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Polythiophene is a typical semiconductive conjugated polymers; however, thiophene conjugated systems suffer from low

flexibility. Although flexible polythiophene with siloxane side chains has been investigated, control of the cross-linking points

remains to be achieved. Herein, thiophene copolymers with cyclic siloxane side chains were sthynthesized and the cross-

linking points were controled by ring-opening reaction and reduction of tetrathiophene-substituted cyclic siloxane cross-

linkers. The obtained thiophene copolymer networks possessed higher glass transition temperatures, larger Young’s moduli

and strengths, and lower strains at breaking. These behaviors are attributed to the formation of the cross-linking points. In

addition, in situ X-ray diffraction measurements under cyclic tensile tests comfirmed that the recovery of the crystallite

orientation corresponded to the macroscopic deformation of the polythiophene network, better than that of the thiophene

copolymer without a network structure.

Introduction

Thiophene rings possess aromaticity because of the -
electron orbitals in their diene structures and lone pairs of
chalcogen sulfur atoms. Thus, thiophene rings are promising
chemical components of conjugated polymers.® In fact,
thiophene structures have been introduced into the chemical
structures of conjugated polymers through cross-coupling
reactions for the fabrication of advanced electronic devices,
such as flexible organic photovoltaic cells>®, flexible
semiconductors’™*!, wearable sensors®'?7'®, and paintable
electronic displays'®'’. As polymer-based electronic devices are
prepared through simple painting process, these devices have
attractive advantages such as low fabrication cost, low weight,
and diversity of form design.®=20 For the development of these
advanced devices, conjugated polymers with high electron
conductivities, emission efficiencies, and appropriate
mechanical properties, such as flexibility and stretchability, are
required.?'™2> In particular, more robust polymer-based
electronic devices with high durability against large mechanical
deformations are desired in the application of wearable sensors
and flexible displays.

Control of the mechanical modulus and elongation at break
expands the utility of conjugated polymers. In particular,
flexibility and stretchability are achieved in wearable devices
that follow the stretching of human skin with a low mechanical
modulus, high elongation, and elastic recovery.®2%27 However,
because conjugated polymers consist of rigid aromatic rings,
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their fragility is regarded as a challenge. Many researchers have
focused on achieving flexibility in conjugated polymers using
various approaches. For example, composites of rubber
components'®?831  and block copolymers with flexible
segments3273> have been suggested. In addition, composites
with rubber as the matrix and conductive metallic particles as
the fillers were fabricated with drastically increased electronic
conductivity by percolation with metallic fillers and formation
of electronic conductive pathways. However, the percolation in
rubber composites requires loading large amounts of fillers,
which decreases flexibility and increases fragility.3¢ In addition,
large deformations with large strains disconnect the conductive
pathways owing to the increased distances between the fillers
in the composites. In contrast, conductive elastomers based on
block copolymers possess microphase-separated structures,
such as bi-continuous structures, with the conductive segments
self-assembled and distributed homogeneously on the nano
scale. Therefore, their high electron conductivities were
maintained, even under mechanical deformation. However,
stepwise living polymerization techniques are required for the
synthesis of thiophene-based block copolymers.

Although polythiophenes have garnered significant
attention as semiconductive materials for hole transport,
polythiophenes without side chains lack solubility in
conventional organic solvents, and processability in painting
and heat-melting methods.3” Therefore, the substitution of
alkyl side chains into thiophene rings has been prompted to
improve their solubility in organic solvents and processability
and to achieve higher electronic conductivities through self-
assembly and crystallization involving side chains.3®#° Thus, we
focused on the effects of polythiophene side chains and
introduced flexible dimethylsiloxane groups®2%2241-45 into the
side chains of polythiophene in this study. Previously, our group



reported the flexible properties of polythiophenes with
disiloxane side chains.*47

Herein, we focus on random copolymers with 3-dodecyl-
thiophene (3DDT) and thiophenes, including cyclic siloxane as
flexible side chains (3CSiT or 3tetraCSiT), as shown in Scheme 1.
In the designed thiophene copolymers with even low molar
fractions of cyclic siloxane units, we aimed to improve the

flexible mechanical properties effectively by utilizing side chains.

The cyclic siloxane groups opened and reacted with other
siloxane groups under acidic conditions. In addition, thiophene
copolymers with tetra-substituted cyclic siloxanes were
fabricated. The ring-opening reaction and tetra-substituted
monomers can achieve the selective formation of cross-links
and control of mechanical properties, including elasticity.

Experimental
Materials.

All chemicals employed for the synthesis and measurements
were used as received without further purification. Deionized
water was obtained using an Elix Essential UV3 (Merck Millipore
Co., Ltd.). Thiophene monomers with cyclic siloxane (3CSiT) and
precursor 2-chloro-3-(3-buten-1-yl)-thiophene were prepared
using previously reported methods.*” Poly(3-dodecyl-
thiophene) (P3DDT) was synthesized using [1,3-bis (2,6-
diisopropylphenyl) imidazole-2-ylidene] triphenylphosphine
nickel(ll) dichloride (NiCl(IPr)PPhs) following reported
methods.**™*8 The number average (M,) and weight average
(My) molecular weights of P3DDT were 74,300 and 110,000,
respectively. The distribution degree (My/M,) was 1.48.

Characterization methods.

'H (400 MHz) and 3C (100 MHz) nuclear magnetic resonance
(NMR) spectra of the monomer were recorded using a JEOL ECZ400
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spectrometer in CDCl3 solution. *H (400 MHz) and 13C (100 MHz) NMR
spectra of polymers were recorded in C;D,Cls solution at 70 °C. 2°Si
(80 MHz) NMR spectrum was recorded in CD,Cl, solution at 25°C. The
chemical shifts were expressed in ppm, following CHCl5 (7.26 ppm for
1H), C2D,Cl4 (5.97 ppm for *H), CDCls (77.2 ppm for 13C), and C,D,Cl4
(74.1 ppm for 13C) as the internal standards, and tetramethyl silane
(0 ppm for 2°Si) as the external standard. Gel permeation
chromatography analyses were performed on a high-performance
liquid chromatography system (CBM-20A, Shimadzu Co.) equipped
with a UV detector at 40 °C using CHCl3 as the eluent with columns
(HXR-H and TSK-gel GMHHR-M, TOSOH Co., Ltd.). The molecular
weights and polymer distributions were evaluated based on the
calibration curve obtained using standard polystyrenes. High-
resolution mass spectra (HRMS) were measured with a JEOL JMS-
T100LP AccuTOF LC-Plus (ESI) with a JEOL MS-5414DART attachment.

Synthesis of thiophene copolymer with cyclic siloxane (P(3DDT-
3CSiT)).

P(3DDT-3CSiT) was synthesized using a method similar to
that used for P3DDT synthesis.*” Into 100 mL tetrahydrofuran
(THF), 4.2 g 3DDT (15 mmol) and 0.34 g 3CSiT (0.76 mmol) were
dissolved under a nitrogen atmosphere. After adding 1.0 M
THF/toluene 2,2,6,6,-
tetramethylpiperidinylmagnesium chloride lithium chloride
complex solution (TMPMgCI-LiCl; 19 mL, 19 mmol) into the
mixture, the solution was stirred at 60 °C for 1 h. Subsequently,
3.2 mL THF solution with 18 mg NiCly(IPr)PPh3 (24 pmol) was
added, and the solution was stirred at room temperature for 24
h. The reaction was quenched by adding 1 M aqueous HCl and
methanol. After filtration, the precipitated solids were purified

solution of

by Soxhlet elution using acetone to elute the unreacted
monomers and oligomers. P(3DDT-3CSiT) was obtained with a
yield of 87% (3.9 g).
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Scheme 1. Syntheses of thiophene copolymers and their cross-linking reaction.
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M., M, and M,,/M, were 222,000, 312,000, and 1.40, respectively.
IH NMR (400 MHz, C;D,Cls, 6/ppm): 0.07-0.16 (br, 0.9H, —Si—
CHs), 0.66—-0.78 (t, 0.1H, —CH,—CH,—CH>-Si—), 0.80-0.98 (t, 3.0H,
—CH3—CH—(CH,)e—CHs), 1.18-1.53 (br, 18H, —CH,—CH,—(CH>)s—
CH3), 1.62-1.84 (br, 2.0H, —CH,—CH,—(CH3)9—CH3, —CH>—CH>—
CH,-Si-), 2.72-2.92 (br, 2.0H, —CH2—CH,—(CH5)s—CH3, —CHa—
CH,—CH,-Si-), 6.95-7.05 (br, 1.0H, S—C—CH). 3C NMR (100 MHz,
C,D,Cls, 5/ppm): -0.5, 0.9, 1.0, 14.2, 22.8, 27.9, 29.4, 29.6, 29.7,
29.8, 29.8, 30.6, 32.0, 35.7, 128.8, 130.7, 134.0, 140.2

Synthesis of tetrathiophene monomer with cyclic siloxane
(3tetraCSiT).

Into 10 mL xylene, 3.0 g 2-chloro-3-(3-buten-1-yl)-thiophene
(19 mmol) and 1.1 g 2,4,6,8-tetramethylcyclotetrasiloxane (4.5
mmol) were dissolved. After 79 um platinum(0)-1,3-divinyl-
1,1,3,3-tetramethyldisiloxane complex solution in xylene was
added, the mixture was stirred at 60 °C for 23 h. The solution
was cooled to room temperature, and the crude product was
purified using a silica gel column with hexane as the eluent
solvent. The obtained yield of 3tetraCSiT was 55% (2.2 g). 'H
NMR (400 MHz, CDCls, §/ppm): -0.02—0.12 (br, 12H, CHs in cyclic
siloxane), 0.48-0.64 (m, 8H, —Si—CH,—CH,—CH,—thienyl), 1.52—
1.71 (br, 8H, —=Si—CH,—CH,—CH,—thienyl), 2.48-2.63 (br, 8H, —Si—
CH,—CH,—CH,—thienyl), 6.70-6.81(br, 4H, proton of thiophene
ring), 6.95-7.05 (br, 4H, proton of thiophene ring). 3C NMR
(100 MHz, CDCls, 6/ppm): -0.9, -0.6, 1.0, 16.6, 16.9, 23.2, 23.3,
31.2, 122.1, 124.7, 128.0, 138.9. 2°Si NMR (80 MHz, C;D,Clg,
6/ppm): -16.8, -18.1, 19.4, 31.2, -32.2, -34.5, 35.3. HRMS
(DART—ESI*) m/z: calcd for CysH39Cl,05S53Si4, 699.038; found,
699.104, calcd for C35H39Cl305S5Sis, 734.007; found, 734.090.

Synthesis of thiophene copolymer with cyclic siloxane (P(3DDT-
3tetraCSiT)).

P(3DDT-3tetraCSiT) was synthesized following the method for
P(3DDT-3CSiT).*” Into 72 mL THF, 3.6 g 3DDT (13 mmol) and 28
mg 3tetraCSiT (31 pmol) were dissolved under a nitrogen
atmosphere. After adding 1.0 M THF/toluene solution of
TMPMgCI-LiCl (17 mL, 17 mmol) into the mixture, the solution
was stirred at 60 °C for 1 h. Subsequently, 5 mL THF solution
with 17 mg NiCly(IPr)PPh3 (22 umol) was added, and the solution
was stirred at room temperature for 24 h. The reaction was
quenched by adding 1 M aqueous HCl and methanol. After
filtration, the precipitated solids were purified by Soxhlet
elution using acetone to elute the unreacted monomers and
oligomers. P(3DDT-3tetraCSiT) was obtained with a yield of 65%
(2.4 g). M,, M\,, and M,/M, were 248,000, 369,000, and 1.49,
respectively. *H NMR (400 MHz, CDCls, 6/ppm): -0.05-0.12 (br,
0.02H, CHs in cyclic siloxane), 0.68-0.77 (br, 0.01H, —Si—CH2—
CH,—CHx—thienyl), 0.80—0.98 (br, 3H, —CH;—CH;—(CH3)s—CHs),
1.15-1.52 (br, 18H, —CH,—CH>—(CH>)s—CHs3), 1.62—1.80 (br, 2.0H,
—CHz—CH>—(CH3)s—CHs3), 2.72-2.92 (br, 2.0H, —CH>—CH>—(CH>)s—
CH3), 6.90-7.10 (br, 1.0H, S—C—CH). 3C NMR (100 MHz, CDCls,

This journal is © The Royal Society of Chemistry 20xx

6/ppm): 14.2,22.8,29.4,29.6, 29.7, 29.8, 29.8, 30.6, 32.0, 128.8,
130.7, 134.0, 140.2.

Film preparation and formation of the cross-links of P(3DDT-3CSiT).
Firstly, a 2 wt% CHCIls solution of P(3DDT-3CSiT) was prepared
by dissolving 150 mg P(3DDT-3CSiT) and 15 mg cyclohexyl p-
toluene sulfonate (TsOCH) as the thermal acid generator®®. After
casting the solution and drying overnight to remove the solvent, cast
films with a thickness of approximately 100 um were prepared. The
obtained films were annealed at 150 °C for 1.5 h, and labelled as
Acid_anneal. The films were also melted at 185 °C for 1.5 h, slowly
cooled for 0.5 h, and labelled as Acid_melt. For comparison, P(3DDT-
3CSiT) films without a thermal acid generator were prepared, and
labelled as Noacid. P3DDT without a thermal acid generator was
fabricated through casting and annealing at 150 °C for 1.5 h.

Preparation of Melt_tetra films.

After melting 150 mg P(3DDT-3tetraCSiT) and pressing at 185 °C,
the film was obtained after slow cooling and labelled as Melt_tetra.
The thickness of the obtained films was approximately 200 um.

Measurement of thermal properties.

The thermal decomposition of P(3DDT-3CSiT) and P(3DDT-
3tetraCSiT) was measured using a Thermo plus EVOIl TG8121
(RIGAKU Co. Ltd.) under a nitrogen atmosphere, using an Al pan.
The flow rate was set to 250 mL/min, the heating rate was set
to 5 °C/min and the scanning temperature ranged from 150 °C
to 500 °C. The temperature corresponding to 5% thermal weight
(Tas)
temperature. Differential scanning calorimetry (DSC) of P3DDT,
P(3DDT-3CSiT), and P(3DDT-3tetraCSiT) was performed using a
Rigaku DSC8230 instrument under a nitrogen atmosphere using

loss was defined as the thermal decomposition

an Al pan. The heating and cooling rates were both 10 °C/min.
In the DCS measurements, the heating and cooling processes
were performed twice. The second cycle was employed to
obtain the DSC curves of the synthesized polythiophenes. The
melting temperature (T») was defined as the temperature at
the top of the endothermic peak during heating.

Measurement of the solubility of the cross-linked P(3DDT-3CSiT)
and P(3DDT-3tetraCSiT).

Into 15 g chloroform, 10 mg prepared films were immersed for
17 h. The eluted solutions were evaluated using a UV—uvis absorption
spectrometer (V-750, JASCO Co., Ltd.). The scan rate of the
wavelength was 200 nm/min, the scan range of the wavelength was
from 200-900 nm, and the length of the light path was 10 mm. As
the Noacid film was completely dissolved in chloroform, the
absorbance of diluted solution A was measured, and the molar
absorbance coefficient of P(3DDT-3CSiT) emax Was calculated from
the Lambert-Beer equation (Equation (1)):

A=gmaxcl (1)

J. Name., 2013, 00, 1-3 | 3



where c is the concentration of the chloroform solution and | is the
length of light path, which is equal to 10 mm. From &n., the
concentrations of the eluted solution and weight fractions of the
eluted polymers, namely Acid_anneal, Acid_melt, and Melt_tetra,
were calculated.

X-ray diffraction measurements.

The X-ray diffraction measurements of the prepared Noacid,
Acid_anneal, Acid_melt, and Melt_tetra films were performed using
an X-ray diffractometer SmartLab 3 kW (RIGAKU Co. Ltd.) using the
0/26 method. The X-ray beam was generated at 40 kV and 30 mA
with a wavelength of 1.5418 A (CuKa). The scanning rate was 50°/min,
the step size was 0.01°, and the 26 scanning range was from 2° to 30°.
A HyPix-3000 (RIGAKU Co., Ltd.) was employed as the X-ray
semiconductor detector.

Dynamic mechanical analysis (DMA).

The DMA measurements were performed using a DVA-20, Itk Co.
in the tensile mode. The samples were trimmed into rectangles with
dimensions of 30 mm x 5 mm. The initial length, heating speed,
mechanical frequency, and maximum loaded strain were 20 mm,
6°/min, 4 Hz, and 0.1%, respectively. The scanning temperature
range was from -50 °C to 150 °C. DMA measurements of more than
five specimens were performed for each sample, and the obtained
mechanical properties were averaged. The glass temperature (Tg)
was defined as the temperature at the maximum mechanical
loss tané.

Mechanical tests.

The tensile tests were performed using an AUTOGRAPH AG-X
plus, Shimadzu Co. Ltd. The samples were trimmed into rectangles
with the dimensions of 30 x 5 mm. The initial length was 10 mm, and
the tensile speed was 10 mm/min. Tensile tests of more than five
specimens were performed for each sample, and the obtained
mechanical properties were averaged. For the mechanical cyclic tests,
the loading and unloading processes were repeated with the
maximum strain gradually increasing.

Two-dimentional (2D) X-ray diffraction in situ measurements under
mechanical cycle tests.

The 2D X-ray diffraction patterns were measured using
synchrotron radiation at BLO3XU of SPring-8°° under mechanical
cycle tests of Noacid, Acid_anneal, and Melt_tetra. The X-ray
wavelength, exposure time, and camera distance were 1.0 A, 0.8 s,
and 0.35 m, respectively. The detector was a Pilatus 2M. A tensile
machine (N0.10073 LinKAM Scientific Instruments Co. Ltd.) was used
for the mechanical cycle tests. The samples were trimmed into
rectangles with dimensions of 25 mm x 5 mm, and the crosshead
speed was 167 um/s. The orientation factor f under the loading and
unloading tensile stress in the cycle tests was calculated from

Equation (2) and (3) of the Herman orientation function:
3<cos?p>-1
feemst (2)
[ Isin@cos?@ do (3)

2 —
< cos”P >= [ Ising do
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where | is the intensity of diffraction, and ¢ is the orientation degree.

Results and discussion

The monomers of P(3DDT-3CSiT) and P(3DDT-3tetraCSiT) were
synthesized using methods similar to those used in previous
reports.**#” In their 'H NMR spectra, the peaks of the methyl groups
of the cyclic siloxane moieties were observed at approximately 0
ppm. The copolymerization of their monomers with cyclic siloxanes
and 3-DDT was performed using nickel catalyst NiCl,(PPhs)IPr, as
shown in Scheme 1. The polymerizations progressed without by-
products. P(3DDT-3CSiT) possessed large solubility into chloroform.
In contrast, the solubility of P(3DDT-3tetraCSiT) into chloroform was
decreased at room temperature, but P(3DDT-3tetraCSiT) dissolved
into chloroform at a temperature higher than 50 °C, and once
P(3DDT-3tetraCSiT) P(3DDT-
3tetraCSiT) in chloroform remained in the solution state even at
room temperature. M,, were 312,000 and 369,000 for the obtained
copolymers P(3DDT-3CSiT) and P(3DDT-3tetraCSiT) , respectively.
These molecular weights were sufficient for the preparation of self-
standing films and the investigation of their mechanical properties.
The molar fraction of the 3CSiT units in P(3DDT-3CSiT) was 4.2% in
the *H NMR spectrum. Polymerization with a larger molar fraction of
3CSiT progressed insufficiently. In contrast, the peak of the cyclic
siloxane units of P(3DDT-3tetraCSiT) was observed slightly. The
molar fraction of the cross-linked units in P(3DDT-3tetraCSiT) was
0.2% in the *H NMR spectrum. The reason would be that the steric
3tetraCSiT  suppressed its reactivity in
copolymerization with 3DDT. This result means that P(3DDT-

had dissolved into chloroform,

hinderance  of

3tetraCSiT) possessed the network structure involving tetra-armed
cross-linking points.

As shown in Figures S11 and S12 in the Supplementary
Information, Tgs of P(3DDT-3CSiT) and P(3DDT-3tetraCSiT) were
observed at 381 °C and 377 °C, respectively. Tqs of P3DDT was
observed at 370 °C, which indicates that the thermal resistances of
P(3DDT-3CSiT) and P(3DDT-3tetraCSiT) were comparable to that of
P3DDT, regardless of the cyclic siloxane moieties. In the DSC curves,
the melting and crystallization behaviors of P(3DDT-3CSiT) and
P(3DDT-3tetraCSiT) were similar to those of P3DDT because the
synthesized copolymers contained large fractions of 3DDT units. As
shown in Figures S13-S15 in the Supplementary Information, Ty,
were 155 °C and 160 °C for P(3DDT-3CSiT) and P(3DDT-3tetraCSiT),
respectively, and 164 °C for P3DDT.>! In addition, the crystallization
exotherms of P(3DDT-3CSiT) and P(3DDT-3tetraCSiT) appeared at
119 °C and 127 °C, respectively, whereas that of P3DDT was
appeared at 131 °C. The melting and crystallization of both the
copolymers occurred at slightly lower temperatures than those of
P3DDT. The reason for the difference would be that the crystallites
of P(3DDT-3CSiT) and P(3DDT-3tetraCSiT) contained cyclic siloxane
side chains or their cross-linking points as defects.

The self-standing films of P(3DDT-3CSiT) were prepared by
forming cross-links. The P(3DDT-3CSiT) films, including the acid
generator TsOCH*, were prepared using the casting method. The

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Prepared cross-linked polythiophene films and their thermal and mechanical parameters.

samole T Tt T4 Young's Mechanical Elongation
p Components Condition M@ modulus strength at break
name ¢ °c °C MPa MPa %
Noacid  P(3DDT-3csit) C2st and annmealed at .. g0 155 19 39+2 94+12 313+ 47
150°Cfor1.5h ’ B T B
. P(3DDT-3CSiT) Cast and annealed at + n "
Acid_anneal 10Wt% TsOCH 150 °C for 1.5 h 312k 381 155 5.5 46 £ 3 12.0 £ 1.5 74 £ 23
. P(3DDT-3CSiT) Cast, melted at 185 °C for
’ + + +
Acid_melt 10Wt% TsOCH 1.5 h and cooled for 0.5 h 312k 381 155 3.0 41+ 4 8.1t 15 64 = 7
P(3DDT- Hot-pressed at 185 °C for i i .
Melt_tetra 3tetraCSiT) 15h 369k 377 160 3.8 43 = 4 89 1.1 104 = 12

9 Calculated from GPC charts of polythiophenes before cross-liked reaction.
b Measured with TGA of polythiophenes before cross-liked reaction.

¢ Measured with DSC of polythiophenes before cross-liked reaction.

4 Measured with DMA of polythiophenes after cross-liked reaction.

heat treatment decomposed TsOCH and generated acid, which then
formed a cross-linker through the ring-opening reaction.
Acid_anneal and Acid_melt films were prepared under different
thermal heating conditions. On the other hand, the Melt_tetra films
inherently possessed cross-linking points without any thermal
treatment because the four-armed cross-linker unit 3tetraCSiT was
involved in the polymerization process. A Melt_tetra film was also
prepared by hot pressing because of the low solubility of P(3DDT-
3tetraCSiT) in organic solvents. To compare the structure and
mechanical properties, Noacid film without the acid generator and
P(3DDT) film without cyclic siloxane side chains were also prepared.
The characteristics of the obtained films are summarized in Table 1.

To evaluate the effects of the chemical cross-linking of the
P(3DDT-3CSiT) and P(3DDT-3tetraCSiT) films, their solubilities in
chloroform were investigated, as shown in Figure 1. The weight
fraction ratios of the non-crosslinked components of P(3DDT-3CSiT)

and P(3DDT-3tetraCSiT) were calculated from the UV—uvis

film. During thermal annealing below the melting temperature, the
crystallites were sustained and the cross-linking formation by the
acid generators progressed in the amorphous region. In contrast, the
weight fraction of the extracted polymers of Melt_tetra was 1.5 wt%.
The extracted weight fractions of Melt_tetra without cross-linking
reactions were comparable to those of the cross-linked P(3DDT-
3CSiT) films. This indicates that the tetra-substituted cyclosiloxane
comonomers behaved as chemical cross-linking points.

Noacid Acid_anneal

Melt_tetra

Figure 1. Solubility of Noacid, Acid_anneal, and Melt_tetra.

absorption coefficient of the eluted solution after the films were (100)

immersed in chloroform for 17 h. Noacid was completely dissolved = 200) (300 Noacid

in chloroform. The UV—vis absorption band was observed at 455 nm, X \/K—’M A .

and the molar UV—vis absorption coefficient of P(3DDT-3CSiT) was ‘% Acid_anneal
calculated as gmax = 9.3 x 103 [cm™*M™1], as shown in Figure S16 in the fz’ \\A_ Acid_melt
Supplementary Information. This absorption band was originated

from the m-rt* transition of the polythiophene main chains. Based on \/LA Melt_tetra
Emax, the amounts of P(3DDT-3CSiT) and P(3DDT-3tetraCSiT) in the 0 5 10 15 20 25 30
extracted chloroform solutions were evaluated. In the Acid_anneal 26(degree)

and Acid_melt films, the weight fractions of the extracted polymers
were 3.6 wt% and 0.7 wt%, respectively. This suggests that the
Acid_melt film possesses more cross-links through the ring-opening
reaction of cyclic siloxane by thermal heating than the Acid_anneal

Figure 2. X-ray diffraction profiles of Noacid, Acid_anneal, Acid_melt,
and Melt_tetra.
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To investigate the crystallinity of the prepared films, X-ray
diffraction measurements of Noacid, Acid_anneal, Acid_melt, and
Melt_tetra were performed. The X-ray diffraction profiles are shown
in Figure 2. For all prepared films, peaks originating from the
crystallites of P3DDT were observed at 3.2°, 6.4°, and 9.7°, which
were assigned to the (100), (200), and (300) planes, respectively,
corresponding to the intermolecular distance in the direction
perpendicular to the thiophene rings.>? Sharp peaks originating from
the thermal acid generator TsOCH would be also observed. The
diffraction intensities of the (100) plane are as follows: Noacid >
Acid_anneal > Acid_melt. The diffraction peaks of Acid_melt almost
disappeared, indicating that the cross-linking formation destroyed
the crystalline structure and inhibited crystallization.

For Melt_tetra, the films with higher crystallinity provided a
lower weight fraction of Melt_tetra extracted into chloroform,
compared to Noacid. This higher crystallinity decreased the solubility
of chloroform. Diffraction peaks corresponding to the (100), (200),
and (300) planes of Melt_tetra was observed at 3.4°, 6.7°, and 10.1°,
respectively. This indicates that the intermolecular distance between
the polythiophene chains of Melt_tetra through their side chains was
lower than that of P(3DDT-3CSiT). This was attributed to the
combination of the cyclic siloxane group of the P(3DDT-3CSiT) side
chain with the thiophene main chains and the expansion of the
intermolecular distance by the bulky cyclic siloxane moieties;
however, because the cyclic siloxane moieties in Melt_tetra were
mutually cross-linked with different polythiophene chains, the
polymer chains were tightly combined and their intermolecular
distance slightly decreased.
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Figure 3. Storage modulus, loss modulus and loss tané of (a) Noacid,
(b) Acid_anneal, (c) Acid_melt and (d) Melt_tetra.

To investigate on the temperature dependence of the modulus
and glass transition temperature of the prepared polythiophene
films, DMA measurements were performed from -50 °C to 150 °C.
The storage modulus, loss modulus, and mechanical loss tané of the
films are depicted in Figure 3. The maximum tané of the P(3DDT-
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3CSiT) films was observed at approximately 0 °C, and their storage
modulus E’5s at 25 °C ranged from 30 MPa to 60 MPa. Therefore, the
prepared P(3DDT-3CSiT) films were rubbery-like states at 25 °C. With
different fabrication methods, the glass transition temperatures
increased from 1.0 °C to 5.5 °C in the following order: Noacid,
Acid_anneal, and Acid_melt. The formation of cross-linkers
promoted the increase in T, The higher Ty of Acid_anneal was
attributed to the higher crystallinity of Acid_anneal compared to that
of Acid_melt. Acid_melt was cross-linked in the melting state, while
the cross-links of Acid_anneal were formed to retain crystallites.
Moreover, at temperatures higher than Tg, the storage modulus E’ of
Acid_melt was lower than those of Noacid and Acid_anneal, as
shown in Figure S17 in the Supplementary Information, because
Noacid and Acid_anneal possessed higher crystallinity, relative to
Acid_melt. Larger plateau in E for Acid_melt, and
Acid_anneal with cross-linking were also observed at temperatures

regions

higher than 50 °C, compared to the case of Noacid. This result also
confirmed that Acid_melt and Acid_anneal possessed cross-linked
structures. For Melt_tetra, T; was 3.8 °C, which is higher than that of
Noacid without cross-linkers. In addition, at temperatures higher
than 50 °C, the inclination of £’ of Melt_tetra decreased, resulting in
a plateau-like region of E’. These results indicated that the
tetrathiophene-substituted siloxane unit was regarded as a cross-
linking point in Melt_tetra in the DMA measurement.
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Figure 4. (a) Stress-strain curves of synthesized thiophene

copolymers and in cyclic tensile tests of (b) Noacid, (c) Acid_anneal,
(d) Acid_melt and (e) Melt_tetra.

The mechanical properties of the prepared polythiophene films
were investigated by conducting tensile tests. Their strain-stress
curves and mechanical parameters are shown in Figure 4a and Table
S1inthe Supplementary Information. Compared with P3DDT without
cyclic siloxane moieties, the Young’s modulus and tensile strength of
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the Noacid film were decreased, whereas its strain at break reached
300%. The Noacid film exhibited a crystallinity similar to that of
P3DDT. Therefore, this larger strain at break would be attributed to
the flexible cyclic siloxane side chains.***> Moreover, the formation
of cross-linkers in the Acid_melt and Acid_anneal films provided
larger modulus and lower strain at break than those of the Noacid
films. The difference of crystallinity between the Acid_melt and
Acid_anneal films caused the slightly larger modulus of the
Acid_anneal films than that of the Acid_melt one. The mechanical
properties of the Melt_tetra film were similar to those of
Acid_anneal and Acid_melt films because of the cross-linker of the
tetra-substituted cyclic siloxane in the Melt_tetra film.

Cyclic tensile tests were performed to evaluate the elastic recovery
of the cross-linked polythiophenes. All prepared polythiophene films
showed plastic deformation and large hysteresis at strains larger
than 10%. To compare the cross-linking effect on elastic recovery,
the stress-strain curves in the loading and unloading processes with
an elongation strain of 50% are shown in Figure S19 in the
Supplementary Information. The strain recovery ratios Rsp were
calculated from the strain values before loading and after unloading.
The Rso values were 80%, 87%, and 91% for the Noacid, Acid_anneal,
and Acid_melt films, respectively. The Acid_melt film exhibited the
largest elastic recovery ratio because of its cross-link formation and
low crystallinity. The Acid_anneal film has a lower crystallinity than
the Acid_melt film, which enhanced plastic deformation. In contrast,
Rso for the Melt_tetra film was 84%, which was higher than that of
the Noacid film and lower than those of the Acid_anneal and
Acid_melt films. These suggest that the tetra-substituted thiophene
formed cross-links in the Melt_tetra films, with a sufficiently low
cross-linking degree compared to those of the Acid_anneal and
Acid_melt films.

Next, we focused on the effects of cross-linking on the elastic
recovery and structural deformation, and performed X-ray
diffraction measurements under cyclic tensile deformation using
synchrotron radiation. The changes in the crystallite orientation
degrees under loading and after unloading were analyzed using the
diffraction of the (100) plane as shown in Figure 5. These
measurements were performed for the Noacid, Acid_anneal, and
Melt_tetra films because their crystallinities were sufficient to
evaluate the crystallite orientation under deformation. For the films
without stress, the diffraction of the (100) plane were observed as
Debye-Scherrer rings, as shown at 0 MPa in Figure 5b. Thus, before
the stress was applied, the crystallites were randomly oriented. As
the stress was increased, the diffraction ring was gradually changed
to arcs in the meridian direction. The changes in the Hermann's
orientation degrees of the films are presented in Figure 5c and Figure
S20c and S21c in the Supplementary Information. The crystallite
orientation of the Noacid film was increased with loading strains
larger than 50% and decreased after unloading. However, for strains
less than 50%, the orientation degrees gradually increased through
repeated loading and unloading. The orientation degrees did not
decrease after unloading. These results suggest that when the
Noacid film was drawn, the film involved necking and vyielding
deformation under strains of less than 50%. In addition, after necking

This journal is © The Royal Society of Chemistry 20xx

was completed, the film was drawn homogenously after elongation
with a strain larger than 50%. Therefore, the correlation between the
strain and orientation degree of the Noacid film was linear at strains
value larger than 50%. The orientation degrees of the Acid_anneal
film with high crystallinity and cross-links exhibited the largest
repeatability with the loading strains, as shown in Figure 5. For the
Melt_tetra film, the orientation degree of the crystallites exhibited
higher repeatability when the strain is less than 40%, compared to
the Noacid film. However, the orientation degrees at strains larger
than 40% strain were dispersed because of the localized deformation
under loading strain. These results coincided with the cross-linking
degree of tetra-substituted cyclic siloxane moieties.
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Figure 5. (a) Stress-strain curves, (b) 2D X-ray diffraction images, (c)
orientation degrees of Acid_anneal in in situ X-ray diffraction pattern
measurements under cyclic tensile tests (black circles : loading states,
and white circles : unloading states).

Conclusions

In this study, we fabricated thiophene copolymers, P(3DDT-
3CSiT) and P(3DDT-3tetraCSiT), including cyclic siloxanes with
high molecular weights. Self-standing films were prepared using
casting and hot-pressing methods. Through thermal acid
involving an thermogenerator or

treatments acid
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copolymerization with tetra-substituted cyclic siloxane units,
cross-linked networks were formed, which provided lower
solubility in organic solvents, and increased the glass transition
temperature. The Young’s modulus and mechanical strength
increased, and larger elastic recoveries were observed due to
the presence of cross-linking points and crystallization, relative
to the thiophene copolymer without a network structure. In
addition, in situ X-ray diffraction measurements were
performed during cyclic tensile testing to investigate the
correlation between the strain and crystallite orientation. The
recovery of the crystallite orientation was obtained to be the
highest for the thiophene copolymer with a network structure
after acid treatment. The crystallite orientation decreased for
the copolymer containing tetra-substituted cyclic siloxane units
without acid treatment, whereas the copolymer without a
network structure showed no orientation recovery. Therefore,
in this work, we clarified the effects of the network structure of
thiophene copolymers with cyclic thiophene groups on their
mechanical properties and structural deformation. These
results suggested molecular designs for the control of the
mechanical properties of m-conjugated polymers such as
polythiophenes in advanced electronic devices.
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