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ABSTRACT

For the developments of wearable and stretchable devices, the insights on the mechanical
properties and structural deformation of functional conjugated polymers are required. Especially,
polythiophene has received much attention as a typical hole transfer material in electronic devices.
However, the widely accepted polythiophenes were brittle because of the rigid chemical structure
of thiophene rings. We have reported on the synthesis and flexible properties of polythiophene
with disiloxane groups in side chains, and it was revealed that the polythiophene possessed larger
elongation at breaking than 200% at room temperature. In this study, we investigated on the
deformation process of the polytiophene with in situ measurements under stretching using X-ray
diffraction at synchrotron radiation and polarized infrared spectroscopy. In the X-ray diffraction
measurements, the orientation of crystallites occurred after yielding, while relative intensities of
polarized infrared absorption bands were gradually increased once stretching. From these results,
at the first of the deformation, the polythiophene chains in the amorphous region were aligned and
then the whole bulks of the polythiophene including crystallites and amorphous were oriented after

yielding. We succeeded in trace of structural deformation of the polythiophene under stretching.



Introduction

For these decades, electronic devices and their technologies have been remarkably developed.

The types of the devices are diversified such as photovoltaic cells,' semi-conductive transistors,*

10,11 12-14 15-18

® light-emitting diodes,” biosensors, capacitors, memories and so on. In particular,
portable devices (e-books, smartphones and tablets) are progressing rapidly from the perspective
of their size, weight and performance.'>? In future, for the further advance of Internet-of-things
(IoT), higher-potential consumer electronics including those portable devices as well as wearable
sensors, biomedical chips and flexible displays, are desired.!®!!"!°22 In these electronic products,
it is required that the fabrication cost, the weight, and the electricity power consumption of their
electronic devices should be reduced. Therefore, the electronic properties of various organic- or
inorganic-based materials have been investigated. In addition, the flexible, stretchable and
bendable properties are indispensable in those advanced electronics. Compared with metal- or
metal oxide-based materials, polymers are promising materials in the flexible, stretchable and
bendable devices.

In reported flexible devices, micro patterning of their electrodes composed of inorganic

materials?®>%

and conventional elastomers including conductive inorganic fillers has been
suggested.?®! For the fabrication of these devices, customization of the electrodes and another
process of compositing with polymer and conductive fillers are required. Large mechanical
deformation interrupts the electric performance of these customized devices by stress
concentration to patterned electrodes and disconnection of conductive path. Therefore, fabrication

of devices with elastic semi-conductive polymers is a preferable approach to bendable and

stretchable devices with high durability toward mechanical deformation.’? The electrodes or



charge transport layers with single components of elastic materials lead to inherent improvements

of mechanical brittleness in those devices.
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Fig.1 Chemical structure of P3SiT.

Conjugated polymers attract much attention as semi-conductive materials in flexible devices.
However, conjugated polymers, with aromatic ring are rigid compared with conventional plastics.
For deforming motions of wearable and comfortable devices such as bending and stretching, it is
desired that the conjugated polymers are tougher and more elastic in their mechanical
properties.>>** In our previous work, we synthesized polythiophene with disiloxane moieties in
side chains (P3SiT), as shown in Fig. 1, and investigated on its structure and mechanical and
electric properties.>>>7 The obtained P3SiT showed not only low Young’s modulus (<50 MPa)
and large elongation at break (>200 %), but also high electronic conductivity similar to P3HT.
Higashihara ef. al. have also reported on the polythiophenes with siloxane moieties and
polythiophene-based block-co-polymers.*3** Moreover, it is reported that siloxane moieties in side
chains of conjugated co-polymers with diketopyrrolopyrrole and polythiophene units in their main
chains also improved their mechanical properties as well as electronic performances.*'*** Their
thiophene polymers with siloxane moieties were promising materials for flexible devices.

We have revealed that the electronic conductivity of P3HT in parallel to drawn direction
increased with the crystallite orientation through drawing. The structure of P3SiT is one of the
significant factors for the electrical and elastic performance. Herein, we evaluated the effect of

tensile deformation on the orientation of crystallites and molecular chains. Synchrotron 2D X-ray



diffraction images and polarized Fourier transform infrared spectroscopy (FT-IR) of P3SiT were
measured in situ under tensile tests. These results would provide significant insights on the

molecular behavior under deformation of flexible and stretchable devices.



Experiments

Materials

d,>>?7 as shown in Scheme S1 in the

P3SiT was synthesized in our reported metho
Supplementary Information. The number-average molecular weight and its distribution were 100k
and 1.30, respectively. The characterization were performed with 'H NMR (ECZ400, JEOL) in d-
chloroform and gel permeation chromatography with chloroform as eluent solvents (G CBM-20A,
Shimazu) as shown in Figure S1 and S2 in the Supplementary Information. The molecular weight
of P3SiT was estimated by standard polystyrene.

X-ray diffraction measurements under tensile tests

Crystallite orientation of the drawn film was investigated by X-ray diffraction photographs
taken at SPring-8 BLO3XU* (wavelength: 0.60 A). A detector (Pilatus3 1M, Dectris) was
employed. In the in-situ measurements under tensile tests, the diffraction patterns were measured
at every 10% of sample strain during increasing tensile deformation. For the in situ tensile tests,
P3SiT films with 80 um thickness were cast and trimmed with 30 mm x 5 mm. A tensile machine
(TST-350 Tensile Testing System, LINKAM SCIENTIFIC) was employed. The tensile rate was
5 mm/min. The initial length was 20 mm. The degree of the crystallite orientation 7 was defined
with equation (1).

=100 x (180 —H°)/180 (1)
where H° is the half-width of the intensity distribution curve for the diffraction lattice of the
assembled side chains of P3SiT along the Debye—Scherrer ring.
FT-IR measurements under tensile tests
IR absorption measurements were performed with FT-IR microscope (AIM-9000 Infrared

Microscope, Shimadzu. Co. Ltd.) using polarizing elements (Infrared Polarizer, Shimadzu. Co.



Ltd.). In the in-situ measurements under tensile tests, an IR spectrum was obtained every 10% of
sample starin. For the in situ tensile tests, P3SiT films with 80 um of thickness were casted and
trimmed with 20 mm x 5 mm. A tensile machine (STJ-0116-M Micro Vice Holdr, S.T.JAPAN
INC.) was also employed in this measurement. The tensile test was controlled by manual operation.
The initial length was 10 mm and the tensile rate was around 5 mm/min. The orientation behaviors
were evaluated from ratios of the absorbance bands of polarized FT-IR spectra with parallel and

perpendicular (0° and 90°) to the drawn direction Ao/Ago.



Results and Discussion

P3SiT was prepared using nickel catalyst through Kumada coupling polymerization in the
literature method.>® The regioregularity of P3SiT was more than 99%. The molecular weights and
amounts were large enough for solvent-casting flat film preparation and tensile tests. In our
previous work, this P3SiT possessed larger elongation at break than 200%, and the elongation was
nearly 20 times larger than P3HT,*® as shown in Fig. S1 in the Supplementary Information.
Therefore, it is possible to evaluate structural change under mechanical deformation.

Before in situ X-ray diffraction measurements under tensile tests, the structure of P3SiT with
undrawn and 3-times drawn were investigated. Fig. S5 in the Supplementary Information shows
their X-ray diffraction photographs. In the undrawn films, two Debye-Scherrer rings were
observed, whereas the drawn P3SiT samples showed orientation pattern. These equatorial
reflections were originated from the diffraction lattice of the assembled side chains.*® The
crystallite orientation in the drawn P3SiT film, which was evaluated using the equatorial n-w
stacking reflection (26 = 4.31°), was 0.80.

We performed in situ X-ray diffraction measurements under tensile tests with synchrotron
radiation at SPring-8 BLO3XU. Fig. 2 shows stress-strain curve and strain-crystallite orientation
curve of P3SiT and X-ray diffraction patterns at various tensile strains. The mechanical yielding
of P3SiT was observed at 14% strain. The tensile strength were increasing with the strain linearly
before achieving to the yielding point. After yielding, the strain-stress curve was almost plateau
and the stress was gradually increased again at the larger strain. In contrast, at lower strain than
40%, the crystallite orientation was not observed at all. After yielding, the orientation was
increased abruptly at 40% strain and reached more than 0.60. In the cyclic test of P3SiT, permanent

set was observed at larger than 50% strain. This result was coincidence to the crystallite orientation



behavior in the in situ X-ray diffraction measurements. The orientation also increased slowly at
larger elongation (<40%) and reached a steady value, approximately 0.80 at tensile strain up to

140%. This sample was not broken even at larger than 250%.
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Fig. 2 (a) In situ stress-strain and strain-orientation curves. (b) /n situ 2D XRD patterns at various

strains.

In the X-ray diffraction measurements, only the crystalline regions of the samples were
evaluated. The whole of the sample including crystalline and amorphous regions were investigated
with FT-IR measurements. Before in situ FT-IR absorption measurements under tensile tests,
undrawn and drawn P3SiT films were evaluated.

Fig. S8 in the Supplementary Information shows FT-IR spectra of undrawn P3SiT films. The
absorption bands were observed at 3049 cm !, 2854 cm™!, 1508 cm™!, 1448 cm ™! and 1259 cm™},
and they were originated from stretching vibration of C—H in thiophene rings, stretching vibration
of —CH_, asymmetric stretching vibration of C=C, symmetric stretching vibration of C=C and
deformation vibration in Si—-CHj3, respectively.***’ In addition, for the investigation on the

orientation of molecular chains of 3 times drawn P3SiT film, the polarized FT-IR measurements



were performed with every 15°. In Fig. 3a, the FT-IR spectra of 3-times drawn P3SiT with
polarization of 0° and 90° were shown. We focused on the absorption bands observed at 3049 cm ™!,
2854 cm ! and 1508 cm™!. Fig. 3b shows dependence of the polarizer angles on their absorption
band intensities. At 0° of the polarizer angles, the band intensities originated from stretching
vibration of C—H at 3049 cm ! and C=C at 1508 cm™! showed significant reduction to minimum,
while both the band intensities were maximum at 90° of the polarizer angles. Anisotropy in both
angles were apparent by the difference in intensity of IR absorbance between the parallel and
perpendicularly polarized spectra. These indicated that the C—H and C=C bonds in thiophene rings
of P3SiT was aligned to the perpendicular to the drawn direction. In contrast, the intensities of the
bands at 2854 cm ! remained constant regardless of the polarizer angles. These suggested that the
drawing provided the orientation of only the main chain, not side chain, of P3SiT. In the in situ

measurements under stretching, we evaluated with the relative intensity between these absorption

bands.
V,(C-H) 3049 ¢m-! v,(C=C) 1508 cm-!
80
(a) o 5 90 105120 50 75 10512D
Si-CH, s 155 N/ N
1259 cm*! 0 = 15 a ) 185
vs(C=C) 15 165 5 ) a0
1 0 180 F]
- wcr) - / e AN = 77
i 2854 cm'" =
g va(C-H) » 1508 cm- ' i ln RN
g 3049 cm-" 300 28570 o &0
c S 270
8] 0° polarization V,(CH,) 2854 cm-"
5 80
E 4550 78 “]512Dﬂﬁ
< 30 150
. . 15 185
90° polarization o 180
345 185
330 210
* * . 315 225
3700 2700 1700 700 %055 255> Drawn direction
270 l N

Wavenumber (cm-T)

Fig. 3 (a) FT-IR spectra of 3-times drawn P3SiT with polarization of 0° and 90° and (b) dichromic

profiles of polarized FT-IR of 3-times drawn P3SiT.
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In situ FT-IR absorption measurements were performed under tensile tests. All the IR
measurements were performed under strain from 0% to 140% and the relationship between strain
and relative intensities of absorption bands at 3049 cm ™!, 2854 cm™! and 1508 cm ™! of polarized
FT-IR measurements are shown in Fig. 4. For the evaluation of the depolarization under stretching,
we focused on the IR spectra with polarized angles parallel and perpendicular (0° and 90°) to the
drawn direction and employed their intensity ratios of stretching vibration originated from C—H
and C=C bonds at 3049 cm ! and 1508 cm ™!, respectively. Both the intensity ratio of P3SiT film
before elongation was 1.0, which means that the film possessed no anisotropy. As the film was
strained, the intensity ratios were then steadily increased and were finally come up to 4.5 and 3.5
at tensile strain of 140%, respectively. On the other hands, the intensity ratio of the stretching
vibration of -CHp at 2854 cm™! maintained constant, around 1.0. These results indicated that the
main chain was oriented along the strain direction, not the side chains. The flexible and long side
chains of disiloxane would prevent these oriented-assembly and these factors could inhibit
spectroscopically the alignments of the side chains under stretching. These corresponded to the
polarized FT-IR measurements of the drawn-annealed P3SiT film. The increases of the intensity

ratios was associated linearly with the tensile strain.
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Fig. 4 (a), (b) In situ FT-IR spectra of P3SiT under strain from 0% to 140%. (c) Relationship

between strain and relative absorption intensities of /n situ polarized FT-IR.

In both the results of X-ray diffraction and FT-IR in situ measurements under tensile strain, the
orientation of P3SiT main chains were observed, while the changing processes of both the
measurement results under straining were different. The orientation of P3SiT crystallites kept
isotropic state before yielding points under strain process. After the yielding point, the anisotropy
of crystallites was increased abruptly. At higher strain, the crystallite orientation was increased
and saturated gradually. On the other hand, in the FT-IR measurements, the molecular orientation
was increased as the P3SiT film was strained even at lower strain region. The difference of the

orientation behaviors between X-ray diffraction and FT-IR was attributed to the difference of the
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measurement subjects between their measurement mechanisms. In the X-ray diffraction
measurements, only the crystalline regions of P3SiT were evaluated, whereas the FT-IR
measurement provided the structural conformation of the whole bulk including the crystallites and
amorphous regions. It is revealed that, at the lower strain before yielding, the P3SiT molecules in
amorphous region were aligned, and then the alignment of the crystalline regions was started
abruptly after yielding point. Therefore, before the yielding point was reached, the elastic recovery
was observed because the structure of the crystallites had not changed, while the permanent

distortion was caused by the alignment of the crystallites after yielding.

CONCLUSIONS

We performed the evaluation of the structural change of elastic polythiophene with disiloxiane
side chains under in situ strain. In both the measurements of X-ray diffraction and polarized FT-
IR absorption, it was observed that the drawn and annealed P3SiT film possessed anisotropic
structure. We focused on the anisotropic X-ray diffraction streaks and absorption bands, and the
structural changes were investigated in situ under tensile strain of P3SiT. These measurements
concluded that only the soft amorphous region was oriented before yielding, whereas the alignment
of the rigid crystalline regions was observed after yielding. The bulk deformation behavior of
elastic conjugated polythiophene corresponded to the changes of their micro and molecular

structure.

ASSOCIATED CONTENT

Supplementary Information.
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The Supplementary Information includes synthesis scheme, NMR chart, GPC chart, strain—stress
curves, curve of tensile cyclic tests, X-ray diffraction photographs and profiles, FT-IR spectrum,

and electrical resistivity. This material is available free of charge via the Internet at http://
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