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A novel series of comonomers, which comprise dibenzothiophene (DBT) and dibenzofuran (DBF) core 

symmetrically linked to thiophene and 3-alkylthiophenes at 2 and 8-positions, were designed and 

electropolymerized to yield the cooresponding electrochromic polymers. Structure-property relationships 

of comonomers and polymers, including electrochemistry, thermal stability, fluorescence, and 10 

electrochromic properties, were systematically explored. In related with core group, alkyl chain group of 

these polymers had a relatively significant influence on the redox behavior, band gap, neutral state colour, 

stability, and the electrochromic performance (optical contrast, CE, and switching time) of the system. 

Furthermore, all the polymer films displayed unique electrochromic characteristic with switching color 

from yellow to blue. Further kinetic results showed moderate to high optical contrasts (20-70%), high 15 

colouration efficiency (typically 170-370 cm2 C-1), and favorable switching time (0.8-9.4 s). Among them, 

the electrochromic performance of 3-hexylthiophene-end-capped polymers were superior to those with 

thiophene/3-methylthiophene as terminal groups. These results demonstrated DBT/DBF-based 

π-conjugated polymer materials hold promise for display applications and DBT/DBF could be further 

employed for rational design of excellent electrochromic polymers by matching with other heterocycle 20 

units. 

1. Introduction 

π-Conjugated polymers, due to their mechanical flexibility, 

environmental stability and ease in tuning their optical and 

electronic properties via structural versatility, have been utilized as 25 

electroactive materials for numerous applications, such as organic 

light emitting diodes (OLEDs), field effect transistors (FETs), 

sensors, and supercapacitors.1-3 Especially, π-conjugated polymers 

as electrochromic materials have been extensively investigated 

since they exhibited excellent optoelectronic properties including 30 

a variety of colours, fast colour-switching ability and high optical 

contrast as well as their fine-tuning of the band gap (Eg) with 

minor structural modifications.4,5 The design and synthesis of 

novel π-conjugated polymers with specific electrochromic 

properties have always been one of the primary goals, and served 35 
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as a challenging pursuit for most chemists working in the area of 

electrochromic materials.  

Among numorous π-conjugated polymer structures, 

dibenzo-five-membered ring end-capped with heterocycles-based 50 

polymers have drawn much attention due to their outstanding 

electrochromic performances. Previously, 

fluorene/carbazole-based end-capped with heterocycles-based 

polymers have been employed as electrochromic materials (their 

structures are shown in Scheme 1) owing to their excellent redox 55 

activity,6,7 and plentiful colour changes switching between the 

reduced and oxidized states.8,9 Besides, all kinds of their 

derivatives have already been developed and displays a range of 

unique electrochromic proeprties, such as 3,6-/2,7-carbazoles 

functionalized at N-position,10-12 2,7-fluorenes functionalized at 60 

C-9 position.13-15 For example, Nie and coworkers16 reported the 

electropolymerization of 2,7-fluorene end-capped with EDOT 

units, and the resulting polymer materials exhibited good optical 

contrast (36% at 625 nm), high colouration efficiency (784 cm2 

C-1) and fast response time (0.5 s at 625 nm). However, despite 65 

their intriguing electrochromic performances, the structural cores 

for dibenzo-five-membered ring end-capped with 

heterocycles-based polymers are mainly restricted to 
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fluorenes/carbazoles, and very little is known about their close 

analogs dibenzofuran and dibenzothiophene, which are also ideal 

building blocks for π-conjugated systems.17-18 

 

Scheme 1 Chemical structures of dibenzo-five-membered ring 5 

end-capped with heterocycles-based polymers as electrochromic 
materials reported previously. 

Similar to carbazole/fluorene, dibenzothiophene (DBT) was 
previously utilized in constructing new host materials.19,20 Also, 
DBT unit was also employed for designing OFET materials with 10 

high hole mobility21,22 due to its p-type nature. Dibenzofuran 
(DBF) has been used for the biodegradation of biaryl ethers.23-25 In 
recent years, DBF was explored as the core structure of high triplet 
energy host materials for blue PHOLEDs because of its high triplet 
energy of 3.14 eV.26-28 Our group recently synthesized two novel 15 

blue-light-emitting DBT/DBF end-capped with EDOT monomers 
(Scheme 2), and the corresponding polymers via their 
electropolymerization displayed good electrochromic properties.29 
Camurlu et al. 30,31 investigated the synthesis, optical and 
electrochromic performance of donor–acceptor–donor type 20 

monomers: THSO2 and EDOTSO2 (Scheme 2) and used in organic 
electronic applications. Overall, in comparison with 
fluorene/carbazole, DBT/DBF-based polymers (as well as their 
derivatives, Scheme 2) have attracted less attention as 
electroactive materials. This can be ascribed to the following 25 

reasons: (1) These polymers show poor solubility in common 
organic solvents due to unavailable functionalization at S or O 
positions, thus hindering their applications in many related 
fields.29 (2) As relatively inert or neutral precursors, DBT and DBF 
require more active reagents and prolonged reaction time.32 (3) 30 

DBT and DBF are relatively expensive compared to 
fluorenes/carbazoles. Nevertheless, DBT/DBF-based structures 
could probably lower the high energy barrier of hole injection for 
fluorene/carbazole-based polymers and extend their 
applications.33 Besides, the good rigid planarity of DBT/DBF 35 

would improve the stability of target polymers and probably lead 
to other unexpected properties. Therefore, it is necessary and 
apparently a challenge to further synthesize and explore DBT/DBF 
end-capped with heterocycles-based polymers. 

 40 

Scheme 2 Reported structures of DBTs/DBF end-capped with 

thiophenes-based polymers as electrochromic materials 

previously. 

As known, polythiophenes possess many excellent advantages 

such as ease of synthesis and modification, low band gap, high 45 

stability in their oxidized form, good electrical conductivity, etc.34 

As electrochromic materials, many polythiophenes also show 

various colours in the oxidized and reduced states. Presently, 

thiophenes-based conjugated polymers have been extensively 

investigated as active layers in electrochromic applications owing 50 

to their unique electrochemical and optical features.35 Due to these 

advantages, thiophenes have been always employed for the 

design of novel π-conjugated systems with outstanding 

electrochromic performances. 

 55 

Scheme 3 Designed structures of DBT/DBF end-capped with 
thiophenes comonomers and their polymers. 

It is quite expected that DBT/DBF end-capped with 
thiophenes-based polymers (Scheme 3) would feature the 
advantageous combination of DBT/DBF host materials and 60 

polythiophenes. Our previous results29 also demonstrated that the 
polymer materials from DBF/DBT-EDOT comonomers (29 and 
30, Scheme 2) displayed good optoelectronic properties. Herein, a 
novel series of comonomers, which comprise DBT/DBF core 
symmetrically linked to thiophene and 3-alkylthiophenes at 2 and 65 

8-positions, were designed and electropolymerized to yield their 
cooresponding electrochromic polymers. The properties of these 
comonomers and corresponding polymers including 
electrochemistry and electrochromics were minutely investigated. 
Further, the structure–property relationship of these comonomers 70 

and polymers were also comparatively discussed. 

2. Experimental section 

2.1 Chemicals 
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Bromine, glacial acetic acid, methanol, chloroform, 
n-butyllithium (2.5 mol L-1 in hexane), and chlorotributyltin were 
all purchased from Energy Chemical and used as received. 
Dibenzothiophene (DBT, 98%; Energy Chemical), dibenzofuran 
(DBF, 98%; Energy Chemical), thiophene (98%; Energy 5 

Chemical), 3-methylthiophene (98%; Energy Chemical), 
3-hexylthiophene (98%; Energy Chemical), tetrabutylammonium 
hexafluorophosphate (Bu4NPF6, 98%; Energy Chemical), and 
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 99%; 
Energy Chemical) were stored at 4 ºC and used as received. 10 

Tetrahydrofuran (THF), dichloromethane (DCM), and acetonitrile 
(MeCN) were all analytical grade and purchased from Shanghai 
Vita Chemical Plant and used after reflux distillation. Other 
chemicals and reagents (analytical grade, >98%) were purchased 
commercially from Beijing East Longshun Chemical Plant 15 

(Beijing, China) and were used without any further treatment. 

2.2 Instrumentation  

1H NMR and 13C NMR spectra were recorded on a Bruker AV 
400 NMR spectrometer at ambient temperature. CDCl3 and 
DMSO-d6 were used as the solvent and chemical shifts were 20 

recorded in ppm units with tetramethylsilane (TMS) as the internal 
standard. UV-vis spectra were recorded on Mutispec-1501 
Shimadzu Hyper UV-vis spectrophotometer. Infrared spectra were 
determined with a Bruker Vertex 70 Fourier-transform infrared 
(FT-IR) spectrometer with samples in KBr pellets. With an F-4500 25 

fluorescence spectrophotometer (Hitachi), fluorescence spectra 
were determined. Thermogravimetric analysis (TGA) was 
performed with a Pyris Diamond TG/DTA thermal analyzer 
(PerkinElmer) under a nitrogen stream from 290 to 1100 K at a 
heating rate of 10 K min-1. 30 

2.3 Synthesis of comonomers 

2.3.1 Synthesis of 2,8-dibromodibenzothiophene36 

Bromine (3.1 mL, 60.5 mmol) was added dropwise to a mixture 
of DBT (5.0 g, 27.1 mmol) and chloroform (30.0 mL) at 0 oC. 
Under nitrogen atmosphere the reaction mixture was stirred 12 h at 35 

room temperature. The crude product was filtered off and washed 
with methanol to isolate 2,8-dibromodibenzothiophene. The 
product was obtained as a white powder in 85% yield. mp: 
218-221 °C; 1H NMR (400 MHz, CDCl3, ppm): δ 7.38 (d, J = 12.2 
Hz, 2H), 7.52 (d, J = 7.8 Hz, 2H), 8.05 (d, J = 4.4 Hz, 2H).  40 

2.3.2 Synthesis of 2,8-dibromodibenzofuran37 

A 250 mL round-bottomed flask containing 8.4 g (50.0 mmol) 
of dibenzofuran dissolved in 100.0 mL of glacial acetic acid was 
equipped with an addition funnel. Bromine (5.1 mL, 100.0 mmol) 
in 30.0 mL of glacial acetic acid was added dropwise via the 45 

addition funnel to the dibenzofuran under constant stirring. This 
reaction mixture was stirred at room temperature for 4 h. It was 
then refluxed for 6 h, and then was cooled to 0 °C. The solid was 
then collected by filtration and washed with three 100.0 mL 
portions of water. Recrystallization from 100.0 mL of acetic 50 

anhydride obtained 12.2 g (75%) pure 2,8-dibromodibenzofuran as 
a white solid. mp: 189-192 °C; 1H NMR (400 MHz, CDCl3, ppm): 
δ 7.44 (d, J = 8.0 Hz, 2H), 7.57 (d, J = 8.6 Hz, 2H), 8.03 (d, J = 3.8 
Hz, 2H).  

2.3.3 Synthesis of the stannylation of thiophene, 55 

3-methylthiophene and 3-hexylthiophene38 

A solution of thiophene in dry THF was cooled to -78 °C and 
blanked by atomsphere (Ar) three times. n-BuLi (2.5 mol L-1 in 
hexane) was slowly added dropwise to the solution within 30 min. 
The mixture was stirred for 1.5 h at -78 °C and then warmed to -40 60 

°C. Chlorotributyltin was added slowly to the solution, after that, 
the temperature was slowly warmed to room temperature. And the 
mixture was stirred at room temperature for 12 h under argon 
atmosphere. The residue was filtered, and then the solvent was 
removed under reduced pressure by rotary evaporation. The 65 

tributylstannane compound was used directly for the Stille 
coupling reaction without further purification. 

Synthesis of 2-tributyl-stannyl-3-methylthiophene and 
2-tributyl-stannyl-3-hexylthiophene was carried out in a similar 
manner to that of thiophene. 70 

2.3.4 Synthesis of 2,8-bis-(thiophen-2-yl)-dibenzothiophene 

(DBT-Th) 

DBT-Th was synthesized via Stille coupling reaction as 
described in Scheme 3. To a mixture solution of 
2,8-dibromodibenzothiophene (1.0 g, 2.9 mmol) and 75 

tributyl(thiophen-2-yl)stannane (5.4 g, 14.5 mmol) in dry THF and 
Pd(PPh3)4 used as the catalyst was also added. The mixture was 
stirred magnetically at room temperature under nitrogen 
atmosphere. After 30 min, the mixture was heated to reflux with 
vigorous stirring for a further 24 h, and then concentrated under 80 

reduced pressure. Finally, column chromatography was used to 
purify the reaction mixture. The product was obtained as a milky 
white powder in 65% yield. 1H NMR (400 MHz, CDCl3, ppm): δ 

7.20 (m, J = 8.2 Hz, 2H), 7.60 (d, J = 8.8 Hz, 2H), 7.75 (d, J = 4.4 
Hz, 2H), 7.80 (m, J = 7.6 Hz, 2H), 8.05 (s, 1H), 8.07 (s, 1H), 8.84 85 

(d, J = 4.0 Hz, 2H). 13C NMR (400 MHz, DMSO-d6, ppm): 143.73, 
138.64, 136.07, 131.38, 128.95, 126.18, 125.51, 124.62, 124.14, 
119.39. 

2.3.5 Synthesis of 2,8-bis-(thiophen-2-yl)-dibenzofuran (DBF-Th) 

DBF-Th was synthesized via Stille coupling reaction similar to 90 

DBT-Th as described in Scheme 3. The product was obtained as a 
red brown powder in 60% yield. 1H NMR (400 MHz, CDCl3, 
ppm): δ 7.16 (m, J = 12.6 Hz, 2H), 7.55 (m, J = 15.8 Hz, 4H), 7.72 
(d, J = 4.2 Hz, 1H), 7.74 (d, J = 4.8 Hz, 1H), 7.81 (d, J = 4.4 Hz, 
1H), 7.84 (d, J = 3.6 Hz, 1H), 8.57 (d, J = 3.4 Hz, 2H). 13C NMR 95 

(400 MHz, DMSO-d6, ppm): 155.90, 143.84, 129.96, 128.98, 
126.19, 125.97, 124.69, 124.15, 118.88, 112.76. 

2.3.6 Synthesis of 2,8-bis-(4-methyl-thiophen-2-yl)- 
dibenzothiophene (DBT-3MeTh) 

Synthesis of DBT-3MeTh was carried out in a similar manner to 100 

that of DBT-Th. Yield: 55%; milky powder. 1H NMR (400 MHz, 
CDCl3, ppm): δ 2.39 (s, 6H), 7.28 (s, 2H), 7.70 (s, 2H), 7.84 (d, J = 
8.2 Hz, 2H), 8.13 (d, J = 7.8 Hz, 2H), 8.90 (s, 2H). 13C NMR (400 
MHz, DMSO-d6, ppm): 142.87, 138.41, 138.02, 135.58, 131.03, 
126.25, 124.73, 123.62, 120.78, 118.57, 15.58. 105 

2.3.7 Synthesis of 2,8-bis-(4-methyl-thiophen-2-yl)- dibenzofuran 

(DBF-3MeTh) 

Page 3 of 13 Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



CREATED USING THE RSC ARTICLE TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

ARTICLE TYPE www.rsc.org/xxxxxx  |  XXXXXXXX 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  4 

Yield: 55%; red brown powder. 1H NMR (400 MHz, DMSO-d6, 
ppm): δ 2.27 (s, 6H), 7.14 (s, 2H), 7.42 (s, 2H), 7.71 (d, J = 7.8 Hz, 
2H), 7.78 (d, J = 8.6 Hz, 2H), 8.54 (s, 2H). 13C NMR (400 MHz, 
DMSO-d6, ppm): 155.32, 142.94, 138.36, 129.59, 125.85, 125.35, 
124.16, 120.54, 118.10, 112.21, 15.56. 5 

2.3.8 Synthesis of 2,8-bis-(4-hexyl-thiophen-2-yl)- 
dibenzothiophene (DBT-3HexTh) 

Yield: 45%; milky powder. 1H NMR (400 MHz, DMSO-d6, 
ppm): δ 0.88 (d, J = 8.6 Hz, 6H), 1.33 (s, 12H), 1.65 (d, J = 7.6 Hz, 
4H), 2.62 (d, J = 11.8 Hz, 4H), 7.20 (s, 2H), 7.63 (s, 2H), 7.76 (d, J 10 

= 8.0 Hz, 2H), 8.04 (d, J = 8.6 Hz, 2H), 8.79 (s, 2H). 13C NMR 
(400 MHz, DMSO-d6, ppm): 143.99, 142.80, 137.99, 135.57, 
131.09, 125.30, 124.79, 123.61, 120.14, 118.53, 31.07, 30.03, 
29.92, 28.42, 22.04, 13.92. 

2.3.9 Synthesis of 2,8-bis-(4-hexyl-thiophen-2-yl)-dibenzofuran 15 

(DBF-3HexTh) 

Yield: 50%; milky powder. 1H NMR (400 MHz, CDCl3, ppm): 
δ 0.91 (d, J = 8.4 Hz 6H), 1.34 (s, 12H), 1.64 (m, J = 23.6 Hz, 4H), 
2.63 (d, J = 11.8 Hz, 4H), 6.89 (s, 2H), 7.22 (s, 2H), 7.54 (d, J = 8.8 
Hz, 2H), 7.69 (d, J = 11.2 Hz, 2H), 8.17 (s, 2H). 13C NMR (400 20 

MHz, CDCl3, ppm): 156.06, 144.36, 143.85, 130.03, 125.61, 
124.58, 124.46, 119.21, 117.80, 111.94, 31.67, 30.66, 30.41, 
29.01, 22.58, 14.07. 

2.4 Electrochemistry 

  All the electrochemical experiments and polymerization of 25 

comonomers were performed in a one-compartment cell with the 
use of Model 263A 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 1 mm, respectively, while the reference electrode was 30 

Ag/AgCl. Bu4NPF6 (0.1 mol L-1) was used as electrolytes, 
dissolved in DCM/MeCN (50/50, v/v) which were freshly distilled 
prior to its use. Polymer films were obtained electrochemically in 
potentiodynamic regime. After polymerization, the films were 
washed repeatedly with anhydrous DCM to remove the electrolyte 35 

and monomer. 
The cyclic voltammetry (CV) and linear sweep voltammetry 

(LSV) were employed to evaluate the HOMO, LUMO levels and 
Eg values of comonomers according to the empirical equations as 
follow:39-40 40 

HOMO = - (Eox+4.80) eV                          (1) 

   LUMO = (HOMO+Eg,opt) eV                       (2) 

where Eox and Eg,opt are the onset oxidation potential and the 
optical bandgap of compounds, respectively.  

2.5 Electrochromic experiments 45 

Spectroelectrochemistry and kinetic studies were recorded on a 
Specord 200 plus (Analytik Jena) spectrophotometer and the 
potentials were controlled using Versa STAT 3 (Princeton 
Applied Research). The spectroelectrochemical cell consisted of a 
quartz cell, an Ag/AgCl electrode, a Pt wire, and an indium tin 50 

oxide (ITO) coated glass as the transparent working electrode. All 
measurements were carried out in MeCN containing 0.1 mol L-1 
Bu4NPF6 as the supporting electrolyte. 

The optical density (∆OD) at the specific wavelength (λ) was 
determined by ∆T% values of electrochemically oxidized and 55 

reduced polymer films, using the following equation:41 

∆OD = log(Tox/Tred)                          (3) 

The colouration efficiency (CE) is defined as the relation 
between the injected/ejected charge as a function of electrode area 
(Qd) and the change in optical density (∆OD) at the specific 60 

wavelength (λ) of the sample as illustrated by the following 
equation:42 

CE = ∆OD/Qd                              (4) 

3. Results and Discussion 

3.1 Monomer Synthesis 65 

The molecular design and synthesis of new comonomers is the 
most effective way in order to fine-tune the electrochemical and 
electrochromic properties of conjugated polymers. Scheme 4 
shows the synthetic routes for DBT/DBF end-capped with 
thiophenes comonomers; the detailed synthesis procedures are 70 

described in the experimental section. In this context, the key 
comonomers were synthesized from DBT/DBF by a three-step 
procedure, including bromination of DBT/DBF, synthesis of 
2-tributyl-stannyl-thiophene/2-tributyl-stannyl-3-methylthiophene  
/2-tributyl-stannyl-3-hexylthiophene, and then the Stille coupling 75 

with satisfied yields. The resulting DBT/DBF-based polymers, 
namely PBDT-Th, PDBT-3MeTh, PDBT-3HexTh, PBDF-Th, 
PDBF-3MeTh, and PDBF-3HexTh, were obtained via 
electrochemical polymerization. During the synthetic procedure, 
we had to adopt fast column chromatography in the purification 80 

of these comonomers and store them in refrigerator before use (4 
οC). To the best of our knowledge, these comonomers were 
synthesized and investigated for the first time. 1H and 13C NMR 
spectra of some intermediates and target compounds are 
displayed in Fig. S1-S14. 85 

 

Scheme 4 Synthetic routes of DBT/DBF end-capped with 
thiophenes comonomers and their electropolymerization. 

3.2 Electrochemical polymerization of comonomers 

The electropolymerization performances of these comonomers 90 

(0.01 mol L-1) were examined in a DCM/MeCN (50/50, v/v) 
solution containing 0.1 mol L-1 Bu4NPF6 as the electrolyte. All 
the comonomers can easily dissolve in DCM, while partly 
dissolve in MeCN. Simultaneously, the polymers became rough, 
discontinuous and heterogeneous easily when electropolymerized 95 

in DCM. Therefore, a mixture of DCM and MeCN (50/50, v/v) 
was chosen as the solvent system to obtain the polymer film on 
ITO coated glass slide. From their anodic oxidation curves (Fig. 
S15), the onset oxidation potentials (Eonset) were initiated between 
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1.00 and 1.20 V (Table 1). As anticipated, the increase in the 
chain length of alkyl chain attached to thiophene unit increased 
the electron-donating ability and thus, the onset oxidation 
potential of 3-hexylthiophene-substituted comonomers lowered in 
comparison with 3-thiophene/methylthiophene-end-capped 5 

comonomers.43 In addition, the onset oxidation potentials of 
DBF-based comonomers were higher than those of DBT-based 
comonomers while coupling with the same terminal groups. This 
is an expected result because the electron-donating ability of the 

oxygen atom is weaker than the sulfur atom which lowers the 10 

electron density of the comonomer systems. Furthermore, the 
oxidation potentials of these comonomers are significantly lower 
than those of thiophenes and DBT/DBF due to the elongation of 
the conjugated systems. However, these calues are all higher than 
DBT-EDOT and DBF-EDOT (0.91 V and 0.95 V vs. Ag/AgCl),29 15 

mainly owing to the strong electron-donating EDOT as the 
terminal group. 

 
Fig. 1 Cyclic voltammograms of 0.01 mol L-1 DBT-Th (A), DBF-Th (B), DBT-3MeTh (C), DBF-3MeTh (D), DBT-3HexTh (E) and 
DBF-3HexTh (F) in DCM/MeCN-Bu4NPF6 (0.1 mol L-1). Potential scan rate: 100 mV s-1.20 

Cyclic voltammetry (CV) studies reveal the reversibility of the 
electron transfer for comonomers and polymers. Fig. 1 shows the 
cyclic voltammograms (CVs) corresponding to the 
potentiodynamic electropolymerization of the comonomers. All 
these comonomers showed characteristic features of typical 25 

conducting polymers during potentiodynamic synthesis, also in 
good agreement with thiophene and 3-alkylthiophenes. Typically, 
the current densities on the reverse scan were higher than that on 
the forward scan. The formation of this first loop can be explained 
as characteristic of the nucleation process.44 Comonomers with 30 

3-hexylthiophene as the terminal group revealed lower redox 
potentials than other comonomers probably owing to the strong 
electron-donating effect of hexyl group. During polymerization, 
visual inspection also revealed the formation of compact and 
homogeneous polymer films on the electrode surface. The increase 35 

of anodic and cathodic peak current densities in the CVs implied 

an increasing amount of polymer film on the electrode surface.45 
Furthermore, the broad redox peaks of the polymer might be 
ascribed to the wide distribution of polymer chain length or the 
conversion of conductive species on the polymer main chain from 40 

the neutral to the metallic state.46  

The HOMO energy levels of these comonomers were 
calculated from linear sweep voltammetry from the intersection 
between base line and tangent drawn to the increasing current line. 
LUMO levels were estimated from the band gap values obtained 45 

from UV-vis spectra, and the values were given in Table 1. The 
HOMO levels for DBT-based comonomers lie higher than 
DBF-based ones, whereas LUMO levels for DBF-based 
comonomers lower.  

 50 

Table 1. Electrochemical and optical data for comonomers 

Sample 
λmax,1 

(nm) 

λmax,2 

(nm) 

λmax,3 

(nm) 

HOMO 

(eV) 

LUMO 

(eV) 

Eox,onset 

(V) 

Eg,opt 

(eV) 

DBT-Th 261 271 307 -5.92 -2.37 1.12 3.55 

DBF-Th 253 263 301 -6.01 -2.74 1.21 3.27 

DBT-3MeTh 261 271 310 -5.94 -2.44 1.11 3.50 

DBF-3MeTh 253 263 310 -6.03 -2.81 1.23 3.22 

DBT-3HexTh 261 272 312 -5.83 -2.30 1.03 3.53 

DBF-3HexTh 254 263 305 -5.91 -2.52 1.11 3.39 
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3.3 Optimization of electrical conditions and preparation of 

polymers 

Potentiostatic electrolysis was employed to prepare the polymer 
films for characterization. To optimize the applied potentials for 
polymerization, a set of current transients during the 5 

electropolymerization at different applied potentials were 
recorded, as shown in Fig. S16. Typically, at applied potentials 
below the onset oxidation potential, no polymer film was found on 
the electrode. Once the applied potential reached the threshold 
value, all the electrosynthetic current densities initially 10 

experienced a sharp increased and then a slow decreased and 
finally kept constant as a result of uniform deposition of the 
polymer film on the electrode surface. However, at relatively high 
potentials, the surfaces of the polymer films became discontinuous 
and heterogeneous. This phenomenon was mainly due to the 15 

significant overoxidation at higher potentials, which led to poor 
quality films.47 Therefore, the optimized polymerization potentials 
were optimized to be 1.45 V for DBT-Th, 1.40 V for DBF-Th, 
1.40 V for DBT-3MeT, 1.45 V for DBF-3MeTh, 1.20 V for 
DBT-3HexTh, and 1.30 V for DBF-3HexTh, respectively. Also, 20 

visual inspection demonstrated that all these polymer films with 
smooth, homogeneous, and continuous surfaces were formed at 
applied potentials, as predicted from their I-t curves, and they 
displayed good adherence against the electrode. 

3.4 Electrochemistry of the polymers 25 

The electrochemical behavior of the polymer-modified Pt 
electrodes was studied by cyclic voltammetry in the monomer-free 
electrolyte to test their electroactivity and stability and the results 
are shown in Fig. 2. 

 30 

Fig. 2 Cyclic voltammograms of PDBT-Th (A), PDBF-Th (B), 
PDBT-3MeTh (C), PDBF-3MeTh (D) DBT-3HexTh (E) and 

DBF-3HexTh (F) modified Pt electrodes in monomer-free 
DCM/MeCN-Bu4NPF6 (0.10 mol L-1). 

The CVs of all the polymers under different potential scan rates 35 

illustrated broad anodic and cathodic peaks like polythiophenes.48 
In addition, CVs of all polymers in monomer-free electrolytes 
demonstrated an obvious hysteresis, i.e., an obvious potential drift 
between the anodic and cathodic peak potentials.49-50 The potential 
shift of redox peaks among CVs curves for conducting polymers is 40 

hardly explained by conventional kinetic limitations such as ion 
diffusion or interfacial charge transfer processes. The main reasons 
that account for this phenomenon are usually as follows: slow 
heterogeneous electron transfer, local rearrangement of polymer 
chains, slow mutual transformation of various electronic species, 45 

and electronic charging of interfacial exchange corresponding to 
the metal/polymer and polymer/solution interfaces.51 

All peak current densities were well proportional to the potential 
scanning rate (Fig. 3 and Table 2), indicating that the redox 
process was non-diffusional and electroactive materials were 50 

well-adhered to the working electrode.52 Importantly, the 
calculated jp,a/jp,c (anodic and cathodic ratio of peak current, 
oxidation and reduction ratio of charges, respectively) of 
DBF-based polymers were closer to 1.0, better than those of 
DBT-based polymers, indicating their better redox reversibility.  55 

 

Fig. 3 Plots of redox peak current densities vs. potential scan rates. 
jp is the peak current density, and jp,a and jp,c denote the anodic 
and cathodic peak current densities, respectively. 

 60 

Fig. 4 Long-term CVs of PDBT-Th (A), PDBF-Th (B), PDBT-3MeTh (C), PDBF-3MeTh (D) DBT-3HexTh (E) and DBF-3HexTh (F) in 
monomer-free DCM/MeCN-Bu4NPF6 (0.10 mol L-1) upon repeated cycling at the scan rate of 150 mV s-1.
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As we all know, the good stability of conducting polymers is a 
key property for their applications in advanced technological 
applications.53 For example, the long-term stability upon 
switching and/or cycling plays a key role in the electrochromic 
performance of electronic devices and smart windows. Therefore, 5 

the long-term stability of these polymers were investigated in 
monomer-free electrolyte solution by applying potential pulses at 
the potential scan rate of 150 mV s-1, as shown in Fig. 4. From 
Fig. 4 and Table 2, all these polymers experienced an obvious 
degragation over 10% just after 100 cycles. In particular, the 10 

exchange charge of thiophene-end-capped polymers remained 
less than 50%, indicating their insufficient stability against 
cycling, even inferior to polythiophene.54 With the introduction of 
alkyl groups on thiophene units, the resulting polymers displayed 
better stability, comparable to PDBT/PDBF-EDOT (83.8% and 15 

88.5% after 100 cycles).29 Typically, 84.2% for PDBT-3HexTh 
and 88.0% for PDBF-3HexTh of their electrochemical activity 
was maintained after 100 cycles, respectively (Table 2). 

3.5 Structural characterization 

 20 

Fig. 5 FT-IR spectra of the comonomers and their corresponding 

polymers: DBT-Th (A), DBF-Th (B), DBT-3MeTh (C), 

DBF-3MeTh (D), DBT-3HexTh (E) , DBF-3HexTh (F), 

PDBT-Th (An), PDBF-Th (Bn), PDBT-3MeTh (Cn), 

PDBF-3MeTh (Dn), PDBT-3HexTh (En), and PDBF-3HexTh 25 

(Fn). 

FT-IR spectra of the comonomers and their corresponding 
polymers were recorded to elucidate their structure and interpret 

the polymerization mechanism. As can be seen from Fig. 5, the 
absorption peaks in the spectra of the doped polymers were 30 

obviously broadened in comparison with those of comonomers, 
similar to those of other conjugated polymers with similar 
structures reported previously.55-57 This phenomenon was 
probably due to the fact that the resulting product was composed 
of oligomers/polymers with wide chain dispersity. For all 35 

polymers, the bands due to Cα-H stretching of thiophenes at 
approximately 3106 cm-1 and Cβ-H stretching of thiophenes at 
3047 cm-1 in the monomer spectra were nearly absent or weakened, 
while those in the 3000-2800 cm-1 region remained. This indicated 
the occurrence of electropolymerization at the thiophene rings. In 40 

the fingerprint region, the emergence of the characteristic peaks at 
approximately 861-876 cm-1 could be attributed to the out-of-plane 
bending vibration of adjacent C-H in the thiophene groups. This 
confirmed that the polymerization occured primarily at α-positions 
of thiophenes, namely, C(2) and C(5) positions, in good agreement 45 

with previous reports.56 Obviously, 3-hexylthiophene-substituted 
comonomers and polymers demonstrated obvious characteristic 
peaks at 2940-2840 cm-1 which were attributable to C-H stretching 
of -CH2 and -CH3. In addition, the new sharp peaks appearing at 
around 839 cm-1 and 558 cm-1 indicated the presence of doping 50 

anions PF6
-. Further details of the band assignments for 

comonomers and polymers are given in Table S2. 

3.6 Solubility, UV-vis and fluorescence spectra of 

comonomers and their corresponding polymers 

Although comonomers show good solubility in conventional 55 

organic solvents, as-prepared films were partly soluble in 
common organic solvents such as DCM, acetone, diethyl ether, 
etc. The poor solubility of the polymers is due to their longer 
polymer chain sequences after polymerization. And out of our 
expectation, the increase in the alkyl chain length attached to the 60 

thiophene units had little effect on solubility. 

From the UV-vis spectra of comonomers examined in MeCN 
(Fig. S17), all the comonomers showed similar absorption due to 
their close structures, and exhibited characteristic π-π* transition 
peaks in the range of 250~310 nm (Table 1). The changes in the 65 

alkyl chain length on thiophene units exhibited no significant 
shifts in UV-vis spectra. Meanwhile, the absorption peaks of 
DBT-based comonomers revealed red shift compared with 
DBF-based comonomers while their overall absorption tailed off 
to 350-355 nm in comparison with those DBF-based comonomers 70 

(366-385 nm). The optical band gaps (Eg
opt) were calculated from 

the onset of the optical absorption spectra (λonset), as shown in 
Table 1.  

The fluorescence emission spectra of comonomers and 
dedoped polymers were determined in MeCN (Fig. 6). In 75 

accordance with the UV-vis spectral results, the emission spectra 
of comonomers displayed no obvious shifts with the variation of 
structural changes (emission peaks from 395 to 410 nm, Fig. 6). 
However, obvious red shifts could be observed between 
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comonomers and the soluble polymers, primarily due to the 
elongation of delocalized π-electron chain sequence of the 

polymer.  

 

Table 2. Optical and electrochemical properties of the polymers 5 

Polymers 
Electrochemistry and linear fitting Redox stability Absorption 

Eg,opt Eox,peak 
(V) 

Ered,peak 
(V) 

R2
an R2

cat 100th 300th 
λonset 
(nm) 

λmax 
(nm) 

PDBT-Th 1.39 1.04 0.997 0.999 48.8% -- 490 410 2.53 
PDBF-Th 1.40 1.10 0.999 0.999 47.2% -- 515 392 2.41 

PDBT-3MeTh 1.28 0.93 0.996 0.996 87.1% 60.2% 472 392 2.63 
PDBF-3MeTh 1.39 1.10 0.999 0.999 72.5% 42.8% 504 402 2.46 
PDBT-3HexTh 1.19 0.84 0.998 0.999 84.2% -- 429 360 2.89 
PDBF-3HexTh -- 0.81 0.995 0.996 88.0% -- 451 330 2.75 

 

Fig. 6 Fluorescence emission spectra of the comonomers and 

their corresponding polymers in MeCN. 

3.7 Thermal Analysis 

Thermal degradation behavior of conducting polymers is very 10 

important for their potential applications. To investigate the 
thermal stability of the polymers, thermogravimetric analytical 
experiments were performed under a nitrogen stream at a heating 
rate of 10 K min-1, as shown in Fig. S18. The curves of thermal 
degradation can be divided roughly into three sections, and it can 15 

be clearly observed that the polymer initially underwent a small 
weight decrease about 3.4~6.5% for all the polymers at relatively 
low temperature (from 290 K to 400 K), which may be attributed 
to moisture evaporation trapped in the polymer according to 
many authors.58 With the gradual increasing of the temperature, a 20 

more prominent weight loss step was clearly found at 400 K < T 
< 1000 K for thiophene or 3-methylthiophene-end-capped 
polymers and 400 K < T < 800 K for 
3-hexylthiophene-end-capped polymer films. Such a prominent 
weight loss was closely related to the oxidizing decomposition of 25 

the skeletal backbone chain structure. Among them, 
3-hexylthiophene-end-capped polymers were easily to crack and 
thiophene or 3-methylthiophene-end-capped polymers needed 
higher temperature to decompose the skeletal backbone chain 
structure. The following degradation after 1000 K or 800 K was 30 

probably caused by the overflow of segments decomposed from 
polymers mentioned previously. When the temperature increased 
up to about 1100 K, and the residue for all the polymers was 
more than 55%. Overall, these results indicated outstanding 
thermal stability of all the polymer films were obtained, and 35 

clearly better than its EDOT analogs,29 which will benefit for the 
eletrochromic application of these conducting polymers.59  

3.8 Morphology 

Scanning electron microscopy (SEM) is a useful method to 
investigate the surface morphology of the polymer film for 40 

analyzing its constituent and texture. Therefore, the surface of 
both the doped and dedoped polymer films deposited 
electrochemically on the ITO electrode was observed by scanning 
electron microscopy (Fig. S19). Macroscopically, all the polymer 
films exhibited smooth and compact morphology at both doped 45 

and dedoped states. At the magnification of 2000×, all of the 
polymer films still displayed smooth surface but with significant 
defects. A lot of holes with different diameters could be observed 
from the images. This is a common morphology often observed 
for electrosynthesized conducting polymer films, especially at 50 

high polymerization rates. Interestingly, no obvious difference 
was observed between the surface morphology of all the doped 
and dedoped polymer films, indicating that the migration of 
counter ions out of/into the polymer films during the 
doping/dedoping processes did not destroy their original 55 

morphology. 

3.9 Spectroelectrochemistry  
In order to probe the electronic structure of the polymers and 

examine the nature of electrochromism in the electrochromic 
polymers, spectroelectrochemical analyses were performed.60 60 

Therefore, the polymer films on ITO were elaborated by recording 
the changes in the absorption spectra under a variety of voltage 
pulses after neutralization at 0 V.  

The electronic absorption spectra of the films in the neutral 
form illustrated similar absorption band at around 410 nm, 392 nm, 65 

392 nm, and 402 nm, for PDBT-Th, PDBF-Th, PDBT-3MeTh, 
and PDBF-3MeTh, whereas PDBT-3HexTh and PDBF-3HexTh, 
differed from thiophene/3-methylthiophene-substituted polymers, 
showed absorption band at around 360 nm and 330 nm 
corresponding to the π-π* transitions. This blue shift might be 70 

attributed to the steric hindrance effect of hexyl group, which 
decreased the degree of polymerization and then the length of the 
conjugated chain.  

Upon oxidation, the intensity of the absorption bands began to 
decrease simultaneously with the increase in the visible and 75 

near-IR region (Fig. 7), representing the formation of polaronic  
and bipolaronic bands.61 Polaronic absorption at 560 nm emerged 
with oxidation was tailed into the visible region, which 
contributed to the colour of the polymer. Take PDBT-Th for 
example, as the valence-conduction band at 410 nm diminished, a 80 

new band started to intensify at about 540 nm in the potential 
range of 0.60-1.00 V. Upon further oxidation, beyond 1.00 V, this 
band underwent a blue shift to 530 nm which was accompanied 
with a new broad band around 1020 nm. All spectra recorded 
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during potential cycling between 0.60 and 1.30 V passed through a 
clear isosbestic points at around 450 nm, indicating that the 
polymer films were being interconverted between its neutral and 
oxidized states. The changes in the electronic absorption spectra of 
PDBT-Th films were also accompanied by a colour change from 5 

yellow to dark blue, indicating that PDBT-Th film illustrated 
electrochromic behavior. The spectroelectrochemical changes 
recorded for other polymer films, were alomost same to those of 
PDBT-Th, in terms of the formation of two absorption bands 
(Table 3), indicating the formation of polaronic and bipolaronic. 10 

 

Fig. 7 Spectroelectrochemistry for PDBT-Th (A), PDBF-Th (B), PDBT-3MeTh (C), PDBF-3MeTh (D) PDBT-3HexTh (E), and 
PDBF-3HexTh (F) on the ITO coated glass in MeCN-Bu4NPF6 (0.1 mol L−1) between the potentials indicated (∆E = 0.05 V for B, E and F, 
∆E = 0.10 V for A, C and D).

Eg values of the polymer films deposited on ITO electrodes via 15 

constant potential electrolysis determined from the 
commencement of low energy end of π-π* transitions, utilizing 
spectroelectrochemical data and were calculated to be in the range 
of 2.41~2.89 eV according to the Planck equation (Eg=1241/λonset, 
Table 2). The longer wavelength is the absorption, the higher 20 

conjugation length is the polymer.31 Therefore, compared with 
comonomers, the red shifts for polymers were due to their longer 
chain length. These spectral results confirmed the occurrence of 
electrochemical polymerisation. In addition, it is found that with 
same terminal thiophene groups, DBT-based comonomers and 25 

polymers displayed higer Eg values in comparison with 
DBF-based comonomers and polymers. 

To determine the colour change, the CIE 1976 (L*, a*, b*) 
colour space and photographs were determined in which L* is the 
parameter of the lightness, a* is the red-green balance and b* is 30 

yellow-blue balance (−a* and +a* correspond to green and red 
and −b* and +b* correspond to blue and yellow, 
respectively).62-63 The details colourimetric data with a D65 
illuminant as detailed for synthesized polymers are given in 
Table S3. Overall, fully oxidized states polymer films on one 35 

piece of ITO-coated glass were easily to obtain, and all polymers 
illustrated similar colours (dark blue), which were similar to 1,64 
2,16 9,65 20,66 22,67 and 2768 in Scheme 1. With the polymer film 
thickness increasing, more saturated blue colours was achieved 
and even seemed to be black. In addition, all the neutral state 40 

colours ranged from vibrant yellows similar to PDBT-Th to 
colours bordering on or falling into the yellow-green region such 
as the case for PDBT-3MeTh, while PDBT-3HexTh and 

PDBF-3HexTh were transparent gray, differed from other four 
polymers as well as their analogues displayed in Scheme 1 and 45 

Scheme 2.  

3.10 Electrochromic properties 

Optical switching studies of the polymer films were carried out 
using a square wave potential step method coupled with optical 
spectroscopy (chronoabsorptometry) in monomer-free 50 

MeCN-Bu4NPF6 (0.10 mol L-1) solution. The electrochromic 
parameters including optical contrast ratio (∆T%) and response 
time were investigated by increment and decrement in the 
transmittance with respect to time at specific absorption 
wavelengths. The potentials were alternated between the reduced 55 

and oxidized states with a residence time of 10 s. Electrochromic 
parameters of all the polymer films were summarized in Fig. 8 and 
Table 3.  

All the polymers displayed moderate to high optical contrasts at 
different wavelengths and decent colouration efficiency (CE) 60 

values (at 95% of the full contrast). As can be seen in Fig. 8, 
DBT-based polymers displayed ideal optical contrast ratio in the 
range of 20-70% at different wavelengths. In particular, 
PDBT-3HexTh reached the highest ∆T% (69% at 625 nm). This 
result was far ahead among its heteroanalogues which displayed in 65 

Scheme 1 and Scheme 2 (Table S1). Meanwhile, relatively high 
CE values (372 cm2 C-1 at 550 nm) was calculated for 
PDBF-3HexTh. However, these polymers switched slowly 
between their neutral and oxidized states. PDBT-Th and 
PDBT-3HexTh revealed unsatisfied switching times of 9.4 s at 70 

410 nm and 9.4 s at 360 nm to achieve 95% of their optical 
contrasts for the doping process. Meanwhile, these dedoping 
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process revealed impressive switching times of 0.8 s and 0.8 s. All 
these six polymers switched more rapidly in the neutral state than 
in the oxidized state. Simultaneously, note here that the switching 
speed usually depends on several factors such as the ionic 

conductivity of the electrolyte, accessibility of the ions to the 5 

electroactive sites (ion diffusion in thin films), magnitude of the 
applied potential, film thickness, and morphology of the thin 
film.69 

 

Fig. 8 Electrochromic switching responses: optical absorbance change monitored for PDBT-Th (A), PDBF-Th (B), PDBT-3MeTh (C), 10 

PDBF-3MeTh (D) PDBT-3HexTh (E) and PDBF-3HexTh (F) in monomer-free MeCN-Bu4NPF6 (0.1 mol L-1). Switching time: 10 s.

 By considering all the above data concerning electrochromic 
properties, it can be clearly observed that all the polymer films 
displayed unique electrochromic characteristic with switching 
color from yellow to blue. Further kinetic results showed 15 

moderate to high optical contrasts (20-70%), high colouration 
efficiency (typically 170-370 cm2 C-1), and favorable switching 
time (0.8-9.4 s). Among them, the electrochromic performance of 
3-hexylthiophene-end-capped polymers were superior to those 
with thiophene/3-methylthiophene as terminal groups. We 20 

ascribed this situation to the following two reasons: (1) By 
employing 3-hexylthiophene as the terminal groups, the polymer 
exhibited better optoelectronic properties than those of 
thiophene/3-methylthiophene as ending groups, which was mainly 
attributed to the electron-donating effect of longer alkyl chain 25 

hexyl group; (2) The onset oxidation and polymerization potential 
were successively decreased in comparison with other 
comonomers, leading to obtain the inform electrodeposition of 
polymer films with improved quality at relatively low potentials. 

Table 3. Electrochromic parameters of the polymers at different wavelengths 30 

Sample 
Wavelength 

(nm) 
∆T 

Response time (s) CE 

(cm2 C-1) Oxidation Reduction 

PDBT-Th 
410 4.71% 9.4 0.8 22 
540 27.21% 6.8 2.4 72 

1020 47.68% 5.8 2.6 104 

PDBF-Th 
392 11.60% 7.0 1.0 262 
588 22.24% 5.6 7.4 215 

1010 25.46% 7.2 7.2 197 

PDBT- 
3MeTh 

392 25.24% 7.8 1.0 168 
554 32.85% 6.0 5.0 124 

1010 51.44% 4.8 4.2 174 

PDBF- 
3MeTh 

402 27.40% 8.2 2.2 184 
547 17.80% 7.6 5.8 359 
950 44.36% 4.6 5.8 165 

PDBT- 
3HexTh 

360 23.64% 9.4 0.8 330 
625 69.02% 7.2 1.8 304 

1080 57.16% 6.0 1.6 241 

PDBF- 
3HexTh 

330 9.21% 9.0 2.6 214 
550 32.80% 4.6 6.6 372 
950 24.94% 9.2 9.0 160 
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4. Conclusions 

In summary, the design, synthesis, and characterization of a 
series of thiophenes-end-capped DBT/DBF conjugated systems, 
were described, and the optoeletronic and electrochromism of 
both the comonomers and polymers were minutely explored. 5 

Also, the effect of the core group (DBT/DBF) and terminal 
thiophene units (Th, 3MeTh, and 3HexTh) on the 
structure-property relationships was discussed. In related with 
core group, alkyl chain group of these polymers had a relatively 
significant influence on the redox behavior, band gap, neutral state 10 

colour, stability, and the electrochromic performance (optical 
contrast, CE, and switching time) of the system. It was noted that 
all these polymer films prepared via electrochemical process onto 
transparent ITO/glass surface led to impressive colour persistent 
electrochromic material at different redox states, which illustrated 15 

high CE, high transmittance. Based on these preliminary results, 
these novel polymer materials provide more plentiful 
electrochromic colours and hold promise for display applications. 
Moreover, DBT/DBF could be further employed for rational 
design of excellent electrochromic polymers by matching with 20 

other heterocycle units. 
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Molecular design of DBT/DBF hybrid thiophenes ππππ-conjugated 

systems and comparative study on their electropolymerization and 

optoelectronic properties: from monomers to electrochromic 

polymers 

Kaiwen Lin, Shouli Ming, Shijie Zhen, Yao Zhao, Baoyang Lu* and Jingkun Xu* 

 

A series of DBT/DBF end-capped with thiophenes comonomers were 

designed and electropolymerized to yield novel electrochromic polymers with good 

performances. 
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