situ by a UV−

vis spectrophotometer under the controlled potentials of an
electrochemical analyzer. The typical spectroelectrochemical
spectra of PA2 are illustrated in Figure S21. In the neutral form
(0.00 V), the film exhibited strong absorption at around 350
nm, characteristic of triarylamine, and was almost transparent
in the visible region. Upon oxidation (increasing the applied
voltage from 0.00 to 0.55 V), the intensity of the absorption
peak at 350 nm gradually decreased, while a new peak at 431
nm and a broad band centered around 1310 nm in the NIR
region gradually increased in intensity. The absorption spectra
change in the visible-light range could be ascribed to the
formation of a stable monocation radical (PA2+•) on the main
chain. The electron delocalization over the other two nitrogen
centers leads to an intervalence charge-transfer (IV-CT)
absorption in the NIR region, which Robin and Day reported
that the TPPA cation radical is a symmetrical delocalized class
III; the electron could be delocalized over the two redox
centers, leading to an IV-CT absorption band in the NIR
region.33 With the potential adjusted to 0.8 V corresponding to
PA22+, the absorption bands (350 and 431 nm) decreased
gradually and the absorption band (shift from 1310 to 1090

Figure 3. Cyclic voltammetric diagram of the PA1 film (thickness: 180 ± 10 nm) at a scan rate of 50 mV/s (a) from −0.20 to 1.55 V and its cyclic
stabilities at (b) first oxidation stage (−0.20 to 0.60 V) for 16,000 cycles and (c) second oxidation stage (−0.20 to 0.90 V) for 8000 cycles in 0.1 M
TBAP/MeCN. (d) Cyclic voltammetric stability diagram of the PA2 film (thickness: 180 ± 20 nm) at a scan rate of 50 mV/s at the first oxidation
stage (−0.20 to 0.65 V) in 0.1 M TBAP/MeCN. (e) UV−vis spectra of the PA1 film (thickness: 180 ± 10 nm) at the neutral state after different
scanning cycles in 0.1 M TBAP/MeCN. (f) Nyquist plots of electrochemical impedance spectroscopy of PA1 and PA1′ at the first cycle and after
16,000 cycles measurements.

Table 1. Long-Term Stability of Polymers

polymer potential (V)
η

(cm2/C)a cyclesb
T

(%)c
decay
(%)d ref

PA1 0.0 → 0.40 195 15,000 54.0 4.1 this
study

PA2 0.0 → 0.55 200 4000 63.4 11.5 this
study

PA3 0.0 → 0.70 388 10,000 54.0 4.9 15
aInitial coloration efficiency. bTimes of the cyclic scan by applying the
potential step. cInitial contrast of optical transmittance at 436 nm for
PA1, 431 nm for PA2, and 433 nm for PA3. dDecay of coloration
efficiency after cyclic scans.
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nm) increased subsequently. When the potential was adjusted
to 1.20 V to oxidize the three nitrogen centers completely, the
absorption bands at 1090 nm decreased progressively, and the
absorption band at 769 nm increased intensively. The
disappearance of the NIR absorption band can be attributable
to the further oxidation of PA22+ species to the formation of
PA23+. As depicted in Figure S21, the polymer film changed
from colorless in the neutral state to yellow-green for the first
oxidation state, purple for the second oxidation state, and blue
for the third oxidation state. The polymer PA2 shows good
contrast in the visible and NIR regions, exhibiting high optical

transmittance change in the first oxidation stage (ΔT%) of 63
and 54% at 431 and 1301 nm, respectively, and 93% at 1090
nm in the second oxidation stage.

PA2 and PA1 revealed different spectroelectrochemical
spectra due to the substituent effects. The typical spectroelec-
trochemical spectra of PA1 are depicted in Figure 5. In the
neutral form (0.00 V), the film exhibited strong absorption at
around 350 nm, characteristic of triarylamine, and was nearly
transparent in the visible region. Upon oxidation (increasing
the applied voltage from 0 to 0.60 V), the intensity of the
absorption peak at 336 nm gradually decreased, while a new

Figure 4. (a) Possible resonance routes of PA1 at the first oxidation. (b) Calculated highest occupied molecular orbitals of the model units (MUs)
of PA1, PA1′, and PA2 using density functional theory (DFT) at the B3LYP/6-31G(d) level.

Figure 5. Spectroelectrochemistry of PA1 (thickness: 330 ± 20 nm) at various applied potentials in 0.1 M TBAP/MeCN.
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peak at 430 nm and a broad band centered around 1252 nm in
the NIR region gradually increased in intensity. The spectral
change in the visible-light range could be attributed to the
resulting stable monocation radical (PA1+•). The electron
delocalization over the additional two nitrogen centers leads to
an IV-CT absorption in the NIR region. With the potential
adjusted to 0.85 V corresponding to PA12+, the absorption
bands (336 and 430 nm) decreased gradually, and the
absorption band (shift from 1252 to 1138 nm) increased
intensively. When the potential was adjusted to 1.25 V to
oxidize the three nitrogen centers completely, the absorption
bands at 1150 nm decreased obviously and the absorption
band (876 nm) increased subsequently. The NIR absorption
band disappears because of the further oxidation of PA12+

species, which leads to the formation of PA13+. As seen in
Figure 5, the appearance of the polymer film changed from
colorless in the neutral state to grass green for the first
oxidation state, green for the second oxidation state, and blue
for the third oxidation state. The polymer PA1 displayed good

contrast in the visible and NIR region, exhibiting high optical
transmittance change in the first oxidation stage (ΔT%) of 64
and 83% at 422 and 1252 nm, respectively, and 94% at 1150
nm in the second oxidation stage. The optical change in the
transmittance of PA1 is depicted in Figure S22.

3.5. Electrochromic Switching Properties. The EC
switching stability and response time were investigated by
monitoring the absorption changes when potential steps were
applied in the kinetics studies. Switching data for the
representative PA1 and PA2 are presented in Figure 6and
Figure S23. The electrochromic CE (η = ΔOD/Q) and
injected charge after various switching cycles were monitored
and are summarized in Tables S4−S6. The results for ΔT, CE,
and the percentage of CE decay are illustrated in Figure 6d6f.
During the first electrochromic switching between 0.0 and 0.55
V, PA2 exhibited high switching stability and good
reversibility, with only 11.5 and 13.5% decay of the CE at
431 and 1301 nm, respectively, in continuous 4000 cycles
(Figure S23). The high switching reversibility could be

Figure 6. Potential step absorptometry and current consumption of PA1 (in MeCN with 0.1 M TBAP as the supporting electrolyte) by applying a
potential step (a) 0.00 V ↔ 0.40 V and (b) 0.00 V ↔ 0.68 V and cycle time 20 s. (c) Potential step absorptiometry during the continuous cycling
test of PA1 (in MeCN with 0.1 M TBAP as the supporting electrolyte) by switching potentials step 0.00 V ↔ 0.40 V with cycle times of 5 h and 5
min for coloring and bleaching processes, respectively. Plots of ΔT, CE, and the decay percentage of PA1 for the first oxidation state at (d)1252
and (e) 422 nm and (f) the second oxidation state at 1150 nm and all the results were measured in MeCN with 0.1 M TBAP as the supporting
electrolyte.
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attributed to the stable redox capability of PA2 and the
excellent adhesion between the polymer film and the ITO
substrate. The subsequent section of this review covers a
detailed description of the relationship between the chemical
structure and switching stability. PA2 exhibited high CEs of
200 and 238 cm2/C at 431 and 1301 nm, respectively, for the
first EC stage. Additionally, the response time (coloring/
bleaching) calculated at 90% of the total optical changes for
PA2 was obtained to be 6.5/1.9 and 4.7/1.7 s at 431 and 1301
nm, respectively, for the first EC process.
In contrast, the first EC switching of PA1 exhibited a

remarkably high switching stability with a much higher
reversibility of only 4.10% and 2.53% decay of the CE
(195−187 and 237−231 cm2/C) at 422 and 1252 nm,
respectively, in continuous 15,000 cycles (Figure 6a,d,e). This
exceptional reversibility can be ascribed to the stable redox
property of PA1 and the excellent adhesion between the
polymer film and the ITO substrate. Furthermore, the second
stage of EC switching of PA1 between 0.0 and 0.68 V exhibited
high switching stability and good reversibility, with only a 9.2%
decay of the CE (336−305 cm2/C) at 1150 nm in continuous
4500 cycles in Figure 6b,f. The polyamides of PA2 and PA1
could switch quickly in the first and second stages. Moreover,
another measurement of the long-term stability for PA1,
maintaining 5 h at each coloring stage with an applied potential
of 0.40 V, as illustrated in Figure 6c, confirms that PA1 could
preserve the exceptional long-term EC stability well.
Consequently, the designed and synthesized PA1 exhibits the
highest EC switching stability to our knowledge compared
with all other TPA-based EC polymers.

3.6. Relationship between the Chemical Structure
and Switching Stability. Due to the different number of
redox-active centers in these EC polymer chains, the IV-CT
absorption band in the NIR region of materials manifests
changes during the oxidation process. To confirm the
relationships between the NIR absorption band and the
number of electroactive nitrogen centers, UV−vis−NIR
absorption spectra correlated to applied potentials for PA1,
PA1′, and PA3 were measured and are illustrated in Figure
S24. The λmax and absorption range over the NIR region in the
first stage oxidation for PA1 and PA3, summarized in Table
S5, reveals that the λmax and absorption wavelength range of
these PAs increases and extends with increasing the number of
redox centers (PA1 > PA3). PA1 displays the most red-shifted
λmax and comprehensive absorption range than PA3 (Table
S5). Both PA1 and PA3 are symmetrical delocalized class III.
The results suggest that the polymers containing more
electroactive nitrogen centers at the first oxidation stage
exhibit a more intensive extended wavelength absorption in the
NIR region due to delocalization from a neutral TPA center to
other TPA cation radical centers through phenyl bridges in the
backbone of the triarylamine-based polymers. Red-shifted
wavelength absorption in the NIR region indicates a weak
electronic coupling interaction between the different redox
states, which might be attributable to the fact that a charge of
cation radical could be dispersed or distributed by resonance.
Consequently, polymers containing more electroactive nitro-
gen centers exhibit a longer wavelength absorption in the NIR
region, such as PA1, PA1′, and PA2. Thus, the enhanced
stability of cation radicals primarily dominates the EC
switching stability of TPA-based polymers.
According to the information presented above, two key

factors that play crucial roles in affecting the stability of cation

radicals are identified. First, the impact of the electron-
donating or electron-withdrawing substituents leads to the
opposite electrochemical stabilities. The electron-donating
substituents adjacent to the phenyl ring attached to the
electroactive nitrogen center could effectively stabilize cation
radicals, for example, in Scheme 2:

Since cation radicals could be considered to be electron-
deficient, we would expect an electron-donating group to
stabilize cation radicals.
Second, the electrochemical system with a charge of the

cation radical dispersed or delocalized by an inductive effect or
resonance could facilitate the stabilization effectively. Con-
sequently, the resonance effect of electron delocalization over
the electroactive nitrogen centers via phenyl rings contributes
to the electrochemical stability. The TPPA cation radical is a
symmetrical delocalized class III, and the electron could
delocalize over the two redox centers, as shown in Figure 4a.
Thus, polymers PA1 and PA2 with three electroactive

nitrogen centers attached to four phenyl rings were judiciously
designed and prepared in this study for elucidating EC
behaviors and comparing the EC stability between PA1, PA2,
and TPA-based PA with only two electroactive nitrogen
centers attached to three phenyl rings like PA3. The results are
summarized in Table 1. The methoxy group is an electron-
donating substituent because of the contribution of electron
density to the phenyl ring through resonance. The chemical
structure of PA1 contains ortho and para two methoxy
substituents in the phenyl rings, whereas PA3 only has one
methoxy substituent at the para-position of phenyl rings. The
electron-donating effect of substituents on EC stability favors
PA1+• over PA3+• because PA1 contains more electron-
donating methoxy substituents than PA3. Besides, PA1 with
three electroactive nitrogen centers facilitates the formulation
of three resonance structures of the resulting cation radical.
Nevertheless, PA3 with two electroactive nitrogen centers

could form only two resonance structures for the correspond-
ing cation radical. More extended resonance structures could
contribute to a more effective resonance stabilization in the
mix-valence hybrid system, suggesting that the resonance effect
of the electron delocalized over the electroactive nitrogen
centers on the EC switching stability benefits PA1+• over that
of PA3+•. Accordingly, the electron-donating and resonance
effect on the EC stability tends to be PA1+• over PA3+•,
resulting in remarkably higher switching stability for PA1 than
PA3. In addition, PA3 showed a higher EC stability than PA2,
which might be attributable to the fact that the chemical
structure of PA3 contains methoxy substituents, which are
more electron-donating than methyl substituents of PA2.
Thus, substituent groups with unshared electron pairs on the
atom adjacent to the benzene ring, like methoxy, are more vital

Scheme 2. Substitution Effect of the Functional Groups on
the Para-Position
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electron-releasing groups than groups without unshared
electron pairs, like methyl, because the contribution of electron
density to the phenyl ring through resonance is generally more
substantial than through an inductive effect. Consequently,
even though the PA2+• cation radical with three electroactive
nitrogen centers could form three resonance structures more
than PA3+• with only two resonance structures from two
electroactive nitrogen centers, the electron-donating effect
influences more than the resonance effect in this case. Notably,
the electrochemical stability for each cation radical center on
the TPA-based polymer would be affected by the electron-
donating capability of substituents and the resonance
delocalization effect over all the electroactive nitrogen centers.

4. CONCLUSIONS
PA1 and PA2 were judiciously designed and successfully
prepared from the synthesized diamine monomers 1-NH2 and
2-NH2 with dicarboxylic acids via a phosphorylation
polyamidation rection. PA1 exhibited exceptional high-
performance EC behaviors, including multiple color changes
(from colorless to grass green, green, and blue), fast response
speed (7.7/2.6 s at 422 nm at the first EC stage), high contrast
of optical transmittance change (ΔT% = 54% at 422 nm at the
first oxidation stage), and transcendent EC stability. At the first
oxidation stage, PA1 revealed the highest EC stability (only 4.1
and 2.5% decay of CE at 422 and 1252 nm after 15,000
switching cycles, respectively) compared to all other TPA-
based reported polymers up to our knowledge. Introducing the
electron-donating methoxy substituents to ortho- and para-
phenyl positions and three electroactive nitrogen centers
attached to four phenyl rings into the core multitriarylamine
unit effectively promotes the EC stability of the resulting PA1.
During the electrochemical oxidation procedures, the color
changes of PA1 and PA2 are different, indicating that altering
the electron-donating substituents attached to the phenyl ring
could achieve a color-tuning effect. We noticed the intriguing
behavior for the first time that polymers containing more
electroactive nitrogen centers could manifest longer wave-
length absorption in the NIR region at the first oxidation stage
caused by the electron delocalization from a neutral TPA
center to the other TPA cation radical center, and this
absorption shifting behavior also could bring about an
enhanced EC stability. This research distinctly illustrated that
incorporating multiple electroactive nitrogen centers into the
polymer chain could significantly amplify the EC switching
stability of the obtained polymers. Notably, the stability of each
cation radical center of the TPA-based polymers depends on
both the electron-donating capability from substituents and the
resonance effect of the electron delocalization over the
electroactive nitrogen centers attached to the bridge of phenyl
rings that are demonstrated in this study.
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(41) Rózȧlska, I.; Kułyk, P.; Kulszewicz-Bajer, I. Linear 1, 4-coupled
oligoanilines of defined length: preparation and spectroscopic
properties. New J. Chem. 2004, 28 (10), 1235−1243.
(42) Hsiao, S. H.; Yang, C. P.; Lin, W. L. Synthesis and
characterization of new diphenylfluorene-based aromatic polyamides
derived from 9, 9-bis [4-(4-carboxy-phenoxy) phenyl] fluorene.
Macromol. Chem. Phys. 1999, 200 (6), 1428−1433.
(43) Yamazaki, N.; Higashi, F.; Kawabata, J. Studies on reactions of
the N-phosphonium salts of pyridines. XI. Preparation of polypeptides
and polyamides by means of triaryl phosphites in pyridine. J. Polym.
Sci., Polym. Chem. Ed. 1974, 12 (9), 2149−2154.
(44) Yamazaki, N.; Matsumoto, M.; Higashi, F. Studies on reactions
of the N-phosphonium salts of pyridines. XIV. Wholly aromatic
polyamides by the direct polycondensation reaction by using

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.4c00432
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1016/j.solmat.2021.110968
https://doi.org/10.1021/ma021108x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma021108x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma021108x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/admt.201900890
https://doi.org/10.1002/admt.201900890
https://doi.org/10.1021/acs.chemmater.2c03811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c03811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3TA02860G
https://doi.org/10.1039/D3TA02860G
https://doi.org/10.1039/D3TA02860G
https://doi.org/10.1021/cm9015222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm9015222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm9015222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma8021019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma8021019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma8021019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm103552k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm103552k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm103552k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.progpolymsci.2018.12.001
https://doi.org/10.1016/j.progpolymsci.2018.12.001
https://doi.org/10.1016/j.progpolymsci.2018.12.001
https://doi.org/10.1002/adom.202201572
https://doi.org/10.1002/adom.202201572
https://doi.org/10.1002/adom.202201572
https://doi.org/10.1039/D0NJ03666H
https://doi.org/10.1039/D0NJ03666H
https://doi.org/10.1016/j.cej.2022.138441
https://doi.org/10.1016/j.cej.2022.138441
https://doi.org/10.1016/j.cej.2022.138441
https://doi.org/10.1039/D1PY01380G
https://doi.org/10.1039/D1PY01380G
https://doi.org/10.1039/D1PY01380G
https://doi.org/10.1016/j.solmat.2023.112497
https://doi.org/10.1016/j.solmat.2023.112497
https://doi.org/10.1016/j.solmat.2023.112497
https://doi.org/10.1063/1.1319325
https://doi.org/10.1016/j.aca.2018.04.004
https://doi.org/10.1016/j.aca.2018.04.004
https://doi.org/10.1021/jacs.9b09956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c00865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c00865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.solmat.2018.01.024
https://doi.org/10.1016/j.solmat.2018.01.024
https://doi.org/10.1016/j.solmat.2018.01.024
https://doi.org/10.1021/acsami.0c08270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c08270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c08270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2022.135108
https://doi.org/10.1016/j.cej.2022.135108
https://doi.org/10.1016/j.cej.2022.135108
https://doi.org/10.1021/cm052095f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm052095f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900129a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900129a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0379-6779(00)00863-8
https://doi.org/10.1016/S0379-6779(00)00863-8
https://doi.org/10.1016/S0065-2792(08)60179-X
https://doi.org/10.1016/S0065-2792(08)60179-X
https://doi.org/10.1021/ja00967a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00967a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01017a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01017a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01017a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0160571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0160571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0160571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100866a050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100866a050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100866a050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c01055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c01055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2021.133868
https://doi.org/10.1016/j.cej.2021.133868
https://doi.org/10.1016/j.cej.2021.133868
https://doi.org/10.1039/B404828H
https://doi.org/10.1039/B404828H
https://doi.org/10.1039/B404828H
https://doi.org/10.1002/(SICI)1521-3935(19990601)200:6<1428::AID-MACP1428>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-3935(19990601)200:6<1428::AID-MACP1428>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-3935(19990601)200:6<1428::AID-MACP1428>3.0.CO;2-J
https://doi.org/10.1002/pol.1974.170120935
https://doi.org/10.1002/pol.1974.170120935
https://doi.org/10.1002/pol.1974.170120935
https://doi.org/10.1002/pol.1975.170130609
https://doi.org/10.1002/pol.1975.170130609
https://doi.org/10.1002/pol.1975.170130609
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.4c00432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


phosphites in the presence of metal salts. J. Polym. Sci., Polym. Chem.
Ed. 1975, 13 (6), 1373−1380.
(45) Ito, A.; Sakamaki, D.; Ichikawa, Y.; Tanaka, K. Spin-
delocalization in charged states of para-phenylene-linked dendritic
oligoarylamines. Chem. Mater. 2011, 23 (3), 841−850.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.4c00432
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

L

https://doi.org/10.1002/pol.1975.170130609
https://doi.org/10.1021/cm102163w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm102163w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm102163w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.4c00432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

