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Abstract: A 1,4-bis((9H-carbazol-9-yl)methyl)benzene (DCB)-containing homopolymer (P(DCB)) and
four DCB- and ED-derivative (3,4-ethylenedioxythiophene (EDOT) and 3,4-ethylenedioxythiophene-
methanol (EDm))-containing copolymers (P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and
P(2DCB-co-EDm)) were electropolymerized on ITO-polyethylene terephthalate (PET) substrates and
their electrochromic performances were studied. DCB displays a lower Egnset than that of EDOT and
EDm, conjecturing that the biscarbazole-containing DCB group shows a stronger electron-donating
property than that of the ED derivatives. The P(2DCB-co-ED) film presents slate grey, dark khaki,
and dark olive green at 0.0, 1.0, and 1.2 V. Bleaching-to-coloring switching studies of polymers show
that P(2DCB-co-EDm) shows a high AT (31.0% at 725 nm) in solutions. Five dual-layer flexible
electrochromic devices (ECDs) based on P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm),
and P(2DCB-co-EDm) as the anodic materials and PEDOT-PSS as the cathodic material are constructed.
The P(2DCB-co-ED)/PEDOT-PSS flexible ECD shows a high AT (40.3% at 690 nm) and long-term
electrochemical cycling stability, while the P(DCB-co-EDm)/PEDOT-PSS ECD shows a high AT (39.1%
at 640 nm) and short response time (<1.5 s). These findings offer us a new structural insight for the
valuable design of conjugated polymers in high-contrast, flexible ECDs.

Keywords: electrochromic polymer; 3,4-ethylenedioxythiophene; transmittance change; response
time; colorful-to-colorless switching; flexible electrochromic device

1. Introduction

Electrochromic materials have attracted notable attention for industry and academia
owing to their promising applications on anti-dazzling rear view mirrors, smart glasses,
electrochromic sunglasses, sensors, information displays, and memory devices [1-3]. In-
organic transition metal oxides (e.g., NiO, WO3, and V,05), Prussian blue [PB, iron(III)
hexacyanoferrate(Il)], organic small molecules, and organic polymers are well-known elec-
trochromic materials [4-6]. Compared to those electrochromic materials, organic conjugated
polymers have already attracted increasing interest owing to their satisfied advantages,
such as easy solution processability, short switching time, tunable optical properties through
structural modifications, and large coloration efficiency [7].

The most common conjugated polymers utilized in optoelectronic devices are polyt-
riphenylamine [8,9], polyaniline [10,11], polycarbazole [12,13], polyimide [14,15], polythio-
phene [16,17], polyindole [18,19], polyoxadiazole [20], and poly(3,4-ethylenedioxythiophene)
(PEDOT) [21]. Among these polymers, polycarbazoles show a high hole transporting mo-
bility and can be oxidized to generate dications and radical cations [22]. Rybakiewicz et al.
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published the electrochromic results of a naphthalene diimide core-functionalized polycar-
bazole (polyCNDI), which changed color from red (0.05 V) to orange (0.75 V) and green
(0.95 V) during its oxidizing process. For the reduced process, polyCNDI film changes its
color from red (—0.85 V) to brown (—1.15 V). Further polarization of polyCNDI film leads to
a change of the color to green (—1.55 V). PolyCNDI shows a high AT (35% at 783 nm) during
electrochromic switching. Moreover, PEDOT is a bicyclic derivative of polythiophenes and
it shows low band gap, excellent transparency in the oxidized state, and high electrical
conductivity [23]. Toppare et al. synthesized a carbazole-comprising monomer (M1), and
3,4-ethylenedioxythiophene (EDOT) and M1 were used to electrosynthesize electrochromic
polymers (CoP1.5 and CoP1.3) with various feed monomer ratios [24]. CoP1.5 and CoP1.3
displayed various tones of violet colors in their reduced states, and the colors changed to
blue upon oxidation. CoP1.3 shows a high AT (55% at 1050 nm), while CoP1.5 also displays
a high AT (45% at 1170 nm). Armstrong et al. published the optical and electrochemi-
cal results of PEDOT, poly(EDOT-co-EDTM (3,4-ethylenedioxythiophene-methanol)), and
PEDTM [25]. PEDTM displayed narrower voltammetric peak width than that of PEDOT.
The Amax of reduced PEDTM redshifted slightly at 596 nm, compared to 580 nm observed
for neutral PEDOT [26].

On the other hand, classical research works have focused on ECDs using conduc-
tive glass as a transparent substrate. Recently, more studies have been devoted to plas-
tic substrates due to their flexibility. Mecerreyes et al. fabricated all-polymeric flexible
ECDs, the configuration of which was PET plastic substrate | PEDOT | PEO combined with
CF35S0;Li | PEDOT | PET plastic substrate [27]. Although the preliminary performances of
optical contrast and cycling stability are not good enough, this strategy opens novel avenues
in the evolution of flexible ECDs. Wen et al. published the experimental results of a flexible
ECD with a configuration of PES((polyethersulfone)-ITO | PANI-PSS | electrolyte | PEDOT-
PSS | PES-ITO. This flexible ECD maintained its electrochromic switching properties as
it was situated at its bending state [28]. Xu et al. constructed and characterized flexible
ECDs based on ITO-PET plastic. Similar to a glass-comprising ECD, the ITO-coated PET
plastic-comprising ECD showed a rapid switching time (ca. 0.5 s) and long lifetime (more
than 40,000 cycles) [29].

Conjugated polymers can be fabricated several ways, such as using electropolymeriza-
tion, vapor phase polymerization, and oxidative chemical vapor deposition [30,31]. In this
study, a biscarbazole (DCB)-containing homopolymer (P(DCB)) and four DCB- and ED-
derivative (3,4-ethylenedioxythiophene (EDOT) and 3,4-ethylenedioxythiophene-methanol
(EDm))-based copolymers (P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-
co-EDm)) are coated electrochemically on ITO-coated PET plastic substrates. The absorption
spectra and switching kinetics of the five DCB-containing electrode materials are investi-
gated. Dual-layer flexible ECDs are constructed using P(DCB), P(DCB-co-ED), P(2DCB-co-
ED), P(DCB-co-EDm), and P(2DCB-co-EDm) as the anodic polymers and PEDOT-PSS as the
cathodic polymer. The absorption spectra, switching kinetics, and electrochemical oxidized
and reduced stability of the P(DCB)/PEDOT-PSS, P(DCB-co-ED)/PEDOT-PSS, P(2DCB-
co-ED)/PEDOT-PSS, P(DCB-co-EDm)/PEDOT-PSS, and P(2DCB-co-EDm)/PEDOT-PSS
flexible ECDs are explored in detail.

2. Experimental
2.1. Materials and Electrosynthesis of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm),
and P(2DCB-co-EDm)

EDm and EDOT were purchased from Tokyo Chemical Industry Co., Ltd (Tokyo,
Japan). DCB was prepared according to previous methods [32]. The electrochemical
deposition of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-
EDm) on ITO-PET substrates was implemented potentiostatically at 1.0 Vin a 0.1 M
LiClO4/acetonitrile (ACN)/dichloromethane (DCM) (DCM/ACN = 1:1, by volume), and
the charge density was 20 mC/cm?. The feed ratios of DCB, EDOT, and EDm are listed in
Table 1.
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Table 1. Feed species of polymer electrodes.

Electrodes Feed Species Molar Ratios
P(DCB) 2mM DCB Neat DCB
P(DCB-co-ED) 2mM DCB + 2 mM EDOT 1:1
P(2DCB-co-ED) 2 mM DCB + 1 mM EDOT 2:1
P(DCB-co-EDm) 2mM DCB + 2 mM EDm 1:1
P(2DCB-co-EDm) 2mM DCB + 1 mM EDm 2:1

2.2. Instrumental Characterizations

The electrosynthesis and electrochemical characteristics of the P(DCB), P(DCB-co-ED),
P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm) films were carried out using an
electrochemical analyzer (CHI627E, CH Instruments, Austin, TX, USA). UV-Vis spectra
(JASCO International Co., Ltd., Tokyo, Japan), electrochromic photoimages (JASCO Inter-
national Co., Ltd., Tokyo, Japan) and the switching results of the P(DCB), P(DCB-co-ED),
P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm) films and the P(DCB)/PEDOT-PSS,
P(DCB-co-ED)/PEDOT-PSS, P(2DCB-co-ED)/PEDOT-PSS, P(DCB-co-EDm) /PEDOT-PSS,
and P(2DCB-co-EDm)/PEDOT-PSS flexible ECDs were performed using a UV-Vis spec-
trophotometer (Jasco V-630) and an electrochemical analyzer (CHI627E).

2.3. Fabrication of Flexible ECDs

Electrolytes were prepared using a solution-cast method. 0.3 g LiClOy, 1.1 g propylene
carbonate (PC), and 0.4 g PMMA (M, = 350,000) were added into 2.5 mL ACN, and the
mixture was stirred for 8 h. The solution was cast onto ITO-PET substrates, and the samples
were dried at 60 °C for 1 day to eliminate ACN completely [33]. The anodic layers (P(DCB),
P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm)) were polymerized
potentiostatically at 1.0 V on ITO-PET substrates, and the charge density was 13.3 mC
cm~2. The PEDOT-PSS polymeric membrane was spin-coated on ITO-PET substrate with a
rotational speed of 2000 rpm for 1 min. The cathodic and anodic ITO-PET substrates were
isolated using a LiClO4/PC/PMMA composite film. The electrode areas of flexible ECDs
were 1.5 cm?.

3. Results and Discussion
3.1. Electrosynthesis

Figure 1 shows the electrochemical oxidation of DCB, EDOT, and EDm in three
electrodes cells. The onset potentials for the electrochemical oxidation (Eonset) of DCB,
EDOT, and EDm were 0.88, 0.98, and 0.96 V, respectively. DCB displayed a lower Eonget
than that of EDOT and EDm, implying that the biscarbazole-containg DCB group shows
stronger electron-donating property than that of the ED derivatives. Figure 2 displays the
electrochemical potentiodynamic curves of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-
co-EDm), and P(2DCB-co-EDm). As the electrosynthesized CV cycles swept continued,
the currents of the redox peaks in Figure 2 increased progressively, verifying that the
electrochemical growth of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and
P(2DCB-co-EDm) occurred on the ITO-PET substrates [34].

The oxidized peaks of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and
P(2DCB-co-EDm) were located at 0.77, 0.72, 0.74, 0.73, and 0.72 V, while the reduced
peaks of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm)
were located at 0.38, 0.32, 0.36, 0.41, and 0.36 V, respectively. The shapes of CV curves,
the potentials of oxidized and reduced peaks for P(DCB-co-ED), P(2DCB-co-ED), P(DCB-
co-EDm), and P(2DCB-co-EDm), were different to those of P(DCB), verifying that the
copolymers (P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm)) were
deposited electrochemically on the ITO-PET substrates. The proposed polymerization
schemes of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm)
are shown in Figure 3.
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Figure 1. LSV plots of (a) 2 mM DCB, (b) 2 mM EDOT, and (c¢) 2 mM EDm at 100 mV s~ L.
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Figure 2. Electrosynthesized plots of (a) P(DCB), (b) P(DCB-co-ED), (c) P(2DCB-co-ED), (d) P(DCB-co-
EDm), and (e) P(2DCB-co-EDm). The scan velocity is 100 mV s~ .
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Figure 3. Electrochemical polymerizations of (a) P(DCB), (b) P(DCB-co-ED), and (c¢) P(DCB-co-EDm).

Figure 4(a-1)—(e-1) displays the CV plots of the P(DCB), P(DCB-co-ED), P(2DCB-
co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm) films at different sweep velocities, and
Figure 4(a-2)—(e-2) exhibits the relationship figures of currents vs. sweep velocities. The
current displays linearity with increasing scan rate, thus we can infer that P(DCB), P(DCB-
co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm) are affixed to the ITO-PET
substrate compactly and the redox actions are non-diffusion controlled [35].

3.2. Spectra and Colour Switching Profiles of P(DCB), P(DCB-co-ED), P(2DCB-co-ED),
P(DCB-co-EDm), and P(2DCB-co-EDm)

Figure 5 displays the UV-Vis spectra of P(DCB), P(DCB-co-ED), P(2DCB-co-ED),
P(DCB-co-EDm), and P(2DCB-co-EDm) at several voltages. There is no conspicuous ab-
sorption peak of P(DCB) and PEDOT films at 0.0-0.4 V and at wavelengths of less than
480 nm. When the voltage increases from 0.4 V to 1.1V, little by little, the absorption
bands of Figure 5a appear at 410 and 750 nm, which can be ascribed to the generation
of biscarbazole’s polarons (or bipolarons) [36]. The absorption peaks of P(DCB), P(DCB-
co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm) at 0.8 V show two peaks
at around 400-450 nm, which can be attributed to the absorption band of biscarbazole
groups at an oxidized state and EDOT derivatives at a neutral state. The insets of Figure 5
show the electrochromic photoimages of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-
co-EDm), and P(2DCB-co-EDm), from bleached to colored state, and the P(DCB) film is
light khaki at 0.0 V, olive at 1.0 V, and mustard green at 1.3 V. In an identical situation, the
P(DCB-co-ED) film reveals light gray at 0.0 V, dim gray at 0.8 V, and moss green at 1.2 V.
The P(2DCB-co-ED) film is slate grey at 0.0 V, dark khaki at 1.0 V, and dark olive green at
1.2 V. The P(DCB-co-EDm) film is gray at 0.0 V, dark khaki at 0.9 V, and dark olive at 1.2 V.
The P(2DCB-co-EDm) film is light gray at 0.0 V, dim gray at 0.7 V, and olive at 1.0 V. The
chromaticity diagrams of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and
P(2DCB-co-EDm) monitored at some voltages are summarized in Table 2.
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Table 2. Chromaticity charts of (a) P(DCB), (b) P(DCB-co-ED), (c) P(2DCB-co-ED), (d) P(DCB-co-EDm),

and (e) P(2DCB-co-EDm).

Films E (V) L*? a* b* x y Diagrams
0.0 93.92 5.78 10.95 0.3241 0.3538
0.4 94.33 5.24 10.25 0.3236 0.3519
(a) 0.9 84.40 7.77 30.41 0.3424 0.4085
1.0 77.84 —1.24 22.73 0.3234 0.4000
1.1 72.61 —2.86 16.44 0.3081 0.3901
1.3 69.51 —6.08 12.40 0.3007 0.3808
0.0 90.11 4.94 791 0.3201 0.3480
0.4 91.05 412 6.44 0.3186 0.3444
(b) 0.8 88.36 8.27 17.36 0.3327 0.3701
0.9 86.64 9.24 20.24 0.3356 0.3783
1.0 83.65 —3.28 19.04 0.3304 0.3793
12 79.69 —5.63 15.53 0.3203 0.3756
0.0 93.25 3.19 4.56 0.3164 0.3398
0.7 88.25 10.68 24.60 0.3421 0.3869
© 0.8 84.94 13.53 26.82 0.3426 0.3963
0.9 77.33 10.86 18.11 0.3185 0.3870
1.0 67.85 —1.02 6.79 0.2865 0.3673
1.2 64.56 —3.99 1.04 0.2745 0.3514
0.0 93.29 0.03 —0.60 0.3116 0.3279
0.7 90.99 3.58 9.29 0.3245 0.3496
) 0.8 85.55 11.04 21.07 0.3358 0.3815
0.9 79.60 15.69 13.06 0.3138 0.3709
1.0 72.71 19.13 3.69 0.2882 0.3538
12 71.99 16.76 0.03 0.2844 0.3427
0.0 92.92 2.72 3.58 0.3154 0.3376
0.6 90.95 6.08 13.21 0.3280 0.3591
(@) 0.7 88.02 10.42 23.76 0.3411 0.3851
0.8 85.25 13.02 25.02 0.3400 0.3918
0.9 79.33 17.39 17.55 0.3198 0.3830
1.0 74.17 19.00 8.99 0.2997 0.3665

@ L* represents the lightness, a* and b* represent the color channels.
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Figure 5. UV-Vis spectra of (a) P(DCB), (b) P(DCB-co-ED), (c) P(2DCB-co-ED), (d) P(DCB-co-EDm),
and (e) P(2DCB-co-EDm).

Figure 6 reveals the color-to-colorless switching properties of P(DCB), P(DCB-co-ED),
P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm) between +0.4 V and +1.2 V. The
time interval is 10 s. The bleached response time (1},) and colored response time (7.) of
P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm) are shown
in Table 3, and the 7. and 71, are calculated at 90% of the entire transmittance variation.
The Ty, and 7. of these polymers at a visible light region were determined to be 2.34.9 s
in solutions.



Coatings 2022, 12, 646

90f17

o
o

®
i\t 80
@
<
5 604 +04V
=
g
2 40
<
=
20 +12V
0 T T T T
0 100 200 300 400 500
Time (s)
100
©
~_~ 80 4
s +0.4V
= 601
<
=
£ 40
=
£ +12V
& 201
0 T T T T
0 100 200 300 400 500
Time (s)
100
(©
3 80
< +04V
8
= 60
<
=
g 40
=
£ +1.2V
e .
20 -
0 T T T T
0 100 200 300 400 500
Time (s)

o
S

Transmittance (%)

o
S

Transmittance (%)

®
S
!

[
=1
n

N
o

N
=1
!

®
S
!

o
S
!

N
o
L

[N
o
!

o

500

®
+04V
+1.2V
0 100 200 300 400
Time (s)
@
+04V
+12V
0 100 200 300 400 500
Time (s)

Figure 6. Switching profiles of the (a) P(DCB), (b) P(DCB-co-ED), (c) P(2DCB-co-ED), (d) P(DCB-co-
EDm), and (e) P(2DCB-co-EDm) electrodes.

Table 3. Chromic parameters of electrodes.

Electrodes A (nm) '(1;2’)‘ T(Z,r;);i (AO/Z; AOD Q4 (mCcm~2) #(cm?>C-1) Tc () Ty, (s)
P(DCB) 720 28.0 48.0 20.0 0.234 1.880 124.5 3.8 49
P(DCB-co-ED) 685 31.7 62.2 30.5 0.293 1.859 157.6 3.8 4.0
P(2DCB-co-ED) 710 33.5 61.1 27.6 0.261 2.666 979 2.3 4.0
P(DCB-co-EDm) 730 294 59.0 29.7 0.303 1.840 164.7 2.8 4.8
P(2DCB-co-EDm) 725 33.2 64.2 31.0 0.287 2.520 113.9 3.1 4.7

The transmittance variations (AT) of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-
co-EDm), and P(2DCB-co-EDm) are 20.0% at 720 nm, 30.5% at 685 nm, 27.6% at 710 nm,
29.7% at 730 nm, and 31.0% at 725 nm, respectively, in solutions. The ED- and EDm-
containing polymers display a higher AT than that of P(DCB) in a visible light zone. As
listed in Table 4, the AT of the P(2DCB-co-EDm) film is greater than that published for PSNS-
F (AT = 21.7% at 445 nm) [37], PBDO (AT = 24.5% at 610 nm) [38], and PDCP (AT = 19% at
1025 nm) [39]. However, the AT of the P(2DCB-co-EDm) film is lower than that published
for P(SNS-PN-co-ProDOT) (AT = 42% at 850 nm) [40] and PMPS (AT = 68.4% at 855 nm) [41].
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The variation of optical densities (AOD) and coloration efficiencies (#7) can be evaluated
using two formulas [42], as follows:

AOD = log(Ty,/Te) 1

7= AOD/Qq )

where T, and T}, indicate the transmittance at colored and bleached states, respectively.
The 3 of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm)
is 124.5 cm?/C at 720 nm, 157.6 cm?/C at 685 nm, 97.9 cm?/C at 710 nm, 164.7 cm?/C at
730 nm, and 113.9 cm? /C at 725 nm, respectively. P(DCB-co-EDm) shows the highest 7 at
730 nm. The P(DCB) film shows a larger 7 than that published for PSNS-F (17 = 107 cm?/C
at 445 nm) [37], PBDO (57 = 75.9 cm?/C at 610 nm) [38], and PDCP (5 = 124 cm?/C at
1025 nm) [39]. However, the P(DCB) film shows a lower # than that published for P(SNS-
PN-co-ProDOT) (17 = 256 cm? /C at 850 nm) [40] and PMPS (1 = 159.4 cm?/C at 855 nm) [41].

Table 4. Transmittance changes and coloration efficiencies of polymers (or ECDs).

Polymers or ECDs AT max (%) 1 (cm?.C-1) Eg (eV) Ref.
PSNS-F 21.7 (445 nm) 107 (445 nm) 2.18 [37]
PBDO 24.5 (610 nm) 75.9 (610 nm) 2.38 [38]
PDCP 19 (1025 nm) 124 (1025 nm) 2.58 [39]
P(SNS-PN-co-ProDOT) 42 (850 nm) 256 (850 nm) — [40]
PMPS 68.4 (855 nm) 159.4 (855 nm) — [41]
P(DCB) 20 (720 nm) 124.5 (720 nm) 2.48 This work
P(2DCB-co-EDm) 31 (725 nm) 113.9 (725 nm) — This work
P(SNS-An-Fc-co-EDOT)/PEDOT 22 (601 nm) 484 (601 nm) — [43]
P(BTC)/PEDOT 26.3 (580 nm) 120 (580 nm) — [44]
P(dcb-co-cpdt)/PEDOT 39.8 (628 nm) 319.98 (628 nm) — [45]
P(ANIL-co-TTPA)/PProDOT-Et,  46.3 (582 nm) 625 (582 nm) — [46]
P(DiC-co-CDTK)/PEDOT-PSS 38 (635 nm) 634 (635 nm) — [39]
P(DCB)/PEDOT-PSS 30.1 (690 nm) 215.9 (690 nm) — This work
P(2DCB-co-ED)/PEDOT-PSS 40.3 (690 nm) 260 (690 nm) — This work

3.3. Spectra and Colour Switching Properties of Flexible ECDs

Flexible ECDs were fabricated using anodically coloring polymers (P(DCB), P(DCB-co-
ED), P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm)) and a cathodically coloring
polymer (PEDOT-PSS), and their spectra and electrochromic switching figures were deter-
mined. As displayed in Figure 7, the P(DCB)/PEDOT-PSS, P(DCB-co-ED)/PEDOT-PSS,
P(2DCB-co-ED)/PEDOT-PSS, P(DCB-co-EDm)/PEDOT-PSS, and P(2DCB-co-EDm)/PEDOT-
PSS ECDs displayed two absorption peaks at around 600-700 nm at 2.0 V, which can be
ascribed to the absorption of P(DCB), P(DCB-co-ED), P(2DCB-co-ED), P(DCB-co-EDm), and
P(2DCB-co-EDm) in an oxidized state and cathodically coloring polymer in a neutral state.

The P(DCB)/PEDOT-PSS ECD was bright gray at —0.5 V, dim gray at 1.2 V, and army
blue at 2.0 V. The P(DCB-co-ED)/PEDOT-PSS ECD was silver gray at —0.7 V, bright slate
gray at 1.2 V, and saxe blue at 2.0 V. The P(2DCB-co-ED)/PEDOT-PSS ECD was light gray
at —0.5V, azure at 1.8 V, and Wedgwood blue at 2.0 V. The P(DCB-co-EDm)/PEDOT-PSS
ECD was Gainsboro gray at —1.0 V, army at 1.6 V, and grayish blue at 2.0 V. The P(2DCB-co-
EDm)/PEDOT-PSS ECD was slate gray at —1.0 V, gray at 1.6 V, and peacock blue at 2.0 V.
The chromaticity diagrams of P(DCB)/PEDOT-PSS, P(DCB-co-ED)/PEDOT-PSS, P(2DCB-
co-ED)/PEDOT-PSS, P(DCB-co-EDm)/PEDOT-PSS, and P(2DCB-co-EDm)/PEDOT-PSS
ECDs at several potentials are shown in Table 5.
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Table 5. Chromaticity diagrams of the (a) P(DCB)/PEDOT-PSS, (b) P(DCB-co-ED)/PEDOT-PSS,
(¢) P(2DCB-co-ED)/PEDOT-PSS, (d) P(DCB-co-EDm)/PEDOT-PSS, and (e) P(2DCB-co-EDm)/PEDOT-

PSS ECDs.
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@ L* represents the lightness, a* and b* represent the color channels.
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Figure 8 shows the switching plots of the P(DCB)/PEDOT-PSS, P(DCB-co-ED)/PEDOT-
PSS, P(2DCB-co-ED)/PEDOT-PSS, P(DCB-co-EDm)/PEDOT-PSS, and P(2DCB-co-EDm)/
PEDOT-PSS ECDs, and the AT, AOD, 7, and T of the ECDs are displayed in Table 6.

100
(@) 690 nm
‘65 80
by 1.0V
L+
= 601
~
b=
E 40
=
= +20V
= 20
i+ 7
0 100 200 300 400 500 600 7OO 800
Time (s)
100
©
~ 80
=
= 1oV
E 60+
]
E
E 401
=
=
el
o204 +20V
{] T T T T T T T
0 100 200 300 400 500 60O 7O0 @00
Time (s)
100
[@
= 80
= .
& L0V
b
= 60
E
E
w 40+
=
= +20V
) 20
0 T T T T T T T
0 100 200 300 400 500 600D 7OO 8OO
Time (s)

100

)
= 80 .
® -10V
Z 1
= 604
S
£
40 4
)
id +2.0V
= 20
o ————————r
0 100 200 300 400 500 60D 7OO 80O
Time (s)
100
@
Z 804 .
S -LOY
= r
2 60
=
g a0
=
=
+20V
= 204
0 T T T T T T T 1
] 100 200 300 400 500 600 700 800
Time (s)

Figure 8. Switching profiles of the (a) P(DCB)/PEDOT-PSS, (b) P(DCB-co-ED)/PEDOT-PSS,
(¢) P@DCB-co-ED)/PEDOT-PSS, (d) P(DCB-co-EDm)/PEDOT-PSS and (e) P(2DCB-co-EDm)/PEDOT-

PSS devices.
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Table 6. Chromic switching parameters of devices.

Tox Treq AT Qa Uj Tc Tb

ECDs Now e % 2P mCem 2 (@micl) ) (s)
P(DCB)/PEDOT-PSS 3 344 64.5 30.1 0.27 1.89 2159 0.4 09
(690 nm) 60 35.6 63.4 27.8 0.25 1.81 207.4 1.0 1.1
P(DCB-co-ED)/PEDOT-PSS 3 34.5 71.6 37.1 0.32 1.93 245.8 0.2 1.3
(650 nm) 60 394 70.8 314 0.25 1.70 224.8 0.2 1.1
P(2DCB-co-ED)/PEDOT-PSS 3 21.8 62.1 40.3 0.46 2.62 260.0 1.1 1.3
(690 nm) 60 26.0 65.2 39.2 0.40 2.18 275.2 0.9 1.3
P(DCB-co-EDm)/PEDOT-PSS 3 30.7 69.8 39.1 0.36 2.69 199.4 1.0 1.5
(640 nm) 60 32.8 69.5 36.7 0.33 2.37 206.3 1.0 1.0
P(2DCB-co-EDm)/PEDOT-PSS 3 31.3 67.7 36.4 0.36 2.96 180.2 0.7 1.0
(680 nm) 60 37.3 66.5 29.2 0.25 2.46 153.1 0.4 15

The AT of the P(DCB)/PEDOT-PSS, P(DCB-co-ED)/PEDOT-PSS, P(2DCB-co-ED)/
PEDOT-PSS, P(DCB-co-EDm)/PEDOT-PSS, and P(2DCB-co-EDm)/PEDOT-PSS ECDs at
the third cycle was 30.1% at 690 nm, 37.1% at 650 nm, 40.3% at 690 nm, 39.1% at 640 nm,
and 36.4% at 680 nm, respectively. The ATmax of the P(2DCB-co-ED)/PEDOT-PSS ECD is
greater than that of the P(SNS-An-Fc-co-EDOT)/PEDOT ECD (AT = 22% at 601 nm) [43],
P(BTC)/PEDOT ECD (AT =26.3% at 580 nm) [44], P(dcb-co-cpdt)/PEDOT ECD (AT = 39.8%
at 628 nm) [45], and P(DiC-co-CDTK)/PEDOT-PSS ECD (AT = 38%) [39]. However, the
AT max of the P(2DCB-co-ED)/PEDOT-PSS ECD is lower than that published for the P(ANIL-
co-TTPA)/PProDOT-Et, ECD (AT = 46.3% at 582 nm) [46]. On the other hand, the
of the P(DCB)/PEDOT-PSS, P(DCB-co-ED)/PEDOT-PSS, P(2DCB-co-ED)/PEDOT-PSS,
P(DCB-co-EDm)/PEDOT-PSS, and P(2DCB-co-EDm)/PEDOT-PSS ECDs at the third cycle
was calculated to be 215.9 ecm?/C at 690 nm, 245.8 cm?/C at 650 nm, 260.0 cm?/C at
690 nm, 199.4 cm?/C at 640 nm, and 180.2 cm?/C at 680 nm, respectively. The P(2DCB-
co-ED)/PEDOT-PSS ECD shows a lower 7 than that published for the P(SNS-An-Fc-
co-EDOT)/PEDOT ECD ( = 484 cm?/C at 601 nm) [43], P(dcb-co-cpdt)/PEDOT ECD
(17 = 319.98 cm? /C at 628 nm) [45], P(ANIL-co-TTPA) /PProDOT-Et, ECD (7 = 625 cm?/C
at 582 nm) [46], and P(DiC-co-CDTK)/PEDOT-PSS ECD (1 = 634 cm?/C at 635 nm) [39].
This may be attributed to the substrate of the P(2DCB-co-ED)/PEDOT-PSS flexible ECD
being an ITO-coated PET. Moreover, the 13, and 7. of the flexible ECDs calculated at the
3rd and the 60th cycles are shown in Table 6, and they are 0.4-1.5s. The T}, and 7. of the
flexible ECDs are faster than those of the polymer electrodes, implying that the distance
between two electrodes in flexible ECDs is narrower than those in UV cells [47].

3.4. Redox Stability of Flexible ECDs

The redox stability of five flexible ECDs was monitored using CV in the range of
—0.5V ~+2.0 V. Asdisplayed in Figure 9, the P(DCB)/PEDOT-PSS, P(DCB-co-ED) / PEDOT-
PSS, P(2DCB-co-ED)/PEDOT-PSS, P(DCB-co-EDm)/PEDOT-PSS, and P(2DCB-co-EDm)/
PEDOT-PSS ECDs showed 96.3%, 96.8%, 97.2%, 91.7%, and 96.6%, respectively, of electroac-
tivity preserved after the 500th cycle, and 90.4%, 95.9%, 96.3%, 79.6%, and 90.1%, respec-
tively, of electroactivity preserved after the 1000th cycle, indicating that the P(DCB)/PEDOT-
PSS, P(DCB-co-ED)/PEDOT-PSS, P(2DCB-co-ED)/PEDOT-PSS, P(DCB-co-EDm)/PEDOT-
PSS, and P(2DCB-co-EDm) /PEDOT-PSS flexible ECDs displayed an adequate long-term
redox stability.



Coatings 2022, 12, 646

15 of 17

Current density (mA ¢cm”)

Current density (mA cm‘z)

Current density (mA cm’)

0.4

-0.4

04

-~ |®
£
&
-
£
—
2
‘&
-
Y]
=
bt
]

g -
T
H El
= = -500 ﬂ(,:'yclc o
=-— 1000~ cycle| 04 i : ‘ ‘ ‘ :
05 0'0 0'5 1'0 1'5 20 05 0.0 05 10 15 20
’ ' ) oy ar ’ ’ Potential (V
Potential (V) (V)
0.4
(c) (d)

“t
1" evele

Current density (mA cm‘Z)

= 500" cycle
<= 1000" cycle

-0.5

0.0

T
1.0

05
Potential (V)

T T
0.5 1.0 1.8 20

Potential (V)

== 500" cycle
== 1000" cycle
T T T T
05 0.0 0.5 1.0 15 20
Potential (V)

Figure 9. CV curves of the (a) P(DCB)/PEDOT-PSS, (b) P(DCB-co-ED)/PEDOT-PSS, (c) P(2DCB-co-
ED)/PEDOT-PSS, (d) P(DCB-co-EDm)/PEDOT-PSS and (e) P(2DCB-co-EDm)/PEDOT-PSS devices.

4. Conclusions

Five biscarbazole-containing anodically coloring polymers (P(DCB), P(DCB-co-ED),
P(2DCB-co-ED), P(DCB-co-EDm), and P(2DCB-co-EDm)) were electrocoated on ITO coated
PET plastic. P(DCB-co-EDm) shows three definite color transitions from reduced to oxidized
states (gray, dark khaki, and dark olive at 0.0 V, +0.9 V, and +1.2 V, respectively). The
spectra and colour switching profiles of the polymeric membranes show that ED- and EDm-
containing copolymers have a large AT in visible light regions. The dual polymer flexible
P(2DCB-co-ED)/PEDOT-PSS ECD showed a large AT (40.3% at 690 nm) and sufficient
redox stability. The P(DCB-co-EDm)/PEDOT-PSS ECD displayed a high AT (39.1% at
640 nm), rapid electrochromic switching time (less than 1.5 s), and distinct color transitions
from Gainsboro gray (at —1.0 V) to army (at 1.6 V). These findings provide avenues for
applications of the promising biscarbazole-containing anodically coloring polymers in
paper-like, flexible ECDs.
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