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ABSTRACT: Recently, more and more researchers have focused on generating “pores” within the polymer matrix to prompt the
performance of electrochromic (EC) films using physical or chemical approaches. In this work, we meticulously designed a Tröger’s
base (TB)-cored arylamine-containing diamine monomer, TBTPA-NH2, and synthesized the corresponding redox-active polyamide,
PTBTPA. The resulting PTBTPA exhibits low density with large d-spacing and surface area, contributing to the rigid and V-shaped
TB unit. Consequently, the prepared polymer film demonstrated remarkable electrochemical and EC behaviors, such as low applied
potential (1.00 V), facilitating rapid diffusion of the electrolyte, reasonable switching capability (1.8 s/1.5 s for coloring tc and
bleaching tb, respectively), and excellent stability. For further application, the electrochromic device (ECD) of PTBTPA/HV exhibits
the best-enhanced response capability (3.5 s/6.1 s for tc and tb, respectively), the highest coloration efficiency (337 cm2/C), and
switching stability (96.1% of retention after 500-cycle switching).
KEYWORDS: electrochromism, quick response capability, intrinsic microporosity, Tröger’s base, triarylamine

1. INTRODUCTION
With the thriving electronic industry in the past few decades,
the development of novel optoelectronic materials has rapidly
progressed. Electrochromic (EC) materials have become
attractive due to the reversible color change under electro-
chemical oxidation and reduction.1−3 With the controllable
optical behaviors and energy storage potential, EC materials
reveal promising applications in several regions, including
transparent displays, antiglare mirrors, smart windows, adaptive
camouflage, supercapacitors, and batteries.4−12 Triphenyl-
amine (TPA) is a representative EC material with high optical
contrast between the transparent neutral state and the colored
oxidation state. TPA-derived polymers have become spotlights
due to their excellent electrochemical and EC characteristics
and tunable structures.13−17 The imperative features of an ideal
EC material include a low oxidation voltage, fast response
speed, high optical contrast, coloration efficiency, and good
long-term stability. The most intuitive approach to increasing
the visual contrast for an EC device is thickening the
electroactive polymer layer. However, the thicker film would
enormously sacrifice the neutral state transparency and
simultaneously inhibit the mobility of the counterions,

resulting in lower optical contrast and extended response
time.18 To overcome this predicament, our group has
demonstrated that making the polymer of intrinsic micro-
porosity (PIM) films by introducing rigid and bulky scaffolds,
like iptycene or Tröger’s base (TB), is a practical approach to
enhance the response capacity of EC devices (ECDs) by
generating micropores while keeping high transparency and
stiffness of the polymers.12,19−21

PIM membranes are polymers containing less than two nm
diameter pores, which can be utilized for various purposes,
including heterogeneous catalysis, gas separations, and hydro-
gen storage.22−26 The general strategy of preparing PIMs is
introducing rigid and highly contorted moieties to the polymer
backbone, such as ethanoanthracene,27 iptycene,28,29 spirobi-
fluorene,30,31 and Tröger’s base.32,33 The bulky moiety
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Figure 1. (a) Schematic presentation of the intrinsic microporous polyamide design concept. (b) Design structure of intrinsically porous
polyamide, PTBTPA.

Scheme 1. Synthetic Process of (a) TBTPA-NH2 and (b) Polyamides Was Investigated in This Study
a

a(i) Cu, K2CO3, and 18-crown-6 ether in o-DCB at 160 °C for 2 days; (ii) hydrazine and Pd/C in THF/ethanol at reflux temperature for 2 days;
and (iii) TPP, CaCl2, and pyridine in NMP at 110 °C for 4 h.
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effectively prevents the polymer chains from dense packing in
the solid state, generating microporous cavities between the
chains.34 TB is a rigid V-shape structure consisting of two
aniline moieties connected with methylene bridges, first
reported by Tröger in 1887.35 The highly rigid scaffolds of
TB are the features that enhance the thermal stability of
materials by increasing Tg and generating intrinsic micropores
with the V-shape cavity. In 2013, McKeown’s group
synthesized a series of TB-containing polymers and inves-
tigated their gas separation behaviors.32 The rigid nonplanar
structure increased the microporous characteristics, increasing
the permeabilities significantly, and the performance far
exceeded Robeson’s 2008 upper bounds. Besides the
applications in gas separation, the rigid structure and
electron-rich scaffold of TB made it an ideal hole-transporting
material with high thermal stability and charge mobility.36−38

In the previous studies of our group, the TB moieties could
be inserted into microporous EC polyamides by replacing the
dicarboxylic acid monomers with a TB-containing one.
However, as an aromatic diacid, the TB diacid-derived
polyamides revealed a light-yellow color at the neutral state
compared to those derived from aliphatic diacids. Moreover,
being an electron-rich pendent group, we surmised that the TB
scaffold could lower the oxidation potential if the TB moiety is
directly connected to the electroactive TPA center. Hence, a
novel diamine monomer, TBTPA-NH2, has been designed and
synthesized for obtaining the corresponding intrinsic micro-
porous polyamide, PTBTPA (Figure 1). A TB linkage
connects two TPA moieties to form a rigid, bulky, and
electroactive diamine monomer. Moreover, alicyclic diacids
would be a better replacement for aromatic ones, the fixed ring
structure avoids the drawbacks of losing good thermal
properties, and the aliphatic nature not only increases the
transparency of the neutral state but also provides good
solubility of polymers for the membrane preparation.39

Therefore, this microporous EC polyamide approach adopts
the TB moiety’s advantages, giving a high contrast and fast
response redox-active material.

2. EXPERIMENTAL SECTION
2.1. Materials. 2,8-Dibromo-6H,12H-5,11-methanodibenzo[b,f ]-

[1,5]-diazocine (TB-Br2),
40 4-methoxy-4′-nitrodiphenylamine (DPA-

OMe),41 and 4,4′-diamino-4″-methoxytriphenylamine (TPA-NH2)
13

were synthesized according to the previous studies. Tetrabutylammo-
nium tetrafluoroborate (TBABF4) was synthesized by the following
steps: the solution of tetrabutylammonium bromide (TBABr) in DI
water was added into the saturated solution of sodium tetrafluor-
oborate (NaBF4) in DI water under vigorous stirring. Then, the
obtained white precipitate was recrystallized with a 2:1 water/ethanol
solution. Other materials such as 4-bromoanisole (Alfa), cyclohexane
dicarboxylic acid (Acros), triphenyl phosphite (TPP) (Acros),
potassium carbonate (Alfa), copper powder (Acros), 18-crown-6
ether (TCI), hydrazine monohydrate (Alfa), palladium on activated
charcoal (Pd/C) (Acros), and all of the solvents were commercially
available.

2.2. Synthesis of Monomers. 2.2.1. N,N′-bis(4-methoxyphen-
yl)-N,N′-bis(4-nitrophenyl)-6H,12H-5,11-methanodibenzo [b,f ][1,5]
diazocine-2,8-diamine (TBTPA-NO2). As illustrated in Scheme 1a,
TB-Br2 (3.80 g, 10.00 mmol) and DPA-OMe (5.86 g, 24.00 mmol)
were dissolved in 40 mL of 1,2-dichlorobenzene (o-DCB) in a 100
mL three-neck flask under a nitrogen atmosphere. Copper powder
(1.53 g, 24.00 mmol), potassium carbonate (6.63 g, 48.00 mmol), and
18-crown-6 ether (0.53 g, 2.00 mmol) were then added. The reaction
mixture was then heated to 160 °C and stirred for 2 days. When the
reaction was completed, the mixture was hot-filtered through Celite to

remove the residue of copper powder and salts. After the filtrate was
cooled, it was poured into 200 mL of water and extracted with 100
mL of dichloromethane three times. The organic layer was combined,
and the solvent was removed by rotary evaporation. The crude
product was purified by column chromatography (SiO2, DCM/EA =
9:1) to give TBTPA-NO2 as an orange solid (4.86 g, yield = 69%), mp
174−177 °C; 1H NMR (600 MHz, DMSO-d6, δ): 8.00 (d, J = 9.4 Hz,
4H), 7.19 (d, J = 8.9 Hz, 4H), 7.17 (d, J = 8.6 Hz, 2H), 7.10 (dd, J =
8.6, 2.5 Hz, 2H), 6.99 (d, J = 8.9 Hz, 4H), 6.92 (d, J = 2.5 Hz, 2H),
6.60 (d, J = 9.4 Hz, 4H), 4.58 (d, J = 17.1 Hz, 2H), 4.20 (s, 2H), 4.12
(d, J = 17.1 Hz, 2H), 3.77 (s, 6H). 13C NMR (150 MHz, DMSO-d6,
δ): 157.77, 153.85, 146.08, 140.07, 138.02, 137.29, 129.60, 128.97,
126.54, 125.63, 125.45, 124.83, 115.53, 115.03, 65.74, 57.46, 55.33.
HRMS (m/z), [M + H+] calculated: 707.2613, found: 707.2616.

2.2.2. N,N′-bis(4-aminophenyl)-N,N′-bis(4-methoxylphenyl)-
6H,12H-5,11-methanodibenzo [b,f ][1,5] diazocine-2,8-diamine
(TBTPA-NH2). As illustrated in Scheme 1a, TBTPA-NO2 (3.53 g,
5.00 mmol) was dissolved in a mixture of 25 mL of tetrahydrofuran
(THF) and 25 mL of ethanol in a 100 mL three-neck flask under a
nitrogen atmosphere. The reaction mixture was heated to reflux, and
Pd/C (0.35g) was added. Hydrazine monohydrate (7.4 mL, 150
mmol) was then added dropwise. After the reaction mixture was
refluxed and stirred for 2 days, the mixture was hot-filtered through
Celite to remove Pd/C. The filtrate was collected, and THF was
removed by rotary evaporation. After a day of precipitation, TBTPA-
NH2 was given as a pale yellowish solid (2.69 g, 83%), mp 167−168
°C; 1H NMR (600 MHz, DMSO-d6, δ): 6.87 (d, J = 9.1 Hz, 4H),
6.84 (d, J = 8.8 Hz, 2H), 6.81 (d, J = 9.1 Hz, 4H), 6.72 (d, J = 8.6 Hz,
4H), 6.55 (dd, J = 8.8, 2.6 Hz, 2H), 6.51 (d, J = 8.6 Hz, 4H), 6.29 (d,
J = 2.6 Hz, 2H), 4.96 (s, 4H), 4.38 (d, J = 16.8 Hz, 2H), 4.08 (s, 2H),
3.84 (d, J = 16.8 Hz, 2H), 3.70 (s, 6H). 13C NMR (150 MHz,
DMSO-d6, δ): 154.70, 145.57, 144.74, 141.04, 140.56, 135.95, 128.34,
127.38, 125.20, 125.12, 118.47, 116.50, 114.88, 114.58, 66.43, 57.81,
55.15. HRMS (m/z), [M+] calculated: 646.3056, found: 646.3049.

2.3. Synthesis of Polyamides. 2.3.1. Preparation of PTBTPA. As
illustrated in Scheme 1b, 0.103 g (0.6 mmol) of 1,4-cyclohexane
dicarboxylic acid and 49.0 mg of calcium chloride were dissolved in
0.8 mL of N-methyl-2-pyrrolidone (NMP) in a 10 mL two-neck flask
under a nitrogen atmosphere. TBTPA-NH2 (0.388 g, 0.6 mmol),
pyridine (0.3 mL), and TPP (314 μL, 1.2 mmol) were added, and the
mixture was then heated to 110 °C and stirred. After 30 min of
stirring, the polymer solution turned sticky, and 0.6 mL of NMP was
then added for dilution. The dilution process was repeated two times
in the following 1 h. After 1.5 h of the total reaction time, the polymer
solution was poured into methanol to form a polymer string. The
polymer was then washed by Soxhlet extraction with methanol and
water for 2 days, respectively. After drying in a vacuum oven at 100
°C, PTBTPA was given as a pale-brownish string (0.451 g, yield =
96%). The inherent viscosity of PTBTPA was 0.61 dL/g (measured in
NMP at 30 °C of the concentration of 0.5 g/dL).

2.3.2. Preparation of Polyamide Films. Two types of polymer
films were fabricated for different experiments. A free-standing thick
film was made by dissolving 80 mg of polymer in 3 mL of
dimethylacetamide (DMAc). The solution was filtrated through a
syringe filter and drop-casting on a glass slide of 75 × 26 mm2, which
was placed in a vacuum oven to remove most of the solvent at room
temperature. The temperature was then increased to 180 °C for 12 h
to dry the film completely. The obtained films were about 20 ± 3 μm
thick and were used for solubility tests, thermal analysis, WXRD, and
BET measurements.

The polymeric electrode for electrochemical analysis was prepared
using a polymer solution with a concentration of 2 mg/mL in DMAc.
600 μL of the polymer solution was drop-cast on an ITO-coated glass
with a size of 30 × 25 mm2. The solvent was removed primarily under
vacuum at room temperature and dried at 180 °C for 12 h. The
obtained films were about 360 ± 30 nm thick and were cut into 30 ×
6 mm2 pieces for further experiment. The polymeric electrodes were
scratched into a 20 × 6 mm2 coated area for the electrochemical
impedance spectroscopy measurements to gain better results.
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2.3.3. Fabrication of the Electrochromic Devices (ECDs). An ECD
is made by the following steps. First, two pieces of ITO-coated glass
with a size of 25 × 30 mm2 were prepared as two electrodes, and one
of the ITO-coated glass was coated with electroactive polyamides with
360 ± 30 nm in thickness. Second, the thermoset adhesive frame (20
× 20 mm2) with a 5 mm width break was dispensed via an
autodispenser. Then, the two glasses were stuck together to form an
empty device. The gap distance was controlled by the 120 μm spacer
in the adhesive. The adhesive was cured in an oven at 120 °C for 3 h.
Finally, the gel-type electrolyte was injected into the device from the 5
mm width break under vacuum conditions, and the break was sealed
with UV gel. The gel-type electrolyte was prepared with 670 mg of
PMMA, 165 mg of TBABF4 (0.1 M), 40 mg of HV (0.015 M), and 5
mL of propylene carbonate (PC). The total volume of the injected
electrolyte was around 48 μL.

2.3.4. Measurements of Electrochemical and Spectroelectro-
chemical Properties. Electrochemical property analysis, including
cyclic voltammetry (CV), differential pulse voltammetry (DPV), and
spectroelectrochemical analysis, was performed with a CHI-6122E
electrochemical analyzer (CH Instruments). For the samples of small
molecule solution, the experiment was measured with an optically
transparent thin-layer electrochemical cell (OTTLE cell) conducted
with a three-electrode system consisting of a platinum net (1 cm × 2.5
cm) as the working electrode, a platinum wire as the counter
electrode, and Ag/AgCl as the reference electrode. The sample with a
certain concentration was prepared in 1 mL of anhydrous γ-
butyrolactone with 0.1 M tetrabutylammonium perchlorate (TBAP)
as a supporting electrolyte. The solution would be purged with
nitrogen gas for 30 min before the preparation and measurement, and
the OTTLE cell was kept in a nitrogen atmosphere during the
measurement. For the samples of polyamide films, the experiment was
measured with a three-electrode system consisting of polymer films
coated on 0.6 cm × 3 cm ITO glass as the working electrode,
platinum as the counter electrode, and Ag/AgCl as the reference
electrode in 3 mL of anhydrous acetonitrile with 0.1 M TBABF4 as
the supporting electrolyte. The absorption spectra of spectroelec-
trochemical analysis were recorded by an Agilent 8453 UV−visible
diode array spectrophotometer.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of the Monomers

and Model Compounds. The diamine monomer, N,N′-
bis(4-aminophenyl)-N,N′-bis(4-methoxyphenyl)-6H,12H-
5,11-methanodibenzo[b ,f ][1,5]diazocine-2,8-diamine
(TBTPA-NH2), was synthesized by Ullmann condensation
with TB-Br2 and DPA-OMe for the precursor dinitro
compound (TBTPA-NO2) first, following the Pd/C-catalyzed
hydrogenation. The detailed synthetic procedures are
described in Scheme 1 and Section 2. The characterization
of the monomers and the precursors was carefully investigated
with elemental analysis and IR, NMR, and ESI-MS spectros-
copies, as illustrated in Figures S1−S10. For TBTPA-NO2, the
characteristic absorption of NO2 stretching in the IR spectrum
appeared at 1589 and 1309 cm−1. After hydrogenation, the
characteristic peaks of NO2 stretching disappeared with the
generated NH2 stretching and bending peaks located at 3442,
3362, and 1611 cm−1, respectively, for TBTPA-NH2. For the
1H NMR spectrum of TBTPA-NO2 and TBTPA-NH2 in
Figures S2 and S5, it is worth noting that the proton signals of
methylene bridges (Hi) of TB moieties split into two doublets
(Hi, exo, Hi, endo) due to the rigid and unflippable structures.
The protons at the endo position faced a more shielding effect
from the aromatic rings, resulting in an upfield shift.40

Compared with the 1H NMR spectra of TBTPA-NO2 and
TBTPA-NH2, He revealed a large upfield shift from 8.00 to
6.51 ppm, indicating the conversion of electron-withdrawing

nitro groups to electron-donating amine groups. Moreover, the
peak assignments of the 1H−1H COSY and 1H−13C HSQC
NMR spectra of the dinitro and diamine compounds revealed
good agreement with the expected structures.

To clarify the electrochemical behaviors of the derived
polymers, the amide-type model compounds, TPA-M and
TBTPA-M, were prepared via phosphorylation-based con-
densation of TPA-NH2 and TBTPA-NH2 with cyclohexane
dicarboxylic acid, as shown in Scheme S1. The IR spectrum of
TBTPA-M showed the characteristic peaks of amide N−H
stretching at 3303 cm−1 and C�O stretching at 1663 cm−1,
indicating the formation of amide linkages. In Figures S11−
S16, the peak assignments of the 1H NMR and 13C NMR
spectra of TBTPA-M also agreed with the supposed structures.
The 1H NMR revealed the characteristic peaks of amide
protons at 9.68 ppm and the proton signals of cyclohexane at
2.32−1.13 ppm, showing the successful end-capping of
cyclohexane-amide.

3.2. Synthesis, Characterization, and Basic Properties
of Polyamides. Three polyamides were prepared to study the
relationship between the microporosity and EC behaviors, and
the synthetic process is depicted in Scheme 1b. First, a classic
polyamide (PTPA), polymerized from TPA-NH2 and 1,4-
cyclohexane dicarboxylic acid via phosphorylation polymer-
ization, is used as a control group. In addition, there are two
polyamides with distorted TB units in the polymer backbone:
one is introduced in the diacid unit, PTPA-TB, and the other is
by polymerization with the synthesized diamine in this work,
PTBTPA.20 IR and NMR spectroscopies were utilized to
investigate the characterizations of these three polyamides. In
Figure S17, PTPA showed the amide N−H stretching at 3308
cm−1 and C�O stretching at 1662 cm−1, while the same
characteristic peaks of the other polyamides were observed at
3314 and 1665 cm−1 (PTBTPA) and 3312, and 1650 cm−1

(PTPA-TB). The wavenumber of the C�O stretching peak of
PTPA-TB was lower than that of other polyamides due to the
resonance effect of aromatic acid. The 1H NMR spectrum of
PTBTPA is recorded in Figure S18, and the assignments match
the model compound.

The basic properties and the solubility tests of the
polyamides are summarized in Tables S1 and S2. These
three polyamides revealed sufficiently high molecular weight
(Mn > 42 kDa), which could form flexible and free-standing
films (Figure S19, thickness: 30 ± 5 μm) for further
measurements. Due to the rigid backbone of the TB scaffolds,
the hydrodynamic radius of PTBTPA should be larger than the
polystyrene standard, resulting in a higher deviation from the
molecular weight.42

3.2.1. Thermal Properties of Polyamides. Thermogravi-
metric analysis (TGA), thermomechanical analysis (TMA),
and differential scanning calorimetry (DSC) were employed to
evaluate the thermal properties of PTPA, PTBTPA, and
PTPA-TB, respectively. The high thermal stability of these
three polyamides was demonstrated and is illustrated in
Figures S20−S22 and Table S3. The DSC traces of the
polyamides revealed the endothermic process of glass
transition, showing the glass-transition temperature (Tg) of
PTPA at 254 °C and that of PTBTPA at 280 °C,
demonstrating that the rigidity of the polymer backbone
could be enhanced by introducing the TB unit. However, due
to its stiffer backbone, the glassy transition was less discernible
in the wholly aromatic polyamide PTPA-TB. Besides, the
softening temperatures (Ts) of these polyamides followed the
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same trends as the Tg, where PTPA-TB revealed the highest Ts
at 345 °C and PTBTPA exhibited a higher Ts (280 °C) than
PTPA (270 °C). The thermal decompositions of the prepared
polyamides were investigated using TGA. The semiaromatic
polyamides, PTPA and PTBTPA containing alicyclic moieties,
displayed similar high thermal stability to the wholly aromatic
polyamide, PTPA-TB.

3.2.2. Microporous Properties of Polyamides. To gain
insight into the microporous characteristics of these poly-
amides, measurements including density, BET analysis, and
wide-angle X-ray diffraction (WXRD) techniques were
employed to evaluate the correlation between their physical
properties and molecular structures, which are summarized in
Figure 2 and Table 1. The densities of the polyamides were
measured by a density meter in 2,2,4-trimethylpentane. With
the introduction of the distorted and bulky TB scaffolds,
PTBTPA (1.164 g/cm3) and PTPA-TB (1.171 g/cm3)
revealed lower density than PTPA (1.204 g/cm3), indicating
the higher free volume attributed to the looser packing caused
by TB moieties. The specific surface areas of these porous

polyamides were determined from the nitrogen adsorption−
desorption isotherms at 77 K (Figure 2a). The results revealed
that the aid of TB building blocks could significantly enhance
the specific surface area of the polyamides, where the specific
surface area of PTBTPA (68.32 m2/g) was almost 13 times
larger than that of PTPA (5.18 m2/g), and the surface area of
PTPA-TB (51.83 m2/g) was 10 times larger than PTPA.

Moreover, the pore width distribution of the micropores of
the polyamides could be analyzed via the Horvath−Kawazoe
method, as depicted in Figure 2b. As anticipated, the results
revealed that PTBTPA and PTPA-TB, which have TB units in
the polymer backbones, displayed a higher density of
micropores than PTPA. Furthermore, the aggregation
behaviors of the polymer chains were investigated by WXRD
in Figure 2c. All of the polyamides revealed broad diffraction
peaks of the amorphous patterns. PTPA showed a diffraction
peak at 18.40°, while PTBTPA and PTPA-TB showed smaller
diffraction angles at 17.54 and 17.84°. Bragg’s law calculations
determined that the d-spacing values for PTPA, PTPA-TB, and
PTBTPA were 4.82, 4.97, and 5.05 Å, respectively. The results
showed that the presence of rigid and distorted TB building
blocks led to the separation and inefficient packing of polymer
chains, promoting the creation of micropores. Moreover, the
bulky and distorted monomer structure of PTBTPA makes a
larger d-spacing than that of PTPA-TB, lowering the density
and increasing the specific surface area.

3.3. Electrochemical Properties of Model Com-
pounds. To elucidate the electrochemical behaviors of
PTBTPA, a related model compound of TBTPA-M was
applied to examine the electrochemical characteristics. In
Figure 3a, comparing the first oxidation potential of amide-
type model compounds, TBTPA-M and TPA-M, it was found
that the oxidation potential reveals a slight decrease after

Figure 2. (a) N2 adsorption and desorption isotherms measured at 77 K. (b) The pore width distribution analyzed by nitrogen adsorption at 77 K
via the Horvath−Kawazoe method. (c) WXRD patterns of the polymer films (thickness: 20 ± 5 μm).

Table 1. Microporous Properties of the Prepared
Polyamides

index ρa [g/cm3] SBET
b [m2/g] 2θc [deg] d-spacingd [Å]

PTPA 1.204 5.18 18.40 4.82
PTPA-TB 1.172 51.83 17.84 4.97
PTBTPA 1.164 68.32 17.54 5.05

aThe density of the films was measured in 2,2,4-trimethylpentane.
bCalculated by the results of the N2 adsorption (filled) and
desorption (empty) isotherms measured by BET at 77 K. cMeasured
by XRD at the scan range of 2θ from 10 to 50°. dCalculated from the
results of the WXRD curve by applying Bragg’s law.
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introducing a Tröger’s base core to the molecular structure
(TPA-M: Eoxi. = 0.85 V; TBTPA-M: Eoxi. = 0.81 V) because of
the electro-donating ability of the TB unit at the center.
Furthermore, the peak current of TBTPA-M (ip,oxi. = 100 μA)
was almost 2 times greater than that of TPA-M (ip,oxi. = 58 μA)
in the same molar concentration, implying that the two
electroactive sites of TBTPA-M oxidized simultaneously at the
oxidation state. An extensive analysis of spectroelectrochem-
istry was carried out via the Nernst equation to verify the
assumption of a two-electron process in the oxidation of
TBTPA-M. The applied potential (Eappl.) and the number of
electrons transferred (n) could be described by the Nernst
equation as the following:

E E
n

0.0592
log

O
Nappl. 0= + [ ]

[ ]
i
k
jjjj

y
{
zzzz (1)

where E0 is the formal oxidation potential and [O] and [N] are
the concentrations of the oxidized/neutral species, respectively.

In the dilute solution, the concentration of the neutral/
oxidized species was proportional to the absorbance according
to Beer’s law. Thus, the ratio of the oxidized species to the
neutral species could be calculated from the absorbance.
Herein, the results of spectroelectrochemical measurements are
depicted in Figure 3c,d with the sequential increase of the
applied potential. We assume that the potential of the
maximum absorbance of each compound was proportional to
the mole of the oxidized electroactive species. Therefore, the
following equation could present the ratio of the oxidized
species to the neutral species:
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where An is the absorbance at a specific applied potential and
A0 and Amax are the absorbances at the neutral and fully
oxidized states. After the applied potentials (Eappl., y-axis) were
plotted to the logarithms of the concentration ratio (x-axis),
the slope of the fitting line could be converted to the number
of electrons transferred. For the ideal one-electron and two-
electron oxidation, the Nernstian value (slope of the fitting
line) should be 59.2 mV and 29.6 mV, respectively. The
Nernstian value for TBTPA-M is 39.2 mV, which could be
considered the two-electron process. For comparison, the
Nernstian value for TPA-M is 72.0 mV for a one-electron
process. These results matched our group’s previous work,43

confirming that Tröger’s base linkage isolated the two redox
sites of the triphenylamine center of TBTPA-M, making it
oxidize simultaneously during the first oxidation.

3.4. Electrochemical Properties of Polyamide Films.
The polymeric electrode for electrochemical measurements
was prepared by drop-casting the polymer solution on an ITO-
coating glass. The thickness of the polyamide films was
measured by an α-step profiler and is recorded in Figure S23,
and the detailed procedure of sample preparation is described
in the Supporting Information. The electrochemical behaviors
of the intrinsically porous polyamide films were evaluated by
cyclic voltammetry at a scan rate of 50 mV/s in 3 mL of 0.1 M
TBABF4/MeCN, as shown in Figure 4a and summarized in
Table 2. With the incorporation of TB units, the oxidation
potential of PTBTPA (Eoxi. = 1.00 V) and PTPA-TB (Eoxi. =
1.02 V) was slightly decreased in comparison to PTPA (Eoxi. =
1.05 V). Moreover, the potential differences (ΔE) of the TB-
incorporated polyamides, PTBTPA (ΔE = 0.39 V) and PTPA-
TB (ΔE = 0.46 V), were significantly lower than PTPA (ΔE =
0.57 V), indicating that the microporous properties generated
by the rigid and distorted TB units facilitated the diffusion of

Figure 3. (a) Cyclic voltammetry diagrams of TPA-M and TBTPA-M conducted with platinum net in an optically transparent thin-layer electrode
(OTTLE) cell at a scan rate of 50 mV/s (sample amount: 0.5 μmol in 1 mL of 0.1 M TBAP/GBL). (b) The oxidation process of TPA-M and
TBTPA-M. (c, d) Spectroelectrochemistry diagrams and Nernstian analysis of (c) TPA-M and (d) TBTPA-M at different applied potentials (the
spectral profiles are recorded after 1 min at specified potential; sample amount: 0.5 μmol in 1 mL of 0.1 M TBAP/GBL).
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counterions within the polymer matrix and lowered the ion
transfer barrier.44,45 In Figure 4d4−f, the differential pulse
voltammetry (DPV) diagrams of the polyamide films revealed

almost the same oxidation potential (PTPA: 0.80 V,
PTBTPA:0.79 V, PTPA-TB: 0.80 V), while the reduction
peaks in the reverse DPV scan showed much difference.

Figure 4. (a) Cyclic voltammetry diagrams of resulting polyamides measured on the ITO-coated glass substrate at a scan rate of 50 mV/s. (b)
Nyquist plots of PTPA, PTBTPA, and PTPA-TB and (c) the relationship between Z′ and ω−0.5 in the corresponding low-frequency region.
Differential pulse voltammetry diagrams of (d) PTPA, (e) PTPA-TB, and (f) PTBTPA measured on ITO-coated glass substrates at an increment of
4 mV, a pulse width of 25 ms, a pulse period of 0.2 s, and a pulse amplitude of 50 mV (black: positive scan, red: negative scan). (g)
Spectroelectrochemical spectra and CIELAB color space parameters of the PTBTPA film measured on the ITO-coated glass substrate (the spectral
profiles are recorded after 1 min at specified potential). (h) Switching stability of the PTBTPA film between −0.1 and 0.85 V for 500 cycles with a
cycle time of 40 s. All of the experiments were conducted on the ITO-coated glass substrate in 3 mL of 0.1 M TBABF4/MeCN in a 360 ± 30 nm
thickness.

Table 2. Electrochemical Properties and Impedance Data of the Prepared Polyamide Films

index Eoxi.
a [V] Ered.

b [V] ΔECV
c [V] ΔEDPV

d [V] Rct
e [Ω] σw

f [Ω/s0.5] Dg [10−10 cm2/s]

PTPA (360 ± 30 nm) 1.05 0.48 0.57 0.15 59.4 121.32 1.67
PTPA-TB (360 ± 30 nm) 1.02 0.56 0.46 0.09 48.4 69.07 5.16
PTBTPA (360 ± 30 nm) 1.00 0.61 0.39 0.01 42.7 60.36 6.75

aOxidation peak potential. bReduction peak potential. cPotential difference between oxidation and reduction peaks calculated by CV measurement,
|Eoxi. − Ered.|. dPotential difference between oxidation and reduction peaks calculated by DPV measurement, |Eoxi. − Ered.|. eThe charge transfer
resistance obtained from the diameter of the arc. fThe Warburg coefficient obtained from the slope for the plot of Z′ vs the reciprocal root square of
the lower angular frequencies (ω−0.5). gDiffusion coefficient of the counterions in the polyamide matrix.
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PTBTPA demonstrated almost no potential difference between
the oxidation and reduction peaks (0.79/0.78 V; ΔE = 0.01 V),
implying an accelerated reduction process facilitated by
micropore structures. PTPA-TB also revealed a slight potential
difference (0.80/0.71 V, ΔE = 0.09 V) when the TB unit was
introduced into the polymer backbone. In contrast, PTPA
possessed a broad reduction peak with the most significant
potential difference (0.80/0.65 V, ΔE = 0.15 V), demonstrat-
ing the restriction of the reduction process due to the dense
packing of the polymer chain.

To further analyze the electron transfer mechanism of the
polyamide films, electrochemical impedance spectroscopy
(EIS) was adopted using the Randles circuit as a model to
determine the conductivity and resistance of the electroactive
polyamides. This model is composed of a solution resistance
(RΩ) in series with a parallel combination of double-layer
capacitance (Cdl) and a series connection of charge transfer
resistance (Rct) and Warburg impedance (ZW). Figure 4b,c and
Table 2 present the Nyquist plots and the fitting parameters of
the polyamides. Rct value was determined by measuring the arc
length of the semicircles in the Nyquist plots, where PTBTPA
(42.7 Ω) and PTPA-TB (48.4 Ω) revealed a lower resistance
in comparison to PTPA (59.4 Ω). The lower energy barrier of
charge transfer might be attributed to the high charge mobility
of the TB core and the high affinity between two electron-rich
nitrogen atoms in the TB unit and the ITO surface due to the
hydrogen bond interaction.12,46,47 Furthermore, the diffusion
coefficient (D) of the counterions in the polymer matrix was
also calculated to evaluate the ion-transport behaviors. As
shown in Figure 4c and Table 2, the incorporation of TB
scaffolds significantly increased the diffusivity of the counter-
ions, BF4

−, where the diffusion coefficients of BF4
− increased

to 3−4 times higher in PTBTPA (6.75 × 10−10 cm2/s) and
PTPA-TB (5.16 × 10−10 cm2/s) in comparison to PTPA (1.67
× 10−10 cm2/s). The observed correlation between the
diffusivity of counterions and the microporosity of the polymer
suggests a potential avenue for designing and developing
polymeric devices with enhanced response capabilities.

3.5. EC Properties of Polyamide Films. Spectroelec-
trochemical measurements were carried out to evaluate the
electrochromic properties of these intrinsically porous
polyamide films. In Figures 4g, S24 and S25, all of these
polyamides possessed high transparency in the neutral state,
showing high L* values. The onset wavelength (λonset) of
PTPA and PTBTPA at the neutral state showed approximately
20 nm shorter than PTPA-TB owing to the alicyclic moiety
causing less charge transfer in the polymer backbone to result
in a colorless feature at the neutral state, showing that PTPA
and PTBTPA manifested much smaller b* than PTPA-TB, as
tabulated in Table 3. These polyamides displayed their
characteristic absorption peaks around 385 and 780 nm as

the applied potential was increased to 0.95 V, and the
appearance of the polymer films turned into dense teal and
green colors. The switching response characteristics of the
polyamide films were 0.95 V as the coloring voltage and −0.1
V as the bleaching voltage for 20 s each. As shown in Figure
S26 and Table 3, PTPA required 5.7 s for coloring and 8.6 s for
bleaching to reach 90% of the total optical difference in
transmittance. For comparison, incorporating TB scaffolds into
polyamides had a notable impact on the response times with
shorter times observed for coloring and bleaching. PTBTPA
and PTPA-TB showed a response time of 1.8 s for coloring
and 1.5 s for bleaching, 68 and 83% shorter than PTPA. These
three polyamides revealed a high change in transmittance of
over 93%, and PTBTPA could perform the highest optical
difference at 97.1%. Therefore, the calculated coloration
response speed was 15.1, 47.0, and 48.6% s−1 for PTPA,
PTPA-TB, and PTBTPA, respectively. The coloration
response capability could be enhanced significantly due to
the generation of micropores in the polyamides.

For the current consumption of the polyamide films (Figure
S27), the TB-incorporated polyamides, PTBTPA and PTPA-
TB, demonstrated sharper current peaks and less charge
consumption during both the coloring and bleaching
processes, indicating the more efficient redox process. In
other words, the lower charge consumption could cause higher
coloration efficiency, showing 353 and 435 cm2/C for
PTBTPA and PTPA-TB, compared to PTPA (310 cm2/C),
as shown in Figure S28. Moreover, the switching stability of
the polyamide films is illustrated and summarized in Figures 4h
and S29 and Table 3, respectively. With the more excellent
response capability, PTBTPA and PTPA-TB showed higher
stability (89.0 and 87.0%) after 500 cycles, while the poor
bleaching capability of PTPA resulted in color retention in the
bleaching state over 100 cycles.

3.6. EC Behaviors of the Corresponding ECDs. To
estimate the practical EC application, the gel-type EC devices
(ECDs) were fabricated with the combination of heptyl
viologen (HV) as the complementary EC material, which
could enhance the EC properties of the devices. The
description of the detailed procedures is summarized and
depicted in the Supporting Information and Figure S30. The
CV and DPV diagrams of the ECDs are depicted in Figures
S31 and S32, where PTPA/HV showed the oxidation potential
at 1.24 V and reduction potential at 1.01 V. In comparison, the
TB-incorporated ECDs, PTBTPA/HV and PTPA-TB/HV,
displayed a redox potential at 1.12/0.99 and 1.19/1.02 V,
respectively, following the same tendency as polymer films.
Interestingly, PTBTPA exhibited the lowest applied voltage for
on-state within the prepared devices and nearly zero value in
ΔE in the DPV measurement, contributing to the aid of the TB
core between two TPA moieties. The spectroelectrochemistry

Table 3. Electrochromic Properties of the Prepared Polyamide Films

index λonset
a [nm] tc

b [s] tb
c [s] ΔTd [%] υc

e [%/s] ηCE
f [cm2/C] stabilityg [%]

PTPA (360 ± 30 nm) 381 5.7 8.6 98.2 15.1 310 82.1
PTPA-TB (360 ± 30 nm) 417 1.8 1.5 93.9 47.0 435 87.0
PTBTPA (360 ± 30 nm) 385 1.8 1.5 97.1 48.6 353 89.0

aThe absorption onset wavelength is obtained from the spectroelectrochemical spectra at a neutral state (0 V). bColoring time from the bleaching
state to 90% of total transmittance change. cBleaching time from the coloring state to 90% of total transmittance change. dChange in transmittance
is ΔT = Tb − Tc, where Tb and Tc are the transmittances of bleaching and coloring states, respectively. eColoration response speed is defined as
90% of ΔT divided by tc.

fColoration efficiency is determined by the slope of change in optical density (ΔOD) versus charge density. Change in
optical density is defined as ΔOD = log [Tb/Tc].

gThe remaining change in transmittance after 500 cycles.

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

https://doi.org/10.1021/acsapm.3c02288
ACS Appl. Polym. Mater. 2024, 6, 658−668

665

https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c02288/suppl_file/ap3c02288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c02288/suppl_file/ap3c02288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c02288/suppl_file/ap3c02288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c02288/suppl_file/ap3c02288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c02288/suppl_file/ap3c02288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c02288/suppl_file/ap3c02288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c02288/suppl_file/ap3c02288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c02288/suppl_file/ap3c02288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c02288/suppl_file/ap3c02288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c02288/suppl_file/ap3c02288_si_001.pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.3c02288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


diagrams and the corresponding parameters of the CIELAB
color space are shown in Figures S33−S35, as the
incorporation of HV, a new absorption band generated around
608 nm, complements a part of the optical window of the TPA
cation radical. The TB-incorporated ECDs, PTBTPA/HV and
PTPA-TB/HV, demonstrated their coloring time and bleach-
ing time for 3.5/6.1 and 3.7/7.5 s, respectively, which were
shorter than PTPA/HV (3.9/19.5 s), as illustrated and
summarized in Figure 5a−5c and Table 4. The most minor

ejected charge of PTBTPA/HV resulted in the highest
coloration efficiency (337 cm2/C) and the highest stability,
keeping 96.1% of the ΔT after 500 continuous switching cycles
among the devices, as illustrated in Figures 5d and S36−S38.

4. CONCLUSIONS
A well-designed redox-active TB-incorporated arylamine
monomer, TBTPA-NH2, was successfully synthesized. The
TB unit separates two electroactive centers that can oxidize
simultaneously at the oxidation state, proven by TBTPA-M
through the Nernstian analysis. The polyamide derived from
TBTPA-NH2 revealed the lowest density (1.164 g/cm3),
highest specific surface area (68.32 m2/g), and largest d-
spacing (5.05), which can be attributed to the unique V-shaped
TB building block to facilitate the inefficient packing of
polymer chains. For the electrochemical behaviors of the TB-
incorporated polyamides, the micropores significantly in-
creased the diffusion rate of the counterions in the polymer
matrix, yielding smaller ΔE (ΔEDPV = 0.01 V), accelerating the
response speed (υc = 48.6% −1), enhancing the coloration
efficiency (ηCE = 353 cm2/C), and showing remarkable
switching stability. Furthermore, the fabricated ECD,
PTBTPA/HV, exhibits the best response capability, highest
coloration efficiency (ηCE = 337 cm2/C), and remarkable
switching stability (96.1% after 500 cycles of switching) for
practical applications. This study demonstrates the potential of
incorporating bulky TB units into polyamides to generate
micropores as a design strategy for preparing high-performance
electrochromic materials, paving the way for developing more
energy-efficient and superior devices.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsapm.3c02288.

Synthesis of model compounds; preparation of the
polymer films and the detailed measurement informa-

Figure 5. Response time of (a) PTPA/HV, (b) PTBTPA/HV, (c) PTPA-TB/HV ECDs between −0.3 and 1.25 V with a cycle time of 60 s, and
(d) switching stability of PTBTPA/HV between −0.1 and 1.25 V for 500 cycles with a cycle time of 60 s.

Table 4. Electrochromic Parameters of ECDs

index
tc
a

[s]
tb
b

[s]
ΔTc
[%]

υc
d

[%/s]
ηCE

e

[cm2/C]
stabilityf

[%]

PTPA/HV 3.9 19.5 98.1 22.6 284 90.3
PTPA-TB/HV 3.7 7.5 97.0 23.6 305 94.2
PTBTPA/HV 3.5 6.1 97.5 25.1 337 96.1
aColoring time from the bleaching state to 90% of total transmittance
change. bBleaching time from the coloring state to 90% of total
transmittance change. cChange in transmittance is ΔT = Tb − Tc,
where Tb and Tc are the transmittances of bleaching and coloring
states, respectively. dColoration response speed is defined as 90% of
ΔT divided by tc.

eColoration efficiency is determined by the slope of
change in optical density (ΔOD) versus charge density. Change in
optical density is defined as ΔOD = log [Tb/Tc].

fThe remaining
change in transmittance after 500 cycles.
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tion; FTIR spectra, 1H and 13C NMR spectra, and mass
spectra of the prepared monomers and polymers,
thermal properties and spectroelectrochemical diagrams
of the prepared polymer films (PDF)
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base containing polymers from commercial available diamines.
Macromol. Res. 2017, 25 (6), 546−551.
(43) Yen, H. J.; Guo, S. M.; Liou, G. S.; Chung, J. C.; Liu, Y. C.; Lu,

Y. F.; Zeng, Y. Z. Mixed-valence class I transition and electro-

chemistry of bis(triphenylamine)-based aramids containing isolated
ether-linkage. J. Polym. Sci., Part A: Polym. Chem. 2011, 49 (17),
3805−3816.
(44) Lv, X.; Yan, S.; Dai, Y.; Ouyang, M.; Yang, Y.; Yu, P.; Zhang, C.

Ion diffusion and electrochromic performance of poly(4,4′,4″-tris[4-
(2-bithienyl)phenyl]amine) based on ionic liquid as electrolyte.
Electrochim. Acta 2015, 186, 85−94.
(45) Cho, S. I.; Lee, S. B. Fast electrochemistry of conductive

polymer nanotubes: synthesis, mechanism, and application. Acc.
Chem. Res. 2008, 41 (6), 699−707.
(46) Braukyla, T.; Sakai, N.; Daskeviciene, M.; Jankauskas, V.;

Kamarauskas, E.; Malinauskas, T.; Snaith, H. J.; Getautis, V. Synthesis
and Investigation of the V-shaped Tröger’s Base Derivatives as Hole-
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