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A couple of novel electrochromic materials poly(2,3,4,5-tetrakis(2,3-hydrothieno[3,4-b]dixin-5-yl)-1-methyl-1H-pyrrole)
(P(t-EDOT-mPy)) and poly(5,5′,5′′,5′′′-(thiophene-2,3,4,5-tetrayl)tetrakis(2,3-dihydrothieno[3,4-b][1,4]dioxine)) (P(t-EDOTTh)) are electrodeposited via multi-position polymerization of their tetra-EDOT substituted monomers t-EDOT-mPy and
t-EDOT-Th, respectively. Compared with the linear 2D structured poly(thiophene) (Eg=2.2 eV) and poly(2,5-bis(2,3dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophene) (Eg=1.7 eV), P(t-EDOT-Th) (Eg=1.62 eV) has the lowest band gap. Hence, we
speculate that the band gaps of the two polymers, having 3D structures, are decreased in contrast to non-substituted polymers or
bi-EDOT substituted polymers, thiophene and 1-methyl-1H-pyrrole. The results indicated that P(t-EDOT-Th) thin films are more
stable and show higher transmittance amid two polymers, which may find their utilization in organic optoelectronics.
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1 Introduction
Electrochromic materials have the property of change or
bleaching of color as a result of an electron-transfer (redox) process or by applying a sufficient electrochemical
potential [1]. They have been broadly applied in displays
[2], smart windows [3], anti-glare rear-view mirrors [4],
camouflage technologies [5] and supercapacitors [6] due
to the advantages of low applied potential, reversible color
exchange, reasonable optical memory, short response time,
near infrared absorption, high coloration efficiency, long
life-time cycle, low cost, high flexibility, large-scale processability and tunable chemical structures [7,8]. For example,
*Corresponding author (email: menghong@pkusz.edu.cn)
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electrochromic materials have been applied in the Alteos
interactive window system of Boeing 787 Dreamliner [9].
It not only controls the light absorption based on the color
exchanges, but also intensely attracts the passengers’ interest
giving them an innovative experience.
As widely investigated conducting polymers, poly(thiophene)s (PTs) and poly(pyrrole)s (PPys) have revealed
comprehensive research in organic electrochromic devices
(OECDs), organic field effect transistors (OTFTs), organic photovoltaics (OPVs), organic light-emitting diodes
(OLEDs) and radiofrequency identification (RFID) tags.
Both of them are plausible candidates for electrochromic
devices on account of their stability, color tuning and relatively easier electrochemical synthesis [1,10,11]. In addition,
poly(3,4-ethylenedioxythiophene) (PEDOT) [1,10,12] as
chem.scichina.com link.springer.com
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is well known, having the ability to change color, has attracted extensive attention over the past several decades
[13]. PEDOT has an intense non-covalent intramolecular
S–O interaction with circumambient EDOT groups because
of their donor effect.
Among all the conjugated polymers reported so far, band
gap is one of the most imperative parameters in evaluating
their electrochromic performance [10]. Thus, in order to indirectly achieve the desirable electrochromic properties, band
gap can be regulated to adjust the visible light absorption in
polymers. The intramolecular interactions between the high
band gap materials PT (Eg=2.2eV) and PPy (Eg=2.7eV), and
low band gap material PEDOT (Eg=1.6 eV), will result in a
lower band gap and a unique combination of stability [14].
Thus, we envisioned that these polymer groups of PTs, PPys
and PEDOT (molecular structure shown in Figure 1) [10] can
be combined to better tune the electroactive properties such
as band gap.
Patra et al.
[15] synthesized the two-dimensional
(2D) material poly(BEDOT-T), with band gap between
PPy and PEDOT [16], until now, a large number of
multi-position materials have been synthesized by electropolymerization, for instance, the core of benzene,
truxene, 2,4,6-tri(2′-thienyl)-1,3,5-triazine [17] and triphenylamine-based [18] star-shaped materials were synthesized with tetra-positions. Most of the tetra-position
materials have three-dimensional (3D) [19] structure and
superior electrochromic properties, such as tetra-EDOT
substituted bithiophene, 2,3,4,5-tetrathiophenyl-thiophene,
1,3,5-tristhienyl-benzene [20] and diphenylphosphine (DPP)
[21,22].
In our previous work, we have synthesized a series of
tetra-EDOT substituted core compounds and obtained different polymers at different potentials because of having a
variety of substitution sites [16]. Serendipitously, the materials which are tetra-EDOT substituted have 3D structures
[23], clear color changes and exceptional properties.
Herein, we propose multi-substituted EDOT units on the
thiophene and pyrrole cores by designing and synthesizing
two novel materials (2,3,4,5-tetrakis (2,3-dihydrothieno[3,4-
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b][1,4]dioxin-5-yl)-1-methyl-1H-pyrrole (t-EDOT-mPy) and
5,5′,5′′,5′′′-(thiophene-2,3,4,5-tetrayl) tetrakis(2,3-dihydrothieno[3,4-b][1,4]dioxine) (t-EDOT-Th)) (Scheme 1). In our
study, both the two polymer materials have lower band gaps
as compared to their non-substituted polymers.
Since the properties of two polymer materials are similar to
PEDOT, we can speculate that both the materials can replace
PEDOT to some extent. The polymers have lower lowest
unoccupied molecular orbital (LUMO) and appropriate band
gap, and can be applied as hole injection materials. We believe that these kinds of materials can have a wide range of
applications in the field of organic electronics.

2 Experimental
2.1 Materials
All the chemicals were purchased from Energy Chemical
(China), the chemical reagents like toluene, dichloromethane
(DCM), tetrahydrofuran (THF), acetonitrile (ACN) were
dried and distilled over calcium hydride under nitrogen.
Palladium catalyst was purchased from TCI (Japan). LiClO4, propylene carbonate (PC), poly(methyl metacrylate)
(PMMA) (MW=1300000), tetrabutylammonium hexafluorophosphate (TBAPF6) were purchased from Aldrich (USA)
and were used without further purification. The 2,3,4,5-tetrabromo-1-methyl-1H-pyrrole, perbromothiophene and tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane were
synthesized according to a previously reported procedure
[24,25].
2.2 Equipment
The monomers were analyzed by nuclear magnetic resonance
spectroscopy (NMR), mass spectra (MS) used by Shimadzu
LCMS2020 (Japan) and ABI Qstar Elite (USA). Ultraviolet-visible-near infrared (UV-Vis-NIR) spectrum was
recorded on a PerkinElmer Lambda 750 spectrophotometer
(USA). All electrochemical studies were carried out using a
CHI620E electrochemical workstation. Bruker Multimode8
atomic force microscope (AFM; Germany) was used to make
morphological studies.
2.3 Electropolymerization and electrochemical tests
All the electrochemical tests and electropolymerization of the

Figure 1 Molecular structures of the polymers reported in literature [10].

Scheme 1 Molecular structures of the monomers.
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monomers were performed in a three electrode cell containing indium tin oxide (ITO) coated glass or Pt (d=0.2 cm) as
the working electrode, Pt as the counter electrode and a Ag
wire as the pseudo reference electrode, using CHI620E electrochemical workstation. Both the monomers were deposited
by oxidative electropolymerization in 0.1 M TBAPF6 (supporting electrolyte) and THF solution.

3 Results and discussion
3.1 Synthesis procedure of monomer
3.1.1 2,3,4,5-Tetrakis(2,3-dihydrothieno[3,4-b][1,4]dioxin5-yl)-1-methyl-1H-pyrrole (t-EDOT-mPy)
The monomer t-EDOT-mPy was synthesized by Stille
coupling and the synthetic strategy of the target compound is shown in Scheme 2. Compound 2,3,4,5-tetrabromo-1-methyl-1H-pyrrole (2 g, 5.1 mmol) and compound
tributyl(2,3-dihydrothieno[3,4-b][1,4] dioxin-5-yl)stannane
(11 g, 25 mmol) was dissolved in anhydrous toluene (200
mL). Pd(PPh3)4 (0.47 g, 0.408 mmol, 8%) was added and
stirred after purged with argon for 30 min. The mixture
was then stirred at 120 °C in pressure flask for 15 h before
cooling it down to room temperature. The reaction mixture
was washed with DCM, H2O and brine. After drying with
anhydrous magnesium sulfate, solvent was removed by
rotary evaporation. The crude product was purified by silica
gel chromatography (PE:DCM=1:1, 1:2, 1:4, 1:6) to finally
obtain t-EDOT-mPy monomer (orange powder, 1.1 g, yield
33.6%). EI, MS m/z (%) 642 (M+) 1H NMR (300 MHz,
CDCl3, ppm) δ 6.69 (d, J=5.1 Hz, 4H), 4.13 (dd, J=5.2,
2.5 Hz, 8H), 4.04 (dd, J=5.1, 2.6 Hz, 8H), 3.36 (s, 3H)
(Scheme 2).
3.1.2 5,5′,5′′,5′′′-(thiophene-2,3,4,5-tetrayl)tetrakis(2,3dihydrothieno[3,4-b][1,4]dioxine) (t-EDOT-Th)
The synthetic procedure of t-EDOT-Th is similar to the
process of t-EDOT-mPy. Finally, pure t-EDOT-Th monomer
was obtained in the form of yellow powder with isolated
yield 53.2%. EI, MS m/z (%) 645 (M+) (1H NMR (300 MHz,
CDCl3, ppm) δ 6.44 (s, 4H), 4.35 (td, J=3.6, 2.2 Hz, 8H),
4.26 (td, J=3.5, 2.1 Hz, 8H) (Scheme 2).
The precusor of t-EDOT-mPy was metamorphic after being placed in vacuum drying oven for 2 weeks under room
temperature, because of solid-state polymerization [26]. Also
the highest occupied molecular orbital (HOMO) and LUMO
levels were measured using density functional theory at the
B3LYP/6-31G* level. The HOMO level of t-EDOT-mPy is
–4.91 eV and the LUMO level is –0.36 eV (for t-EDOT-Th,
the HOMO level is –5.00 eV and the LUMO level is –1.13
eV). The LUMO of t-EDOT-mPy is so high that it easily degrades and this conclusion is verified by the experimental results.

Scheme 2 Synthesis procedures of t-EDOT-mPy and t-EDOT-Th via Stille
coupling.

3.2 Mechanism of electropolymerization (anion-participated cation radical polymerization)
The polymerization of the monomers was performed by
cyclic voltammetry and the mechanism of electropolymerization was anion-participated cation radical [27]. Firstly,
the monomers were adsorbed on the surface of the substrate.
Secondly, each monomer lost an electron to form radical
cation under oxidation potential and anions combined with
radical cations to reduce the electrostatic repulsion [28].
Thirdly, two radicals were coupled, generating dihydro dimer
dication, which lost the two protons to form a dimer. The
dimers lost electrons further and coupled under the applied
potential. With the gradual increase in the polymerization
degree, the insoluble polymer accumulated on the substrate
regularly. Different conditions (solvents, scan rate etc.)
correspond to different morphologies, which is ascribed to
different initial arrangements of oligomers [4,29,30]. Therefore, we have to choose optimal experimental conditions.
During the process of electropolymerization, the step that
two radicals coupled and lost protons is rate-limiting step
[31,32].
3.3 Electrochemical properties
The oxidative polymerization was implemented by
three electrode cell in THF solution containing 7.8×10–4
M monomer (t-EDOT-mPy) or 7.8×10–3 M monomer
(t-EDOT-Th). Figure 2(a) shows the polymerization process
of t-EDOT-mPy and a reversible redox process quickly
grown between 0 and 1.2 V at a scan rate of 100 mV s–1.
The first cycle of electropolymerization demonstrated irreversible monomer oxidation peaks. P(t-EDOT-Th) was
electrodeposited between –0.8 and 1.3 V at a scan rate of
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100 mV s–1 [33]. At last, the thin films of P(t-EDOT-mPy)
and P(t-EDOT-Th) with thickness of 223 and 267 nm respectively were obtained.
Herein, it is critical to ensure the position of electropolymerization since both the polymers have multi positions.
Based on 1H NMR giving the chemical shift and computational simulation revealing distribution of electron density,
we assumed that four positions are similar, that is to say, the
oxidation potentials of four positions are nearly the same.
All the four positions could electropolymerize together
under a reasonable potential. Due to the existence of four
EDOT groups, there are three different connections between
radical cations and the EDOT units are connected through
the α-α, β-β, α-β positions of pyrrole and thiophene core.
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It is known that the α-β conjugation would introduce steric
hindrance comparing with α-α and β-β connections [16,34].
Consequently, both α-α and β-β connections result in 3D
structures. Insets in Figure 2 give the electropolymerization
mechanism of the two materials.
As an important property of the electrochromic polymers,
the scan rate dependence of the two polymeric films were investigated by cyclic voltammetry (CV) in the same system
within a scan rate range of 50 to 300 mV s–1. As shown in
Figure 3(c, d), the peak current intensities of both polymers
have a good linear dependence on the scan rate, indicating
that both redox processes are non-diffusion limited and the
electroactive polymer films are well-adhered to the Pt electrode.

Figure 2 Electrochemical polymerization process of (a) t-EDOT-mPy and (b) t-EDOT-Th on Pt disk electrode (d=0.2cm) (color online).

Figure 3 Cyclic voltammetry of (a) P(t-EDOT-mPy) and (b) P(t-EDOT-Th) at scan rates of 50, 75, 100, 150, 200, 250 and 300 mV s–1; linear relationships of
(c) P(t-EDOT-mPy) and (d) P(t-EDOT-Th) between peak current densities and scan rates (color online).
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Figure 4 shows the single cyclic voltammograms of both
polymer films. P(t-EDOT-mPy) presents very well-defined
single redox processes. Initially, the polymer loses one electron, followed by the loss of two or more electrons until totally doped and the polymer films form polarons and bipolarons as charge carriers during the process [31].
Tetra-EDOT substituted thiophene and 1-methyl-1H-pyrrole displayed lower onset oxidation potentials in comparison with P(1-methyl-1H-pyrrole) [32]. The oxidation onset
potential of P(t-EDOT-mPy) is 0.33 V. The P(t-EDOT-mPy)
polymer has the anodic peak potential at 0.61 V and cathodic
peak potential at 0.56 V with a scan rate of 100 mV s–1. The
value of HOMO is calculated as –4.59 eV (the potential was
calibrated to the ferrocene redox couple E°(Fc/Fc+)=0.54 V
(Ag wire)). The oxidation onset potential of P(t-EDOT-Th)
is –0.1 V and the calculated value of HOMO is –4.16 eV.
Unlike P(t-EDOT-mPy) films, P(t-EDOT-Th) has two anodic
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peak potentials at 0.18 and 0.72 V and one broad cathodic
peak at 0.70 V under the same condition and the potential of
P(t-EDOT-Th) is lower than P(t-EDOT-mPy) [35].
3.4 Spectroelectrochemical properties
Figure 5 shows in situ UV-Vis-NIR spectroelectrochemistry
of the thin films electrochemically deposited on ITO. The absorbance is utilized as an evidence of the process of electronic
transition between oxidation and neutral states [1]. The thickness of P(t-EDOT-mPy) thin films was 223 nm (Figure 5(a)).
We can observe two absorption bands (374.3 and 618 nm)
in the visible region in the neutral state at –0.2 V, giving
the green conducting polymers. As the applied potential increased, the absorption bands of the first peak decreased and
those of the second peak increased. The polymer films lose
electrons to form polarons and bipolarons to produce subbands, which decreases the energy of interband transition so

Figure 4 Single cyclic voltammogram and color change of (a) P(t-EDOT-mPy) and (b) P(t-EDOT-Th) on the Pt electrode (color online).

Figure 5 In-situ absorption spectra of the polymer films at different potentials. (a) P(t-EDOT-mPy) (thickness=223nm) from –0.2 to 1.3 V; (b) P(t-EDOT-Th)
(thickness=267nm) from –0.8 to 1.3 V. (c, d) CIE of (c) P(t-EDOT-mPy) and (d) P(t-EDOT-Th) on ITO-coated glass substrate (color online).
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that absorption in near infrared region is very high and the
polymer has oxidized blue color at 1.3 V. In the reduced state,
absorption intensity is weak and similar in the visible region
because of totally doped state of the polymer. The band gap
is calculated from the onset of the absorption band. From the
spectrum, the onset absorption is at 766.8 nm, so the band gap
is 1.61 eV for P(t-EDOT-mPy), thus we get LUMO=−2.98
eV. Absorption bands of P(t-EDOT-Th) are observed in the
visible region (Figure 5(b)). The conducting polymer P(tEDOT-Th) gives the neutral-state purple color at –0.8 V with
absorption band centered at 535 nm in the visible region.
P(t-EDOT-Th) gives the oxidation-state dark blue color at 1.3
V. Based on the onset absorption at 732 nm, the band gap is
1.62 eV and the LUMO is –2.54 eV. While, the band gap of
poly(BEDOT-T) (1.7 eV) [36], after bi-EDOT substitution is
lower than PT, here tetra-EDOT substitution gives the lowest
band gap. The same results are shown by P(t-EDOT-mPy).
In addition, the absorbance of P(t-EDOT-Th) in the oxidation state reaches as high as 80%, while in the reduced state
the absorbance is close to zero. Therefore, P(t-EDOT-Th) is
a promising candidate for application in the infrared camouflage.
The 1976 CIE color coordinates (L*; a*; b*) are used as
color space. L* represents luminance, while a* stands for
red and green color and b* indicates yellow and blue color
[16]. The CIE color coordinate values of two polymers are
measured in their neutral and oxidation states respectively.
These results are presented in Figure 5(c, d) [10,37]. In the
neutral state the (L*; a*; b*) for P(t-EDOT-mPy) are (50.6;
–7.8; 10.4), giving green zone. Whereas, in the oxidation
state, the (L*; a*; b*) are (44.3; 3.1; –3.0), giving purple
zone. P(t-EDOT-Th), has a purple color in neutral state with
corresponding values of (24.8; 7.1; –1.9) and a blue color
in oxidation state with corresponding values of (51.9; 0.2;
–7.1). In the near infrared region, absorbance difference of
P(t-EDOT-Th) between oxidized and reduced states is greater
than P(t-EDOT-mPy).
It is well known that the bandgap of polythiophenes is about
2.2 eV and PEDOTs is about 1.6 eV. The introduction of electron-rich EDOT on thiophene ring can increase its electron
density and reduce its bandgap. Therefore, both polymers
with four EDOT units have decreased bandgap (1.62 eV for
P(t-EDOT-mPy) and 1.61 eV for P(t-EDOT-Th)). This phenomenon demonstrated that EDOT units play a leading role in
the regulation of bandgaps, which is consistent with our prediction. Effective bandgap tuning can be achieved by introducing different groups and adjusting the proportion of different groups, which is helpful to design suitable electrochromic
materials.
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materials, we combined electrochemical workstation with
UV-Vis-NIR spectroelectrochemistry to measure the transmittance of two polymer films. In Figure 6, the potentials are
between –0.2 and 1.3 V for (P(t-EDOT-mPy) and –0.2–1.1
V for P(t-EDOT-Th) with a switching interval of 10 s. The
transmittance of the polymer P(t-EDOT-mPy) is 65.06%
in the oxidation state and 56.98% in the neutral state, thus
the optical contrast is 8.08% at 370 nm. Under the same
condition, the optical contrast is 8.36% at 1500 nm. For
P(t-EDOT-Th), the optical contrast is 32.7% at 530 nm and
54.3% at 1500 nm. P(t-EDOT-Th) shows higher optical
contrast because of the obvious color change [38].
3.6 Cycle life
Cycle life is one of the most important indices for assessing
the application of electrochromic materials. Repeated cycles
of CV reflect the stability of polymer films, because it can result in physical changes. To investigate the stability of polymers, the polymer films on Pt electrode were CV scanned repeatedly for 1000 times from 0 to 0.9 V for P(t-EDOT-mPy)
and from –0.2 to 0.9 V for P(t-EDOT-Th) in the air at a scan
rate of 200 mV s–1 (Figure 7(a)). The P(t-EDOT-mPy) films
show 91.8% redox stability after 500 cycles and 86.3% after
1000 cycles. Similarly, the electroactivity of the P(t-EDOTTh) films remained 84.9% after 500 cycles, while it remained
84.5% after 1000 cycles with only 0.4% decrease within corresponding 500 cycles (Figure 7(b)). In spite of more stability of P(t-EDOT-mPy) during the first several cycles, the
films of P(t-EDOT-Th) became more stable than the films of
P(t-EDOT-mPy) with the increase of cycles.
Switching studies were performed to monitor the optical
contrast as a function of time (Figure 8), using double step
chronoamperometry method with a switching interval of 10 s
for both the films. The average oxidation time of P(t-EDOTmPy) is 1.85 s and the average reduction time is 0.73 s; P(tEDOT-Th) is more quick than P(t-EDOT-mPy), the average
time of oxidation process is 1.25 s and the reduction process
time is 0.95 s, so oxidation process is the rate-determining
step (Figure 8).
The coloration efficiency (CE) reflects the electrical energy
consumption to change the color. The higher the CE value,
the smaller the amount of electricity used in the color change.
The CE of P(t-EDOT-mPy) at 370 nm and 1500 nm is 44.1
and 90.9 cm2 C–1, respectively. Whereas P(t-EDOT-Th) has
CE values of 180.0 and 239.7 cm2 C–1 at 530 and 1500 nm,
respectively. Which shows that the P(t-EDOT-Th) has higher
CE [39,40].
3.7 Morphological studies

3.5 Switching time
In order to further probe the characteristics of the synthesized

In order to observe the surface morphology of the two polymers, AFM imagesi withi 550 nm×550 nm are shown in
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Figure 6 Transmittance changes of P(t-EDOT-mPy) at (a) 370 nm, (b) 1500 nm; transmittance changes of P(t-EDOT-Th) at (c) 530 nm, (d) 1500 nm (color
online).

Figure 7 Cycles life of (a) P(t-EDOT-mPy) (from 0 to 0.9 V), (b) P(t-EDOT-Th) (from –0.2 to 0.9 V) at the scan rate of 200 mV s–1 (1 cycle, 500 cycles, 1000
cycles) (color online).

Figure 8 Chronoamperometry of (a) P(t-EDOT-mPy) from –0.2 to 1.3 V, and (b) P(t-EDOT-Th) from –0.8 to 1.3 V.

Figure 9. Obviously, the two polymers have 3D structures.
P(t-EDOT-mPy) has a compact surface and the morphology
of P(t-EDOT-mPy) has a sphere like condensed structure.

Whereas, for P(t-EDOT-Th), we can clearly observe the agglomeration of particles in Figure 8 which indicates non-covalent interactions between polymer particles.
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3.8 Device structure
A sandwich structure could be employed to fabricate
OEC devices [4,41]. Polymer films were prepared on an
ITO-coated glass by electrochemical polymerization process.
After rinsing in a monomer-free electrolyte solution, the
films were covered with a gel electrolyte (LiClO4:PVP
(MW=1300000):ACN:PC=3:7:70:20, wt%; PVP=polyvinyl
pyrrolidone) and sandwiched with another blank ITO-coated
glass (Figure 10) [42]. The device was then allowed to dry
by electric hair dryer in air to fix it properly. With a voltage
between –2.0 and +2.4 V, both devices have obvious color
changes, but polymer P(t-EDOT-Th) has more obvious color
changes and better device performance.

4 Conclusions
Two novel 3D electrochromic materials are designed and synthesized via multi-position polymerization based on tetraEDOT substitution. The tetra-EDOT substituted P(t-EDOTmPy) and P(t-EDOT-Th) present 3D structures with reduced
band gaps and well-defined redox processes could be observed. The results illustrate that P(t-EDOT-Th) possesses
shorter color switching rates, higher stability and better performance in the OEC devices as compared to P(t-EDOTmPy). These phenomena are attributed to the characteristics
of the functional group and their characteristic band gap plays
a vital role in the designing of electrochromic materials. Due
to the admirable properties of the two materials, we plan to
do further research and explore their properties for their possible incorporation in organic electronics devices, their use
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as hole injection materials and further enhancement of
the optoelectronic properties by replacing PEDOT as
P(t-EDOT-mPy)/PSS (PSS=poly(styrenesulfonate)) or
P(t-EDOT-Th)/PSS dispersants.
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