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A Redox-Dependent Electrochromic Material:
Tetri-EDOT Substituted Thieno[3,2-b]thiophene

Jingjing Shi, Xiaosi Zhu, Panpan Xu, Mengmeng Zhu, Yitong Guo,
Yaowu He, Zhao Hu, Imran Murtaza, Hongtao Yu, Lijia Yan,

Osamu Goto, Hong Meng*

Organic electrochromic materials change color rapidly under applied potential. A but-
terfly-shaped compound, 5,5',-5”,-5""-(thieno[3,2-b]thiophene-2,3,5,6-tetrayl) tetrakis-(2,3-
dihydrothieno[3,4-b][1,4]dioxine) (t-EDOT-TT) is synthesized for the first time and polymerized

at different potentials via electropolymerization technique.
By applying different polymerization potentials, the optical
and electrochromic properties of this newly synthesized
polymer can be tuned. Owing to the dependence of functional
group position in the polymer structure on the redox poten-
tial, this polymer can be utilized in very interesting organic

optoelectronic applications.

1. Introduction

Electrochromic materials (ECs) are an important class of
conducting polymers which change their optical proper-
ties in response to the alteration in applied potential. After
the discovery of first electrochromic material in 1960s
and development of the conducting polymers in 1970s,?
there has been a tremendous growth in the field of electro-
chromism. Since then electrochromic conducting polymers,
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which are classified as organic electrochromic (OEC) mate-
rials received great attention due to their numerous merits
over inorganic materials such as having fast response time,
flexibility, ease of device fabrication, facile chemical modi-
fication, a relatively narrow absorption band in displaying
diverse and clear color, large-scale processability, and
being light weight.3~] There are many interesting applica-
tions of OEC materials such as, smart windows,® flexible
displays,/”#! electrochromic fibers,[®®! sunglasses,'% super-
capacitors,['*12 and so on. When a suitable electric poten-
tial is applied an EC material changes its color as a result of
redox processes at different potentials.'* Complementary
colors are generally given by the polymer due to selective
absorption and reflection of different wavelengths of light
upon changing the applied voltage.'¥ While a variety of
materials have been investigated as active electrochromic
materials, by applying redox potential to polymerize, the
extent to which the change in electrochromic properties
of a polymerized material can be achieved by applying
different voltages has not been elucidated. The poten-
tial for such materials may be used for unique practical
applications, where redox modulation is required. With
this in mind, herein we report a new approach to design
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redox-dependent monomers whose electrochromic proper-
ties can be tuned by the applied voltage. The idea of this
approach combines the widely investigated electrochemi-
cally active monomer EDOT and the easily chemically
modified thieno[3,2-b]thiophene moiety. Thieno[3,2-b]-
thiophene based organic and polymeric materials have
been studied in the application of organic photovoltaic,
organic light emitting diodes and especially thieno[3,2-b]-
thiophene fused with phenyl materials have shown
high charge mobilities in organic thin film transistors
(OTFTs).>'7] On the other hand, a myriad of electro-
chromic polymers based on EDOT has been widely inves-
tigated. To the best of our knowledge, very few reports
elucidate multi-EDOT substituted thieno[3,2-b]thiophene
series as organic electrochromic materials. It is known that
thieno[3,2-b]thiophene unit has intrinsic rigidity!*! due to
the strong S—S and S—C interaction forces and by adding
EDOT, n—r stacking increases which has a significant effect
on the band gap, which makes a strong influence on the
absorption spectrum of the compound. In this work, there-
fore, we designed and synthesized 5,5,-5”,-5""-(thieno[3,2-
b]thiophene-2,3,5,6-tetrayl)tetrakis-(2,3-dihydrothieno
[3, 4-b][1,4]dioxine) (t-EDOT-TT), polymerized at 2,5 and
2,5,3,6 EDOT and explored its electrochromic properties.

2. Experimental Section

2.1. Synthesis

Scheme 1 shows the synthetic strategy of the monomer.
t-EDOT-TT was synthesized by dissolving compound
Perbromothieno(3,2-b]thiophene (1.64 g, 3.63 mmol) and com-
pound Tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)stan-
nane (9.1 g, 21.0 mmol) in dry THF (200 mL). The solution
was purged with argon for 30 min and PdCl,(PPhs), (0.673 g,
0.96 mmol, 26.3%) was added at room temperature. The mix-
ture was then stirred at 100 °C under argon atmosphere for 20 h
before cooling it down to room temperature. After removing the
solvent, the residue was subjected to silica gel chromatography
(PE:DCM = 1:2) to finally obtain t-EDOT-TT monomer in the form
of a light yellow powder with isolated yield 30%. EI, MS mz (%):
700 (100, M+) H NMR (300 MHz, CDCl;) & 6.53 (s, 2H), 6.23(s, 2H),
4.21 (dd, 16H). 23C NMR (300 MHz, DMSO): § (ppm) 142.0, 141.1,
140.5, 139.6, 133.3, 118.8, 110.3, 107.2, 101.5, 100.9, 65.4, 64.5.
Initially testing different coupling reaction methods, including
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B Scheme 1. Synthesis of t-EDOT-TT via Stille coupling.
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Suzuki-coupling!®® and Grignard coupling with low yield, we
finally successfully synthesized the target product via Stille cou-
pling?°l method to give a separated yield of 30%.

2.2. Electrochemical Polymerization

The chemical structure of the monomer characterized by *H NMR
gives direct evidence of different C—H substituted EDOT, clearly
indicating the availability of two reaction sites. 'H NMR of posi-
tion a is 6.23 ppm, while that of position b is 6.53 ppm, which
shows that the chemical shift of a is lower than b. Moreover,
from Gaussian software calculations (Figure S1, Supporting Infor-
mation), we found that the electron density of a is higher than
b, thus a can lose electrons more easily to become radical cation
(Figure S2, Supporting Information), which implies that site a is
more electrophilic as compared to site b.[222] The polymerization
at a forms a more conjugated structure with higher electron den-
sity, therefore, the electropolymerization of a can be achieved at
lower applied potential as compared to b (Scheme 2)?3l and a-a
connection is relatively easier than the b—b connection. In addi-
tion, there is a steric hindrance which prevents b—b connection
before a—a connection. So at +1.0 V a—a connection is more suit-
able, whereas at +1.3 V a—a connection is initiated before the b—b
connection. From Raman spectra (Figure S3, Supporting Infor-
mation), we can see that the polymers synthesized at +1.3 and
+1.0 V are quite different from each other and the polymer P(t-
EDOT-TT)-1 which was electropolymerized at +1.3 V also shows
fluorescence phenomenon.

All electrochemical tests and polymerizations were per-
formed in a three electrode cell with indium tin oxide (ITO)
coated glass as the working electrode, Pt as the counter elec-
trode and Ag as the pseudo reference electrode. Polymer thin
films were deposited on ITO by oxidative electropolymerization
in a dichloromethane (DCM) solution containing 0.56 x 1073 M
monomer and 0.1 m tetrabutylammonium hexafluorophosphate
(TBAPFg). The representative electrochemical growth process of
monomers t-EDOT-TT to form corresponding polymers is shown
in Scheme 2.

3. Results and Discussion

To examine the redox difference, we conducted step-
potential CV scans and observed a red-brown polymer, P(t-
EDOT-TT)-1, obtained at higher applied potential. While
at lower applied potential, a blue polymer, P(t-EDOT-TT)-2
was formed. This change is attributed to the two different
reaction sites, suggesting that the monomer can be electro-
chemically polymerized at two different applied voltages
to generate two different electrochromic polymers due to
the conformational structural change.

The monomer was polymerized potentiodynamically
on ITO coated glass slide. The cyclic voltammograms for
electrochemical polymerization of the monomers at a scan
rate of 100 mV s are depicted in Figure 1. As observed in
other electrochemical polymerization processes, in the
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Scheme 2. Electropolymerization process of t-EDOT-TT at two different sites, a and b, controlled by the applied potential, to form P(t-EDOT-

TT)-1 and P(t-EDOT-TT)-2.

first cycle of CV, irreversible monomer oxidation peaks
were recorded. After successive cycles, formation of new
reversible redox couples with an increasing current inten-
sity was observed which proves the deposition of electro-
active polymer films on ITO surface.

The inset in Figure 2 shows the photographs of the
deposited thin films. The cyclic voltammograms shown
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in Figure 2 clearly indicate the redox mechanism due to
doping and undoping. The first peak oxidation potential
of P(t-EDOT-TT)-1 appears at 0.61 V and the first peak
reduction potential appears at 0.58 V, at the scan rate of
100 mV s71. Whereas, for P(t-EDOT-TT)-2, the first peaks
of oxidation and reduction potential appear at 0.12 and
0.11 V, respectively, at a scan rate of 100 mV s™*. The lower
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Figure 1. Electrochemical polymerization process of t-EDOT-TT a) formation of P(t-EDOT-TT)-1 at higher applied potential b) formation of

P(t-EDOT-TT)-2 at lower potential.
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Figure 2. Cyclic voltammetry of P(t-EDOT-TT)-1 and P(t-EDOT-TT)-2. Inset: The thin films of P(t-EDOT-TT)-1 with thickness 150 nm and P(t-

EDOT-TT)-2 with thickness 80 nm on ITO coated glass substrate.

oxidation and reduction potential of P(t-EDOT-TT)-2 is
attributed to the difference in electron densities of the
two reaction sites a and b.

We performed cyclic voltammetry of the P(t-EDOT-TT)
thin films at different scan rates (50, 75, 100, 125, 150, and
200 mV s71). A dynamic behavior with increasing scan
rate was observed and it is obvious from the cyclic vol-
tammograms in Figure 3 that both the P(t-EDOT-TT)-1 and
P(t-EDOT-TT)-2 have linear relationship between the cur-
rent density and scan rate (inset: Figure 3) which shows
that the current in polymer thin films is not diffusion
controlled. In order to characterize the colors of the syn-
thesized polymers, we measured CIE color coordinates, L*,
a*, and b*, where coordinate L* stands for lightness and a*
and b* stand for two antagonistic chromatic processes; a*
reveals red-green and b* reveals yellow-blue.[?*! The cor-
responding (L*; a*; b*) values for P(t-EDOT-TT)-1 are (63.8;
9.1; 11.3), giving red zone in the neutral state, while that
of P(t-EDOT-TT)-2 are (73; —-1.3; —4.5), giving blue zone
when it is in the neutral state.

While the CVs indicate that the reversible redox pro-
cesses for both the polymers are plausible, further

evidence of electronic transition through oxidation and
reduction processes is studied by in situ UV/vis/NIR spec-
troelectrochemistry (SEC) of the electrochemically depos-
ited thin films on ITO. Figure 4a shows the SEC of 150 nm
P(t-EDOT-TT)-1 thin film on the ITO-coated glass substrate.
We can see only one absorption band in the visible region
and due to the visibility of complementary colors, the
device became pinkish-red with the maximum absorp-
tion wavelength of A, = 511 nm at —0.4 V, which is the
fully reduced-state of the conducting polymer. With a low
applied voltage of +0.5 V, the color of the thin film became
brown with maximum absorption wavelength of 489 nm.
While at +1.3 V, due to the fully oxidized-states, the device
has low absorbance in the visible region and the color
seen was light gray. Figure 4b shows the SEC of P(t-EDOT-
TT)-2 thin film on the ITO-coated glass substrate. With
the maximum absorption wavelength A,,,, = 604 nm at
—0.4 V, the color of the film was blue and with an applied
voltage of +0.5 V, the color of the thin film became purple.
While at +1.0 V, it turned into light blue color. Figure 4c,d
shows the colors of P(t-EDOT-TT)-1 and P(t-EDOT-TT)-2,
respectively, at different applied potentials.
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Figure 3. Cyclic voltammetry at the scan rates of 75,100, 125,150 mV s™: a) 150 nm of P(t-EDOT-TT)-1; b) 80 nm of P(t-EDOT-TT)-2. The inset

shows linear relationship between current density and scan rate.
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Figure 4. a) Spectroelectrochemistry (SEC) of 150 nm thick P(t-EDOT-TT)-1 on the ITO-coated glass slide in 0.1 m TBAPF¢ solution at applied
potential range of —0.4 V to +1.3 V; b) SEC of 80 nm thick P(t-EDOT-TT)-2 on the ITO-coated glass slide in 0.1 m TBAPF electrolyte solution
at applied potential range of —0.4 V to +1.2 V; ¢) the color change of P(t-EDOT-TT)-1 at different potentials; d) the color change of P(t-EDOT-

TT)-1 at different potentials.

At the onset of UV-vis region (698 nm), where n—n*
transitions occur, the band gap of P(t-EDOT-TT)-1 was
calculated which is equal to 1.78 eV. From the reduc-
tion potential to oxidation potential, due to doping, the
absorption of the polymer thin film decreases and it
becomes almost transparent in the visible region while
the residual absorption gives light blue color in the oxida-
tion state. The band gap of P(t-EDOT-TT)-2 as calculated
from the UV-vis spectrum is 1.73 eV corresponding to
the wave length of 718 nm. Upon oxidation, the absorp-
tion at 511 nm decreases and the new absorption bands
are formed at about 850 and 1500 nm due to the forma-
tion of polarons and bipolarons. The higher band gap of
P(t-EDOT-TT)-1 may be attributed to the formation of less
conjugated structure as compared to P(t-EDOT-TT)-2.

As shown in Figure 5, the transmittance of the same
wavelength changes from highest to lowest as the mate-
rial transforms from oxidized to reduced state. Plots in
Figure 5a,b show transmittance changes of P(t-EDOT-
TT)-1 for two different wavelengths of 500 and 1500 nm,
respectively. The experiment was carried out by applying
stepping potential from —0.4 to +1.3 V with a switching
interval of 10 s. In the reduced-state, P(t-EDOT-TT)-1 thin
film shows 52% transmittance and in the oxidized state,
the transmittance is 74%, thus the optical contrast is
%AT = 22% in the visible region when the wavelength
is 500 nm (Figure 5a). Under the same condition, the
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optical contrast is %AT = 75% at 1500 nm (Figure 5b).
Figure 5c,d shows the same behavior for P(t-EDOT-TT)-2
thin film at 500 and 1500 nm under the same stepping
potential. The optical contrast for the wavelengths of 500
and 1500 nm can be calculated as %AT = 38% (Figure 5c)
and %AT = 64% (Figure 5d), respectively. The coloration
efficiency is an important factor to monitor the perfor-
mance of OEC films.*] It reflects the electrical energy
consumption to change the color. The coloration effi-
ciency (CE) of P(t-EDOT-TT)-1 at 500 and 1500 nm is 27.9
and 93 cm? C1, respectively. Whereas P(t-EDOT-TT)-2 has
CE values of 148.1 and 234.6 cm? C* at 560 and 1500 nm,
respectively.?6?7l Which shows that the P(t-EDOT-TT)-2
has higher CE.

Switching studies were performed to monitor the
optical contrast as a function of time and to calculate
the switching time of the polymer at fixed absorption
max during stepping potential repeatedly between their
neutral and oxidized states. Figure 5e shows that the
switching time of P(t-EDOT-TT)-1 is only 0.64 s, which is
faster than PEDOT while the switching time of P(t-EDOT-
TT)-2 is only 0.36 s (Figure 5f).

To investigate the polymers stability, P(t-EDOT-TT)-2
films were cycled 2000 times between —0.4 V (fully neu-
tral state) and +1.0 V (fully oxidized state) in air (Figure 6),
a decrease by lower than 20% for the anodic peak current
(ipa) and 26% for cathodic peak current(i,) is observed,
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Figure 5. The transmittance of P(t-EDOT-TT) at a) 500 nm of P(t-
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EDOT-TT)-1; b) 1500 nm of P(t-EDOT-TT)-1; ¢) 560 nm of P(t-EDOT-TT)-2;
me; e) for P(t-EDOT-TT)-1; f) for P(t-EDOT-TT)-2.

showing stability of the films. Moreover, with the
increase in the number of cycles, the stability trend is
toward a more balanced state.[?¢]

The optical memory is the propensity of the material
to retain its absorption state after removing the external
bias.[?>3%] The oxidation or reduction bias was applied
as a pulse of 2 s, followed by open-circuit condition for
200 s in air. It can be seen, in the optical memory graph
of the two polymers in Figure 7, that for P(t-EDOT-TT)-1,
there is almost no change in the transmittance when
fully reduced state voltage (-0.4 V) is applied after 200 s.
Transmittance is lowered by only 1.8% at +0.8 V and 0.6%
change at fully oxidized state (+1.3 V) is observed. Simi-
larly for the P(t-EDOT-TT)-2, there is almost no change at
fully reduced state voltage (0.4 V), while 1.3% change at
+0.8 V and 1.5% change at fully oxidized state (+1.0 V) is
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observed. From the obtained data, we can deduce that
both the polymers have reasonable optical memory.

Figure 8 shows atomic force microscopy (AFM) and
scanning electron microscope (SEM) images of P(t-EDOT-
TT)-1 and P(t-EDOT-TT)-2. Interestingly, the morphology
of P(t-EDOT-TT)-1 has a sphere like condensed struc-
ture which indicates cross linking in the polymer chains
(Figure 8a). We can clearly observe the agglomeration of
spherical particles in the SEM image (Figure 8a*). Whereas
the AFM image of P(t-EDOT-TT)-2 shows a more layered
structure which means that it is 2D as compared to the
3D structure of P(t-EDOT-TT)-1. The SEM image shown
in Figure 8b* also confirms the layered structure of P(t-
EDOT-TT)-2. Thus, 2,5,3,6 polymerization in the polymer
P(t-EDOT-TT)-1 breaks the conjugation and compels the
polymer to form 3D structure as compared to the more
conjugated and 2D structure of the polymer P(t-EDOT-
TT)-2, which is 2,5 polymerized.

Figure 9 shows fourier transform infrared spectrum
(FT-IR) of the monomer, P(t-EDOT-TT)-1 and P(t-EDOT-
TT)-2. It is clear that the transmittance peaks ascribed to

Figure 8. AFM and SEM images of a and a*) P(t-EDOT-TT)-1 and b
and b*) P(t-EDOT-TT)-2, respectively.
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the C—H bending mode from 962 to 700 cm™ reduced
dramatically in both polymers, and C—C stretching
modes in the range from 1389 to 1340 cm™ appear in the
polymer spectra, demonstrating the formation of polymer
chains. From the overlap of FT-IR spectra of both the
polymers, P(t-EDOT-TT)-1 shows a relatively stronger peak
appearing at 1385 cm™?, (arrow a), which is attributed to
the C—C bonding modes. However, P(t-EDOT-TT)-2 shows
a more broad intense peak at 945 cm™?, (arrow b), which is
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Figure 9. FT-IR spectra of the monomer, P(t-EDOT-TT)-1 and
P(t-EDOT-TT)-2.
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due to the C—H vibration modes of 3,6 substituted EDOT.
The rest of the peaks appearing in both the polymers at
1389—1348, 1287, 1510, 1080-1186, and 1415-1440 cm™!
are assigned to C—C, C=C, CO—CH,—CH,—CO (side chain of
EDOT), and C-S bonding, respectively. The peak appearing
at 1650 cm™ is because of the electrolyte TABPF; which is
not present in monomer.

4. Conclusions

In conclusion, the synthesis and the electrochromic
properties of the butterfly-shaped, tetra-EDOT substi-
tuted thieno[3,2-b]thiophene material are investigated.
Depending on the applied oxidation potential, this new
monomer can be reversible modulated to generate two dif-
ferent electrochromic polymers with rapid color switching
rates, good reversibility, stability, and reasonable optical
memory. Such unique behaviors are attributed to the vari-
able oxidation redox potential feature of thieno[3,2-b]-
thiophene substituted with EDOT at different positions
resulting in the formation of 2D and 3D structures. We
envisioned that the approach could be considered as new
concept route to develop new redox molecules for future
organic electronics applications.
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