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ABSTRACT: Thiadiazolo[3,4-c]pyridine (PT), an important analog of
benzothiadiazole (BT), has most recently been explored as a novel
electron acceptor. It exhibits more electron-accepting ability and other
unique properties and potential advantages over BT, thus inspiring us to
investigate PT-based donor—acceptor-type (D—A) conjugated polymer
in electrochromics. Herein, PT was employed for the rational design of
novel donor—acceptor-type systems to yield a neutral green electro-
chromic polymer poly(4,7-di(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-
[1,2,5] thiadiazolo[3,4-c]pyridine) (PEPTE). PEPTE revealed a lower
bandgap (Ege. = 0.85 eV, E,o, = 1.12 eV) than its BT analog and also
favorable redox activity and stability. Furthermore, electrochromic kinetic
studies demonstrated that PEPTE displayed higher coloration efficiency
than BT analog, good optical memory, and very fast switching time (0.3 s
at all three wavelengths), indicating that PT would probably be a
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promising choice for developing novel neutral green electrochromic polymers by matching with various donor units.
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1. INTRODUCTION

Combining high contrast ratio, superior coloration efficiency,
and multicolor, conjugated polymers have been developed to
be the most attractive electrochromic materials."™® Toward
electrochromic polymers with specific colors, numerous
approaches have been employed to control the color of the
polymer, including increasing the conjugation length, utilizing
donor—acceptor effect, modifying the HOMO—LUMO levels,
and using sterically hindered substituent.”~ > Also, side chain
substituents provide a viable method to tune optical properties
of the polymer.'*

Recently, the Reynolds group started to explore sterically
hindered “classical” PEDOT derivatives for colorful electro-
chromic polymers.'' However, the approach failed to achieve
the green leg of RGB (red—green—blue) color space, which is
due to green electrochromic polymers showing dual-band
absorption located in the red and blue areas of visible spectrum,
respectively, and the absorption could decrease in the oxidized
process. Of all the approaches, the donor—acceptor method
was the most available for green electrochromic polymers,
which has been proven by the breakthrough discovery by Wudl
and co-workers.'* Soon after this pioneering work, dozens of
green electrochromic polymers containing alternating different
donors and benzothiadiazole analogs/derivatives have been
achieved (their structures are shown in Scheme 1),"*7*” some
of which display relatively low bandgap, fast switching time, and
exceptional long-term stability (Table S1, Supporting Informa-
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tion). Despite these efforts devoted to green polymeric
electrochromics, the fundamental research and applications
are far from prosperity and still have significant scope for
development.

The most common and effective strategy toward green
electrochromic polymers consists of tailoring the nature and
structural control of donors and acceptors in the donor—
acceptor-type (D—A) polymers. It has clearly been demon-
strated that compositions not only change the redox potentials
and bandgap of these polymers but also modify the
electrochromic performances including switching color, optical
contrast, color efficiency, and stability.'~> For D—A polymers,
bandgap (Eg) reduction has been demonstrated to be an
effective way to achieve optical contrast and stable electro-
chromic polymers.**° Previous studies proved that bandgaps of
D—A conjugated polymers primarily depend on the acceptor
moiety.'”***’ Therefore, inserting an electron-deficient accept-
or into the z-conjugated system probably develops a decreased
bandgap material.

Because of the 7-electron deficient nature of pyridine unit
compared to benzene, pyridine (PT) would be a stronger
acceptor unit relative to benzothiadiazole (BT).>*"** In the
donor—acceptor-type neutral green electrochromic polymer
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Scheme 1. Chemical Structures of Donor—Acceptor-Type Neutral Green Electrochromic Polymers Reported Previously's >’
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family, in sharp contrast to benzothiadiazole derivatives and
thieno[3,4-b]pyrazine derivatives extensively employed as
accezptor units, PT has scarcely been explored (Scheme
1).°72732735 Recently, Zhou et al.* incorporated thiadiazolo-
[3,/4-c]pyridine derivative with weak donor units to yield a
series of polymers showing better solubility, lower bandgap, and
deeper HOMO and LUMO levels compared to BT-based
polymers, which stimulated us to investigate electrochromic
performances of the polymers containing PT constructed using
the donor—acceptor strategy.

Recently, we developed several typical 3,4-ethylenedioxy-
thiophene (EDOT)-based copolymers as promising electro-
chromic materials, such as furan-EDOT, selenophene-EDOT,
and PEDOT network films.>’~*® Considering the unique
electrochromic performances of EDOT-based copolymers,
EDOT was herein employed as the donor unit toward the
construction of the novel D—A system, 4,7-di(2,3-

dihydrothieno[3,4-b][1,4]dioxin-5-y1)-[1,2,5]thiadiazolo[3,4-
c|pyridine (EPTE). The optical properties, intramolecular
charge transfer properties, density functional theory calcu-
lations, and electrochemical polymerization of the precursor
were reported. Furthermore, the structure and morphology,
electrochemistry, spectroelectrochemistry, and electrochromic
performances of the electrosynthesized neutral green polymer
were explored in detail. Herein, the resulting conducting
polymer containing PT was discussed in comparison with its
close analog, 4,7-di(2,3-dihydrothieno[3,4-b][1,4]dioxin-S-yl)-
benzo[1,2,5]thiadiazole (EBTE).

2. EXPERIMENTAL METHODS

Materials. 3,4-Ethylenedioxythiophene (EDOT, 98%; Sigma-
Aldrich), 2,3-diaminopyridine (98%; Shanghai Vita Chemical Reagent
Co., Ltd.), thionyl bromide (SOBr, 97%; J&K Scientific Ltd.),
bromine (Br, 98%; J&K Scientific Ltd.), hydrobromic acid (HBr,
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48%; J&K Scientific Ltd.), n-butyllithium (#-BuLi, 2.5 mol L™ in
hexanes; Energy Chemical), chlorotributyltin (SnBu;Cl, Energy
Chemical), tetrakis(triphenylphosphine)palladium (0) (Pd(PPh,),,
99%; Energy Chemical), and acetonitrile (MeCN, 99.9%; Xilong
Chemical) were used directly without further purification. Lithium
perchlorate (LiClO,, 98%; Energy Chemical), tetrabutylammonium
hexafluorophosphate (Bu,NPF;, 98%; Energy Chemical), and
tetrabutylammonium tetrafluoroborate (Bu,NBF,, 98%; Energy
Chemical) were dried under vacuum at 60 °C for 24 h before use.
Tetrahydrofuran (THF, analytical grade; Xilong Chemical), dimethyl-
formamide (DMF, analytical grade; Xilong Chemical), and dichloro-
methane (CH,Cl,, analytical grade; Shanghai Vita Chemical Reagent
Co., Ltd.) were purified by distillation with calcium hydride under a
nitrogen atmosphere.

Characterizations. '"H NMR and *C NMR spectra were
measured by using a Bruker AV 400 NMR spectrometer. With a
SPECORD PLUS UV-vis spectrophotometer (ANALYTIKJENA,
Germany), UV—vis spectra were recorded. Emission spectra of the
monomers were determined by using an F-4500 fluorescence
spectrophotometer (Hitachi). Scanning electron microscopy (SEM)
images were recorded on a VEGA II-LSU scanning electron
microscope (Tescan).

Monomer Synthesis. 4,7-Di(2,3-dihydrothieno[3,4-b][1,4]dioxin-
S-y1)-[1,2,5] thiadiazolo[3,4-c]pyridine (EPTE) was synthesized as
described in Scheme 2. Compounds II and IV were prepared
according to literature procedures.**>*

Scheme 2. Synthetic Route and Electropolymerization of
EPTE

Br Br

NH,
@ 2B oM osomn, 2N
NP NH, 28% HBr NWPONH, CHCL, Mg~y 7o
Br Br
B
& ) am s>snpuy
d o S d o oY/ pdephy),
T T,\I N Electropolymerization R TI\] N/
S — ST BuNPF/CH,C, s = s
N, N N_ N
S S
PEPTE EPTE

4,7-Dibromo[1,2,5]thiadiazolo[3,4-cipyridine (Ill). Under nitrogen
atmosphere, a solution of 2,5-dibromo-3,4-diaminopyridine (1.00 g,
3.74 mmol) in anhydrous chloroform (10 mL) was cooled to —0 °C.
Then, thionyl bromide (2.25 g, 18.9 mmol) was added dropwise,
followed by stirring of the mixture for 30 min. The reaction was stirred
at room temperature for 30 min and refluxed at 75 °C. After 8 h of
heating, thionyl bromide (2.25 g, 18.9 mmol) was added dropwise
again, and the mixture was refluxed for 4 h. The reaction mixture was
allowed to cool to room temperature and poured into ice-water. The
mixture was neutralized (pH = 8) with solid Na,CO,, extracted with
ethyl acetate (3 X 10 mL), and dried with anhydrous MgSO,. The
solvent was removed by rotary evaporation, and the product was
purified by silica column chromatography to obtain 0.57 g of yellow

solid (Yield: 52%). 'H NMR (400 MHz, CDCl,, ppm): & 8.55 (s, 1H);
BC NMR (400 MHz, DMSO-dg, ppm): & 155.24, 150.26, 145.24,
136.66, 111.69.
4,7-Di(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-[1,2,5]-
thiadiazolo[3,4-c]pyridine (EPTE). To a nitrogen-degassed solution of
2-tributylstannyl-3,4-ethylenedioxythiophene (5.84 g, 13.56 mmol)
and 4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine (1.01 g, 3.42 mmol)
in dry DMF (20 mL) was added Pd(PPh,), (0.38 g 0.33 mmol), and
the mixture was stirred at 95 °C under a nitrogen atmosphere until all
the starting materials were consumed. After being cooled to room
temperature, the mixture was poured into saturated aqueous brine, and
then, the mixture was extracted with dichloromethane (3 X 20 mL).
The crude product was washed twice with water, dried over anhydrous
MgSO,, and purified by silica column chromatography to afford 1.02 g
of red solid (Yield: 71%). 'H NMR (400 MHz, DMSO-d, ppm): &
9.23 (s, 1H), 7.05 (s, 1H), 6.93 (s, 1H), 4.46 (s, 2H), 4.38 (s, 2H),
432 (s, 4H). ®C NMR (400 MHz, DMSO-dg, ppm): § 154.37,
14826, 14228, 141.82, 141.68, 140.81, 125.75, 118.77, 111.24, 106.43,
102.86, 102.04, 65.52, 65.03, 64.41, 64.33. FT-IR (cm™"): 3088, 2876,
1528, 1481, 1368, 1188, 1159, 1069, 999, 918, 874, 727, 631.
Electrochemical Experiments. Electrochemical experiments
were carried out in a self-assembly electrolytic cell and controlled by
a Model 263A potentiostat-galvanostat (EG&G Princeton Applied
Research). The electrolytic cell contains two Pt wires and an Ag/AgCl
electrode regarded as the working and counter electrodes and
reference electrode, respectively. Besides, the solvent-electrolyte
systems were blanked by nitrogen stream before each experiment.
The HOMO-LUMO levels and E, values of EPTE and
corresponding polymer are evaluated according to the empirical

formulas as follows:'>*?
HOMO = —(E,, + 4.80)eV W
LUMO = (HOMO + Ey,p)eV (2)

where E,, and E,,, are the onset oxidation potential and optical
bandgap, respectively.

Electrochromic Tests. With a Cary 5000 spectrophotometer,
spectroelectrochemistry and kinetic performances were determined in
a self-assembly electrolytic cell, and the electrical conditions were
controlled using a CHI 660D electrochemical workstation (Shanghai,
China). The electrolytic cell consists of a transparent cuvette used as
the container and an ITO-coated glass as the working electrode. The
other devices are consistent with those used in the electrochemical
experiment. All spectroelectrochemical and kinetic experiments were
performed in MeCN—Bu,NPF, (0.1 mol L™").

The optical density (AOD) and the coloration efficiency (CE) are
calculated according to the following formulas:"*”

AOD = log(Tox/’I;'ed) (3)
CE = AOD/Q, 4)

where T, and T,q are transmittance of oxidized and reduced polymer
films, respectively. Qg is injected/ejected charge per unit.
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Figure 1. (A) Absorption spectra of EPTE and EBTE in CH,Cl,. (B) Absorption spectra of EPTE in cyclohexane, toluene, CH,Cl,, and THF. (C)

Emission spectra of EPTE in cyclohexane, toluene, CH,Cl,, and THF.
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Table 1. Calculated and Experimental Data for EPTE, EBTE, and Their Polymers”

sample Amaxy (nm) Amaxz (nm) Amax3 (nm) H™/HPFT (eV) L=/LPFT (eV) Egere (eV) 15 (@) Egper (eV)
EPTE 266 318 500 —5.69/-5.03 —3.55/-2.56 - 2.14 2.47
PEPTE 427 756 - —4.77/— —3.65/— 0.85 1.12 -
EBTE 262 321 481 —5.50/—-4.90 -3.25/-229 - 2.25 2.61
PEBTE 428 755 - —4.65/— —3.46/— 1.07 1.19 -

“H®® and L*® are the HOMO and LUMO levels estimated by empirical formulas, respectively. H>*" and LP" are the HOMO and LUMO levels

acquired through density functional theory calculations.
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Figure 2. Cyclic voltammograms (CVs) of EPTE and EBTE in CH,Cl,—Bu,NPF (0.1 mol L™") at the potential scan rate of 100 mV s™'. Monomer

concentration: $ mmol L7,

3. RESULTS AND DISCUSSION

Synthesis. First, the synthetic strategy (Scheme 2) to EPTE
requires a z-electron deficient acceptor unit (III) as the
building block. Starting from 3,4-diaminopyridine, compound II
was synthesized according to previously reported procedures.>*
To achieve compound III with high yield, the conversion of
compound II to the resulting compound III was conducted
through a ring closure reaction in the presence of thionyl
bromide instead of thionyl chloride. From the s-electron
deficient dibromoheteroarene building block, EPTE was
synthesized through Stille coupling reaction with a satisfactory
yield (71%). 'H and "*C NMR spectra of EPTE were exhibited
in the Supporting Information. For ease of comparison studies,
EBTE was synthesized as previously described (Scheme S1,
Supporting Information).**

Optical Property. To obtain the structure—property
interrelation of D—A monomers, the optical properties of
EPTE and EBTE were investigated initially. Both of the
monomers showed dual-band absorption spectra, which was a
distinguishing signature generally observed in donor—acceptor-
type monomers.*~* Also, EBTE and EPTE spectra were so
close due to a similar structure. The high-energy absorption
band (280—360 nm) originated from z—z* transition of
EDOT, while the low-energy absorption band was owing to the
charge transfer from EDOT to PT. In addition, the low-energy
absorption band of EPTE was blue-shifted about 6 nm as
compared with EBTE (Figure 1A and Table 1). This behavior
could be attributed to the higher electronegativity of N that
changed the ionization potential of the donor—acceptor-type
system.*>* In addition, by comparison with EBTE, the low-
energy band of EPTE shifted to longer wavelength with
increasing absorption coefficient, which may be due to the 7-
electron deficient nature of pyridine ring compared to benzene
since it was easier to transfer charge from the donor to acceptor
units (Figure 1A, Tables 1 and S2, Supporting Informa-
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tion).** To confirm this behavior, the solvatochromic

experiments have been performed. It was expected that the
polar excited state of D—A monomer was more stable than the
less polar ground state of D—A monomer in more polar
solvent. Therefore, the emission spectra the monomer should
shift to a longer wavelength in more polar solvents.

Specifically, absorption and emission spectra were tested in
solvents with increasing dielectric constants: cyclohexane (¢ =
2.0), toluene (¢ = 2.4), THF (& = 7.5), and CH,Cl, (¢ = 8.9).
The absorption spectra of EPTE appeared constant by
changing the polarity of solvent, with low-energy absorption
peak at approximately S00 nm (Figure 1B). As expected, the
emission spectra of EPTE exhibited redshift in more polar
solvents (Figure 1C and Table S3, Supporting Information).
This redshift with increasing the polarity of solvent confirmed
the explanation mentioned earlier.

Electrochemical Polymerization. The electropolymeriza-
tion performances of monomers were examined in the
CH,Cl,—Bu,NPF, (0.1 mol L") system. The onset oxidation
potential (E,, ) of EPTE (0.89 V, Figure S1, Supporting
Information) was found to be higher than that of EBTE (0.70
V). The difference further confirmed that PT-based donor—
acceptor systems were more electron deficient compared to
BT-based systems.”

As depicted in Figure 2, the occurrence of the current loop
beyond E_ . was the sign of the nucleation of EPTE and
EBTE.” During the potentiodynamic electropolymerization,
the progressive increase of the currents demonstrated that the
electroactive polymers were formed.** ° From the CV results,
both poly(4,7-di(2,3-dihydrothieno[3,4-b][1,4]dioxin-S-yl)-
[1,2,5] thiadiazolo[3,4-c]pyridine) (PEPTE) and poly(4,7-
di(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)benzo[1,2,5]-
thiadiazole) (PEBTE) exhibited broad redox waves. It is a
commonly observed phenomenon for EDOT-based com-
pounds during the electropolymerization and might be
attributed to (1) the formation of conjugated polymer with
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different chain length and (2) the mutual transition of multiple
conductive species during the electropolymerization.**~>*
However, note here that the redox peak current densities for
PEPTE film (0.24 mA cm™2, 15 cycles of CVs) were much
lower than those of PEBTE (0.57 mA cm ™, 15 cycles of CVs),
which may be explained by relatively h1§her electrical
conductivity of the electrodeposited PEBTE.**

Optimization of Electrical Conditions. The performance
and the quality of electropolymerized polymer are interrelated.
Therefore, choosing the optimized potential for polymerization
is essential toward high quality polymer film. A series of applied
potentials were explored (EPTE: from 0.85 to 1.25 V; EBTE:
from 0.70 to 1.00 V) during the electropolymerization of EPTE
and EBTE, as shown in Figure S2, Supporting Information. As
for the low applied potentials employed for the electro-
polymerization tests, they are due to the fact that the onset
oxidation potentials of monomers during electrochemical tests
usually change/drift due to influences of many factors, such as
scan rates, reference electrodes, etc. Typically, there was no sign
that PEPTE/PEBTE adhered on the electrode surface at
potentials below E,_ ... Also, the applied potentials beyond E,, ,
led to the formation of polymers. By visual inspection during
the experiments and chronoamperograms in Figure S2,
Supporting Information, incorporating with these elements,
and connecting with the quality of the polymer, the optimized
applied potentials of EPTE and EBTE were 1.0 and 0.85 V,
respectively. As expected, the optimized polymerization
potential of EBTE was lower than EPTE, which was mainly
due to different electron-deficient ability of acceptor units.”
Therefore, all the polymers for electrochemical and electro-
chromic experiments were polymerized at the optimized
potentials.

Structural Characterization. Considering the mechanism
of electropolymerization, the polymerization of EPTE would
only happen at the thiophene or pyridine ring. Compared with
thiophene rings, the pyridine ring is electron deficient; thus, it is
very difficult to eletropolymerize.”** Also, significant steric
hindrance would further impede the occurrence of eletropoly-
merization on the pyridine ring. Therefore, the electro-
polymerization would only happen at thiophene rings.

For the insoluble polymers, the vibrational spectrum is an
expedient method to explore the polymerization mechanism.
Hence, FT-IR spectra of EPTE and PEPTE were measured
(Figure S3, Supporting Information), and FT-IR spectral peak
assignment for EPTE and doped PEPTE was listed in Table S4,
Supporting Information. In the functional group region, the
peak at 3088 cm™ in the FT-IR spectrum of EPTE is attributed
to the =C—H vibration of the EDOT; however, the peak
disappeared in the spectrum of PEPTE. The phenomenon
indicated that EPTE could be electropolymerized at a-position
of EDOT. In the fingerprint region, the peak at 1188 cm™
should be assigned to the =C—H in-plane deformation
vibration of EDOT, and 874 cm™ results from out-of-plane
deformation vibration. However, all these peaks disappear/
weaken in FT-IR spectrum of the polymer, which further
demonstrated that EPTE is electropolymerized through a,a'-
coupling of EDOT units. For PEPTE, the peaks at 1485 and
1433 cm ™" could be attributed to the C=C skeletal vibration of
EDOT, while the 1358 and 1302 and 1066 cm™' result from
the stretching of single C—C bond and the C—O vibration,
respectively. For the pyridine group, these absorption peaks
originating from the ring vibration can be observed at 1587 and

1551 cm™". The obvious absorption peak at 840 cm™" should be
the results of doping of PF¢~ ions into the polymer.

Density Functional Theory Calculations. To obtain a
further interpretation of monomers, including planar structure,
HOMO-LUMO levels, and bandgap, density functional theory
calculations have been performed (Table 1 and Figure 3). A
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Figure 3. Optimized structures and HOMO—LUMO levels of EPTE
and EBTE.

previous study demonstrated that HOMO—-LUMO positions
resided largely on the donor and acceptor units, respectively.
The LUMO of EPTE (—2.56 eV) was lower as compared to
that of EBTE (—2.29 eV). However, the HOMO also showed a
slight decrease from EBTE to EPTE>**® In the D-A
conjugated compound system, it is a commonly observed
phenomenon that the LUMO position depends mainly on the
acceptor unit. Also, these values were found to be higher than
those from experimental data, which could be explained by
solvent effect.

Electrochemistry of PEPTE. For a comparative study, the
electrochemical behaviors of both PEPTE and PEBTE films
were carried out in monomer-free MeCN—Bu,NPF, and other
electrolytes, as shown in Figures 4 and S4 and SS, Supporting
Information. Similar to other EDOT-based electrochromic
polymers, both PEPTE and PEBTE exhibited good redox
activity in the MeCN—Bu,NPF; system. However, PEBTE
displayed well-defined n-doping/dedoping and p-doping/
dedoping behaviors, while the n-doping/dedoping process for
PEPTE was unsatisfactory (Figure S6, Supporting Informa-
tion). Also, the electrochemical performance of PEPTE was
explored in other solvent-electrolyte systems including
CH,Cl,—Bu,NPF,, MeCN—-Bu,NBF,, and MeCN-LiClO,.
Clearly, PEPTE revealed good redox activity and stability in
all these media, but the electrochemical behaviors were slightly
affected by solvent-electrolyte systems, such as redox potential
range, redox peaks, current densities, the shape of CV curves,
etc.

In these systems, it was exhibited that the scan rates were
linear with the peak current densities (Figure 4). The linear
dependency certified that PEPTE was closely attached to the Pt
electrode and the electrochemical behaviors were nondiffusion
determined.***° Furthermore, the calculated Jpaljipc Values (j,,
or j, . is calculated as the ratio between anodic or cathodic peak
current density and potential scan rate) of PEPTE in MeCN—
Bu,NBF, and MeCN-LiClO, are closer to 1.0, better than
those of PEPTE in CH,Cl,—Bu,NPF; and MeCN—Bu,NPF,,
demonstrating superior redox reversibility of PEPTE in
MeCN—-Bu,NBF, and MeCN—LiClO,. It was also found that
the discrepancy in the redox peak potentials of PEPTE was
obvious. This potential discrepancy could be attributed to
several reasons: (1) slow transition of multiple conductive
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Figure 4. CVs of PEPTE in different solvent-electrolyte systems: (A)
CH,Cl,—Bu,NPF,, (B) MeCN—Bu,NPF, (C) MeCN—Bu,NBE,,
and (D) MeCN-LiClO,. Potential scan rates: 300—25 mV s .
Electrolyte concentrations: 0.1 mol L™". Left column: plots of redox
peak current densities vs. potential scan rates for different solvent-
electrolyte systems: (E) CH,Cl,—Bu,NPF,, (F) MeCN—Bu,NPF,
(G) MeCN—Bu,NBF,, and (H) MeCN-LiClO,. ji is the peak current
density, and j,, and j, . denote the anodic and cathodic peak current
densities, respectively.

species during the doping/dedoping process of PEPTE, (2)
local rearrangement effect of conjugated polymer with different
chain length, and (3) slow electron mobility at the interfaces
including the solution/polymer and the polymer/electrode.”*>*

The redox stability of PEPTE was systematically explored in
different solvent-electrolyte systems (Figure S). On the basis of
exchange charge, the redox activities of PEPTE remain at 90%,
91%, and 70% after 2000 cycles in MeCN—Bu,NPF,, MeCN—
Bu,NBF,, and MeCN-LiClO,, respectively. Whereas in
CH,ClL,—Bu,NPF,, its electrochemical activity maintained
only 60% of the exchange charge retained after 600 cycles.
The dissolution of active material from the working electrode
contributed to the decrease in electrochemical activity of
PEPTE, which could be certified through UV—vis spectra of the
solvent-electrolyte systems finishing CV scanning (Figure S7,
Supporting Information). The relatively poorer stability in
CH,Cl,—Bu,NPF, was mainly due to the better solubility of
CH,Cl, than MeCN for PEPTE films, causing a few oligomers
with longer chain length to be dissolved from the electrode
(Figure S7, Supporting Information).
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Figure S. CVs of PEPTE in (A) CH,ClL,—Bu,NPF,, (B) MeCN—
Bu,NPF,, (C) MeCN—Bu,NBF,, and (D) MeCN-LiClO, at the scan
rate of 150 mV s~". Electrolyte concentrations: 0.1 mol L

Morphology. For analyzing the surface morphology,
constituent, and texture of PEPTE and PEBTE, scanning
electron microscopy (SEM) has been performed (Figure 6).
Clearly, both PEPTE and PEBTE films showed homogeneous
and smooth surface morphology macroscopically and even at
the magnification of 2000X due to their similar chemical
structures. At high magnifications (50 000x), both of the
polymer films still resembled compact and ordered arrange-
ments of globules. This is a common morphology often
observed for electrosynthesized conducting polymer films and
also in good agreement with those of previous reports. Note
here that the surface of PEPTE seems a little smoother and
denser than PEBTE.'® In terms of morphology, the doped
polymer films exhibited no obvious difference compared to the
dedoped polymer films, indicating that the immigration/
emigration of counterions in doping/dedoping processes did
not destroy their original surface of polymer films.

Spectroelectrochemistry. The spectroelectrochemistry of
PEPTE upon oxidation was performed to elucidate the
electronic properties, as shown in Figure 7A. As expected,
PEPTE exhibited a duel-band absorption spectrum in the
neutral state located in 427 and 756 nm, which was
indisFensable to achieve neutral green electrochromic poly-
mer.”* The low-energy absorption peak of PEPTE shifted to a
longer wavelength of about 2 nm as compared with PEBTE,
while the absorption peak of corresponding monomer was red-
shifted about 20 nm. The result could be due to the lower chain
length relative to PEBTE changing the conjugation effect.
Upon oxidation of PEPTE, the intensities of the two bands
decreased simultaneously, and an obvious absorption of the
polaron started to intensify in the near-infrared region. At the
same time, the color of PEPTE changed from green (L: 56.00,
a: —25.75, b: 11.45) to blue (L: 54.67, a: —24.16, b: —16.17). It
is noteworthy to mention that the absorption band at longer
wavelength almost coincided with the new polaronic absorption
band. For the achievement of transmissive polymer in the
oxidized state, future work may be focused on changing (1) the
low-energy absorption region by exchange of the donor or
acceptor unit and (2) the polaronic absorption band through
the use of electrolyte variations.*
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Figure 6. SEM images of doped PEPTE (A), dedoped PEPTE (B), doped PEBTE (C), and dedoped PEBTE (D) polymerized electrochemically on
the ITO-coated glass. Magnification: 2000X and 50 000X (inset).
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Figure 7. (A) Spectroelectrochemistry and switching colors of PEPTE film on an ITO-coated glass in MeCN—Bu,NPF; (0.1 mol L™') at applied
potentials of (a) —1.1V, (b) —=1.0V, (c) =09V, (d) —0.8'V, (e) —0.7 V, (f) —0.6 V, (g) —0.5V, (h) —0.3 V, (i) =02V, (j) 0V, (k) 0.1V, (1) 0.3 V,
(m) 04V, (n) 0.5V, (0) 0.6V, (p) 0.7V, (q) 0.8V, (r) 0.9V, and (s) 1.1 V. (B) Transmittance change during the electrochromic switching of
PEPTE in MeCN—Bu,NPF4 (0.1 mol L™"). Switching time: § s.

Table 2. Electrochromic Parameters for PEPTE and PEBTE

response time (s)

sample wavelength (nm) Trety % Ty % AT, % oxidation reduction CE (em?> C™Y)
PEPTE 431 20 48 28 1.0 0.3 154

746 13 18 S 0.6 0.3 109

1337 69 18 51 0.6 0.3 257
PEBTE“® 428 43 80 37 <1.0 130

758 - - 23 0.4 -

1500 - - 72 1.0 -
PEBTE" 428 43 8 37 1.8 1.0 86

755 26 49 23 0.6 0.8 52

1100 81 43 38 1.0 22 109

“Previous results from ref 16 by Toppare and co-workers. Unreported data are shown with a dashed line. “Our experimental results.

Also, the bandgap of PEPTE (1.12 eV), calculated from the the electrochemical experimental result (0.85 eV) (Table 1,
second absorption, was a little higher than that obtained from Figures 7A and S8, Supporting Information). Generally,
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Figure 8. Open circuit memory of PEPTE monitored at 431 nm MeCN—Bu,NPF, (0.1 mol L™"). (A) The potential was applied on PEPTE for 2 s,
and then, PEPTE was potential-free for 100 s. (B) Long-term optical memory. (C) Optical stability at 431 nm between —0.15 and 0.70 V.

electronic bandgaps of conjugated polymers were higher than
optical bandgaps due to residual charge. However, a similar
observation has been reported for some D—A polymers (Table
S1, Supporting Information).'*'”** The phenomenon might
have originated from (1) photoinduced charge transfer from
EDOT to PT in the D—A conjugated system”™ and (2) the
interfacial resistance involving the polymer/electrode.”® In
addition, the bandgap of PEPTE calculated from both CV
curves and absorption spectra was relatively lower compared to
PEBTE (Eg,ele =1.07 eV, E . = 1.19 €V, Figure §9, Supporting
Information). Being a stronger electron acceptor, the PT
moiety not only modulates absorption characteristics of a
conjugated polymer but also allows for tuning bandgap to a low
value. As shown in Table 1, LUMO and HOMO of PEPTE,
obtained from the experimental result, were observed to be
lower than that of PEBTE. In addition, the decrease of LUMO
was found to be higher than that of HOMO, which can be
explained by the increasing electron-accepting ability of PT as
in the case of monomer.

Electrochromic Properties. The electrochromic perform-
ance was explored by the double step chronoamperometry
method (resident time: S s), and the transmittance curves
between neutral and oxidized states were recorded. The
electrochromic parameters for PEPTE and PEBTE, including
transmittance change (AT), coloration efficiency (CE),
response time, optical memory, and optical stability, were
analyzed comparatively, and the electrochromic parameters of
both PEPTE and PEBTE are summarized in Table 2.

PEPTE showed 28% optical contrast in the visible region
(431 nm), whereas the optical contrasts at the donor—acceptor
charge transfer band (746 nm) and NIR band (1337 nm) were
5% and S$1%, respectively (Figure 7B). These values are higher
than some analogous green electrochromic polymers (Scheme
S1, Supporting Information) but apparently inferior to those of
PEBTE (428 nm: 37%; 755 nm: 23%; 1500 nm: 72% by
Toppare and co-workers;'® 428 nm: 37%; 755 nm: 23%; 1100
nm: 38% by our results). The lower optical contrasts, especially
at 746 nm, were probably ascribed to the absorption overlap
between the low-energy band and the new polaronic absorption
band.** Despite these values seeming to be a little lower than
PEBTE, it was quite enough to get the green electrochromic
polymer. In addition, PEPTE had a good AT of 51% at 1337
nm, which was a valuable character in near-infrared electro-
chromic materials.

Interestingly, PEPTE exhibited fast switching time between
neutral and oxidized state and achieved 95% of the optical
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contrasts within 1 s at all three wavelengths (Table 2),
especially in the reduction process (0.3 s at all three
wavelengths). The switching of PEPTE was obviously faster
than its close analog PEBTE (0.4—1.0 s at all wavelengths by
Toppare and co-workers;'® 0.6—2.2 s at all wavelengths by our
repeated results under the same conditions). To the best of our
knowledge, PEPTE exhibited the fastest switching time in these
reported neutral state green electrochromic polymers (their
typical response times in the range of 0.4—2.1 s),'*7*73373¢
which indicated the ease of diffusion of these counterbalancing
ions across PEPTE.>

Coloration efficiency (CE) is regarded as a valuable standard
for judging the electrochromic performance and obtained from
eqs 3 and 4. For PEPTE, CE was calculated to be 154 cm®> C™
at 431 nm and 109 cm®* C™! at 746 nm, respectively, clearly
higher than PEBTE at similar wavelengths (130 cm® C™" at 428
nm and 52 cm® C™! at 755 nm). Moreover, the CE of PEPTE
at 1337 nm was found to be as high as 257 cm* C™', whereas
only 109 cm* C™" at 1100 nm was obtained for PEBTE.

The optical memory of electrochromic polymers is described
as the ability to keep neutral/oxidized color without using the
applied potential, which is closely associated with their
applications, and the optical memory can be estimated by the
transmittance curve. Initially, the potential of +0.9 V was
applied on PEPTE film for 2 s, and then, PEPTE film was
potential-free for 100 s. Simultaneously, the transmittance of
oxidized PEPTE was measured. The same procedure was
repeated with —1.0 V. As shown in Figures 8 and S11,
Supporting Information, the color of the neutral/oxidized
PEPTE was unchanged in the absence of applied potential.
PEBTE showed stronger fluctuations (0.8 V: 5.3%; —0.8 V:
1.4%) in comparison with PEPTE (0.9 V: 0.7%; —1.0 V: 0.7%),
which demonstrated PEPTE could minimize the self-erasing
effect (electrochromic polymers freely diffuse and exchange
electrons in the absence of applied voltage)."

The long-term optical memory is specially important for the
application in electronic devices."*® As shown in Figures 8 and
S11, Supporting Information, the transmittance of neutral/
oxidized PEPTE films was measured in the absence of applied
voltage. The transmittance change of PEPTE between the
neutral and oxidized state initially experienced a sharp decrease
and finally kept almost constant at about 10%. A similar
phenomenon can be observed for PEBTE film but with a
sharper decrease in transmittance contrast and finally kept
constant at about 15%.
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In addition, the degraded optical activity of PEPTE obtained
after 100 cycles of operation was found to be 93% of the
starting activity (Figure 8C), in agreement with CV results. By
all accounts, PEPTE exhibited a typical electrochromic nature
from neutral green to blue in the oxidized state with relatively
high contrast ratios, good color persistence, and favorable
stability. Furthermore, in comparison with its close analog
PEBTE, PEPTE showed faster response time and higher CE
values.

4. CONCLUSIONS

In conclusion, PT was regarded as a promising alternative to
BT for D—A conjugated polymer and employed in electro-
chromic materials. The monomers (EPTE and EBTE) and the
corresponding polymers (PEPTE and PEBTE) were com-
paratively investigated, including quantum chemistry calcula-
tions, structure characterization, surface morphology, and
electrochemical, spectroelectrochemical, and electrochromic
properties. Compared to PEBTE, PEPTE revealed higher
efficiencies, favorable optical memory, lower bandgap (0.85
eV), and faster response time (0.3 s). From these preliminary
results, PT is probably a promising choice for the design of
excellent electrochromic polymers by matching with various
donor units. The rational design of new D—A electrochromic
materials containing PT derivatives toward high optical
contrasts is under investigation in our laboratory.
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