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The cracking of electrochromic materials due to aging or reiterative bending is a major problem which

noticeably degrades the performance of electrochromic devices. In the present research, we successfully
induced a triphenylamine derivative into furfuryl glycidyl ether, and further by a DA cross-linking polymeriz-
ation reaction with maleimide (MA) to yield polymer DATPFMA. The color of the polymer film could be

switched from faint yellow to green grey to dark blue. The observed coloration efficiency values of the
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Introduction

Electrochromic materials have attracted great interest from
material scientists and engineers due to the reversible optical
change in absorption or transmittance induced by external vol-
tages." Currently, inorganic transition metal oxides,” organic
small molecular materials® and n-conjugated polymers* are
some of the most widely used species of electrochromic
materials. Recently, organic electrochromic materials have
gained special attention from researchers and design engineers
due to their structural modification’ and tunable color
response.® Triphenylamine (TPA), an important organic electro-
chromic material, has the characteristic structure of the electro-
active site of the nitrogen center, which has three adjacent elec-
tron-donor phenyl groups with a propeller-like geometry.
Compared with m-conjugated TPA-based polymers, non-conju-
gated TPA-based derivatives are optically transmissive in the
neutral state and exhibit variable colors in the oxidized state
with high contrast. In essence, non-conjugated TPA-based poly-
mers are more soluble, and the electrochemical oxidation be-
havior is more stable and the electrochromic reversibility is
better than conjugated TPA-based polymers, and their anodic
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polymer for the electrochromic process were 82.2 and 175.3 cm? C* at 580 and 1060 nm, and the coloring
and bleaching response times were 4.1 and 11.0 s, respectively. The self-healing process of the polymer film
at 110 °C was observed by optical microscopy and the self-healing rate was about 80%. The results indicate
that the polymer DATPFMA is a novel electrochromic material with noteworthy self-healing properties.

oxidation behavior has been well studied.” Recently, our group
also reported several TPA derivatives and obtained some impor-
tant results,’ and non-conjugated TPA-based derivatives are
excellent performance materials for electrochromism.’

In the last few decades, the research efforts on electrochro-
mism have been mainly focused on some prime performance
parameters like contrast ratio,'® response time'" and active life
stability."* Recently, more research studies have been carried
out in optoelectronics for the fabrication of flexible,"* stretch-
able' and even wearable electronic devices."> Despite their
noteworthy properties, electrochromic devices (ECDs) are still
facing challenges like the appearance of cracks in the electro-
chromic material with passage of time due to reiterative
bending. These issues strongly degrade the performance of
electrochromic materials and hence limit the overall efficiency
and active life of ECDs.

Materials with a self-healing ability are particularly attrac-
tive in the field of smart materials because these materials'®
have the intrinsic capacity to repair the cracks to obviate such
risks, thereby leading to reduced waste, improved lifetime,
durability and reliability of the devices. It is believed that the
use of an electrochromic polymer film with self-healing pro-
perties would be an effective approach to overcome the risk of
the scar generation in ECDs. Until now, self-healing polymers
based on the Diels-Alder (DA) reaction, which is an effective
method for the implementation of intrinsic self-healing into
functional materials, have been deeply studied for various elec-
tronic and optoelectronic applications like conducting films,"”
OLEDs,"® supercapacitors'*'? etc.

In this paper, a novel polymer DATPFMA, which has electro-
chromic and self-healing properties, was synthesized and
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Scheme 1 The synthetic route of the polymer DATPFMA.

reported. As described in Scheme 1, the TPA derivative was the
electrochromic unit and was induced into the furfuryl glycidyl
ether (FGE), and further by a DA cross-linking polymerization
reaction with maleimide (MA) to obtain the non-conjugated TPA-
based polymer DATPFMA. It not only exhibits electrochromic pro-
perties but also possesses self-healing nature, which indicates
that DATPFMA is a promising material to overcome the cracking
problems in ECDs.

Experimental section
Experimental reagents

A ITO (15 Q em™2, commercially purchased) coated glass sub-
strate was cut into pieces with a size of 0.8 cm x 4 cm, ultra-
sonically washed with acetone, ethanol, and deionized water
for 15 minutes, sequentially, and then immersed in ethanol
for use. 0.1 mol L™" LiClO, in acetonitrile (CH;CN) was
employed as the electrolyte in the test. Other reagents and sol-
vents were purchased from commercial sources and used
without any further purification.

Instruments

Infrared spectra were recorded by FT-IR (8400s, Shimadzu),
high resolution mass spectral (HRMS) data were determined
with an FTICR-APEX instrument, nuclear magnetic resonance
(NMR) spectra were obtained on a Briicker AM 400 NMR
instrument, and the structural characterization was consistent
with the target compounds. The average molecular weight of
the polymer was tested by GPC (Waters 2414), using THF as
the solvent and PS as the standard.

The electrochemical analysis of the polymer DATPFMA film,
which was coated on the ITO glass substrate, was carried out by
cyclicvoltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) on a CHI660C electrochemical workstation in elec-
trolyte solution, the reference electrode was Ag/AgCl in saturated
KClI solution and Ti sheet was used as the counter electrode.

Optical properties and kinetic features of the polymer
DATPFMA film were observed on a spectrophotometer
(UV-2250, Shimadzu) and CHI660 electrochemical workstation.
An in situ colorimeter (SP60, X-Rite) was used to test the
chromaticity of the polymer film, which was switched to
different states by the amperometric it method on the electro-
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chemical workstation before tests; each state of the film was
tested at least three times to approximate average values.

The surface morphology of the polymer DATPFMA film
before and after electrochromism with several circulations was
measured by using a scanning electron microscope (SEM, JEOL,
JSM-7600F). Thermogravimetric analysis (TGA) was conducted
on a WRT-1D (Beijing) with approximately 3-5 mg of samples
heated under flowing nitrogen (flow rate: 35 cm® min™%).
Differential scanning calorimetry (DSC) analyses were carried
out on a Q200 (TA, USA) at a heating rate of 10 °C min~" under
flowing nitrogen (flow rate: 50 cm® min™'), and the enthalpy
value (AH) was determined by using Universal Analysis 2000.

Synthesis

N-(4-Aminophenyl)-N-phenylbenzene-1,4-diamine (DATP) was
synthesized according to the literature.>

The synthesis of DATPF. 6.25 g FGE (40.5 mmol) was heated
up to 50 °C in a flask and stirred without any solvent under nitro-
gen protection, then 2.75 g DATP (10 mmol) and 0.1 g NaOH as
the catalyst were added to the flask and the mixture was stirred at
90 °C for 6 h in an inert environment. After 6 h, the crude
product was eluted through a silica-gel column with a dichloro-
methane and ethanol mixture (volume ratio was 1:1) to give
light yellow colored DATPF, 7.45 g (89%). 'H NMR (400 MHz,
[D1]CDCl;, 25 °C, TMS): 6 = 7.41 (t, ] = 6.8 Hz, 4H), 7.07 (t,] = 7.2
Hz, 2H), 6.72 (m, 1H), 6.54-6.05 (m, 18H), 4.68 (m, 8H), 4.53 (s,
8H), 3.80 (m, 4H), 3.57-3.68 (m, 8H). MS-ESI (m/z): caled for
(CsoH5,N304,): 891.3316; found 892.3972 [M + HJ'.

The preparation of the polymer film. 6.9 g MA (18.8 mmol)
and 4.2 g DATPF (4.7 mmol) were dissolved in 20 mL cyclopenta-
none, then the mixture was stirred at 110 °C for 4 h and the
solvent was evaporated under vacuum to give a brownish yellow
polymer. The obtained polymer powder was added into 50 mL
methanol and kept stirring for 4 h under 50 °C several times for
washing purposes until the methanol was clear and colorless,
the purified polymer was obtained after drying. 'H NMR
(400 MHz, [D6]DMSO, 25 °C, TMS): 7.64 (t, J = 6.4 Hz, 8H), 7.62
(t,J = 1.6 Hz, 8H), 7.34 (t, ] = 6.8 Hz, 1.55H), 6.68-6.47 (m, 6H),
6.42-6.05 (m, 18H), 5.02 (d, J = 2.0 Hz, 2.45H), 4.68 (m, 8H),
4.03-4.44 (m, 12H), 3.53-3.83 (m, 16H), 2.87-3.11 (m, 5H).
3C NMR (400 MHz, [D6]DMSO, 25 °C, TMS): 178.1, 174.2, 151.6,
143.1, 137.7, 129.1, 110.4, 109.4, 90.5, 80.7, 72.1, 68.6, 67.2, 50.1,
43.4, 22.7. My, was 22 700, PDI (M,,/M,) was 1.28, and the cross-
linking degree was calculated to be 61.4%.

The viscous polymer DATPFMA mixture (density: 1.15
g mL™", the solvent was cyclopentanone) was dropped onto a
clean ITO glass substrate coated with 3M tape (thickness:
10 pm), using a plastic scraper to obtain homogeneous
DATPFMA polymer films, and then dried at 110 °C for 6 h.

Results and discussion

Synthesis and characterization

The formation of DATPFMA was confirmed by FT-IR, com-
pared with DATPF and MA, and the results are shown in Fig. 1.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The FT-IR spectra of DATPFMA, DATPF and MA.

The peaks which appeared clearly at 1775 and 1190 cm™" in the
spectra were ascribed to the stretching vibrations of the C=0
bond as well as the asymmetric and symmetric stretching
vibrations of the C-C bond,*" which were specific to the DA
adduct group. Meanwhile, the intensity of the peak at
1146 cm™ " in the DATPFMA spectrum is much lower than that
of DATPF, which can be ascribed to the fact that the furan ring
was consumed by MA.>> All the differences indicate that
DATPF and MA successfully cross-linked to give polymer
DATPFMA.

The thermodynamic properties of the polymer DATPFMA
were analyzed by DSC in the temperature range of 25-300 °C
and are shown in Fig. 2a. The DATPF curve without obvious
endothermic peaks indicates the thermodynamic stability of
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Fig. 2 (a) The DSC curves of DATPFMA, DATPF and MA. (b) The TG
curves of DATPFMA, DATPF and MA. (c) The TGA curve and the DTG
curve of DATPFMA.
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DATPF, and the MA curve exhibits two sharp endothermic
peaks because of the crystal transfer and fusion. A broad
endothermic peak lying between the temperature range of 100
to 160 °C represents the breakage of DA bonds in the mole-
cular structure of the DATPFMA polymer.

In order to further investigate the thermodynamic stability
of polymer DATPFMA, MA and DATPF, their corresponding
TGA curves were obtained from room temperature to 800 °C
(Fig. 2b). The curves show that MA and DATPF have two loss
stages, while the polymer DATPFMA has three loss stages. An
obvious weight loss has been observed at around 190 °C for
DATPF, while MA shows remarkable stability and its weight
loss stage starts at around 450 °C. The observed weight loss for
DATPFMA, DATPF and MA in N, was about 10% at the corres-
ponding temperature of 350 °C, 306 °C and 490 °C, respect-
ively. The DTG curve of the polymer DATPFMA (Fig. 2c) indi-
cates that DATPFMA is thermally decomposed in three steps,
the first loss stage starts at 286.3 °C with 18.9% weight loss,
and the second loss stage starts at 422.8 °C with 24.7% weight
loss, and finally the maximum weight loss of about 50.3% was
observed between 572.6 and 704.7 °C. The DATPFMA was com-
pletely decomposed and the residual weight was just about
6.5% at 720 °C. These results showed that the polymer
DATPFMA has excellent thermodynamic stability, and can be
used reliably and safely even at high temperature.

Electrochromic properties

The polymer DATPFMA film was precoated on a ITO glass sub-
strate (~8-10 pm), and its electrochemical behaviors were
investigated by cyclic voltammetry (CV) in the range from 0 to
0.8 V. The CV curve of DATPFMA reveals redox peaks at Eoyq =
0.26 V, Egxy = 0.35 V, Egx = 0.55 V, Epeqq = 0.32 V, and Eyeqp =
0.51 V, respectively, as shown in Fig. 3a. The DATPFMA film
displays variable colors from faint yellow to green grey to dark
blue as the applied voltage varies from 0 V to 0.45 V and
0.7 V, respectively (Table 1).

The color of the DATPFMA film is evaluated by colorimetric
analysis with the results of L* (luminance), a* (hue), and b*
(saturation). The L*, a*, and b* parameters of the DATPFMA
film and its images under different voltages of 0 V, 0.45 V, and
0.7 V are shown in Table 1.

The electrochromic behavior of DATPFMA can be explained
by the fact that the TPA unit in the composite structure acts as
an efficient electron donor and easily oxidized with the
applied voltage. The electrochemical behavior and proposed
inter-valence charge transfer’ aspects of DATPFMA are shown
in Scheme 2. The central nitrogen atom of the TPA group was
taken an electron to be oxidized easily at a low applied voltage
(0.26 V), and the stable mono-cation radical was named
DATPFMA'. Similarly, when the applied voltage increased
further oxidation occurred which formed DATPFMA** in the
second oxidation state and could be further oxidized to form
DATPFMA** when the applied voltage was increased up to
0.7 V. The absorbance spectral curves of the polymer
DATPFMA film in different states and the different colorations
were recorded and are shown in Fig. 3b. The sharp peak at

Polym. Chem., 2017, 8, 6981-6988 | 6983
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Fig. 3 (a) CV curve of the polymer DATPFMA film at 100 mV s~ in 0.1
M LiClO4/CH3CN solution, (b) UV-Vis absorption spectra of the polymer
DATPFMA film under different voltages, and (c) the optimized geo-
metries and frontier molecular orbitals of DATPF.

Table 1 Color parameters and optical images of the DATPFMA film

ov 0.45V 0.7V
Faint yellow Green grey Dark blue
L* 73.95 | L* 68.20 | L* 51.26
a* +0.89 a* —0.14 a* —7.94
b* —31.29

b* +12.21 i b* +4.14 d
| |

H
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Scheme 2 Postulated redox behavior of the polymer DATPF.
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331 nm represents the n-n* transition of the aromatic phenyl
ring of the TPA group.”*® It is clear that the absorbance of the
polymer film changed at 385 nm, which indicates the increas-
ing oxidation of the TPA group in the second oxidation stage.
The broad absorption in the near infrared region (~1060 nm)
can be explained on the basis of the inter-valence transfer
between excitation states, in which positive charge is centered
at different nitrogen atoms’ (Scheme 2). Similarly, a new
characteristic peak appears at 580 nm in the blue region of the
visible spectra when the applied voltage was further increased
to 0.7 V, which represents the existence of the third oxidation
state.

The energy levels of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
of the monomer DATPF were also calculated to be —3.98 eV
and —0.63 eV, respectively (Fig. 3c). And its band gap (E,) is
3.35 eV, which was a little larger than other TPA-based poly-
mers,>! the main reason may be the fact that the TPA unit
was not replaced with an electron-rich substituent group.

As shown in Fig. 4, the response time of the polymer
DATPFMA film was calculated at the wavelengths of 580 and
1060 nm between 0 V (bleached) and 0.75 V (colored). The elec-
trochromic film exhibits response times of 11.0 s for the
bleaching process and 4.1 s for the coloring process, respect-
ively, which is relatively short for TPA-based electrochromic
polymers."® This result can be attributed to the microscopic
pores appeared in the film (Fig. S27), which would be helpful
in improving the Li" ions inserted/extracted efficiency and
decreasing the equilibration time.

The coloration efficiency (CE) of the polymer DATPFMA was
calculated from the slope of the optical density vs. charge
density curve in the linear region (Fig. 4d). The calculated CE
of the polymer film were 82.2 and 175.3 cm® C™" in the visible
and NIR regions, respectively, which suggests that the polymer
film exhibits large optical modulation with small charge inser-
tion. This result can be attributed to the specific surface mor-
phology of the film (as shown in Fig. S27), which is conducive
to Li" ion insertion into the TPA groups.

Self-healing properties

The mixture of DATPF and MA turns viscous on cooling and
immobile at room temperature, which indicates the formation
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Fig. 4 Electrochromic switching response of the polymer DATPFMA
film. (a) and (b) In situ transmittance curves change at 580 and 1060 nm
and chronoamperometry curves. (c) Electrochromic switching response
time. (d) Variation of the optical density (OD) at 580 and 1060 nm versus
charge density (Qg).

of DA bonds yielding the large molecular polymer DATPFMA
(Fig. 5a). On thermal treatment at 110 °C for an hour, the vis-
cosity of the polymer decreased proportionally with increasing
temperature and then reached a flowable fluid state,
which indicates the breakage of DA bonds between DATPF and
MA molecules (Fig. 5b). Similarly, on cooling to room tempera-
ture once again, the DATPFMA polymer regained its original
viscous state due to the reformation of DA bonds (Fig. 5c).

The invertible cleavage and formation of DA bonds indi-
cates the self-healing properties of the polymer DATPFMA
(Fig. 6). The self-healing performance is evaluated by the DA
bond healing rate and measured by using the DSC enthalpy
values.

The original DATPFMA (DAO) was thermally treated
between temperatures 40 and 180 °C and then maintained at a
constant temperature of 60 °C for 6 hours which yielded the
polymer DA1 (in the procedure, the DA bond was broken and
then reconstructed). The same procedure was repeated to
obtain the DA2 state from the DA1 state. During this process,
DA bonds were broken and then reconstructed which resulted
in the formation of DA1 and then DA2 from DAO as shown in
Fig. S5.7 The DA bond healing rates (psc) were calculated by

Fig. 5 The pictures of polymer DATPFMA in cyclopentanone solution at
different temperatures. The state of (a) room temperature, (b) 110 °C
heating for 1 h, and (c) cooling to room temperature.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Representation of the self-healing mechanism of the DATPFMA
film.

the ratio of the enthalpy value of the original DATPFMA
polymer (DAO) and the healed samples (DA1 and DA2); the
mathematical relationship®® can be obtained by using eqn (1):

AH, healed

Npsc = % x 100% (1)

pristine

The enthalpy value (AH) of the endothermic peak is inte-
grated and presented in Fig. 7a, and other DSC data are listed
in Table 2. Compared with the polymer DATPFMA (DAO0), the
self-healing rates of the polymers DA1 and DA2 were 83% and
79%, respectively. Compared with the self-healing material
based DA systems,*® the self-healing rate of the polymer
DATPFMA was higher exhibiting a great capacity for self-
healing.

Fig. 7b depicts the thermal behavior of the polymer
DATPFMA, which was measured between 40-200 °C by
repeated DSC cycles. The negligible difference between the
cycles indicates the obvious endothermic and gentle exother-
mic transitions in the range of 110-160 °C during successive
thermal cycles. The endothermic and exothermic transitions
of the polymer DATPFMA can be predominately attributed to
the retro-DA and DA reactions, respectively. The slight devi-
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Fig. 7 (a) DSC heating traces of the self-healing sample DAO-2. (b)
Repeated DSC curves of the polymer DATPFMA.
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Table 2 Reaction enthalpy of polymer DATPFMA samples extracted
from DSC data

Peak Enthalpy (J g%,

Integral onset temperature from 120 to

Sample temperature (°C) (°C) 170 °C) npsc (%)
DAO 120.92 136.58 14.84 —
DA1 120.45 136.52 12.31 83
DA2 120.91 134.74 11.75 79

ations from the repeated DSC traces in the 2nd and 3rd cycles
can be attributed to the incomplete reconstruction of DA
bonds with a relatively short period of DSC test time. In short,
the above results clearly demonstrate that DATPFMA could be
used as a thermal self-healing material.”

In order to further investigate the self-healing behavior, the
polymer film (bleached state) was scratched with a razor blade
(about 10 pm wide cuts), and the healing process at 110 °C
was observed by optical microscopy, as shown in Fig. 8a-d.
The scratched region starts healing with the polymer fusion
and flows in the first 1 min, the scratch was gradually healed
and blurred after 3 min, whereas no subsequent noticeable
change was observed after 5 min. The self-healing process of
the polymer DATPFMA was relatively faster compared with
other polymer based DA systems,”® which was recorded as a
movie and provided in the ESL}

Fig. 8e-h depict the electrochromic and self-healing behav-
ior of the DATPFMA film. It is clear that at an applied voltage
of 0.7 V, the color of the film varies from faint yellow to dark
blue. Similarly, as discussed earlier when the film was
scratched and heated at 110 °C, the scratched region regained
its original condition except the color variation from dark to
faint blue. The variation in the color of the polymer film from
dark blue to faint blue can be explained® as that with the
increasing of temperature, the excited electrons of the colored
polymer escaped from the valence band resulting in a change
of energy gap. Meanwhile, the energy barrier against the pro-

0 min 1 min
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peller-like steric geometry of triphenylamine is overcome, the
frequency of the absorbed light shifted with the propeller-like
steric geometry is gradually changed at the same time. From
the above results, it could be seen that the self-healing process
of the colored state of the polymer film was the same as the
original state, in other words, the chromatic state has no influ-
ence on the self-healing process.
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Fig. 9 Polymer DATPFMA after self-healing: (a) the CV curves of the
polymer DATPFMA film before and after the self-healing process, (b)
electrochromic switching response time, and (c) coloration efficiency.
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Fig. 8 Self-healing behavior of the scratched polymer DATPFMA film: (a)—(d) in the original state and (e)—(h) in the colored state.
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Finally, in order to analyze the effect of self-healing, the
electrochromic properties of the polymer DATPFMA films were
once again investigated after self-healing at 110 °C for 5 min.
The cyclic voltammetry curve of the healed film was obtained
under the same conditions as the original polymer film, and
the redox peaks and the area of the cyclic voltammetry curves
are similar (Fig. 9a). And the colors of the healed DATPFMA
film also changed from faint yellow to green grey to dark blue,
the response time was 11.7 s for the bleaching process and 3.9 s
for coloring (Fig. 9b), and the CEs of the polymer film after
self-healing were 79.4 and 169.7 cm® C™' in the visible and
NIR regions, respectively (Fig. 9¢). These results indicate that
the healed polymer DATPFMA film still maintains the electro-
chromic properties. Briefly, the polymer DATPFMA has bis-
functions without a mutual influence of electrochromism and
self-healing, which is due to the triphenylamine group and the
DA group is relatively independent in the molecular structure.

Conclusion

In this paper, the TPA derivative was induced into furfuryl gly-
cidyl ether, and further by a DA cross-linking polymerization
reaction with MA to obtain a new unconjugated polymer
DATPFMA with bisfunctions of electrochromism and self-
healing properties. The color of the polymer film can be
switched from faint yellow to green grey to dark blue, the col-
oring response time was 4.1 s and the bleaching response time
was 11.0 s, and its coloration efficiencies were 82.2 and
175.3 em® C™' at 580 and 1060 nm, respectively. Meanwhile,
the self-healing rate was evaluated by using the enthalpy
values (AH) from the DSC curves with the self-healing rate at
about 80%. The scratch of the polymer film can be self-healed
under 110 °C during the heating process, which shows that
the DATPFMA polymer has great thermal remediable and
recyclable performance. All the results indicate that the
polymer film with electrochromic and self-healing properties
can be a promising material to overcome the scar generation
in ECDs.
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