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Thieno[3,2-b]thiophene (TT) monomers end-capped with 3,4-ethylenedioxythiophene (EDOT) moieties are electropolymerized
to form π-conjugated polymers with distinct electrochromic (EC) properties. Steric and electronic factors (electron donor and
acceptor substituents) in the side groups of the TT core, as well as the structure of the polymer backbone strongly affect the
electrochemical and optical properties of the polymers and their electrochromic characteristics. The studied polymers show low
oxidation potentials, tunable from –0.78 to +0.30V (vs. Fc/Fc+) and the band gaps from 1.46 to 1.92 eV and demonstrate wide
variety of color palettes in polymer films in different states, finely tunable by structural variations in the polymer backbone and
the side chains. EC materials of different colors in their doped/dedoped states have been developed (violet, deep blue, light blue,
green, brown, purple-red, pinkish-red, orange-red, light gray, cyan and colorless transparent). High optical contrast (up to 79%),
short response time (0.57–0.80 s), good cycling stability (up to 91% at 2000 cycles) and high coloration efficiency (up to 234.6 cm2

C–1) have been demonstrated and the influence of different factors on the above parameters of EC polymers have been discussed.
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1          Introduction

Electrochromism is the phenomenon of reversible optical
change in a material induced by an external voltage which re-
sults in its electrochemical oxidation or reduction producing
the states of distinctly different electron absorption spectra
[1]. The concept of “electrochromism” was first theoretically
proposed by Platt in 1961 [2].
Since the first demonstration of an electrochromic (EC)

effect, numerous EC materials have been developed and they

*Corresponding author (email: menghong@pkusz.edu.cn)

have found a wide range of applications [3], such as “smart
windows/mirrors” [4,5], automatic anti-glazing mirrors [6],
sunglasses [7], electronic paper [8], display panels [9], data
storage [10], electrochromic textile/fabric devices [11,12],
spacecraft and military applications [13,14].
Polymeric ECmaterials with incorporated electro/photoac-

tive chromophores into the main chain of non-conjugated
polymers have been recently reviewed by Liaw et al. [15].
Conjugated polymers (CPs) have attracted tremendous in-

terest in the past decades due to their unique properties and
wider range of possible applications, which were highlighted
in many nice reviews [16,17]. Variety of structural varia-
tions and modifications of the backbone and the side chains
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in EC conjugated polymers, potentially low cost production
and possibility for large-area flexible device fabrication, high
coloration efficiency and extreme chromatic diversity, fast re-
sponse time, excellent redox and environmental stability and
good optical memory, all these make them invaluable ECma-
terials for many technological applications with great poten-
tial for commercialization. The color hue and the band gap in
CPs EC materials can be relatively easily and precisely tuned
by structural modification of used monomers to match with
the application needs. Many efforts have been made in the
past two decades to expand the “color palette” of CPs EC
materials by incorporation of various building blocks into the
main polymer chain, to tune the electronic energy levels in the
reduced/oxidized states of CPs and their band gaps, to control
the sterics (e.g. to adjust the planarity of the polymer back-
bone), as well as to improve the stability of the materials and
devices [18–20].
In the end of 1980s, chemists at the Bayer AG company

put forward a novel conducting polymer poly(3,4-ethylene-
dioxythiophene) (PEDOT) [21], which made remarkable
progress in the field. PEDOT has low band gap of ca. 1.6 eV
(in an undoped state), low oxidation potential, tremendous
stability, and high conductivity and optical transparency in
its doped state [22–26]. It was commercialized under the
trademark Baytron® (then as CleviosTM) and is now widely
used as electrically conductive and hole injection layer (in
the doped form, PEDOT:PSS, with polystyrene sulfonate) in
various electronic applications including organic antistatic
coatings, light emitting diodes (OLED), organic photovoltaic
cells (OPV), as well as in EC devices [27,28]. Considering
the unique properties of PEDOT, a lot of research has been
done on functionalization of its monomer 3,4-ethylene-
dioxythiophene, EDOT (Scheme 1), at the side ethylene
bridge (as well as on its ring-expanded analog 3,4-propylene-
dioxythiophene, ProDOT, Scheme 1), with numerous reports
on synthesis and studies of a wide range of  novel  polymers

Scheme 1         Structures of EDOTs, ProDOTs, TTs and PDMTT (color online).

and copolymers based on these building blocks [29–32].
Thieno[3,2-b]thiophene (TT) (Scheme 1) [33,34] rep-

resents another popular fused thiophene building block,
which is now widely used in design of novel polymeric
materials for OPV [35], OLED [36,37], OTFT (organic
thin film transistors) [38] and EC materials [39]. With its
rigid and planar structure, extended conjugation and easy
functionalizations at β,β′ (3,6-) positions, TT offers many
opportunities in the design of novel high performing elec-
tronic materials. Thus, in 2005 Roncali group [40] has
reported a novel low band gap (Eg=1.65eV) polymer based
on 3,6-dimethoxythieno[3,2-b]thiophene (DMTT), PDMTT
(Scheme 1), which has planar rigid structure due to short
S··· O intramolecular contacts (similar to that existing in
EDOT oligomers and PEDOT) and showed low oxidation
potential, good stability, and optical transparency in the
doped state (pale blue in the reduced state, λmax=592 nm)
comparable to that for PEDOT. Structural variations in β,β′
substituents can drastically change the optical properties
and electrochromic behavior of TT-based polymers: bulky
aryl groups in poly(3-arylthieno[3,2-b]thiophenes) give the
polymers, which are reddish yellow to brown in their reduced
state and blue in the oxidized state [41]. These examples
demonstrate that thieno[3,2-b]thiophene core represents
tremendous potential for constructing EC materials, includ-
ing additional potential for α,α′/β,β′ cross-conjugation and
cross-linked polymers.
Consequently, combination of TT and EDOT building

blocks in the construction of novel electrochromic polymers
can offer wide range of opportunities to control the optical
and electrochemical properties of materials, their stability,
coloration efficiency and other important characteristics of
EC materials and devices.

2          Design principle and synthesis of EDOT-
TT-EDOT electrochromic materials

Here, we highlight recent research on the design and sys-
tematic studies of a series of materials based on EDOT-TT-
EDOT core to demonstrate conceptual design of novel EC
polymers and to show the relationships between the struc-
tural effects of different donor and acceptor substituents in the
β,β′-positions of TT units and the optoelectronic properties
of electrogenerated polymers from such materials. The prin-
ciple is depicted in Chart 1: planar backbone along EDOT-
TT-EDOT gives the polymers with low oxidation potential
and narrow band gap, whereas functionalization with R side
groups allows fine tuning the electronic and optical proper-
ties of polymers in the dedoped/doped state by proper choice
of substituents, as well as an additional opportunity for an
expansion of conjugation into the second dimension toward
cross-conjugated materials. In this study, benzene, thiophene
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Chart 1         Schematic representation of the design of EC materials based on
thieno[3,2-b]thiophene (TT) core (color online).

and EDOT are chosen as donor while pyridine and cyano
units as acceptor substituents. In addition, n-hexyl is intro-
duced to further study the influence of the insulating charac-
ter and the intermolecular interaction resulted from aliphatic
chain. We focus on analysis of tuning the optical and elec-
trochromic properties of CPs by judicious choice of the sub-
stituents and fashion of conjugation in the EDOT-TT-EDOT
core.
The general synthetic route employed by our group

[42–44] recently to access monomers M1–M8 is shown in
Scheme 2. It is based on consecutive functionalization of
thieno[3,2-b]thiophene core at positions 3,6-(1→2,3) and

then 2,5-(2,3→4→M1–M8). Scheme 3 also shows two
other isomeric monomersM9 andM10 used for comparative
studies of the positional effect of EDOT-TT-EDOT core on
EC properties of polymers [44].

3          Structural effects of EDOT-TT-EDOT
monomers on their properties

3.1          Electron absorption spectra of monomers

The UV-Vis electron absorption spectra of monomers
M1–M10 are shown in Figure 1 and the data are summarized
in Table 1. Unsubstituted monomer M6 shows the longest
wavelength absorptions (λmax=390and 408 nm, with a shoul-
der at 455 nm) and fine vibronic structure of its absorption
spectrum confirming the rigidity of the system. Similar
long-wavelength, vibronically resolved absorptions are also
observed for monomers M1 and M5 with methoxy and
EDOT groups, respectively, at positions 3,6- in which cases
intramolecular attractive S··· O interactions facilitate the pla-
narization of the molecules [31,45–47]. Slight bathochromic
shift λmax from 408 nm (M6) to 413 nm (M1) due to intro-
duction of electron-donating (and facilitating intramolecular
S··· O interactions) methoxy group is in excellent agreement
with studies on similar EDOT-TT-EDOT molecules with
hexyl-end-capped EDOT fragments [48].  An  incorporation

Scheme 2         The synthetic route to the monomersM1–M8, and their electropolymerization to polymers P1–P8 and P5-A [42–44].
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Scheme 3         Structures of monomers M9 and M10, and electropolymeriza-
tion of M9 to P9 [44].

of bulky aryl groups at positions 3,6-(M2,M3,M4,M7 and
M8) sterically perturb the conjugation along the EDOT-TT-
EDOT and the planarity of the molecules, resulting in hyp-
sochromic shifts of an absorption (down to λmax=365–380nm)
and in disappearance of vibronic structure in their electronic
spectra. However, changes in the absorption spectra for 3,6-

arysubstituted monomers are small and there is no clear cor-
relations between their absorption maxima and the electron
donating/accepting character of the substituents. It is worth
noting that monomer M4 with thiophene substituents at po-
sitions 3,6- shows hypsochromic shift compared to some-
what more bulky 3,6-EDOT-substituted analogM5, suggest-
ing an important role of ethylenedioxy groups for narrowing
the highest occupied molecular orbital (HOMO)-lowest un-
occupied molecular orbital (LUMO) gap (with possible con-
tribution from short S···O contacts to this difference, apart
from stronger electron donating effect of EDOT). At the same
time, drastic effect of the position of substitution (3,6- vs.
2,5-) on the degree of conjugation can be clearly seen when
comparing the monomers M9 with M6 and M10 with M2:
shorter conjugation path and an increased steric hindrance for
π-electron delocalization along the 3,6-positions in TT result
in drastic hypsochromic shifts of the monomers absorptions
(by ~70 and ~40 nm, respectively). Such an interpretation is
in good agreement with B3LYP/6-31G(d) DFT calculations:
while monomer M6 is near planar (dihedral angles between
the TT and EDOTs are ca. 1.5°), the monomerM9 is substan-
tially distorted (dihedral angles between the TT and EDOTs
are ca. 51°).

Figure 1         Electron absorption spectra of monomersM1–M10 in CHCl3 (the spectra are normalized to the longest absorption maxima) (color online).

Table 1     Electrochemical and optical data for thieno[3,2-b]thiophenes-based monomersM1–M10

Monomer 3,6-subst. 2,5-subst. λmaxabs (nm), [CHCl3]
λonset a)
(nm)

Eg,opt a)
(eV)

Eox,onset b)
(V)

HOMO c)

(eV)
LUMO d)

(eV)
M1 MeO EDOT 303, 372sh e), 393, 413 454 2.73 –0.05 –4.75 –2.02
M2 Ph EDOT 374 438 2.83 0.10 –4.90 –2.07
M3 HexPh EDOT 374 434 2.86 0.13 –4.93 –2.07
M4 HexTh EDOT 286, 338 438 2.83 0.27 –5.07 –2.24
M5 EDOT EDOT 355sh, 370sh, 378sh, 393, 415sh 438 2.83 0.06 –4.86 –2.03
M6 H EDOT 293, 390, 408, 455sh 492 2.52 0.12 –4.92 –2.40
M7 CNPh EDOT 309, 380 444 2.79 0.39 –5.19 –2.40
M8 Py EDOT 294, 365, 450sh 447 2.77 0.34 –5.14 –2.37
M9 EDOT H 273, 320 382 3.25 0.26 –5.06 –1.81
M10 EDOT Ph 284, 321, 345sh 393 3.16 0.59 –5.39 –2.23

a) Eg,opt is the HOMO-LUMO gap of the monomers, estimated from the red edge of their electron absorption spectra (λonset): Eg,opt=1240/λonset (eV); b) Eox,onset
is the onset of electrochemical oxidation potentials (vs. Fc/Fc+) of the monomers in dichloromethane/acetonitrile (DCM/ACN), 4:1 (M1), 3:1 (M2, M3), DCM
(M4–M6,M9,M10), CHCl3/ACN, 4:1 (M7), DCM/THF (THF=tetrahydrofuran),3:2 (M8), 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6), Pt
working electrode, scan rate 100 mV s–1; c) HOMO=–(Eox,onset+4.8)(eV); d) LUMO=HOMO+Eg,opt (eV); e) sh: shoulder.
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3.2          Electrochemical properties of the monomers

All the monomers are anodically oxidized showing irre-
versible oxidation waves with Eox,onset in the region of –0.05
to +0.59V vs. Fc/Fc+(Figure 2 and Table 1). Compared to
unsubstituted monomer M6 (Eox,onset=0.12V vs. Fc/Fc+), an
introduction of electron donating EDOT groups (M5) and
especially methoxy groups (M1) at positions 3,6- (which
increases the HOMO energy level of the monomers) results
in cathodic shifts of their oxidation potentials andM1 shows
the lowest oxidation potential in the series (Eox,onset=−0.05
V). On the other hand, sterically hindered aryl groups (M2
and M3) have very small effect on the oxidation potentials
of the monomers (i.e. on HOMO), in contrast to their
more pronounced effect on the absorption spectra (i.e. on
HOMO-LUMO gap). The importance of electronic effect
of substitutents in positions 3,6- is also seen from the com-
parison of M6 with M7 and M8, which shows anodic shifts
of their oxidations by 0.22–0.27 V (to 0.39 and 0.34 V,
respectively).
Anodic shift in the thiophene-substituted monomer M4

compared to the phenyl analogs (M2 andM3) by 0.14–0.17 V
is somewhat unexpected considering the electron rich charac-
ter of the thiophenes moiety. Possibly, it can be rationalized
from the consideration of the geometries of 3.6- phenyl-
and thienyl-substituted EDOT-TT-EDOT monomers, i.e.
M2/M3 vs. M4. Thus, DFT calculations show that dihedral
angles between the TT core and side thienyl substituent
(M4) is substantially higher (72°) than that for phenyls in
M2/M3 (49°) (Figure 3) decreasing the electron donating
effect of the thiophenes moieties on the EDOT-TT-EDOT
π-system by the resonance. Dihedral angles between TT
and EDOT moieties are 39° and 7°, respectively. Similarly
to the electron absorption spectroscopy data, the mode of
location of EDOT units on the TT moiety (3,6- vs. 2,5-)
has pronounced effect on their electrochemical behavior.
Monomer M9 (3,6-EDOT substitution) is more difficult to
oxidize than M6 (2,5-EDOT substitution) (by 0.14 V), and
even more pronounced positive shift in oxidation by 0.49 V
is observed for their phenyl-substituted analogs (M2→M10).

4          EDOT-TT-EDOT based electrochromic
polymers

4.1          Electrochemical polymerization of the monomers

Monomers M1–M9 are easily electropolymerized in poten-
tiodynamic conditions with anodic scans to the potentials
of their oxidations to the radical cations, with growing the
polymer films on the surface of working electrode in cyclic
voltammetry (CV) experiments, which is manifested by an
appearance of increased waves at lower potentials on cycling
(as exemplified in Figure 4 for electropolymerization ofM1
and M6). While the monomer M9 with 3,6-attached EDOT
groups can be electropolymerized (but at higher potentials
than its 2,5-isomer M6), sterically crowded analog M10
with bulky phenyl groups at positions 2,5- does not give
corresponding polymer by electropolymerization process, in
contrast to its isomerM2 (Figure 2).
Monomer M5 represents a special case, as it contains

EDOT end groups attached to both 2,5- and 3,6-positions,
which are oxidized at different potentials, with lower oxida-
tion potentials for 2,5-EDOT substituted isomers compared
to their 3,6-counterparts (compare M6 vs. M9 and M2 vs.
M10, Table 2). Accordingly, an electropolymerization can
be potentially performed rather selectively and proper choice
of an electropolymerization potential could give different
type of polymers. Really, at lower electropolymerization
potentials, the coupling occurs only at one type of EDOT
groups (i.e. 2,5-) giving the linear polymer P5 whereas at
higher potentials, EDOT end groups on both sites (2,5- and
3,6-) are involved in the process resulting in cross-linked
polymer P5-A (Scheme 2), properties of which differ sub-
stantially from P5 (discussed below) [42].

4.2          Electrochemical properties of polymers P1–P9,
P5-A and P11

The previous studies have demonstrated that there is little
difference in the optoelectrochemical behaviors of polymers
synthesized  by   chemical   and   electrochemical   methods

Figure 2         Cyclic voltammograms of monomersM1–M6,M9 andM10 on a Pt disk electrode at a scan rate 100 mV s–1. Electrolyte is 0.1 M TBAPF6, solvents
are indicated in the Table 1 (color online).
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Figure 3         DFT B3LYP/G-31G(d) optimized geometries for (a)M2 and (b)
M4 (hexyl group is substituted by methyl group for clarity of representation)
(color online).

[49,50]. Apart from a series of electrochemically prepared
polymers P1–P9 and P5-A, chemically prepared soluble
donor-acceptor polymer P11 (Scheme 4) have been included

for comparative considerations in this section. M1–M9 are
electron rich units (with some electron deficient character of
the sidegroups inM7 andM8) and it is worth to compare the
electrochemical, optical and EC properties of the polymers
prepared from these building blocks with related copolymer
P11 incorporating into its backbone the benzothiazole elec-
tron acceptor unit, which is successfully and widely used in
donor/acceptor (D-A) copolymers for electrochromics [51],
OPV [52], OLED [53] and OFET [54].
All the polymers show an electroactivity with the reversible

p-doping/dedoping process. The CV traces of representative
polymers are shown in Figure 5 and all the data are collated
in Table 2. Scan rate dependent CV experiments (from 25 to
200 mV s–1) for all the polymer films shows excellent linear
dependences (correlation coefficients R2=0.997–1.000)of the
current densities versus the scan rates, for both anodic and
cathodic currents, jpa and jpc, as exemplified in Figure 6 for P1
andP11. This confirms that p-doping/dedoping process of the
polymers is highly reversible and proceeds in non-diffusion
conditions.
Oxidation (p-doping) of the polymer P1 with electron do-

nating methoxy groups (which also planarize  the  backbone

Figure 4         Electropolymerization of monomersM1 andM6 [44] on a Pt working electrode in DCM/ACN, 4:1 (M1) and DCM (M6) with 0.1 M TBAPF6, on
cycling at a scan rate 100 mV s–1. Potentials are vs. Ag wire.

Table 2     Electrochemical and optical data for polymers P1–P9, P5-A and P11 in films

Polymer 3,6-subst. 2,5-subst. λmaxabs a)
(nm)

λonset a)

(nm)
Eg,opt b)

(eV)
Eox,onset c)
(V)

HOMO d)

(eV)
LUMO d)

(eV)
∆EoxM-P e)

(V)
P1 MeO EDOT 579 822 1.51 –0.78 –4.02 –2.51 0.73
P2 Ph EDOT 584, 638 689 1.80 –0.45 –4.35 –2.55 0.55
P3 HexPh EDOT 596, 642 697 1.78 –0.42 –4.38 –2.60 0.55
P4 HexTh EDOT 548 730 1.70 –0.37 –4.43 –2.73 0.64
P5 EDOT EDOT 583 718 1.73 –0.53 –4.27 –2.54 0.59
P5-A EDOT EDOT 514 698 1.78 –0.26 –4.56 –2.78 0.36
P6 H EDOT 569 721 1.72 –0.64 –4.16 –2.44 0.76
P7 CNPh EDOT 580 808 1.53 –0.36 –4.44 –2.91 0.75
P8 Py EDOT 545 745 1.66 +0.30 –5.10 –3.44 0.09
P9 EDOT H 475 647 1.92 –0.25 –4.55 –2.63 0.51
P11 – – 451, 683 852 1.46 –0.06 –4.74 –3.28 –

a) Absorption maxima and absorption onsets of the polymers in the dedoped state; b) optical band gaps of the neutral polymers; c) for the films on indium
tin oxide (ITO) in monomer-free 0.1 M TBAPF6/ACN vs. Fc/Fc+; d) HOMO and LUMO energies are calculated similar to Table 1; e) differences between the
Eox,onset for the monomers and the polymers.
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Scheme 4         Palladium catalyzed copolymerization of monomersM3 and 6 to polymer P11.

Figure 5         Cyclic voltammograms of polymers P1–P7, P9 electrodeposited on Pt disk electrode, and of spray-casted P11 film in 0.1 M TBAPF6/ACN at a scan
rate 100 mV s–1 (color online).

through the short S··· O contacts) occurs at the most neg-
ative potentials in the series (–0.78 V vs. Fc/Fc+), which
is even more negative than for “unsubstituted” EDOT-TT-
EDOT polymer P6 (–0.64 V) (Table 2). Aryl substituents at
positions 3,6- (P2–P4, P7) [43] decrease the HOMO energy
level of polymers (an increase of p-doping potentials), but it
seems that the main contribution to this behavior is partially
breaking the planarity of the main polymer chain by bulky
groups, whereas their electronic effects are less pronounced
(cf. P2–P4 with P7 in Figure 5 and Table 2). Yet, elec-
tronic effects can not be completely neglected, as an intro-
duction of electron accepting CN group into the phenyl ring
gives the polymer which is p-doped at 0.09 V potential higher
(–0.36 and –0.45 V for P7 and P2, respectively). Also, elec-
tron-donating EDOT groups at the positions 3,6- in the poly-
mer P5 shift its p-doping potential cathodically to –0.53 V.
Nevertheless, in spite of observable electronic effect of the
side 3,6-substituents in EDOT-TT-EDOT polymers is clearly
seen from these examples, the behavior of pyridine-substi-

tuted polymer P8 is not fully understood. It shows drastic an-
odic shift of its p-doping process by 0.94 V compared to “un-
substituted” polymer P6 (from –0.64 V to +0.30V), and by
0.66 V compared to the polymer P7with another electron-ac-
cepting 3,6-substituents (4-cyanophenyl). We can speculate
that this might be due to the presence of basic nitrogen atom in
pyridine, which might effect on the doping/dedoping process
of the polymer by partial protonation of the pyridine ring or
affecting the proton-transfer processes on electropolymeriza-
tion process (which might have an influence on the molecular
weight and/or the packing fashion of the polymer).
The importance of the mode of an attachment of the EDOT

to the TT core becomes obvious when comparing the poly-
mers P6 and P9. More flat, with better degree of conjugation
polymer P6 is a better donor, which is p-doped easier by 0.39
V compared to P9 (Eox,onset=−0.64and –0.25 V, respectively).
It is interesting to compare two polymers, which are obtained
by electropolymerization of the  monomer  M5  having  four
 EDOT  groups  on  both 2,5- and 3,5-sites.  Whereas  linear
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Figure 6         Cyclic voltammograms of (a) P1 and (b) P11 polymer films on Pt electrode in monomer-free solution 0.1 M TBAPF6/ACN at different scan rates
from 25 to 200 mV s–1. A linear plots of anodic (jpa) and cathodic (jpc) peak current densities versus scan rates for polymers P1 (c) and P11 (d), derived from
graphs (a) and (b), respectively (color online).

polymer P5 shows rather low potential of its p-doping (–0.53
V), cross-linked polymer demonstrates substantial anodic
shift of its oxidation to –0.26 V.
Obviously, such a cross-linking substantially disturb the

planarity of the polymer chain not only due to the increased
sterics along the 2,5-(EDOT-TT-EDOT) backbone, but also
because the polymerization can occur by coupling at 2,5-/3,6-
sites. This decreases the effective conjugation of the poly-
mer P5-A, which actually shows the same potential of p-dop-
ing as polymer P9 with 3,6-linkage of the backbone (–0.25
V). Donor-acceptor polymer P11 shows rather high poten-
tial of its p-doping (–0.06 V vs. Fc/Fc+) compared to other
polymers confirming that an introduction of electron-defi-
cient benzothiazole units into the backbone substantially de-
creases its HOMO energy level over the polymers P1–P7 (al-
though D-A interactions substantially decrease its band gap,
as discussed below).

4.3          Spectroelectrochemical properties and colorimetry
of the EC polymer films

Spectroelectrochemical (SEC) properties of polymers P1–P9
and P11, studied in films deposited on ITO glass are shown
in Figure 7 and the data are tabulated in Table 2.
In the neutral form, the absorption maxima of “unsubsti-

tuted” polymer P6 and polymer P1 with 3,6- methoxy groups
are quite close (569 and 579 nm, respectively), but the onset
of the later is strongly red-shifted (by 100 nm) leading to

substantial band gap contraction from 1.72 to 1.51 eV. Aryl
groups at positions 3,6-[phenyl (P2), 4-hexylphenyl (P3)]
slightly increase the band gap (by 0.06–0.08 eV), but more
electron-donating and less bulky thiophenes-functionalized
polymers P4 and P5 show the band gaps (1.70 and 1.73 eV,
respectively) similar to “unsubstituted” polymer P6 (1.72
eV). In contrast to the oxidation potentials (HOMO) of the
polymers, which are substantially different for linear polymer
P5 and cross-linked polymer P5-A (by 0.29 eV), the optical
band gaps of both polymers in their neutral forms are quite
close (1.73 and 1.78 eV, respectively). On the other hand, the
change in the mode of an attachment of EDOT units to the
TT core (from 3,6- in P6 to 2,5- in P9) results in substantial
increase of the band gap (P9: 1.92 eV). In the case of polymer
P7 with electron-withdrawing 4-cyanophenyl substituents,
substantial band gap contraction is observed (by 0.27 eV
compared to P2, to 1.53 eV). The same trend is observed in
the case of electron deficient pyridine groups (polymer P8,
1.66 eV). From analysis of their HOMO/LUMO energies,
it is obvious that such a band gap contraction arises from
the stronger effect of electron-withdrawing substituents on
LUMO than on HOMO (Table 2). As expected, pronounced
band gap contraction is also observed for donor-acceptor
polymer P11, which shows the narrowest band gap in the
series (1.46 eV).
An oxidation (p-doping) of all polymers in spectroelectro-

chemical experiments leads to disappearance of their main
π-π* transition band(s) in the visible  region  on  the  cost  of
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Figure 7         In-situ absorption spectra of P1–P4 [43], P6 [44], P9 [44] and P11 polymer films on ITO-glass in monomer-free solution 0.1 M TBAPF6/ACN at
different potentials. Applied potentials are versus Ag wire (color online).

growing lower energy, broad absorbtion bands in the long
wavelength visible and near infrared (NIR) region attributed
to the optical transitions in their polaron and bipolaron states
(Figure 7). Oxidized states of the polymers are characterized
by two type of optical transitions: (1) broad band (~500–1200
nm) centered around 800–900 nm (it is somewhat blue shifted
forP9 and red-shifted inP11) due to polaron carriers; (2) very
broad NIR band centered at ~1400 nm (P1, P6, P9) or >1600
nm that belongs to the transitions in bipolarons (Figure 7).

Blue tail of these bands in an oxidized state of the polymer is
expanded to the visible region dictating (together with short
wavelength absorptions) the color of EC polymer on oxida-
tion.
The energy levels diagram and the color palette of the

electrochromic EDOT-TT-EDOT polymers in their doped/
dedoped states are shown in Figure 8, and the Table 3 sum-
marizes their international commission on illumination (CIE)
color coordinates.  Aryl-substituted  polymers  P2–P5  with
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Figure 8         Frontier orbital energy levels and photographs of polymersP1–P8
(films on ITO glass slides) based on EDOT-TT-EDOT core (color online).

electron donating side aryl groups are cathodically color-
ing polymers: being blue/purple in the neutral state, they
undergo bleaching on oxidation to light grey (or pale brown-
ish-/greenish- grey) colors. In contrast, polymers P7 and P8
with electron withdrawing 3,6-substituents (4-cyanophenyl,
4-pyridyl) give highly colored films of different colors in
both the reduced and the oxidized states. P7 changes the
color from purple (L*=35.7,a*=4.4,b*=−2.5) in the neutral
state to a pale grey-blue hue (L*=44.1, a*=−2.4, b*=4.1) in
the oxidized state and P8 shows purple-red color (L*=44.4,
a*=7.4, b*=3.1) in fully dedoped state, brown (L=29.6,
a*=1.5, b*=−1.4) in the neutral state, and pale grey-green
(L*=48.4,a*=3.1,b*=8.9)in the oxidized state. Color values
of P6, P7, P8 in the neutral state have a trend to a lower L*
and to a higher b*, that is to less blue and more yellow hue.
In the oxidized states, the color values progress to a lower
L* and lower a* that implies to have less purple and more
green hue.
It is interesting to compare two polymers, P5 and P5-A,

based on tetra(EDOT)-TT monomerM5. Linear P5 polymer
(formed on electropolymerization of M5 at low potential of

~1.0 V) exhibits blue (L*=73,a*=−1.3,b*=−4.5),purple and
light blue colors at different applied potentials in SEC. When
higher potential (~1.2 V) is applied, the polymer P5-A with
different EC behavior is formed. P5-A changes its color grad-
ually from pinkish-red (L*=63.8,a*=9.1,b*=11.3), to brown
and then to light gray [42].

4.4          Contrast and the response time

Optical contrasts, switching times, coloration efficiencies
and stability are the important parameters for applications
of electrochromic materials. The percent transmittance
provides an intuitive assessment of the switching ability of
electrochromic materials [17]. At the same time, switching
time between the two extreme states (neutral and oxidized/re-
duced states) is a crucial parameter for some EC applications
(e.g. in displays) [39,55].
The “unsubstituted” polymer P6 shows very high contrast

of 79% in the visible region (Table 4). This value slightly
decreases on introduction of bulky 3,6-phenyl substitu-
tients (P2, 71%) and further decreases on an increase of
electron donor ability of aryl groups P2>P3>P4≈P5 down
to 35%–38%. This indicates relatively small effect of the
sterics in positions 3,6-, with more important contribution
from electronic effects of the side groups to the contrast of
this class of EC materials. The above conclusion is also
confirmed by low contrast for sterically not crowded polymer
with strong electron donating methoxy groups (P1, 35%,
Table 4 and Figure 9). Interestingly, those electron with-
drawing substituents also decrease the contrast even stronger
than donor groups (cf.: 24% for P7 with 4-cyanophenyl-
and 17% for P8 with 4-pyridyl groups). Of course, there is
an uncertainty in such a comparison of different polymers
associated with measuring the contrasts at different wave-
lengths, but large changes in the contrasts and analysis of
SEC spectra in Figure 7 confirm the validity of such a trend
by the electronic effects. Obviously, these differences are, at
large extent, due to the different  positions  (and  intensities)

Table 3     CIE 1976 color coordinates of thieno[3,2-b]thiophene-based polymers P1–P9, P5-A and P11

CIE 1976 (L*; a*; b*)
Polymer 3,6-subst. 2,5-subst.

Neutral state Oxidized state
P1 MeO EDOT 54.3; 1.8; 1.1 33.9; –1.9; –9.3

P2 [43] Ph EDOT 30.5; 3.9; –8.9 33.9; –4.0; –13.5
P3 [43] HexPh EDOT 25.7; 2.8; –11.7 35.0; –5.1; –15.5
P4 [43] HexTh EDOT 24.8; 1.9; –6.5 33.0; –3.5; –6.2
P5 EDOT EDOT 54.1; 2.3; –11.8 63.8; –0.2; –1.6
P5-A EDOT EDOT 55.9; 9.7; 11.4 56.7; –2.6; 5.5
P6 [44] H EDOT 56.5; 1.1; –10.5 50.3; –1.7; 10.7
P7 CNPh EDOT 35.7; 4.4; –2.5 44.1; –2.4 ; 4.1
P8 Py EDOT 29.6; 1.5; –1.4 48.4; 3.1; 8.9

P9 [43] EDOT H 27.5; –71.1; 1.7 26.8; 30.9; 31.8
P11 – – 54.7; –2.7; –1.0 60.9; –1.7; –1.9
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Table 4     Comparison of contrast (in the visible andNIR region), response time and stability of the polymer films ofP1–P9, P5-A andP11 in 0.1MTBAPF6/ACN

Contrast, ∆T (%) Response time (s)
Polymer 3,6-subst. 2,5-subst.

in Vis (λ) in NIR (1500 nm) Oxidation Reduction
Stability after 100 cycles
(switching potentials)

P1 MeO EDOT 35 (580 nm) 81 1.85 1.53 66% (–0.8/–1.0 V)
P2 Ph EDOT 71 (590 nm) 60 1.80 1.10 67% (–0.4/–1.4 V)
P3 HexPh EDOT 61 (650 nm) 58 2.70 2.00 85% (–0.8/–1.4 V)
P4 HexTh EDOT 35 (600 nm) 62 1.63 0.96 84% (–0.8/–1.4 V)
P5 EDOT EDOT 38 (500 nm) 64 0.84 0.85 91% (80%) [42] a) (–0.2/–1.0 V)
P5-A EDOT EDOT 22 (500 nm) 75 0.80 0.88 93% (–0.4/–1.3 V)
P6 H EDOT 79 (570 nm) 48 0.57 1.41 80% (–0.8/–1.0 V)
P7 CNPh EDOT 24 (570 nm) 62 1.50 2.00 96% (91%) a) (–0.5/–1.0 V)
P8 Py EDOT 17 (540 nm) 50 2.10 4.10 68% (0/–1.2 V)
P9 EDOT H 73 (470 nm) 72 1.72 0.83 88% (–0.3/–0.9 V)

P11 – – 28 (450 nm), 31
(685 nm) 67 0.94 0.91 77% (–0.4/–1.1 V)

a) Values in brackets are after 2000 cycles.

Figure 9         Transmittance-time profile of (a) P11, switching between –0.2 and +1.0V (monitored at 450, 685 and 1500 nm) and (b) P1, switching between –0.6
V and +1.0V (monitored at 580 and 1500 nm ) onto ITO coated glass slides in 0.1 M TBAPF6/ACN solution; potential switching time 10 s (color online).

of their polaronic NIR bands, which are expanded to the vis-
ible region by their blue tail (Figure 7). With this respect, in
design of EC polymers with high contrast it is important to
consider not only the structural effects on the absorption of
the neutral forms of the polymers but also how the structures
affect the transitions in the polaronic states and which factors
are important for shifting this polaronic transition down to the
NIR region.
It is interesting that the change of the location of EDOT

units (2,5- in P6 vs. 3,6- in P9) does not lead to substantial
changes in the optical contrast of the polymers switching, as it
has on theHOMOenergies and the band gaps of the polymers,
and P9 demonstrates rather high contrast of 73%.
Donor-acceptor polymer P11 also shows relatively

low/moderate contrast measured at its two absorption max-
ima in the visible region (Table 4 and Figure 9).
It is also worth noting that the coloration efficiency of P5

(234.6 cm2 C–1) is higher than that of the reported bench-
mark electrochromic polymer PEDOT (183 cm2 C–1) [56],
and much higher than many inorganic EC materials [57,58].
The switching times of EDOT-TT-EDOT based polymers
P1–P9, P11 lie in the range of 0.57–2.70 s for oxidation and
0.83–4.10 s for reduction processes and there is no obvious
correlation between the structures and their switching times.

Nevertheless, some conclusions can bemade from analysis of
the data in Table 4. “Unsubstituted” parent polymerP6 shows
the lowest response time on oxidation (0.57 s), whereas its
back switching is ~3 times longer. Its isomer P9, on the con-
trary, shows twice slower response in the oxidation compared
to the reduction process (1.72 and 0.83 s, respectively). Lin-
ear and cross-linked polymers P5 and P5-A from tetra-EDOT
substituted TT monomer (M5) both show rapid switching
times of 0.80–0.88 s, with very similar times for oxidation
and reduction processes.

4.5          Films morphology and stability

It was demonstrated that the film morphology might strongly
affect the EC behavior of the polymers and the performance
of the devices [59,60]. Although the mechanism is not fully
understood, it is believed that the porous structures should fa-
vor the faster switching rate of EC polymers [61,62]. More-
over, in the case of EC polymer films prepared by electropoly-
merization method, the condition of film growing is impor-
tant for resulting film morphology. Figure 10 shows images
of some representative EDOT-TT-EDOT polymers. All the
films obtained by electropolymerization method display typ-
ical rough, small grains and  spots.  Not  sterically  crowded



74 Zhu et al.   Sci China Chem   January (2017)  Vol.60  No.1

Figure 10         AFM images of polymer films of P1, P4–P6, P5-A and P9 on
ITO coated glass slides [42–44] (color online).

polymer P6 forms compact films with the smooth surface
(root-mean-square (RMS) roughness 3.27 nm), while its
3,6-isomer P9 shows less compact morphology (RMS=7.93
nm) [44]. An increased roughness is observed for 3,6-sub-
stituted 2,5-(EDOT-TT-EDOT) polymers. Even P1 polymer
with small methoxy groups shows RMS=30.7 nm. For
3,6-aryl substituted polymers, P2 shows quite homoge-
neous flat morphology with RMS=10.5 nm (not shown),
but an introduction of long side hexyl chains, as in P3
(RMS=31.1 nm) and especially in thiophene-substituted
analog P4 (Figure 10, RMS=61.7 nm), gives an aggregated
morphology with an increased roughness [43], favorable
for doping/dedoping process. Comparison of atomic force
microscope (AFM) images for cross-linked (P5-A) and
linear (P5) polymers show that they both have a tendency
of aggregation with comparable roughness of the surface,
although the shape of the aggregates is different: spherical
particles for cross-linked P5-A and layered structure in the
case of linear P5 (Figure 10) [42].
The long-time stability upon cycling is a key issue for

many commercial applications of EC materials such as
e-paper, displays or smart windows. Cyclic voltammetry
responses for two polymers, P1 and P11, for the 1st and

100th cycles are shown in Figure 11 and the full data on a
decrease of the electroactivity of studied polymers are given
in the Table 4. Polymer P7 shows excellent stability, best in
the series, retaining 96% of its electroactivity after 100 cycles
(91% after 2000 cycles) (in non-deoxygenated conditions,
on an air). Polymers P5 and P5-A are also highly stable on
CV cycling (91% and 93%, respectively, after 100 cycles),
with no evidence of the cross-linking effects on the cycling
stability. Earlier it was shown that oligooxyethylene-bridged
cross-linked EDOT-based polymers show remarkable stabil-
ity (94% electroactivity after 12000 cycles) [63]. Apparently,
polymerP1with donor methoxy groups shows lower stability
(66%), similar to that for phenyl- and 4-pyridyl-substituted
polymers P2 and P8. Yet, an introduction of long alkyl
chains (in the phenyl and thienyl rings, polymers P3 and
P4) improves the stability of the materials on cycling. The
nature of the decrease of electroactivity of these polymers
requires additional studies. It is not obligatory (and not
likely) associated with the polymers degradation, but can
be due to other factors including changing the morphology
and/or the charge capacity due to mass transfer (penetration
or ejection of ions and solvent on cycling). Thus, Huang
et al. [62] have studied charge trapping in films of various
poly(3,4-alkylenedioxythiophenes) on their EC performance
and showed that long-term EC stability of polymers on
electrochemical cycling/switching is strongly dependent on
the number of trapped ions.

5          Conclusions and perspective

In summary, conjugated polymers based on EDOT-TT-
EDOT motif (TT=thieno[3,2-b]thiophene, EDOT=3,4-
ethylenedioxythiophene) represent a promising class of EC
materials with broad spectrum of electrochromic behavior,
properties of which can be finely tuned by structural vari-
ations in the polymer side chain, in the backbone and by
changing the fashion of the linkage of the monomer units
in the polymers via 2,5- or 3,6- sites of the TT core. The
polymers linked at 2,5-sites show lower band gap and higher

Figure 11         Stability of electrochemical doping/dedoping of (a) P1 and (b) P11 polymer films on Pt electrode in 0.1 M TBAPF6/ACN solution at a scan rate of
100 mV s–1 on an air (color online).



Zhu et al.   Sci China Chem   January (2017)  Vol.60  No.1 75

lying HOMO compared to their 3,6-counterparts. For poly-
mers with 2,5-linage (P1–P8), substitution at 3,6- positions
with electron-donating or electron-withdrawing groups dis-
turb the main chain of the polymer decreasing the HOMO en-
ergy levels of the polymers and affecting the polymers band
gaps. Both steric and electronic factors contribute to these
changes, while sterics seems to be more important contribu-
tor. The monomer with four attached EDOT groups to the TT
core (M5) can be polymerized at 2,5- sites or at both 2,5- and
3,6- sites resulting in linear or crosslinked polymers P5 and
P5-A, comparative analysis of which have been presented.
Depending on the structure of the building blocks and fash-
ion of polymerization, the polymers offer diverse colors de-
veloped in spectroelectrochemical experiments on studies of
their electrochromism, such as violet, deep blue, light blue,
green, brown, purple-red, pinkish-red, orange-red, light gray,
cyan and colorless transparent. These EC polymers show
low oxidation potentials, high optical contrast (up to 79% in
visible region), short switching time (down to 0.57–0.80 s)
and good stability on electrochemical doping/dedoping (up to
96%/100 cycles, 91%/2000 cycles). The polymer P5 demon-
strates very high coloration efficiency (234.6 cm2 C–1).
Considering the large diversity of possible structural vari-

ations in such polymers and wide range of possibilities for
combinations of EDOT-TT-EDOT moieties with other con-
jugated building blocks (one example of such donor-acceptor
polymer P11 has been presented and discussed), we expect an
increased interest to this family of EC materials in the near-
est future and with further progress in developing novel EC
materials based on these promising structures.
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