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Abstract

Three soluble donor-acceptor (D-A) type copolynargploying benzene (B) as
donor,  (2-dodecyl-4,7-di(thiophen-2-yl)-2H-benz¢ldp,3]triazole  (Z) and
2,3-bis((4-(2-octyldodecyl)oxy)phenyl)-quinoxaline(Q) as acceptors were
synthesized through chemical polymerization. A efgriof characterization methods
such as cyclic voltammetry, UV-vis spectroscopypometry and thermogravimetric
analysis were executed to detect the electrochr@muperties of polymers. All the
polymers displayed multicolor in the redox procegth medium band gaps, and
different molar ratio of B/Z/Q allowed them to cover diverselor changes,
containing orange-red/brown-yellow/cyan/green ((BBB), orange-red/yellow/light
grass green (PBZQ-2), and red/black/grey-blue (PBYXQ'he multichromism of the
polymers involved RGB and black colors. Meanwhikgth the increase of Z unit
ratio and the decrease of Q unit ratio, the polyaemnonstrated the reduced onset
oxidation potential and optical band gap, as weltte different kinetic parameters.
Moreover, the three polymers exhibitgdod solubility, desirable thermal stability,

relatively large optical contrast and high colaratiefficiency. The above positive



results implied that these copolymers were expeittdie the credible candidates for

the electrochromic devices with commercial values.
Keywords: D-A type copolymer; multichromism; soleabbenzotriazole; quinoxaline
1. Introduction

Conductive polymer (CP) is a class of macromolecoiaterial which has not
only the optoelectronic property of metal and irmmg semiconductor, but also the
flexible mechanical property and processability the polymer [1]. Optically
responsive CPs that reveal electrochromism havactgtl much attention in recent
years owing to their advantages of multiple codtianges, molecular structure
designability, processibility, low cost, and so [4]. Although more and more
electrochromic polymers have been investigatedtiolubmic polymers remain a
fascinating goal for researchers due to their gateeommercial values in smart
window and optical display applications [5,6]. Mattlor polymers presenting green
or black are rare because green color requiresinvaltaneous absorptions at red and
blue regions and black color needs the compddisorptions in the entire visible
region, and therefore it is necessary to designdawelop this species [7-9].

Among different methods of color tuning, preparoh@nor-acceptor (D-A) type
polymer is considered as the most popular and galvetrategy as introducing
different sorts of donors and acceptors into a sgolgmer chain camadjust the
intra-molecular charge transfer (ICT) effect avaljathereby regulating the polymer
optical property [2,10,11]. In general, most D-Aéglectrochromic polymers tend to
show two colors, and only a small number of regbgelymers based on triarylamine
[12,13], naphthalene bisimide [14], benzotriazol€5]] benzothiadiazole [16],
qguinoxaline [17], etc. exhibit respective impressimulticolor. Moreover, D-A
approach is advantageous to reduce the band gae pblymer and hence optimizes
the optical and electronic performances [11]. Aeotpropertyof concern for the
electrochromic polymer is the solubility since tbaluble polymer can reduce the
fabrication and processing costs by printing, sipiggyand coating methods. For the

D-A type polymer, introducingroper long alkyl side chains in the donors and



acceptors can improve the solubility effectivelydaneanwhile, ialso can impact the
electronic properties including band gap, oxidatmostential, and stability [7,18].
Here, we are committed to exploring soluble muhichic polymers through
designingdouble acceptor type D-A structure.

In various D-A type molecules, benzotriazole hasags been the research
hotspot as an electron-deficient acceptor unit esirtbe benzotriazole-based
electrochromic polymer usually combines multiplesided properties in a single
polymer such as multichromism, transmissive statieal type dopability, good
solubility and excellent kinetic performance [19,20oppare group synthesized a
series of representative benzotriazole bearing npetg [21-23], among which
poly((2-dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d)f13]triazole)  (PTBT) was
considered to be a significant breakthrough in moone electrochromic materials due
to its multi-color changes including all RGB (regkeen, blue) colors, black and
transmissive states [21]. Herein, the structur®®BT was introduced into the new
polymer main chains in order to utilize its distime properties.

Quinoxaline, as another popular acceptor unit @@@DkA type polymer, has been
proved to be a desirable building block for a loan® gap conjugated polymer which
is attributed to its imine nitrogens (C=N) withaig electron withdrawing character
[24]. Besides, the quinoxaline structure provideg@ coplanar backbone which can
form a highly extended-electron system with strongstacking in the polymer [25].
Also, it is convenient for quinoxaline unit to iattuce other substituents on its 2 and
3 positions, thus enhancing the optoelectronic gmygpand the solubility of the
corresponding conjugated polymer [24]. With thephef quinoxaline, many high
performance electrochromic polymers were synthdsiaad especially some neutral
state green polymevgth dual type dupability and narrow band gap (léss 1.5 eV)
were obtained [26-28].

Our group also synthesized a series of D-A typeduotive polymers based on
benzotriazole or quinoxaline units which showedfedént color changes and
favorable photoelectric properties [25,29-31]. Hoare in this work, we attempted to

incorporate benzotriazole and quinoxaline togetdsethedouble acceptor in a same



D-A type copolymer, and expected the novel copolgmeould combine the
advantages of the two acceptor units and presesitede multichromism, good
solubility and processability, as well as low bagap. Though employing benzene
(B) as the donor, (2-dodecyl-4,7-di(thiophen-2-3H-benzo[d][1,2,3]triazole (Z) and
2,3-bis((4-(2-octyldodecyl)oxy)phenyl)-quinoxalir{®) as the acceptors, a kind of
donor-acceptor (1)-donor-acceptor (2) (HA-A,) type copolymer were synthesized
by Suzuki cross coupling reaction.

The two flanking thiophene groups adjacent to batezole in the Z units, as
the n-bridges, played a role of not only improving thianarity of the polymer
backbone but also reducing the steric hindrancedet Z and other units [32]. In the
Q units, the two phenyl groups connected on quilvoavere aimed to expand the
conjugation length and reduce the steric hindrari¢ke alkoxy long chains [33]. And
the alkyl and alkoxy side chains linked on the lmnazole and quinoxaline
molecules were used to increase the solubilityhef golymer [18,34]. By changing
the molar ratio of different units, three copolysi@amely PBZQ-1 (B: Z: Q = 3: 1:
2), PBZQ-2 (B: Z: Q = 2: 1: 1) and PBZQ-3 (B: Z:=(»: 4: 1) were prepared, and as
predicted, these copolymers exhibited differenttioollor in the redox process with
good solubility, satisfactory kinetic property aridvorable thermal stability. In
particular, the color changes of the three polynuergered RGB and black colors,

which were very important electrochromic featurastheir actual utilizations.
2. Experimental Section
2.1. Materials

4,7-dibromobenzolc][1,2,5]thiadiazole (98%), and
1,2-bis(4-methoxyphenyl)ethane-1,2-dione (98%) wgrerchased from Puyang
HuiCheng electronic material co., Ltd (Puyang, @hirsodium borohydride (NaBH
98%), hydrogen bromide (HBr, 40%), bromine £B#9.9%), N-bromosuccinimide
(NBS, 98.0%), 1-bromo-2-octyldodecane, tetrabutytemium bromide (TBAB),
anhydrous potassium carbonate,@Cs), anhydrous sodium carbonate (R&s)

tributyl(thiophen-2-yl)stannane, 1,2,3-benzotri@z@®9%), potassium tert-butoxide



(t-BuOK, 98%), bromododecane E.sBr, 98%), bis-(triphenylphosphine)
dichloropalladium (Pd(PRRCl,, >98%), tetrakis(triphenylphosphine)palladium
(Pd(PPB)4, 99.0%), tetrabutylammonium fluoride (N(n-BB),
1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-bghzene (>98.0%) and
tetrabutyl-ammonium hexafluorophosphate (TBAPB8%) were purchased from
Aladdin Chemical Co., Ltd. (Shanghai, China). Etla(EtOH, 99.9%), methanol
(MeOH, 99.7%), toluene (99.9%), glacial acetic a@itAc, 99.9%), magnesium
sulfate (MgSQ@), chloroform, n-hexane and N,N-dimethylformamid@MF) were
bought from Sinopharm Chemical Reagent Co., Ltdhaffghai, China).
Dichloromethane (DCM) and acetonitrile (ACN) wereulght from Tedia Co., Inc.
(Fairfield, Ohio, USA). Indium-tin-oxide (ITO) caoad glass (sheet resistance: < 10
Q/sq) were bought from Shenzhen CSG Display Teclyie$o(Shenzhen, China).

2.2. Syntheses of the polymers

2.2.1. Synthesis of 5,8-dibromo-2,3-bis(4-((2-octyldodecyl)oxy)phenyl)quinoxaline
©)

The synthetic route of product 3 was illustratedScheme 1. The compounds
3,6-dibromobenzene-1,2-diamine Q) [26] and
1,2-bis(4-((2-octyldodecyl)oxy)phenyl)ethane-1,21tk (2) [35] were synthesized in
accordance with the methods reported in the liteest

The compound 1 acquired in the end was the whitectllent solids’'H NMR
(400 MHz, CDC}): § 6.84(s, 2H), 3.89(s, 4H)*C NMR (100 MHz, CDGJ) & 133.71,
123.24, 109.68(see supporting information Fig. S1)

The compound 2 acquired in the end was the yellmem oily liquid. *H
NMR(400 MHz, CDC}, & ppm)5=7.93 (d, 4H, ArH), 6.95 (d, 4H, ArH), 3.90 (d, 4H)
1.80 (m, 2H), 1.26(m, 64H), 0.88 (t, 12HJC NMR (CDCk, 101 MHz, ppm) =
193.52, 164.69, 132.29, 126.07, 114.70, 71.32,93731.88, 31.25, 29.93, 29.56,
29.29, 26.78, 22.65, 14.06 (see supporting infaondtig. S2).

As shown in Scheme 1, 0.665 g compound 1 (2.50 pnamal 2.0 g compound 2
(2.50 mmol) were dissolved by 100 ml HAc in a rodoadtom flask. After that, 20 ml

n-hexane was added to this mixture to increasedhgbility of compound 2 in HAc.



After argon was injected to eliminate residual axygthe mixture was heated and
refluxed for 24 hours. Thenthe solution was extracted with deionized water and
n-hexane. After the solvent of organic phase wasowed by distillation under
reduced pressure, the crude product was obtainddfuather refined by column
chromatography using hexane/DCM (3:1, v/v) as dlu€he pure product 3 was the
yellow-green waxy solid'H NMR(400 MHz, CDC}, § ppm) §=7.84 (s, 2H, ArH),
7.66 (d, 4H, ArH), 6.89 (d, 4H, ArH), 3.87 (d, 4H)78 (m, 2H), 1.27 (m, 64H), 0.88
(t, 12H). **C NMR (CDCE, 101 MHz, ppm)s = 160.74, 153.55, 139.00, 132.41,
131.60, 130.30, 123.43, 114.42, 71.07, 37.92, 3B836, 30.00, 29.62, 29.31, 26.84,
22.66, 14.08 (see supporting information Fig. S3).

.S.
N NaBH, EtOH  HaNg_ NH>
BrOBr 0°C, 24h Br-@Br
1
HCO OCH3 HO OH RO OR
Q HAc, HBr Q RBr, TBAB, K,COs_ Q
reflux, 8h DMF, reflux, 1.5h
4 % 4% 4%
2
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1 + 2 HAC N’:/ \;N

reflux, 24h >

3

Scheme 1. The synthetic route of 5,8-dibromo-2,3-bis(4-((&ytdodecyl)oxy)phenyl)quinoxaline.

22.2. Synthesis of
4,7-bis(5-bromothiophen-2-yl)-2-dodecyl-2H-benzo[d][1,2,3]triazole (6)

The synthetic route of product 6 was exhibited she&ne 2. The compound
4,7-dibromo-2-dodecyl-2H-benzo[d][1,2,3]triazole ) (4[22,23] was synthesized
according to the literatures.

The compound 4 acquired in the end was the yelldwtensolid powderH
NMR(400 MHz, CDC}, & ppm)8=7.42 (s, 2H, ArH), 4.76 (t, 2H), 2.13 (m, 2H), 4.2
(m, 18H), 0.86 (t, 3H)**C NMR (CDCE, 101 MHz, ppm) = 143.68, 129.44, 109.96,



57.43, 31.86, 30.15, 29.55, 29.44, 29.28, 26.93%72622.64, 14.07 (see supporting

information Fig. S4).

As shown in Scheme 2, firstlyy, 2.0 g compound 45r#mol), 4.2 ¢

tributyl(thiophen-2-yl)stannane (11.25 mmol) an@ @. Pd(PP$).Cl, (0.285 mmol)

were added to 100 ml toluene. After 30 min of arfow, the mixture was refluxed

for 24 h to acquire 2-dodecyl-4,7-di(thiophen-2-gH-benzol[d][1,2,3]triazole (5).

Secondly, weigh accurately 1.2 g compound 5 (2.6#band 1.1 g NBS (6.2 mmol)

to a round-bottomed flask equipped with 35ml HAa a86ml DCM. Then the

solution was heated to reflux for 12 h avoidinchtigAfter completion, the mixture

was extracted with DCM and the crude product wasfipd by silica gel column

chromatography. The pure product 6 was the brighow solid.*H NMR (400 MHz,
CDCls, 6 ppm)$=7.78 (d, 2H, ArH), 7.50 (s, 2H), 7.12(d, 2H), 4(f92H), 2.18 (m,
2H), 1.25 (m, 18H), 0.87 (t, 3H}*C NMR (CDCk, 101 MHz, ppm)s = 141.72,

141.22, 130.84, 126.91, 123.00, 122.18, 113.149%5631.88, 30.00, 29.59, 29.51,

29.40, 29.30, 28.98, 26.55, 22.65, 14.08 (see stipgonformation Fig. S5).

CioHos C1oHos
N, N LN
HN "N k*(otBuy, CiHgBr ™\ /N HBr, Br, w
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A D/ ) Pd(" ), toluene N N NBS, DCM, HAC
T NgNsnBu,  reflux, 24h '\\ @ reflux, 12h
S S
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Scheme 2. The synthetic route

4,7-bis(5-bromothiophen-2-yl)-2-dodecyl-2H-benz I, 3]triazole.

2.2.3. Syntheses of PBZQ-1, PBZQ-2 and PBZQ-3

CioHos

N
N N
\ /
N
O
S S
6 Br

of

As shown in Scheme 3, Suzuki cross-coupling reactias used tgynthesize

the copolymer. 0.2396 g 1,4-Bis(4,4,5,5-tetramefh$l2-dioxaborolan-2-yl)benzene

(0.7259 mmol), 0.5000 g compounds 3 (0.4839 mnfol475g compounds 6 (0.2420
mmol), 0.042 g Pd(PRJ (0.0360 mmol), 0.0150 g N(n-B4H (0.0570 mmol) and 60



ml NaCQ aqueous solution (2 mol/L) were added to 90mldo&y and the mixture
was heated to refluxed for 48h in the protectiorafon. After completion of the
reaction, toluene was distilled off under reduceespure and then the crude product
was recrystallized with methanol. The acquired dsgowder still needed to be
extracted in adipose extractor with methanol aretaae as the solvent in sequence
until the solvent was colorless. The resulting PBREZ®vas bright red solid!H
NMR(400 MHz, CDC}, 5 ppm) 6=8.12 (d, 2H), 8.05-7.99 (m, 2H), 7.90 (s, 2H),
7.80-7.34 (m, 8H), 7.21-7.00 (m, 2H), 6.84 (s, 58IB1 (s, 4H), 2.17 (s, 2H), 1.74 (s,
2H), 1.50-0.98 (m, 120H), 0.86 (s, 27H) (see suppgrnformation Fig. S6a). The
gel permeation chromatography (GPC) data; M 24.5 kDa, M = 15.3 kDa,
polydispersity index = 1.60.

The synthetic methods of PBZQ-2 and PBZQ-3 wereatidal with PBZQ-1
except for the differematio of monomers. For PBZQ-2, the amounts of retgy@ere
0.3194 g 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxakem-2-yl)benzene (0.9678 mmol),
0.5000 g compounds 3 (0.4839mmol), 0.2949 g comp®en(0.4839 mmol), 0.060 g
Pd(PPh),4 (0.0520 mmol), 0.015g N(n-Bu)4F (0.0570 mmol),ns0NaCG (2 mol/L)
aqueous solution and 90 ml toluene. The product@B4Avas also bright red solid.
H NMR (400 MHz, CDC}, 5 ppm) 5=8.13-7.90 (m, 4H), 7.67-7.38 (m, 6H),
7.12-7.08 (m, 2H), 6.83 (s, 4H), 3.81 (s, 2H), A4,72H), 1.51-0.95 (m, 70H), 0.85 (s,
15H) (see supporting information Fig. S6bhe GPC data: W= 23.9 kDa, M =
15.1 kDa, polydispersity index = 1.58.

For PBzZQ-3, the amounts of reagents were 0.3383 ¢
1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-ghzene (1.025 mmol), 0.2118 g
compounds 3 (0.205 mmol), 0.5000 g compounds 820@ mmol), 0.0600 g
Pd(PPB); (0.0520 mmol), 0.0150 g N(n-Bu)4F (0.0570 mmolp &l NaCQ
agueous solutiof2 mol/L) and 90 ml toluene. The product PBZQ-3 vdask red
solid. '"H NMR(400 MHz, CDC}, & ppm) §=7.87-7.72 (d, 2H), 7.70-7.42 (m, 3H),
7.23-6.99 (m, 4H), 6.98-6.65 (d, 5H), 3.87 (s, 4B{)7 (s, 3H), 1.95-1.63 (m, 4H),
1.49-1.05 (m, 52H), 0.87 (s, 15H) (see supportimfgrmation Fig. S6c). The GPC
data: M, = 22.9 kDa, M = 15.9 kDa, polydispersity index = 1.44.
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Scheme 3. The synthetic route of PBZQ-1, PBZQ-2 and PBZQ-3.

2.3. Instrument and characterization

The'H NMR and**C NMR spectra measurements were carried out onriarva
AMX 400 spectrometer (Varian Inc., Santa Clat#d, USA) with tetramethylsilane
(TMS) as the internal standard. The GPC analysis paaformed by a Waters 2414
system (Waters Inc., Milford, MA, USA) with PSS S100000 A Sum 8 x 300 mm
column, and the UV-vis detector. The fourier transf infrared (FT-IR) spectra were
recorded on a Nicolet 6700 FTIR spectrometer (Tleerfisher Scientific Inc.,
Waltham, MA, USA). The X-ray photoelectron micropgdXPS) tests were executed
by a Thermo Escalab Xi+ (Thermo Fisher Scienti¥dgltham, MA, USA) using a
monochromated Al X-ray resource at 1486.6 eV.

Before the electrochemical and spectroelectrochenggperiments, the polymer
solutions (5 mg/mL) were prepared with chloroforsnsalvent, and then spray-coated
onto the ITO glasses to create the thin films Yactirea of 0.9 cm x 3.0 cm). The
electrochemical experiments were performed in acamepartment celunder air
atmosphere by a CHI 760 C Electrochemical Workstat{Shanghai Chenhua

Instrument Co., Shanghai, China), using a ITO gass working electrode (WE), a



platinum ring as counter electrode (CE), and aesilwire (0.03 V vs. saturated
calomel electrode, SCE) as pseudo-reference etkc(RE).

The UV-Vis-NIR spectra were recorded on a Varian ryCa5000
spectrophotometer (Varian Inc., Santa Clara, CAA)J%nd the required applied
potentials were controlled synchronously by therefeentioned electrochemistry
workstation. The kinetic and colorimetric data waleo obtained by the Varian Cary
5000 spectrophotometer. The thicknesses of themmalyfilms were detected on a
KLA-Tencor D-100 step profiler (KLA-Tencor Inc., Mitas, CA, USA).

All digital photographs showing polymer colors weaien by a Canon Power
Shot A3000 IS digital camera (Canon Inc., Tokygpaig. The thermogravimetric
analysis (TGA) was executed by a Netzsch STA449@DBE& simultaneous thermal
analyzer (Netzsch Inc., Bavaria, Germany) in nérogtmosphere with 15 °C/min

heating rate.
3. Results and discussion
3.1. FT-IR spectra

FT-IR spectra were measured to further confirm #teuctures of the
copolymers, and the results were shown in Fig.E foHowing peaks were identified
in the spectrum of PBZQ-1: 2923 ¢nand 2852 cil (aliphatic C-H stretching
vibrations), 1605 cf, 1577 cnt, 1509 cmt and 1492 cil (skeletal vibrations in
benzene, thiophenbenzotriazole and quinoxaline rings), 1465400 cnt and
1377 cnt (C-H in-plane bending vibrations in methylene and m@th¥B36cnt,
1289 cnt, 1172 crmt and 1111 cm (C-S, C-N and N-N stretching vibrations in
thiophene, benzotriazole and quinoxaline rings}712m* and 1030 cit (C-O-C
stretching vibrations), 987 ¢ (C-H in-plane bending vibrations in benzene,
thiophene, benzotriazole and quinoxaline rings), 88i%, 801 cnt, 721 cn® (C-H
out-of-plane bending vibrations in benzene, thioghbenzotriazole and quinoxaline
rings). The FT-IR spectra of PBZQ-2 and PBZQ-3 wesically the same as that of
PBZQ-1 except for the slight difference in the pé&alensities, which resulted from

the different proportion of B, Z, Q units in thelyrmer backbones.
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Fig. 1. FT-IR spectra of PBZQ-1, PBZQ-2 and PBZQ-3.
3.2. XPS characterization

The element composition of the polymmirface was analyzed by the XPS
experiments to substantiate the constituent unithe polymer backbone, and the
spectra of C, N, O and S elements of PBZQ-1 weogvshn Fig. 2. The C (1s) peak
at 284.4 eV manifested the presence dftgppridized carbon atoms which belonged
to the alkyl and alkoxy chains in Z and Q unitseTgeak at 285.8 eV was derived
from C-S (Z units) and C-O-C (Q units). C=N gavpeak at 287.1 eV for the C (15).
The N (1s) peak at 398.7 eV was originated from N=@iazole and pyrazine (Z and
Q units), and that at 401.6 eV was attributed tN M-triazole (Z units). For the O (1s)
spectrum, the peak at 532.3 eV corresponded to@-§iggesting the existence of Q
units in the polymer chain. The two S (2p) peaksteaed at 163.5 eV (3p) and
164.6 eV (2p) were ascribed to thiophene-S, implying the presesf Z units in the
polymer chain. Besides, the XPS spectra of PBZQe&2RBZQ-3 were also recorded
(see supporting information Fig. S7 and Fig. S8)ictv presented the similar peaks as

PBZQ-1 and confirmed the constitution of the polysne
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Fig. 2. XPS spectra of PBZQ-1: (a) C1s, (b) N1s, (c) Ofd, @) S2p.

3.3. Electrochemical properties

After the polymers were sprayed onto the ITO glass@ecyclic voltammetry
(CV) experiments were carried out in ACN solutioontaining 0.1 M TBAPF as
supporting electrolyte at 100 mV/s scan rate toestigate their electrochemical
properties, and the results weltastrated in Fig. 3. Besides, the CV measurements
with 50 mV/s scan rate were also performed, anddatiex peaks at 50 mV/s scan rate
were similar with those at 100 mV/s scan rate @gwporting information Fig. S9).
As shown in Fig. 3, all the three polymers exhibitdvious p-type doping process

and the redox peaks were centered at 1.61 V/1.€dr YBZQ-1, 1.57 V/1.00 V for



PBZQ-2 and 1.45 V/0.75 V for PBZQ-3. The onset atimh potentials (Ese) Of
PBZQ-1, PBZQ-2 and PBZQ-3 were measured as 1.14.083 V and 1.06 V,
respectively. Both the oxidation peak potentiald Bghserdisplayed the same order as
PBZQ-1 > PBZQ-2 > PBZQ-3, and especially the valieBBZQ-3 were obviously
lower than those of PBZQ-1 and PBZQ-2, which resllfrom the different
proportions of the two acceptors (Z/Q) in the patyrbackbones. By comparing the
composition of the copolymer, it was easily fouhdttPBZQ-1 possessed the highest
content of Q units, followed by PBZQ-2 and PBZQr3turn. The steric hindrance
effect derived from the two (2-octyldodecyl)oxy gps in Q units would compel the
adjacent rings to twist out of coplanarity, heneduce the conjugated length and
impede the transfer of donor electrons during thigirth process [36]. As for Z units,
the n-bridge flanking thiophene groups effectivedirengthened the-n interaction
and reduced thsteric hindrance. On the other aspect, the thioplggoups, also as
the electron rich donor units, would be benefit@mlenhance the polymer highest
occupied molecular orbital (HOMO) energy level, ghiowering the potential
required for the formation of radical cation [3].summary, polymer with fewer Q
units and more Z units presented the lower oxidapeak potential andoFeet

In addition, it could be recognized from Fig. 3ttR8ZQ-1 and PBZQ-2 did not
show obvious n-type doping process, while PBZQ-3spesed a slight n-type
reduction peak at -0.45V which should be attributethe high content of Z units in
PBZQ-3 backbone as benzotriazole-based polymemallysiisplayeddouble-doping
features (p-type and n-type doping) [23]. For meslymers, the presence of
dissolved oxygen and little water in the electrelgblution will make it difficult for

the inherently unstable n-type doping to exist.
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3.4. Optical properties

The UV-Vis absorption spectra of the three polymersthe liquid state
(dissolved in DCM) and in the solid state (spragted on ITO electrodeand
de-doped) were examined and analyzed. As showrign4i each polymer in the
different phase state revealed the sim#pectra with two absorption peaks which
stemmed from the high energy and the low eneargy transitions [38]. In th&®CM
solution, the maximum absorption wavelengths.f were 398 nm/485 nm for
PBZQ-1, 397 nm/484 nm for PBZQ-2 and 520 nm/561fanPBZQ-3, as well as in
the solid film, theAnax were 403 nm/492 nm for PBZQ-1, 403 nm/491 nm for
PBZQ-2 and 521 nm/561 nm for PBZQ-3. It could bsesbed that th&.« of the



three polymers in the solid state exhibited smathbchromic shifts compared with
those in the solution state which suggestedstiiel films possessed the improved
n-n* stacking and stronger intra molecular interac{i®®,40].

By comparing among the three polymers, both ingbl@tion and in the solid
film, PBZQ-1 and PBZQ-2 displayed essentially thene absorption peaks and had
obvious hypsochromic shifts in contrast with PBZQ{8 general, quinoxaline
possessed the strongsectron-accepting ability and bandgap-lowerindigbthan
benzotriazole [41], but in the main chains of PBZ@nd PBZQ-2, the more content
Q units with the alkoxybenzene substitutions cauiesl larger steric hindrance
between (2-octyldodecyl)oxy and adjacent units wWwhioffset the powerful
electron-withdrawing effect of quinoxaline [36]. &dldition, as mentioned earlier, the
larger proportion of Z units in PBZQ-3 backbonerieat more thiophene groups
arranged on both sides of benzotriazole, which ccauailably reduce the steric
hindrance between Z and benzene/Q units, as wathaove theplanarity and D-A
conjugation of the polymer chains [32]. Thus, tH¥-Vis absorption spectra of
PBZQ-3 showed bathochromic shifts compared witts¢hof PBZQ-1 and PBZQ-2.
Besides, corresponding to thésorption bands in the visible region, PBZQ-1 and
PBZQ-2 showedrange-red color both in liquid and solid phasekjlevPBZQ-3

displayedstrawberry red in the solution and tomato red exgalid film.
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Fig. 4. UV-Vis absorption spectra of PBZQ-1, PBZQ-2 arBZP-3: (a) in solution and (b) in



solid films.

3.5. Spectroelectrochemical properties

Spectroelectrochemistry is a useful method forsthgithe optical changes in
the absorption spectra and gaining the informagibaut the electronic structures of
conjugated polymers as a function of the applietemaal difference. After the
polymers were spray-coated onto the ITO glasses, gpectroelectrochemical
experiments were performed in a 0.1 M TBAREN solution with applied
potentials ranging from 0 V to 1.5 V. Fig. 5 reweshlthe absorption spectra and the
corresponding colors of the three polymer filmshie neutral and doped states.

As shown in Fig. 5, PBZQ-1, PBZQ-2 and PBZQ-3 eithib two absorption
peaksin the neutral states due to ther* transitions in the polymer main chains,
which accorded with the feature of D-A type conjeghpolymers [42]. And the
absorption peaks were regarded as the transitrons lbenzene and thiophene based
valence bands to their antibonding counterpartghfenergy transition) and to the
substituent localized narrow conduction bands (&mnergy transition) [43]. The peaks
were located at 403 nm/492 nm for PBZQ-1, 403 nth/d& for PBZQ-2 and 521
nm/561 nm for PBZQ-3, which made their color mastiferange-red for PBZQ-1 and
PBZQ-2, and red for PBZQ-3 in the neutral stateg)(0

As the potentials continued to increase irregujaHg absorption spectra of the
three polymers demonstrated the similar changesuld be observed from Fig. 5a
that the two absorption peaks BBZQ-1 in the neutral state declined gradually,
especially the absorption band at 492 nm vanisheehwhe potential reached 1.25 V.
Meanwhile, the other two new absorption bands cedtat 695 nm and 1500 nm
emerged and heightened, which corresponded to dimeafions of polarons and
bipolarons respectively. The absorption peak |latate695nm reached its maximum
at 1.35 V, and then decreased gradually as theabaidcontinued. The other peak in
the near infrared region around at 1500 nm enhacoetinually with the augment of
applied potential until PBZQ-1 was completely ox&ll at 1.5 V. The decline of

polaron band from 1.35 V to 1.5 V could be explditieat the successively improving



bipolaron band (around 1500 nm) restrained therpoia population which was also
called the repression of interband transition [4&ome other polymers also
demonstrate the similar phenomenon that is theyidvimad to spin-1/2 polarons at
light doping and blossom into spinless bipolaranseavy doping [29,45]. Moreover,
thegradually weakened-n* transition bands and the significantly enhanpethron
band were both situated in the visible region, BZ®-1 exhibited several different
colors in theoxidation process as observed in Fig. 5a. Upormssepoxidation, the
neutral orange-red (0 V) PBZQ-1 changed to browlieyeat 1.14 V, cyan at 1.35 V,
and green at 1.5 V in turn. It was clear that PBZ§howed multichromism and the
color changes covered red, yellayan and green, in which red and green belonged
to the RGB colors. As previously mentioned, multarhic polymers havenportant
application values in smart window and optical @igptechnology [5,6,46]and
particularly, themulticolor polymers with green color and good sditjbare rarely
reported in the literatures [7,8,47]. Therefore, design and synthesis of PBZQ-1 had
great significance for the developmenetd@ctrochromic polymers.

As the oxidation degree of PBZQ-2 raised (Fig. B, twon-n* transition peaks
weakened gradually and the peak at 491 nm disapgpedrsolutely at 1.25 V. At the
same time, the polaron band at 690 nm enhancedatommum at 1.35 V, and the
bipolaron band at about 1470 nm steadily increas¢iti1.50 V. The color changes of
PBZQ-2 were from orange-red (0 V), to yellow (1M} and to light grass green (1.5
V) which illustrated in Fig. 5b.

During the oxidation process of PBZQ-3 as Fig. bggested, the peaks at 521
nm and 561 nm attenuated gradually until both efrtfaded away at 1.30 V. While
the polaron band at 702 nm improved to the maxinatih.40 V and then decreased,
and the bipolaron band at 1318 nm maintained #mdtof growth with the increase
of the applied potentials. It was noteworthy thétew PBZQ-3 was oxidized to 1.13
V, its absorption bandniformly covered the entire visible region betweti0 nm
and 760 nm, which indicated that PBZQ-3 displayktibcolor. At the potential of
1.5 V for complete oxidation, the only absorpticak of 702 nm in the visible region

made PBZQ-3 showrey-blue color. As shown in Fig. 5¢, PBZQ-3 undemired



(OV), black (1.13V) and grey-blue (1.5 V) with tircrease of applied potentiads

expected. A polymepwning black color in any state is very important the

application of smart window [21]. In consideratiohthe difficulty in gaining black

color, PBZQ-3 offered a new kind of structure dasigr black electrochromic

polymer and deserved further research and developi®48]. From the above

analysis of PBZQ-1, PBZQ-2 and PBZQ-3,

it was codet that adjusting the

proportion of the two acceptors was a useful metbddilor the polymer color.
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Fig. 5. Spectroelectrochemical spectra of the polymendibnd their color changes at different

applied potentials: (a) PBZQ-1, (b) PBZQ-2, an®PRBJQ-3.

In addition, some electrochemical and optical patans of the polymers such as
the Amax IN the liquid state and in the solid state, theedrwavelengths of the optical
absorption spectra in the neutral stafgss§), the Bnse: the optical band gaps {E),
and the HOMO/LUMO values were all illustrated inbl&a 1. Thekonset Of PBZQ-1,
PBZQ-2 and PBZQ-3 films were 588 nm, 593 nm and &4 and the §;, of them
were calculated as 2.EV, 2.09 eV and 1.99 eV, respectively. The ordeEpf, was
PBZQ-1 > PBZQ-2 > PBZQ-3, which was due to the gedlg incremental molar
ratio of Z units to Q units in the polymer backbsnas previously discussed, the two
thiophene groups connected on benzotriazole implrtive electron-accepting ability
of Z units, but the long-chain alkoxy substitutiadjacent to quinoxaline diminished
the electron-accepting ability of Q units [32,3§,4Consequently, the 5, of
polymers decreased gradually with the increase wfiZcontent, which could also be
reflected by the HOMO and LUMO energy levels. PBZQad the largest molar ratio
of Z to Q (4:1) in contrast with PBZQ-1 (1:2) an84Q-2 (1:1), which not only
made the polymer have the most donor units (thioplggoups were also regarded as

donors) and hence show the highest HOMO energy, Ibue also made the polymer

have the most Z acceptor units with stronger e&eetieficient ability and thus



display the lowest LUMO energy level [3Besides, the other three copolymers
based on benzotriazole and quinoxaline units redolin the literatures were
compared with PBZQ-1, PBZQ-2 and PBZQ-3, and theatecular structures were
shown in Fig. 6 [49,50]. As list in Table 1, CoRIgP2 and P2 displayed two colors
in the redox process, though they had the relatister g o, PBZQ-1, PBZQ-2 and
PBZQ-3 exhibited impressive multicolor, and the enalkyl side chains caused

higher E o but also increased the solubility of polymers.

Tablel Electrochemical and optical parameters of PBZ@BZQ-2, PBZQ-3, and

several other copolymers with similar structures.

xmax xmax 7Lonset b
Eonset Egyopa HOMO LUMOC
Polymer (solution)  (film) (film) color
\% eV eV eV
nm nm nm

PBZQ-1 398/485 403/492 588 1.14 2.11 -5.54 -3.43. _ I .

PBzQ-2 397/484 403/491 593 1.13 2.09 -5.53 -3.44 ' . .

PBZQ-3 520/561 521/561 624 1.06 1.99 -5.46 -3.47 . . .

.

PZ - - - 1.62 -5.67 -3.55 .” L!!
| 1o

CoPf - - - - 1.72 -5.22 -3.55

CoP2? - ! - - 1.48 -5.41 -3.65

? Egop = 1241%onsei ° Eromo = -€(Bonsert 4.4); ¢ ELumo = Eromo + Egop “ Data were taken from

reference [49]° Data were taken from reference [50].
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Fig. 6. Molecular structures of the polymeaeported in the literatures.
3.6. Electrochromic switching properties

In order to study th&inetic properties of polymers, electrochromic shihg
tests were carried out using the double potentegd shronoamperometry technique.
The polymers were sprayed onto the ITO glassesrdigdnd, and then the
experiments were performed in ACN solution contagn®.1 M TBAPK electrolyte
under the repeated potential stepping between eedaad oxidized states with a
residence time of 4 s. The average thicknessesB@QP1l, PBZQ-2 and PBZQ-3
films were estimated as 348 nm, 381 nm and 378respectively. The kinetic curves
and the calculated kinetic parameters at the defimavelengths were manifested in
Fig. 7-9, Fig. S10-S12, Fig. S13-S15 @@wmpporting information) and Table 2
respectively.

Optical contrast AT%) refers to the percentage transmittance chaegween
oxidized and neutral states, and t%iE% values of PBZQ-1 at 490 nm, 690 nm and
1500 nm were 28.4% (Fig. 7a), 27.2% (Fig. 8a) aB®% (Fig. 9a) respectively.
While the AT% values of PBZQ-2 at 490 nm, 690 nm and 1500 remew21.1%,
36.8% and 41.5% respectively (see supporting inftion Fig. S10-S12), and those
of PBZQ-3 at 520 nm, 720 nm and 1320 nm were 20.8%28% and 33.7%

respectively (see supporting information Fig. S15)S From the data it was found



that all the three polymers exhibited highdi% in the near-infrared region compared
with in the visible region, which was in agreemewith many D-A type
electrochromic polymers [8]. In addition, by comstiag the three polymers, PBZQ-1
and PBZQ-2, which possessed more Q units connecteith more
(2-octyldodecyl)oxy groups, revealed relatively heg AT% than PBZQ-3 at all
corresponding wavelengths. The long-chain alkoxaugs could expand the distance
of chain segments and improve the charge/discheagacity in the redox process,
thus raising the optical transmittance to a certaigree [51].

Switching time (@@sy) is defined as the time required for reaching 98%ihe
maximum transmittance change between bleached @oded states, and this value
canrepresent the switching speed of the polymer. Atedi in Table 2, theyd, of
PBZQ-1 at 490 nm, 690 nm and 1500nm were 3.3976, 4.and 2.46 s, thesd, of
PBZQ-2 at 490 nm, 690 nm and 1500nm were 3.6104, 2 and 2.12 s, and thgs
of PBZQ-3 at 520 nm, 720 nm and 1320nm were 3.@0%, s and 1.81 s. Except at
the wavelengths of high energy absorption pealsii values of the three polymers
at other wavelengths were less than 3 s. And irirashto PBZQ-3, PBZQ-1 and
PBZQ-2 showed the longer response time at the smoreling wavelengths, which
also resulted from the more Q units with more lahgin alkoxy groups in their
backbones.

Coloration efficiency (CE) denotes the ratio betwesptical density change
(AOD) and charge consumed per unit electrode at€d,(which can be used to
evaluate the polymer power efficiency during thecelochromic switching process.

The formula was shown below [52]:

CE = AOD

AQ

AOD =log [L]
T

c

Q
A
Wherein, T and T; are the transmittance in the bleaching state (aksiate) and

AQ=
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in the colored state (oxidation state). Q is theltoharge acquired by integrating of

the multi-potential step curve. A is the effectarea of ITO glass. As shown in Table

2, all the polymers demonstrated the relativelgedarCE values, and in particular,

PBZQ-1 deserved focused attention with a CE vatubigh as 498.26 citC at 490

nm. In conclusionthe three polymers displayed satisfact&myetic performances

which also could be adjusted through optimizingpAt proportion.
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Table 2 TheAT%, 9500 and CE values of the polymers at different wavgtles.

A AT% tos0 CE
Polymer
nm % s cn?/C
490 28.4 3.39 498.26
PBZQ-1 690 27.2 1.70 237.50
1500 38.9 2.46 316.8
PBZQ-2 490 21.1 3.61 291.50
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PBZQ-3

690
1500
520
720
1320

36.8
41.5
20.6
22.8
33.7

2.04
2.12
3.00
0.91
1.81

206.62
359.37
262.40
155.08
122.83

Furthermore, for studying the effect of differenésidence time on the

performance of electrochromic switching, th€% of the polymers were detected at

the residence times of 10 s, 4 s, 2s andekgectively. As shown in Fig. 10, when the

retention time decreased from 10s to 1s,Al&6 of PBZQ-1 declined by 17.5% at
490 nm, 16.6% at 690 nm and 18.3% at 1500 nm.AT#é of PBZQ-2 reduced by
30.1% at 490 nm, 33.6 % at 690 nm and 35.8% at hi@0and theA\T% of PBZQ-3

declined by 11.5% at 520 nm, 21.1% at 720 nm an@®%8at 1320 nm (see

supporting information Fig. S16). It was easy todfithat theAT% of the three

polymers all expressed obvious attenuation with deereasing of residence time

which was due to the fact that the polymer couldl m® fully doped (oxidized) or

dedoped (reduced) when the retention time was .short
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Fig. 10. Electrochromic switching of PBZQ-1 with intervdl10 s, 4 s, 2 sand 1 s: (a) 490 nm, (b)

690 nm, and (c) 1500 nm.
3.7. Colorimetry

Based on thepectroelectrochemical experiments, it was obsettvadthe color
changes of the three polymer films were obviousliffedent during the
oxidation-reduction process. If we want to investegthe color changes in depth,
however, the first one to be used was CIE 187&*b* Color Space to detect the
variations of lightness, chroma and hue of the mels, in which L* denotes the
luminance of color from black to white, a* denoted-green balance, and b* denotes
yellow-blue balance [24,48]. The L*, a* and b* wak of the polymer filmsvith
different thicknesses (represented by the maximptical absorption values) were
determined by spectrophotometer at the scanningngpat from 0 to 1.6 V, and the
data were depicted in Fig. 11 and Fig. S1&(pporting information).

As shown in Fig. 11a, regardless of the thickndd8B¥ZQ-1, the L* values had
the same change trend with tiagse of the applied potentials. Starting from Ghé
L* values remained unchanged until the potenti@ieexed the &< and then began
to augment by degrees. On the other aspect, at the applied potential, with the
thickness of PBZQ-1 increasethat is, the maximum optical absorption value
increased from 0.34a.u to 0.55a.u., and to 0.7,7igsl.* values decreased gradually.

The thicker the polymer film was, the lower intépghe light passed through, which



caused the weakening of the luminance and thersedi the L* valueBesides, it
was found that PBZQ-2 (see supporting informatian 617a) and PBZQ-3 (Fig. 11c)
exhibited the similar tendency on the L* value$&7Q-1.

In the a*-b* graphs of PBZQ-1, as demonstrated ig. A1b, the a* values
changed from positive to negative with the coloaraing from red to green with the
steady increasing of applied potentials, and medawihe b* values always changed
in positive range with the yellow component. Theb&*curves gradually declined
and rebounded to a certain extent from the firstdgant to the second quadrant. This
tendency was consistent with the conclusion of spelectrochemical experiments
with the color transformations from orange-red tovim-yellow, to cyan, and to green
in the process of polymer oxidation. In particuldr, was observed from the
spectroelectrochemical spectra (Fig. 5a) that gek pntensities of PBZQ-1 in the red
and blue regions (at 403 nm and 695 nm) at 1.35evevboth higher than those at
1.50 V, which corresponded to the inflection pointshe a*-b* curves (Fig. 11b), that
is, PBZQ-1 had more green color component whenipxilto 1.35 V. For PBZQ-2
(see supporting information Fig. S17b), the chaofya* and b* values was similar
with PBZQ-1, and the overall trend of a*-lgurves also changed from the first
guadrant to the second quadrant with the color gbsirfromorange-red, to yellow,
and to light grass green as the applied potent@kasing. When it came to PBZQ-3
(Fig. 11d), the a* values changed from positivaggative with the applied potentials
raising, but the b* values varied in negative rangth the blue component. The
overall trend of a*-b* changed from the fourth quedt to the third quadrant
accompanied by the color changes from red to blach,to grey-blue. Significantly,
the a* and b* values were close to 0 at the inteliate potentials, especiallyset of
a*/b* values was measured as 0.52/-3.32 at the faxi optical absorption value
0.87 a.u., the closest to an achromic black accomipg with the corresponding low

L* value.
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Fig 11. The L* anda*-b* graphs of the polymers at different potentiady. The changes in L* of

PBZQ-1, (b) the changes mr-b* of PBZQ-1, (c) the changes in L* of PBZQ-3, ard) the

changes im*-b* of PBZQ-3.

3.8. Thermogravimetric analysis

Thermogravimetric analysis is a simple and effectimethod to evaluate the

polymer thermal stability [29,53]. Fig. 12 showdte thermogravimetric (TG) and

differential thermal gravity (DTG) curves of thelpmers with the heating rate of 15

°C/min.

It was found from TG curve of PBZQ-1 (Fig. 12a)ttitadisplayed significant

decomposition between 412.4 °C (extrapolated desgperature, Jse) and 491.6 °C

30 35
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(extrapolated termination temperaturegsd). Similarly, the TnselTofiset Of PBZQ-2
and PBZQ-3 were measured as 413.8 °C/495.8 °C 238 4C/ 511.5 °C respectively
based on Fig. 12b and Fig. 12c. And the decomposiémperature at 5% weight loss
(Tg) were 412.0C, 394.2 € and 418.5C for PBZQ-1, PBZQ-2 and PBZQ-3. In
addition, from the DTG curves, every polymer expess only one peak
corresponding to the temperature with maximum diggran rate (fay. The specific
values were measured as 4436 PBZQ-1, as 449.3°for PBZQ-2, and as 470.0
°C for PBZQ-3. The rapid mass loss was attributetheodecomposition of majority
of the copolymers’ branches and part of their ncdiains. The amounts of carbonized
residue, also known as char yields (% char), w&@&% for PBZQ-1, 39.0% for
PBZQ-2, and 49.2% for PBZQ-3 at 750, Which was ascribed to a large number of
aromatic groups distributed in the polymer backison&€he above parameters
including Tonset Tofises Td» Tmax @and % char were all listed in Table 3, and thesta d
suggested that all the three polymers manifestearédle thermal stability, especially
PBZQ-3, which was helpful to improve the servigadiof electrochromic devices in

practical application.
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Fig. 12. The TG and DTG curves of the polymers: (a) PBZ@1PBZQ-2, and (c) PBZQ-3.

Table 3 The TG parameters of the polymers.

Polymers  Tnset(®C)  Toftset (°C) Ta (°C) Tmax (°C) % char

PBZQ-1 412.4 491.6 412.0 449.3 39.8
PBZQ-2 413.8 495.8 394.2 449.3 39.0
PBZQ-3 423.5 511.5 418.5 470.0 49.2

4. Conclusion

In this work, three medium-bandgapluble copolymers employing alternate
benzotriazole and quinoxaline groups as accept@asjely PBZQ-1, PBZQ-2 and
PBZQ-3, were synthesizesiccessfully. The different feed ratio of accepioits in
the three polymers led to the diverse electrochcopmoperties which were mainly
manifested in the electrochemical, optical and w@wietric performances.
Significantly, they all underwent several distimctiors during the oxidation process,
i.e., PBZQ-1 showed orange-red, brown-yellow, cga green, PBZQ-2 exhibited
orange-red, yellow and light grass green, as v&ePBZQ-3 displayed red, black and
grey-blue. Besides, the three polymers presentadfazory thermal stability and
kinetic properties such as the relatively high cgdticontrast, the short switching time
and the attractive coloration efficiency. In sumynaach polymer demonstrated the
individually distinguishing character, and the masmarkable feature was their
multichromism including RGB and black colors, whitiade it possible for the three

copolymers to become electrochromic materials wtthmmercial application



prospects.
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Highlights

1. Three D-A type copolymers employing benzotriazole and quinoxaline units as
acceptors were synthesized.

2. Thedifferent ratio of acceptors caused diverse multichromism of the polymers.

3. The polymers showed desirable electrochromic properties with medium band
gaps.
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