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Abstract

The influence of increasing fused thiophene rings for the corresponding conjugated polymers [polythiophene (PT),
poly(thieno[3,2-b]thiophene) (PTT) and poly(dithieno[3,2-b:2',3'-d]thiophene) (PDTT)] on their photophysical
and electrochemical properties, morphology and electrochromic performance are investigated in detail in this
study. PDTT is the easiest of the three polymers to prepare and has the lowest onset oxidation potential of 1.17 V
because of its increased donor ability, lower than those of PTT (1.41V) and PT (1.82 V). PDTT also exhibits the best
electrochemical and thermal stability because of its extended conjugated skeleton. The PT, PTT and PDTT
polymers present poor, good and moderate electrochromic properties, respectively, with increasing fused
thiophene rings. PTT displays the highest AT of 35% in 700 nm, the fastest response time of 1.0 s and the
maximum colouration efficiency (CE) of 94 cm” C”, which is attributed to its enhanced morphology, since the PTT
film is conducive to the promotion of ions to dope and dedope. Flexible electrochromic devices are fabricated and
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PTT exhibits the highest AT (60% in 480 nm and 16% in 660 nm), as well as excellent stability with less than a 5%
AT reduction after successive cycling of 1000 s. All these findings indicate that the precise regulation of the fused
thiophene is crucial in achieving high performance in electrochromism, which provides insight for the design of
electrochromic conjugated polymers and flexible electrochromic devices.

Keywords: Fused thiophene rings, main chain effect, electrochemistry, electrochromism, flexible electrochromic
devices

INTRODUCTION

Photoelectric properties vary with an increasing number of fused thiophene rings in the order of thiophene
(T), thieno[3,2-b]thiophene (TT), dithieno[3,2-b:2’,3’-d]thiophene (DTT) and so on"”. Recently, a variety
of fused thiophene small molecules and conjugated polymers have been widely studied because of their
extensive conjugation, strong intermolecular S-S interactions and =n-n stacking, as well as high ambient
stabilities”. In the field of organic field effect transistors (OFETs), Vegiraju et al.” revealed that the
introduction of fused thiophene enhanced the neighboring molecular orbital overlapping and enabled more
efficient charge carrier transport. Vegiraju ef al."” reported three new organic semiconductors, which
presented an increased maximum hole mobility of 0.81 cm® V™' s with a gradual increase in fused
thiophene. For organic solar cells (OSCs), Gao et al.”’ demonstrated that multiple fused thiophene-modified
asymmetric acceptors could be enabled to achieve an over 17% efficiency via conformation effects on
regulating molecular properties. Chen et al." presented an increased aggregation strength as the n-spacer
(T, TT and DTT) became larger and generated high-performance thick-film OSCs with 9.1% efficiency.
Meanwhile, by enhancing fused thiophene in the main chain to facilitate the carrier transport, thermal
stability and =n-n stacking interactions, various organic semiconductors have been designed and researched
in perovskite solar cells, dye-sensitized solar cells, organic light-emitting diodes, lithium-ion batteries and
photocatalytic hydrogen evolution""'*. However, comparative studies of fused thiophene organic
semiconductors in electrochromism remain relatively unexplored compared to other research areas.

Electrochromic organic semiconductors can easily display visible and reversible changes in transmittance
due to the doping-dedoping process. For example, they can change colors by accepting (reduction and
dedoping process) or ejecting electrons (oxidation and doping processes) and thus different absorption
spectra switching between redox states"” . Electrochromic organic semiconductors have recently become
popular due to their excellent processability, outstanding mechanical flexibility, adjustable colors via
structural modification, high optical contrast, fast switching properties and superior coloration

efficiencies®*??,

In this contribution, T, TT and DTT monomers [Figure 1] and their corresponding electrochemical
polymers, PT, PTT and PDTT, respectively, are comparative studied. Experimental results verify that the
main chain configuration change by fused thiophene has complicated effects on their properties, including
optical absorption, energy levels, dipole moments, stability, morphology, electrochemistry, electrochromism
and potential application in flexible electrochromic devices (ECDs).

EXPERIMENTAL
The experimental part has been given by the author in the Supplementary Material file.

RESULTS AND DISCUSSION
Theoretical calculations
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Figure 1 shows the optimized molecular geometries and frontier molecular orbital distributions of T, TT
and DTT. All the monomers exhibited complete planar structures with extensive conjugations, which
perform with high mobility and promoting crystallization and charge transfer'”. The high coverages of the
lowest unoccupied molecular orbitals (LUMOs) and highest occupied molecular orbitals (HOMOs) were
illustrated in the entire conjugated skeletons. The HOMO-LUMO band gaps reduced with increasing fused
thiophene rings. TT exhibited a dipole moment of 0 D due to the trans-cis symmetrical sulfur atoms, while
T and DTT exhibited dipole moments of 0.62 and 0.53 D, respectively.

Electrochemistry

'H and *C nuclear magnetic resonance spectral analyses were performed and the chemical structures of T,
TT and DTT were confirmed [Supplementary Figures 1-6]. An anodic scan for T, TT and DTT was carried
out to explore the effect of molecular structure on the anodic oxidation behavior [Supplementary Figure 7].
The onset oxidation potentials (E,,..,) were decreased along with the increase in fused thiophene. The E_ .,
was 1.82 V for T, 1.41 V for TT and 1.17 V for DTT vs. Ag/AgCl. The superimposed fused thiophene
increased the electron density and made their oxidation relatively easy.

Figure 2A-C show the cyclic voltammograms (CVs) corresponding to the potentiodynamic
electropolymerization of T, TT and DTT. TT exhibited obvious broad redox couples in the range of
0.2-1.2 V due to the wide distribution of polymer chain length”"**. The obvious potential shift in redox peak
was attributed to the increased electrical resistance of ever-increasing polymer and increasingly difficult
doping-dedoping process****. TT and DTT showed regular and uniform increases in current density, while
the PTT and PDTT films grew prominently on the working electrode. However, T exhibited small current
densities and only a mild increase in current density. It is obvious that PT was difficult to prepare by
electrosynthesis.

Similar to the monomers with optimized molecular geometries and frontier molecular orbital distributions,
the corresponding polymers (with three repeat units) exhibited completely planar structures, as shown in
Supplementary Figure 8. The LUMOs were delocalized mainly on the whole backbone, while the HOMOs
were distributed mainly on the core unit. With increasing fused thiophene rings, PT, PTT and PDTT
showed gradually deeper LUMO energy levels (-1.70, -2.03 and -2.20 eV, respectively) and raised HOMO
energy levels (-5.15, -5.01 and -4.92 eV, respectively). The HOMO-LUMO band gaps of PT, PTT and PDTT
were calculated to be 3.45, 2.98 and 2.72 eV, respectively. The results demonstrate that increasing fused
thiophene rings have an obvious influence on the energy levels and thus reduce the band gaps.

Figure 3A-C illustrate the electrochemical behaviors of PT, PTT and PDTT. All polymers show obvious
redox peaks with scarcely any hysteresis (potential drift) along with the reduced scan rates, indicating that
all polymers exhibited stable p-doping/dedoping processes at different scan rates from 300 to 50 mV s**7),
All peak current densities j,, and j, . (the anodic and cathodic peak current densities) were proportional to
the potential scanning rate (Figure 3D-F, correlation coefficients R* 2 0.99), indicating that the redox
process was non-diffusional and electroactive materials were well adhered to the working electrode**.
Redox stability is an evaluation parameter of the electroactive polymers under repeated switching. Herein,
long-term CVs of PT, PTT and PDTT were recorded at a scan rate of 200 mV s” in CH,Cl,-Bu,NPF,
[Supplementary Figure 9]. All polymers showed inferior stability and along with the increased fused
thiophene rings, the electroactivity was enhanced after 200 cycles.

Optical properties
An obvious red shift in the UV-vis spectra was observed with increasing fused thiophene rings in Figure 4A,
showing absorption peak centers at 237, 269 and 291 nm, respectively. Interestingly, TT exhibited two
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Figure 1. Optimized molecular geometries and frontier molecular orbital distributions of T, TT and DTT using density functional theory
by Gaussian 09 at the B3LYP/6-31G(d,p) level. LUMO: Lowest unoccupied molecular orbital; HOMO: highest occupied molecular
orbital; T: thiophene; TT: thieno[3,2-b]thiophene; DTT: dithieno[3,2-b:2',3'-d]thiophene.
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Figure 2. CVs of 0.01 mol L' T (A), TT (B) and DTT (C) in CH,Cl,-Bu,NPF, (0.1 mol L) at a potential scan rate of 100 mV s”.CVs:
Cyclic voltammograms; T: thiophene; TT: thieno[3,2-b]thiophene; DTT: dithieno[3,2-b:2',3'-d]thiophene.

obvious sharped shoulder peaks at 260 and 278 nm, while DTT presented inconspicuous broad shoulder
peaks. T and TT absorb light significantly in the UV-light region, while DTT absorbs both in the UV-light
and visible regions.

The fluorescence emission spectra of T, TT and DTT are exhibited in Figure 4B. All monomers show
maxima at 388, 398 and 402 nm with large Stokes shifts of 151, 129 and 111 nm, respectively, which indicate
that they can undergo large conformational changes upon excitation*..

Spectroelectrochemistry

The spectroelectrochemistries of PT (A), PTT (B) and PDTT (C) are given in Figure 5. Taking PDTT as an
example, in the reduced form, it shows distinct absorbance peaks centered at 386 nm with two
inconspicuous broad shoulder peaks, in accordance with the UV-vis spectrum of DTT. The optical bandgap
(E.®) of PDTT was calculated to be 1.92 eV according to the absorption spectra tailing off to ~647 nm.
Upon further oxidation, the absorbance peak of 386 nm underwent a slight red shift and reduction.
Meanwhile, two new bands start to intensify at 603 and 900 nm due to the formation of a polaron and
bipolaron, respectively”*”. In this process, PDTT displayed a distinct color change from dark brown
(dedoped: L*: 5.02; a*: -0.85; b*: 3.49) to light blue-green (doped: L*: 5.39; a*: -2.11; b*: -0.72) upon
oxidation. The recorded spectra pass through an isosbestic point at ~510 nm, indicating that PDTT was
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Figure 3. CVs of PT (A), PTT (B) and PDTT (C) modified Pt electrodes in monomer-free CH,Cl,-Bu,NPF, (0.10 mol L) at potential scan
rates of 300-50 mV s’ Plots of redox peak current densities vs. potential scan rates: PT (D); PTT (E); PDTT (F). j, is the peak current
density and j,, and j, . denote the anodic and cathodic peak current densities, respectively. CVs: Cyclic voltammograms; PT:

polythiophene; PTT: poly(thieno[3,2-b]thiophene); PDTT: poly(dithieno[3,2-b:2',3'-d]thiophene).
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Figure 4. UV-vis (A) and fluorescence (B) spectra of T, TT and DTT in CHCL.T: Thiophene; TT: thieno[3,2-b]thiophene; DTT:
dithieno[3,2-b:2',3'-d]thiophene.

interconverted easily between its neutral and oxidized states®*’. In the case of PT and PTT, the color
variations were from light brown (dedoped: L*: 6.88; a*: 1.23; b*: 0.87) to dark blue-green (doped: L*: 8.15;
a*: -1.27; b*: -4.22) and from moderate brown (dedoped: L*: 7.93; a*: 0.82; b*: 1.91) to moderate blue-green
(doped: L*: 10.49; a*: -3.58; b*: -7.27), respectively. Meanwhile, the E,* of PT and PTT were calculated to be
2.11 and 1.96 eV according to the absorption margins of 588 and 632 nm, respectively.

Electrochromic performance
Optical switching studies of the polymer films were measured by a square wave potential step method
equipped with optical spectroscopy (chronoabsorptometry) in a monomer-free CH,CN-Bu,NPF,
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Figure 6. Time-transmittance curves and corresponding chronoamperometry of PT (A, D), PTT (B, E) and PDTT (C, F) in monomer-free
CH;CN-Bu,NPF, (0.1 mol L") with an interval of 10 s. PT: Polythiophene; PTT: poly(thieno[3,2-b]thiophene); PDTT: poly(dithieno[3,2-
b:2',3'-d]thiophene).

(0.10 mol L") solution with intervals of 20, 10, 5 and 2 s. The electrochromic parameters included the
optical contrast ratio (AT), response time and coloration efficiency (CE, at 95% of the full contrast)"”"**"],

The time-transmittance curves and corresponding chronoamperometry, as well as other electrochromic
parameters, of PT, PTT and PDTT are given in Figure 6 and Table 1. PT, PTT and PDTT exhibited poor,
good and moderate electrochromic properties, respectively, with increasing fused thiophene rings. PTT
showed the highest AT of 35% in 700 nm, the fastest response time of 1.0 s and the maximum CE of
94 cm® C'. Both in the high and low energy level regions [Figure 6A-C], PTT presented the higher AT
compared with PT and PDTT. PT exhibited increasing AT from the high energy level region of 15% to the
low energy level region of 9% [Figure 6D-F]. PDTT presented the inverse relationship.
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Table 1. Electrochromic parameters of PT, PTT and PDTT

Response time (s)

Sample Wavelength (nm) AT Oxidation Reduction CE (cm*C™)
PT 465 15% 57 8.6 46
750 9% 9.2 2.5 22
PTT 450 30% 25 1.0 94
700 35% 6.0 11 22
PDTT 400 21% 14 13 18
600 30% 33 1.5 73

PT: Polythiophene; PTT: poly(thieno[3,2-b]thiophene); PDTT: poly(dithieno[3,2-b:2’,3'-d]thiophene); CE: colouration efficiency.

In addition, in order to characterize the influence of different interval times on their electrochromic
properties, we also systematically studied the time-transmittance curves of polymers at potential conversion
interval times of 20, 10, 5 and 2 s, respectively [Figure 7]. With the decrease of the interval time, the AT of
the polymers showed an obvious decreasing trend. When the interval time changes from 20 to 2 s, the AT of
PT at 465 nm decreases from 22% to 8%. For PTT and PDTT, the attenuation values were as high as 91%
and 60%, respectively. By comparing these time-transmittance data systematically, we find that a large
potential conversion interval time can produce a large AT.

The long-term switching stability (interval time of 20 s) of polymers in the high energy level region was
investigated in Supplementary Figure 10. PT exhibited the largest damage from 22% to 3% after 2000 s of
switching, which was consistent with the inferior electrochemical stability [Supplementary Figure 8]. The
AT of PTT kept above 80% of the initial value during the first 1000 cycles and showed only a 45% loss after
2000 cycles, which is the most stable of the three polymers. PDTT displayed the same largest damage of PT
from 35% to 7% after 2000 s.

All polymers switched more rapidly in the reduction process than the oxidation process apart from PT at
465 nm. PTT exhibited the fastest response times of 1.0 and 1.1 s during reduction at both wavelengths,
which indicated the highest speed of counter ions moving into and out of the polymer chains during the
dedoping processes™’ [Table 1]. PDTT displayed balanced response times of 1.4 and 1.3 s at 400 nm. PT
presented the slowest response time.

The CE, as an important parameter, can be calculated as the ratio of the optical density change to the charge
injected/rejected per unit. The polymers showed diminishing CE from PTT (94 cm® C') to PDTT
(73 cm? C") and then PT (46 cm® C™).

Flexible electrochromic devices

Flexible electrochromic devices were prepared and measured with a device structure of indium tin oxide-
polyethylene terephthalate (ITO-PET)/electrochromic active layer (PT, PTT and PDTT)/gel electrolyte
(prepared in Supplementary Material)/ITO-PET. As-fabricated flexible ECDs realized reversible color
changes between brown and blue-green with an impressive optical contrast [Figure 8A-C], which is in
accord with the above non-electrochromic devices. PTT showed the highest AT of 60% in 480 nm and 16%
in 660 nm, as well as high switching stability with less than 5% optical contrast reduction after successive
cycling of 1000 s [Figure 8E]. PT displayed the following high AT of 42% in 500 nm (6% in 720 nm) with
unstable AT changes upon repetitive potential cycling [Figure 8D]. However, PDTT showed the lowest AT
of 17% in the high energy level region [Figure 8F].
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d]thiophene).

Morphological and thermal analysis

As shown in Figure 9A-C, the morphologies of the PT, PTT and PDTT polymers were investigated using
scanning electron microscopy. PT exhibited phase separation, PTT displayed a smooth surficial morphology
and PDTT showed sectional stacking. PTT presented the best morphology, since it was conducive to induce
ions to dope and dedope. PT and PDTT films exhibited less long-term switching stability (in Supplementary
Figure 10) during the doping and dedoping processes, which is attributed to the agminated domains.

Thermogravimetric analytical experiments were performed as shown in Supplementary Figure 11. A small
decrease in weight of 2.2% for PT, 0.5% for PT and 0.1% for PDTT below 100 °C was demonstrated to be the
evaporation of water. The following weight loss step of 72% for PT, 80% for PTT and only 19% for PDTT
were presented at 100-400 °C. When the temperature increased to 800 °C, the residues of PT, PTT and
PDTT were 11%, 14% and 49%, respectively. PDTT presented the best thermal stability of all.
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Figure 9. SEM images of PT (A), PTT (B) and PDTT (C) polymerized electrochemically on ITO-coated glass. SEM: Scanning electron
microscopy; PT: polythiophene; PTT: poly(thieno[3,2-b]thiophene); PDTT: poly(dithieno[3,2-b:2',3"-d]thiophene); ITO: indium tin
oxide.

CONCLUSIONS

In summary, PT, PTT and PDTT with increasing main chain of fused thiophene, were designed and
electrosynthesized. The results show that the conjugated length changes of polymers had an obvious
influence on the electrochemical, spectroelectrochemical and electrochromic properties. The onset
oxidation potential (E,,.) was decreased from 1.82 to 1.41 and 1.17 V and the spectrum bathochromic
shifted along with the increase of fused thiophene. In the reduced state, three polymers displayed a similar
color of brown and changed from dark to moderate to light with increasing fused thiophene. In the oxidized
state, all polymers showed a similar color of blue-green. PTT displayed a better electrochromic performance
than PT and PDTT with the highest AT of 35%, the fastest response time of 1.0 s and the maximum CE of
94 cm’ C'. Flexible electrochromic devices were fabricated and a reversible color change between brown
and blue-green. PTT showed the highest AT of 60% with excellent stability after successive cycling of 1000 s.
Conjugated polymer-based flexible electrochromic devices exhibit excellent potential application in flexible
electronics.
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