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Chalcogenodiazolo[3.,4-c]pyridine based Donor-Acceptor-Donor Polymers

for Green and Near-Infrared Electrochromics
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Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

A series of thiadiazolo[3,4-c]pyridine (PT)/selenadiazolo[3,4-c]pyridine (PSe) in alternation with a
variety of thiophenes including thiophene (Th), 3-methylthiophene (MeTh), 3-hexylthiophene (HexTh)
and 3,4-ethoxylenedioxythiophene (EDOT) based donor-acceptor-donor (D-A-D) monomers were
designed and electropolymerized to yield their corresponding polymers. The structure-property
relationships of these monomers/polymers, including band gap, electrochemical behavior, and optical
properties, were comparatively investigated. The monomers exhibited orange, red, and purple emission
characteristics with quantum yields ranging from 0.072 to 0.849 and could probably be used as building
blocks for rational design of fluorescent materials. Also, it was noted that these donor and acceptor units
played key roles on the optical absorption, leading to the neutral electrochromic polymers with different
colors including green, purple, gray, sky blue and dark blue. In particular, the obtained EDOT based
polymers revealed obvious color change from green to blue with faster response time (0.3~0.6 s) relative
to its analogue benzochalcogenodiazole system. Furthermore, the thiophene and alkyl thiophene based
polymers kept their color constant under different applied voltages and showed superior optical contrast
(~37%) in the near-infrared region compared with that in the visible region. These intriguing features of
polymeric materials demonstrated that inserting chalcogenodiazolo[3,4-c]pyridine into D-A-D system

allowed green and near-infrared electrochromes.

1. Introduction

Conjugated polymers exhibit several advantages in the field of
electrochromism such as the flexibility of color modification,
high optical contrast ratio, long-term stability and superior
coloration efficiency, which makes them good candidates for the
electrochromic applications, such as smart windows, mirrors,
optical displays, and camouflage materials.'® On this account,
remarkable effort has been devoted to achieving excellent
electrochromic polymers in order to meet the requirement for
commercial applications.

Color change, an important criterion of electrochromic
polymers, is always regarded as a challenging target for the
research personnel."*® According to color maxing theory, all
colors can be achieved through assembling the three
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4s complementary colors including red, green and blue.
Unfortunately, most electrochromic polymers reported so far
display the red and blue color, and only a few polymers exhibit
green  color unpredictable state.”” To obtain the
complementary green color, there should be at least two
so absorption bands located in red and blue region, and these bands
should deplete in the oxidized state. The critical requirement still
makes the green polymers meager in the field of
electrochromism. Up to date, these methods adjusting the color of
electrochromic polymer consist of using donor-acceptor (D-A)
ss structure, increasing conjugated chain, and employing steric
interaction, efc. However, the shortcut for achieving the rare
green leg of RGB (red-green-blue) color space is currently
limited to D-A structure. Also, the first green electrochromic
polymer came by Wudl et al'' shows the feasibility and veracity
o0 of this approach. Soon after this pioneering work, Reynolds and
Toppare groups' > further develop this topic by synthesizing D-
A green and black electrochromic polymers based on
benzothiadiazole derivatives/analogues as novel acceptor unit
along the polymer backbone. Considering the important role of
os green electrochromic polymers in modulating the color, the
species are far from prosperity and still have significant scope for
development.
Besides the green color in electrochromics, while extensive
studies have been focused on color transitions in the visible range,
70 very little has been done to characterize the near-infrared
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electrochromics. For some specific applications, such as military
camouflage and thermal emission detector for spacecraft,*’' a
unique characteristic is very essential for these near-infrared
electrochromic polymers besides the advantage of lightweight, i.
e., the response in the near-infrared region but no optical changes
in the visible region. Unfortunately, the previously reported near-
infrared electrochromic polymers show profound contrast ratios
in the visible region and exhibit obvious color change between
the neutral and oxidized state, which hinders the development of
their promising applications. In view of this situation, the
development of novel electrochromic polymers with properties
sufficing for these relevant applications are very necessary and
significant, and apparently also a considerable challenge.

On the other hand, in these peculiar (green, black and near-
infrared) electrochromic polymer family, in sharp contrast to
benzothiadiazole derivatives/analogues extensively employed as
the acceptor units, the research of thiadiazolo[3,4-c]pyridine (PT)
has just been established most recently. Due to stronger electron-
withdrawing ability of pyridine ring, PT based donor-acceptor-
type polymers exhibited several special properties and advantages
in the field of organic electronics, such as lower band gap, deeper
HOMO-LUMO levels, and improved short-circuit currents.’*~¢
Inspired by excellent optoelectronic properties of these PT-based
conjugated polymers, our group extended this research to the
electrochromics of PT based polymer (PEDOT-PT) recently.*
With one nitrogen atom substituted onto the benzene ring, the
modified polymer still revealed green color at the reduced state,
and exhibited decreased bandgap, faster switching time and
higher coloration efficiency, as compared with those of the
benzothiadiazole (BT) analogue. Significantly, PEDOT-PT
showed inferior optical contrast in visible region relative to that
in near-infrared region, which inspired us to further explore the
availability of PT in the field of near-infrared electrochromics. To
these purposes, we wish to undertake an approach that combines
PT with various thiophene derivatives bearing different alkyl
chains. This approach not only gives the opportunity to
understand the effect of the donor units on the electrochromic
performance of these D-A-D systems, but also views the
modulation of color through substituents and steric interactions.

Furthermore, it is predicted that the heteroatom substitution
in similar systems can affect the electrochemical and
optoelectronic properties of conjugated structures.’’”*® Therefore,
it can be reasonably deduced that selenadiazolo[3,4-c]pyridine
(PSe), a new acceptor by replacing the sulfur atom (S) in PT unit

with selenium atom (Se), would probably be a promising acceptor.

There are also several other facts contributing to this hypothesis:
(1) with lower electronegativity, larger atomic size and more
polarizability of Se than S, Se-based systems are electron richer
compared with S-based systems;’’*° (2) Se-based polymers
exhibit several unique features, such as excellent optical and
oxidative stability, stronger intermolecular interactions and more
quinoid characteristic;*”*® (3) Se-based D-A-D polymers should
have lower band gaps than PT-based analogues due to the
stabilization of LUMO levels,” which is quite beneficial to tune
the color of the corresponding polymers.

Herein, to explore novel conjugated units for rational design
of green and near-infrared electrochromic polymers, a series of
novel D-A-D monomers with PT/PSe as the acceptor were
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synthesized, and then electropolymerized in order to form their
corresponding polymers (Scheme 1). The structure-property
relationships of these monomers and polymers, including optical
and electrochemical properties, spectroelectrochemistry and
electrochromics, were systematically explored.

Scheme 1 The synthesized D-A-D conjugated polymers with
PT/PSe as the acceptor units.

2. Experimental

2.1 Materials

3,4-Ethylenedioxythiophene (EDOT, 98%,; Sigma-Aldrich),
thiophene (Th, 99%; J&K chemical Ltd), 3-methylthiophene
(MeTh, 99%; J&K chemical Ltd), 3-hexylthiophene (HexTh,
99%; J&K chemical Ltd), 2,3-diaminopyridine (98%; Shanghai
Vita Chemical Reagent Co., Ltd), selenium dioxide (SeO,, 98%;
Energy Chemical), thionyl bromide (SOBr,, 97%; J&K chemical
Ltd), hydrobromic acid (HBr, 48%; J&K chemical Ltd), n-
butyllithium (n-BuLi, 2.5 mol L' in hexanes; Energy Chemical),
chlorotributyltin ~ (SnBu3Cl, Energy Chemical), tetrakis
(triphenylphosphine)palladium (0) (Pd(PPh;);, 99%; Energy
Chemical), trans-dichlorobis(triphenyl-phosphine)palladium (II)
(Pd(PPh;),Cl,, 99%; Energy Chemical) and acetonitrile (MeCN,
99.9%; Xilong Chemical) were used directly without further
purification. Tetrabutylammonium hexafluorophosphate
(BuyNPFg, 98%; Energy Chemical) was dried under vacuum at 60
°C for 24 h before use. Tetrahydrofuran (THF, analytical grade;
Xilong Chemical), dimethylformamide (DMF, analytical grade;
Xilong Chemical) and dichloromethane (CH,Cl,, analytical
grade; Shanghai Vita Chemical Reagent Co., Ltd) were purified
by distillation with calcium hydride under a nitrogen atmosphere
before use. Other reagents were all analytical grade and used as

90 received without further treatment.

95

2.2 Characterization

'H NMR and "*C NMR spectra were recorded on a Bruker AV
400 NMR spectrometer with CDCl; or DMSO-d as the solvent
and tetramethylsilane as an internal standard (TMS, singlet,
chemical shift: 0.0 ppm). UV-vis spectra of the monomers and
polymers were taken by using SPECORD 200 PLUS UV-vis
spectrophotometer. With an F-4500 fluorescence
spectrophotometer (Hitachi), the fluorescence spectra of the
monomers were determined. Infrared spectra were determined

10 with a Bruker Vertex 70 Fourier-transform infrared (FT-IR)

105

spectrometer with samples in KBr pellets.

2.3 Monomer synthesis

The synthesis of monomers was shown in Scheme 2.
Tributyl(2,3-dihydrothieno[3,4-b][ 1,4]dioxin-5-yl)stannane,
tributyl(thiophen-2-yl)stannane (10a), tributyl(4-methylthiophen-
2-yl)stannane  (10b),  tributyl(4-hexylthiophen-2-yl)stannane
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(10c), and 4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine (11a)
were synthesized according to the reported procedures. 3!

2.3.1 4,7-Dibromo-[1,2,5]selenadiazolo[3,4-c]pyridine
(11b). 2,5-Dibromo-3,4-diaminopyridine (1.00 g, 3.74 mmol) and
ethanol (15.0 mL) were added to a two-neck 50.0 mL round-
bottom flask and heated to reflux with stirring. After slowly
adding a solution of selenium dioxide (0.420 g, 3.75 mmol) in
ethanol, the reaction mixture was refluxed for 8 h and cooled to
room temperature. Then, the solvent was removed by filtration,
and the product was washed with ethanol (50.0 mL) to obtain
0.760 g of a light green solid (Yield: 59.0%). 'H NMR (400
MHz, CDCls;, ppm): 8.40 (s, 1H). >C NMR (400 MHz, CDCl,,
ppm): 158.62, 154.62, 144.41, 139.83, 114.43.

2.3.2 Representative procedures for the synthesis of 1-2.
To a nitrogen-degassed solution of 2-tributylstannyl-3,4-
ethylenedioxythiophene (2.67 g, 6.20 mmol) and 11a or 11b (1.55
mmol) in dry DMF (25.0 mL) was added Pd(PPh;), (0.179 g,
0.155 mmol) and then the mixture was stirred at 95 °C for 24 h.
After being cooled to room temperature, the mixture was poured
into saturated aqueous brine and then extracted with
dichloromethane (3 x 20.0 ml). The organic layer was washed
twice with water, dried over anhydrous MgSO, and purified by
silica column chromatography. Finally, the crude product was
purified by reprecipitation several times, affording the product as
a crystal.

EDOT-PT (1). 81.0% yield. '"H NMR (400 MHz, DMSO-
ds, ppm): 0 9.23 (s, 1H), 7.05 (s, 1H), 6.93 (s, 1H), 4.46 (s, 2H),
4.38 (s, 2H), 4.32 (s, 4H); *C NMR (400 MHz, DMSO-d;, ppm):
0 15437, 148.26, 142.28, 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.

EDOT-PSe (2). 71.0% yield. 'H NMR (400 MHz, DMSO-
ds, ppm): 0 9.05 (s, 1H). 7.03 (s, 1H), 6.88 (s, 1H), 4.44 (s, 2H),
4.36 (s, 2H), 4.29 (s, 4H).

2.3.3 Representative procedures for the synthesis of 3-8.
To an nitrogen-degassed solution of 11a or 11b (0.400 mmol) and
10a/10b or 10c (1.60 mmol) in dry DMF (25.0 mL) was added
Pd(PPh;),Cl, (0.0280 g, 0.0400 mmol) and the mixture was
stirred at 95 °C for 24 h. After being cooled to room temperature,
the mixture was poured into saturated aqueous brine and then
extracted with dichloromethane (3 x 20.0 ml). The crude product
was washed twice with water, dried over anhydrous MgSO, and
purified by silica column chromatography to give 3-8.

Th-PT (3). 85.0% yield. '"H NMR (400 MHz, DMSO-dj,
ppm): 3 8.99 (d, /=2 Hz, 1H), 8.64 (dd, J=3.6, 1H), 8.18 (dd, J
=3.2 Hz, 1H), 7.92 (d, J= 5.2 Hz, 1H), 7.83 (d, /= 5.2 Hz, 1H),
7.37-7.35 (m, 1H), 7.32-7.29 (m, 1H). *C NMR (400 MHz,
DMSO-ds, ppm): & 154.04, 147.17, 145.37, 141.27, 140.16,
135.76, 131.43, 131.40, 129.06, 128.66, 128.08, 127.57, 119.92.

Th-PSe (4). 79.1% yield. '"H NMR (400 MHz, DMSO-dj,
ppm): J 8.78 (s, 1H), 8.65 (dd, J=4.4, 1H), 8.11 (dd, J=4.4 Hz,
1H), 7.85 (dd, J = 6 Hz, 1H), 7.76 (dd, J = 6 Hz, 1H), 7.29-7.31
(m, 1H), 7.23-7.25 (m, 1H). *C NMR (400 MHz, DMSO-d;,
ppm): 0 154.20, 147.46, 146.71, 146.42, 140.64, 139.91, 137.38,
135.54, 133.44, 131.79, 130.23, 128.85, 121.78.

MeTh-PT (5). 83.0% yield. 'H NMR (400 MHz, DMSO-d,
ppm): J 8.89 (s, 1H), 8.47 (d, /= 1.2, 1H), 8.00 (d, J= 1.2 Hz,
1H), 7.49 (d, J= 0.8 Hz, 1H), 7.39 (d, J = 1.2 Hz, 1H), 2.34 (s,
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3H), 2.32 (s, 3H). °C NMR (400 MHz, DMSO-d,, ppm): 6
154.00, 147.16, 145.22, 140.94, 139.94, 139.05, 138.09, 135.51,
133.47, 129.69, 126.90, 123.96, 119.91, 15.49, 15.39.

MeTh-PSe (6). 78.0% yield. '"H NMR (400 MHz, CDCl;,
ppm): 6 8.64 (s, 1H), 8.49 (s, 1H), 7.84 (s, 1H), 7.18 (s, 1H), 7.06
(s, 1H), 2.38 (s, 3H), 2.37 (s, 3H). *C NMR (400 MHz, DMSO-
de, ppm): & 162.65, 159.67, 153.99, 147.80, 140.39, 139.70,
138.75, 136.84, 134.89, 130.24, 126.92, 123.07, 122.13, 16.08,
15.98.

HexTh-PT (7). 72.0% yield. '"H NMR (400 MHz, CDCl;,
ppm): 0 8.78 (s, 1H), 8.54 (s, 1H), 7.94 (s, 1H), 7.21 (s, 1H), 7.07
(s, 1H), 2.70 (dd, J = 22.4 Hz, 4H), 1.75-1.66 (m, 4H), 1.40-1.38
(m, 2H), 1.37-1.33 (m, 9H). *C NMR (400 MHz, DMSO-d;,
ppm): § 155.09, 148.18, 146.24, 145.48, 144.70, 140.94, 140.33,
136.23, 133.49, 129.57, 126.34, 122.28, 120.74, 31.84, 30.80,
30.72, 30.60, 29.84, 29.18,29.15, 28.00, 26.98, 22.77, 17.68,
14.23,13.73.

HexTh-PSe (8). 70.2% yield. "H NMR (400 MHz, CDCl;,
ppm): & 8.66 (s, 1H), 8.53 (s, 1H), 7.88 (s, 1H), 7.20 (s, 1H), 7.08
(s, 1H), 2.70 (dd, J = 21.2 Hz, 4H), 1.75-1.66 (m, 4H), 1.41-1.33
(m, 12H). “C NMR (400 MHz, DMSO-d,, ppm): § 159.68,
154.04, 147.90, 145.35, 144.41, 141.89, 140.52, 136.80, 133.93,
129.37, 126.11, 122.31, 122.15, 31.85, 30.83, 30.73, 30.63,
29.85,29.19, 29.16, 22.78, 14.26.

2.4 Electrochemical tests and polymerization

Electrochemical tests and polymerization of the monomers were
performed in a one-compartment cell with the use of Model 263 A
potentiostat-galvanostat (EG&G Princeton Applied Research)
under computer control. For electrochemical tests, the working
and counter electrodes were both Pt wires with a diameter of 0.5
mm, respectively. To obtain a sufficient amount of the polymer
films for characterization, Pt sheet was employed as the working
electrode and another Pt sheet was used as the counter electrode.
They were placed 5 mm apart during the examination. Prior to
each experiment, these electrodes mentioned
carefully polished with 1500 mesh abrasive paper, cleaned
successively with water and acetone, and then dried in air. An
Ag/AgCl electrode directly immersed in the solution served as
the reference electrode, with its electrode potential calibrated
against a saturated calomel electrode, and it revealed sufficient
stability during the experiments. All the solutions were deaerated
by a dry nitrogen stream and maintained under a slight
overpressure through all the experiments to avoid the effect of
oxygen.

above were

2.5 Spectroelectrochemical and kinetic studies
Spectroelectrochemical and kinetic studies were recorded on a
SPECORD 200 PLUS UV-vis spectrophotometer and the
potentials were controlled using VersaSTAT3 potentiostat-
galvanostat (EG&G Princeton Applied Research). A three-
electrode quartz cell was utilized consisting of an Ag/AgCl
electrode, a Pt wire counter electrode, and an ITO coated glass
working electrode. All measurements were carried out in MeCN-
Bu,NPF; (0.1 mol LY.

The optical density (AOD) at the specific wavelength (4,,,,.) of
the sample was determined by 7T values of electrochemically
oxidized and reduced films, using the following equation:

AOD = 1og(Tox/ Trea) 1)

This journal is © The Royal Society of Chemistry [year]
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The coloration efficiency (CE) is defined as the relation
between the injected/ejected charge as a function of electrode
area (Q,) and the change in optical density (AOD) at the specific
dominant wavelength (1) of the sample as illustrated by the
following equation:

CE = AOD/Qy )

3. RESULTS AND DISCUSSION

3.1 Monomer synthesis

The synthesis of monomers was shown in Scheme 2. Firstly, 4,7-
dibromo[1,2,5]thiadiazolo[3,4-c]pyridine and 4,7-dibromo[1,2,5]
selenadiazolo[3,4-c]pyridine were prepared according to
modified literature procedures.”**>*! From these two electron-
deficient acceptor units, the precursors were synthesized in
satisfactory yields (typically more than 70%). The synthesis and
properties of EDOT-PT and corresponding polymer has recently
been published in our previous report.>> Compared with EDOT
based D-A-D monomers, thiophenes based analogues exhibit
better solubility in organic solvents, which is essential for
increasing the processability of the corresponding polymers.

N 7\ 1; X=S
a 0 o 0 o_p N Q 0{
&_g Z_g\ N N\ 2; X=Se
5 §7SmBu X N 3; X=S; R=H
n-BuLi, BuySnCl Lo llayX=S NN
—_— ) ’ 4; X=Se; R=H
R THF R B’QB' 11b; X=Se Se
Z—\) Z/—\>\ R R | 5;X=S;R=CH;
S s SnBuy > /g\ I\I N\ IS\ 6; X=Se; R=CH;
9a; R=H 10a; R=H *
9b; R=CH, 10b: R=CH; NN 7; X=5; R=C¢H3
9¢; R=CqH,3 10c; R=C¢H,3 : 8; X=Se; R=C¢H,3

Scheme 2 Synthetic routes of PT/PSe-based D-A-D monomers.
Compound: EDOT-PT (1), EDOT-PSe (2), Th-PT (3), Th-PSe
(4), MeTh-PT (5), MeTh-PSe (6), HexTh-PT (7), and HexTh-PSe
(8).

3.2 Optical property

In initial attempts to wunderstand the structure-property
relationships of D-A-D monomers, UV-vis spectra of these
monomers were examined in CH,Cl,. The optical data of these
monomers are summarized in Table 1. As shown in Figure 1,
these monomers exhibited dual-band absorptions since this was a
characteristic signature generally observed in D-A-D monomers.
The absorption bands at the short wavelengths could be ascribed
to m-m* transition of conjugated systems (250~370 nm),** while
the absorption bands at long wavelengths (370~640 nm)
originated from charge transfer between thiophenes and
PT/PSe.**

As the donor unit changes, the absorption peaks of PT/PSe-
based monomers exhibited no significant shifts in high-energy
region. However, the low-energy band shifts by a greater extent
than the high-energy band, and a significant red shift was
observed from Th-PT/PSe to MeTh-PT/PSe to HexTh-PT/PSe,
and further to EDOT-PT/PSe. The phenomenon may be ascribed
to substituent groups changing the electronic configuration of
conjugated systems, further turning intramolecular charge
transfer.*** These results clearly suggested that alkyl chain
substituents would maintain the high-energy absorption band and
modulate the low-energy absorption band in D-A-D systems. It is
worth noting that these low-energy absorption bands distribute

50

o
a

60
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&

throughout the visible region. Therefore, the simple and feasible
method to modulate electronic characteristic in the D-A-D
compounds would be highly advantageous to obtain desired
optical and colorimetric properties. Furthermore, the absorption
bands of PSe-based monomers shifted to a longer wavelength
compared with those of PT analogues, due to heavier atoms
decreasing the LUMO level.** A similar trend is always observed
in D-A-D systems based on benzothiadiazole/benzoselenadiazole
units.'®

——EDOT-PT

VAN

L L L
340 425 510
Wavelength / nm

EDOT-PSc
——Th PSe
—— McTh-PSe
——lexTh-PSe

AV N

630

Absorbance / a.u.

360 450 540
Wavelength / nm

2;5 5“)5 2;0
Fig. 1 Absorption spectra of PT/PSe-based D-A-D monomers in
CH,Cl,.

From the fluorescence emission spectra of monomers
examined in CH,Cl, (Fig. 2), all the monomers exhibited
emission peaks in the range of 603~714 nm (Table 1). In good
agreement with the UV-vis spectral results, the emission spectra
of PSe-based monomers displayed significant red shifts compared
with their PT analogues while their overall emission region tailed
off to 720~860 nm in comparison with those of PT-based
monomers (710~820 nm). As the electron-donating ability of
donor unit increase, a red shift of the emission spectra was
observed from Th-PT to MeTh-PT to HexTh-PT, and further to
EDOT-PT. However, the emission spectrum of MeTh-PSe
exhibited unnatural blue shift in comparison with that of Th-PSe
in PSe based system. As shown in Fig. 3, all designed monomers
showed satisfied photoluminescence properties and displayed
orange, red and purple emission characteristics. Moreover, the
fluorescence quantum yields (@r), measured by the absolute
method, were 0.501, 0.072, 0.849, 0.307, 0.701, 0.200, 0.711 and
0.184 for EDOT-PT, EDOT-PSe, Th-PT, Th-PSe, MeTh-PT,
MeTh-PSe, HexTh-PT, and HexTh-PSe, respectively. Compared
to PSe-based monomers, PT-based monomers exhibited better
emission signatures and excellent fluorescence quantum yields
(0.501~0.849). Due to the bare unshared pair electrons on
pyridine ring, these monomers might reveal the sensitivity to
ions. Combining the relatively high quantum yield with the
sensitivity to ions, these monomers probably should be
considered in the rational design of fluorescent materials, such as
emitters in light-emitting diodes, laser dyes and fluorescent
sensors.

3.3 Electrochemical polymerization

The electrochemical properties of these monomers were
examined in CH,Cl,-Buy;NPF¢ (0.1 mol L) except HexTh-PSe.
Electrochemical polymerization of HexTh-PSe was performed in
MeCN-BuyNPF, (0.1 mol L), due to the good solubility of as-
formed polymer in CH,Cl,.

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 12



Page 5 of 12 Polymer Chemistry

Table 1 Electrochemical and optical data for PT/PSe-based D-A-D monomers
MONoOMmers Emox (V) Amax,1 (M) Amaxp (MM)  Apgez (nm) Aoy (nm)  HOMO (eV)*  LUMO (eV)b Eg opt (eV)*

EDOT-PT 0.88 266 315 500 653 -5.68 -3.54 2.14
EDOT-PSe 0.81 274 328 542 714 -5.61 -3.67 1.94

Th-PT 1.24 258 302 464 603 -6.04 -3.73 2.31

Th-PSe 1.10 270 313 498 643 -5.90 -3.59 2.13
MeTh-PT 1.01 256 305 476 615 -5.81 -3.56 2.25
MeTh-PSe 1.00 253 316 502 613 -5.80 -3.74 2.06
HexTh-PT 1.15 255 307 479 618 -5.95 -3.71 224
HexTh-PSe 1.05 252 317 515 648 -5.85 -3.80 2.05

The HOMO energy levels were determined by "THOMO = -(Ey, ox + 4.80) (€V). “Eggpr = 1240/ Aonser (€V), °LUMO = HOMO + Eq opt- Emox
and £, are the onset oxidation potential and optical bandgap of the monomer, respectively.

15 the initial oxidation of PSe based monomers (0.81~1.10 V) was
= —mse observed at lower potentials than those of corresponding PT
it = analogues (0.88~1.24 V), which confirms that PSe based D-A-D
systems are electron richer than PT-based systems.?'**” In terms
of donor units and steric hindrance of substituents on the
structure-property relationships, PT-based monomers exhibited
y the following oxidation onset potential (E,.y) trend: EDOT-PT
50 500 700 500 500 w0 700 500 900 (0-88 V) < MeTh-PT (1'01 V) < HexTh-PT (1'15 V) < Th-PT
s Wavelength /nm Wavelength / nm (1.24 V). From these results, it can be seen that EDOT-PT had
the lowest oxidation onset potential among PT-based monomers,
which was mainly attributed to the stronger electron-donating
ability of EDOT compared to alkyl thiophenes.***’ The oxidation
onset potential for MeTh-PT is 0.13 V less than Th-PT, which
can be ascribed to electron-donating ability of alkyl chain. Hexyl
chain was electron richer relative to methyl group, but HexTh-PT
exhibited the relatively high oxidation onset potential. The
phenomenon was mainly attributable to significant steric
hindrance in large alkyl chain.>'® Therefore, substituents affect
the electrochemical performance of these monomers not only

Fig. 3 Photoluminescence of the PT/PSe-based D-A-D monomers through modulating electronic nature but by changing steric
10 in CH,Cl, under 365 nm UV irradiation (left to right: Th-PT, Th- hindrance. In addition, PSe-based monomers also follow similar

PSe, MeTh-PT, MeTh-PSe, HexTh-PT, HexTh-PSe, EDOT-PT, trend in terms of oxidation onset potentials (from low to high):
and EDOT-PSe,). EDOT-PSe (0.81 V) < MeTh-PSe (1.00 V) < HexTh-PSe (1.05

V) < Th-PSe (1.10 V).

Relative Intensity

)
S

N\

Fig. 2 Emission spectra of PT/PSe-based D-A-D monomers as
indicated in CH,Cl,.
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From their anodic oxidation behaviors (Fig. S1 and Table 1),
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4 Fig. 4 CVs of the electropolymerization of 5 mmol L™ EDOT-PT (A), Th-PT (B), MeTh-PT (C), HexTh-PT(D), EDOT-PSe (E), Th-PSe
(F) and MeTh-PSe (G) in CH,Cl,-BuyNPF¢ (0.10 mol L") and 5 mmol L' HexTh-PSe (H) in MeCN-Bu;NPF (0.10 mol L") on a Pt
working electrode, respectively. Potential scan rate: 100 mV s™.
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Potentiodynamic electropolymerization of these monomers
was performed in the electrolytic system, as shown in Fig. 4.
During the experimental process, current densities in CVs grew
uniformly, which was characteristic of the increase of polymers
on the electrode. Because of increased conjugated polymer
attaching on the electrode, the anodic and cathodic peak
potentials shifted, and additional potential meant to balance the
electrical resistance corresponding to increased polymer.’*!
Also, these polymers exhibited broad redox waves, which may be
attributed to the polymer with different chain lengths and the
transition of conductive species on conjugated block.’"** Fig. 4
also revealed that the presence of substituent groups on donor
units influenced the redox behavior of the electrodeposited
polymers, resulting in sharp redox peaks with increasing alkyl
chain length. Furthermore, there is a difference in the oxidation
peak current density (from low to high): EDOT-PT (0.49 mA cm’
2, the 20th cycle, the same below) < Th-PT (1.09 mA cm?) <
HexTh-PT (1.89 mA cm™) < MeTh-PT (3.40 mA cm™); EDOT-
PSe (0.15 mA cm™?) < Th-PSe (0.44 mA cm?) < MeTh-PSe (1.55
mA cm™) < HexTh-PSe (1.58 mA cm™). The phenomenon could
be ascribed to the interdigitation of alkyl chains attached on
thiophene ring, which is beneficial to the formation of high
quality film.

3.4 Structural characterization

The polymerization of these monomers (excluding Th-PT/PSe
monomers) would only happen at C, of thiophene rings
considering radical cation mechanism of electropolymerization.
For Th-PT/PSe, the polymerization may occur at both C, and Cg
positions.

To further elucidate these conjugated structures and interpret
the polymerization mechanism, FT-IR spectra of these monomers
and polymers were recorded, as illustrated in Fig. S2~S3. The
detailed peak assignments are summarized in Table S1-S4. From
these results, the peaks at around 1200 and 860 cm’! in the
spectra of the monomers can be attributed to =C—H in-plane and

out-of-plane deformation vibrations of thiophene rings,
respectively. The peaks at around 3080 cm’™" are characteristic for
the =C—H vibration of thiophene rings. However, all the peaks

s mentioned above disappear/weaken in the spectra of their

polymers, demonstrating that these monomers are
electropolymerized mainly through the coupling at C, positions.
Additionally, the strong absorption peaks at 840 cm™ are typical
signals for the incorporation of dopants, namely PFg ions.

45 3.5 Electrochemistry of polymers

To obtain a deep understanding into the electrochemical
behaviors of these polymers, the electrochemistry of polymers in
monomer-free MeCN-Bu,NPF (0.1 mol L") was explored by
cyclic voltammetry (CV). The obtained results were displayed in

so Fig. 5~6. All the polymers exhibited broad redox waves, in good

agreement with the results for  potentiodynamic
electropolymerization of monomers (Fig. 4). Besides, the redox
peak current densities were proportional to potential scan rates,
demonstrating that electoactive films were attached to the

ss electrode and their redox behaviors were controlled non-

diffusionally. Furthermore, an obvious hysteresis can be observed
in their redox processes (Fig. 5~6), which probably could be
accounted for these reasons: (1) slow interfacial electron transfer
through solution/polymer and polymer/electrode; (2) slow mutual

60 transition of various conductive species; (3) the rearrangement of

polymer block during the doping/dedoping processes.*>>>*® With
the elongation of alkyl chain length, the corresponding polymer
exhibited sharper redox peaks in comparison with that of P Th-
PT/PSe, implying faster doping/dedoping processes of alkyl

os thiophenes based polymers. This phenomenon probably result

from the steric hindrance from the alkyl chains, which causes the
polymer chains to separate from each other.’> The separation
generally promotes a more expanded morphology and facilitates
the transport of counterbalancing ions across the conjugated

70 block, and thus usually favors fast switching of conjugated

polymers."*
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Fig. 5 CVs of PEDOT-PT (A), PTh-PT (B), PMeTh-PT (C), and PHexTh-PT(D) modified Pt electrodes in monomer-free MeCN-
Bu,NPF (0.10 mol L") at different potential scan rates and the relationship of anodic (jp,a) and cathodic (j, ) peak current densities vs.
scan rates between the neutral and oxidized states of PEDOT-PT (E), PTh-PT (F), PMeTh-PT (G), and PHexTh-PT(H).
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Fig. 6 CVs of PEDOT-PSe (A), PTh-PSe (B), PMeTh-PSe (C), and PHexTh-PSe (D) modified Pt electrodes in monomer-free MeCN-
Bu,NPF; (0.10 mol L") at different potential scan rates and the relationship of anodic (7p,2) and cathodic (j, o) peak current densities vs.
scan rates between the neutral and oxidized states of PEDOT-PSe (E), PTh-PSe (F), PMeTh-PSe (G), and PHexTh-PSe (H).

5
3.6 Spectroelectrochemistry

Spectroelectrochemical properties were explored by using the
changes in optical absorption spectra under voltage pulses.
Optical absorption spectra of these polymers electrodeposited on

10 ITO-coated glasses were recorded in monomer-free MeCN-
Buy,NPF, (0.10 mol L) from the neutral state to oxidized state
(Fig. 7). It is observed that both the donor and acceptor units in
these conjugated systems influence the absorption spectra of the
polymers to some extent.

15 In accordance with the absorption of these monomers, the
corresponding polymers exhibited dual-band absorptions (Fig. 7)
in the neutral state and the absorption band at longer wavelength
was attributed to the intramolecular charge transfer. The
absorption peaks of neutral polymers red-shifted relative to their

20 corresponding monomers, due to their increased conjugated
blocks. Red-shifted absorption bands are also an evidence that the
polymer backbone was highly rigid, planar and effectively =-
conjugated.™* Furthermore, the band gaps (Ey) of these D-A-D
polymers were calculated from the onset of the low energy end of

25 charge transfer as 1.12 eV (PEDOT-PT), 1.09 eV (PEDOT-PSe),
1.75 eV (PTh-PT), 1.51 eV (PTh-PSe), 1.38 ¢V (PMeTh-PT),
1.34 eV (PMeTh-PSe), 1.47 eV (PHexTh-PT), and 1.54 eV
(PHexTh-PSe).

Among them, the entire absorption bands of PSe-based

30 polymers except for PHexTh-PSe shifted to the lower energy
region compared with PT-based polymers. As a consequence, a
band gap reduction was observed for PSe-based polymers owing
to the substitution of heavier Se, which decreased the LUMO
levels of these polymers.** Furthermore, due to enhanced

35 interchain packing of polymer chains caused by alkyl substituents
on thiophene rings and raising their subtle electronic changes on
the conjugated block, the entire absorption spectra of PMeTh-
PT/PSe and PHexTh-PT/PSe are red-shifted in compared with
PTh-PT/PSe.***® In concert with their results of

40 electropolymerization behavior, the absorption spectra of

PHexTh-PT/PSe blue-shifted in comparison with that of PMeTh-
PT/PSe due to the increased strain of the longer hexyl group.
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Fig. 7 Spectroelectrochemistry of PTh-PT (A), PTh-PSe (B),
45 PMeTh-PT (C), PMeTh-PSe (D), PHexTh-PT(E), PHexTh-PSe
(F), and PEDOT-PSe (G) on ITO-coated glasses in monomer-free
MeCN-BuyNPF; (0.1 mol L™).
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Table 2 CIE color coordinates of PT/PSe-based D-A-D polymers

CIE PEDOT-PT PTh-PT PMeTh-PT PHexTh-PT ~ PEDOT-PSe =~ PTh-PSe PMeTh-PSe PHexTh-PSe
57.80\ 65.99\ 58.30\ 87.76\ 89.98\ 57.21\ 70.20\ 94.38\
Neutral L*\a*\b* -30.96\ 11.27\ -3.27\ 2.47\ -5.15\ 4.29\ -6.60\ 1.49\
state 19.11 -10.04 -23.36 -9.26 7.12 -7.59 -6.01 -7.03
Oxidized 56.15\ 67.65\ 58.95\ 87.66\ 88.35\ 56.98\ 60.62\ 84.64\
state L*¥\a*\b* -3.92\ 11.90\ -1.56\ 2.54\ -2.13\ 4.81\ -0.83\ 2.55\
-14.87 -4.76 -22.27 -8.10 -3.86 -8.40 -4.57 -6.80

In addition, visual observation during the electrochromic

s tests demonstrated that these PT/PSe-based D-A-D polymers in
the neutral state displayed a wide range of colors, including
green, purple, gray, sky blue, and dark blue (as shown in Table
2~3), providing more plentiful electrochromic colors. As the
applied potential increased, the absorption bands of PEDOT-PSe

10 at 433 and 846 nm started to decrease with a polaron absorption
increasing in the near-infrared region. These changes in the
absorption spectra were accompanied with color changes from
green (L"=89.98; a’=-5.15; b"=7.12) to blue (L"=88.35; a'=-2.13;
b'=-3.86) (Table 2~3). Interestingly, PTh-PT/PSe, PMeTh-

1s PT/PSe and PHexTh-PT/PSe showed significant absorption
changes between the neutral and oxidized states in near-infrared
region, but few change was observed in the visible range. Under
different applied voltages, the colors of these electrochromic
polymers remain constant (Table 2~3). A possible explanation for

20 this phenomenon may depend on the intrinsic characteristic of
chalcogenodiazolo[3,4-c]pyridine based D-A-D polymers. The
intriguing features of these polymeric materials indicated that
inserting chalcogenodiazolo[3,4-c]pyridine into D-A-D systems
might allow near-infrared electrochromic materials.

25 To gain a greater understanding of the near-infrared
electrochromic application, the CIE 1976 (L‘a’d") color
coordinates and photographs were determined in which L" is the
parameter of the lightness (0 = black, 100 = diffuse white), a* is
the red-green balance and b” is the yellow-blue balance. As

s0 shown in Table 3, the CIE color coordinates of these
electrochromic polymers remain relatively constant under
different applied voltages, in agreement with visual colors.

Table 3 Photographs of PT/PSe-based D-A-D polymers

PEDOT-PT  PThPT  PMeThPT PHexTh.PT PEDOT-PSe

PTh-PSe

PMeTh-PSe  PHexTh-PSe

35 3.7 Kinetic studies

To investigate these electrochromic polymers in more detail, the
optical switching studies of PEDOT-PT/PSe, PTh-PT/PSe,
PMeTh-PT/PSe and PHexTh-PT/PSe were carried out using
optical spectroscopy combining with the double step
40 chronoamperometry method. Typical electrochromic parameters

Neutral
state

Oxidized
state

of these polymers upon switching between the neutral and
oxidized states, including optical contrast, coloration efficiency,
and response time, were summarized in Table S5~S11.

(A) (B)

o E

2 1000 3 ‘ ‘ ‘ ‘ ‘\ | ‘

\\ M \ m m ‘u

= = 1000 nm

g ML, g ‘ w |

= I484n =

0 40 80 120 160 200 0 T60 200

© D)

X N

& 37% 5

§ 10000 § T

g g 1000 nm

: i §

s ‘ | 4% £

& “‘f\ fk}U‘uuHL‘\[MU ]UU\J‘M\J I jom

0 50 100 150 200 0 50 100 150 200

(E) (0]

= S I \

3 i ‘ Il ‘H‘ w

% 1050“;' E m ‘ ‘ \ H 1000 nm

:

k= B | \ \ ‘ |

g £ 1

= =]

S | AR S lannnnnnnn Annnnnnnnnds 1"
= 1 = "600 m
0 40 80 120 160 200 0 50 100 150 200

Time /s
(G) AAAA AN .
|
Z B
3 12004
5 “ |
Z JUuluuuuue
I | i
g
g 12%
E M‘U‘U—]\H\H\M-HWWH-WIMMW
&
0 50 100 150 200
Time /s

s Fig. 8 Transmittance-time profiles of these polymers recorded

during double step spectrochronoamperometry. Switching time: 5
s. A: PTh-PT between 0.80~1.25 V; B: PTh-PSe between

0.55~1.30 V; C: PMeTh-PT between 0.45~1.15 V; D: PMeTh-
PSe between 0.35~1.10 V; E: PHexTh-PT between 0.80~1.20 V;

so F: PHexTh-PSe between 1.20~1.45 V; G: PEDOT-PSe between

-0.70~1.10 V.

For PEDOT-PSe, the optical contrast ratios between neutral
(at -1.0 V) and oxidized states (at 1.0 V) were calculated to be 12
% at 433 nm and 22 % at 1200 nm (Fig. 8), respectively. These
ss electrochromic parameters of PEDOT-PSe were inferior to those
of PEDOT-PT (28% at 431 nm; 5% at 746 nm; 51% at 1337
nm).*? It is clearly seen from the transmittance curves in Fig. 8
that PTh-PT/PSe, PMeTh-PT/PSe and PHexTh-PT/PSe displayed
substandard optical contrast ratios in the visible range and kept
e their color constant under different applied voltages. However,
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these obtained polymers show superior optical contrast (~37%) in
the near-infrared region compared with that in the visible region,

hence promoting the perspectives for near-infrared
electrochromic materials.
Also, response time 1is an important parameter of

electrochromics, and contributed to commercial applications.
Clearly, these obtained polymers exhibited fast response time
(0.3~4 s) in the oxidation and reduction processes, as shown in
Table S5~S11. In particular, PEDOT-PSe achieved 95% of its
optical contrast in 0.50 s at 433 nm and 0.30 s at 1200 nm during
the oxidized process, while the response time was 0.45 s at 433
nm and 0.60 s at 1200 nm during the reduced process. Compared
with benzoselenadiazole system 4,7-di-2,3-dihydrothieno[3,4-
b][1,4]dioxin-5-yl-2,1,3-benzoselenadiazole  (1.7~5.6  s),"**!
PEDOT-PSe exhibited further faster switching times (0.3~0.6 s),
primarily due to the ease of diffusion of counterbalancing ion
across PEDOT-PSe film.

3.8 Stability
Redox stability, related to aspects involved to the utilization and
energy consumption during application process, is an important
requirement for electrochromic materials. Therefore, these
designed polymers were constructed into single electrochromic
devices, and long-term redox stability of these electrochromic
devices (ECDs) was investigated. The construction of a polymer
electrochromic device was present in Fig. S4, where an ITO-
coated glass slide was covered with the designed electrochromic
polymer as active material, and another ITO-coated glass was
regarded as the transparent electrode. The device was prepared by
a face-to-face placing of the ITO-coated glasses. An electrolyte
layer was applied between the polymeric electrochromic layer
and ITO-coated glass slide. These ECDs exhibited different redox
stability, which was largely related to the structure of these
obtained D-A-D polymers. PHexTh-PT, PEDOT-PT, PEDOT-
PSe and PMeTh-PT ECDs displayed better stability, with 91%,
87%, 83% and 63% of the exchange charge still remaining after
sweeping 1000 cycles, respectively (Fig. S5). However, the
exchange charge of PMeTh-PSe, PHexTh-PSe and PTh-PT ECDs
kept only 80%, 71% and 55% after 500 cycles, respectively (Fig.
S5). Unfortunately, the PTh-PSe ECD revealed inferior stability
and lost its electroactivity after a few cycles. In general, these
obtained ECDs showed good redox stability, however, the
stability of ECDs was lower than that of thiophenes based
polymers.

4. Conclusion

In summary, a series of PT/PSe in alternation with a variety of
thiophenes based D-A-D monomers were synthesized and their
electrochemical polymerization was reported. The structure-
property relationships of the monomers and electrosynthesized
conjugated  polymers, including  optoelectronic ~ and
electrochromic properties, were systematically investigated.
Overall, these donor and acceptor units played key roles on the
redox behavior, band gap, optical absorption, and fluorescence of
the system. These obtained polymers provided more plentiful
electrochromic color with a wide range of green, purple, gray,
sky blue and dark blue. In particular, PEDOT-PSe exhibited a
color change from green to sky blue and revealed faster response
time (0.3~0.6 s) compared to benzoselenadiazole system 4,7-di-

90

95

100

105

110

2,3-dihydrothieno[3.,4-5][1,4]dioxin-5-yl-2,1,3-
benzoselenadiazole (1.7~5.6 s) and favorable efficiencies (~174
cmZ/C). Furthermore, PTh-PT/PSe, PMeTh-PT/PSe and PHexTh-
PT/PSe showed satisfactory electrochromic performance
including superior optical contrast (~37%) in the near-infrared
region and fast response time (0.4~4 s), and kept color constant
under different applied voltages. Based on these preliminary
results, intriguing features of these polymeric materials and
panoramic breadth of the colors further confirm that inserting
chalcogenodiazolo[3,4-c]pyridine into D-A-D system allows
colorful near-infrared electrochromes.
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Thiadiazolo[3,4-c]pyridine and selenadiazolo[3,4-c]pyridine were employed for
rational design of novel donor-acceptor-type systems to yield neutral green and
colorful near-infrared electrochromic polymers. In particular, EDOT based polymers
revealed obvious color change from green to blue with faster response time (0.3~0.6 s)

relative to benzochalcogenodiazole system. Furthermore, alkyl groups played key
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roles on the optical absorption, leading to the neutral electrochromic polymers with
different colors including purple, gray, sky blue and dark blue. Herein, the thiophene
and alkyl thiophene based polymers keep color constant under different applied
voltages and show superior optical contrast (~37%) in near-infrared region compared

to that in visible region.

Page 12 of 12



