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Abstract

Poly(3-hexylthiophene) (P3HT) has been widely shown to have considerable advantages in
photovoltaic cells, including excellent electrical performance, but its fragility remains a
challenge for material applications and processing of stretchable devices. Herein, we
synthesized high-molecular-weight and highly regioregular poly(3-substituted thiophene) with
disiloxane moieties in the side chains (P3SiT). An investigation of the molecular structure and
physical properties of self-supported cast films of P3SiT revealed excellent flexible mechanical
properties derived from the disiloxane groups in the side chains. The larger fracture strain
reached over 200% compared with that of poly(3-hexylthiophene) (14%). In addition, its

Young’s modulus (43 MPa) and low glass transition temperature (—10 °C) resulted in a typical

elastic mechanical property. For the electrical property, the sheet resistivity of the drawn
thiophene polymer showed the value almost equal to that of poly(3-hexylthiophene). The

anisotropy of electrical resistivity was observed due to orientation of the drawn polymer.
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1. Introduction

Conjugated polymers have great potential in the wide field of device applications, due to the
mechanical flexibility, low cost, and light weight of polymer materials.[**! Regioregular poly(3-
alkylthiophene)s (P3ATs) with mt-conjugation systems in their main chains have been focused
on as notable semiconducting polymers because of their extraordinary high electrical
performance. Moreover, low-cost manufacturing processes for electrical and optical devices
have been developed in recent years using such materials.l*®! Extensive investigations of P3ATS,
which are one of the “element-block” polymers, have revealed that their structures and
properties can be changed using various chemical synthetic processes.”! In particular, from
the viewpoint of the chemical structure of P3ATs, long alkyl side chains always indicate
environmental stability and high solubility in common organic solvents.P®! After Rieke™ and
McCullough™! first synthesized the highly regioregular poly(3-hexylthiophene) (P3HT), it has
soon been reported on the high crystallinity, high hole mobility, low band gap and high optical
absorbance with the range up to 650 nm.[*?l Owing to their excellent electrical properties,
various polythiophene derivatives have been widely examined and have enhanced the
development of organic solar cells and field-effect transistors. A number of electrical properties,
such as power conversion efficiencies and charge mobilities of P3HT systems have been
reported. In particular, organic solar cells with efficiencies of nearly 7% have been achieved in
recent years.[*l

For widespread application in industrial fields, the mechanical properties and processability
of a material are considered to be equally important to their electrical properties for the
fabrication of semi-conductive polymer-based devices. However, fragile mechanical property
has been one of the challenging problems of polythiophene products such as P3HT, which
has greatly limited the scope of industrial applications. The flexibility and bendability of P3HT
are not sufficient to tolerate sequential times of multiple bending processes. Moreover, the

electrical properties of P3HT decrease drastically after bending of their devices.[** From the
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viewpoint of the required mechanical performance in the application to the stretchable and
wearable organic solar cells, field-effect transistors or light-emitting diodes,*®! P3HT has never
been an optimal material. As it is reported that organic semi-conductors exhibit a wide range of
tensile modulus, from 30 MPa to 16 GPa,!*’! some of semi-conducting polymers are likely to
perform more as rubbers rather than as plastics. Since the properties of P3ATs are drastically
affected by the side chains on thiophene rings,[*® it is considered that the introduction of groups
that are longer and more flexible than hexyl hydrocarbon groups into the side chains would lead
the enhancement of flexibility of polythiophene derivatives without the loss of the electronic
performance.

In this work, we synthesized a polythiophene derivative with disiloxane moieties in the side
chains attached to thiophene rings (P3SiT) as shown in Figure 1 and investigated its mechanical
and electrical properties. The Si-O bond distance in disiloxane in the side chains (1.66 A)[*% is
longer than the C—C bonding distance in hydrocarbon side chains (1.54 A). Moreover, the low
rotation barrier of Si—-O-Si bonding (3.3 kJ/mol)!?! is comparable to the free rotation energy.
These features of the disiloxane groups contribute great flexibility from the view of mechanical
performance. Additionally, it is well known that conjugated polymers with higher molecular
weights have better flexibility and achieve increased elongation at break.[?:??1 Therefore, we
synthesized a polythiophene with higher molecular weight and prepared self-supported cast
films, so that the desired mechanical properties were available. Owing to the introduction of
disiloxane moiety, the dissolubility and processability of polymer are particularly improved and
easily dissolved in organic solvent like hexane or tetrahydrofuran.[2%-27]

(Figure 1.)

2. Results and Discussion



High molecular weight and highly regioregular poly(3-substituted thiophene) with disiloxane
moieties (P3SiT) was polymerized by Kumada coupling based on a nickel(ll) catalyst (see
Supporting Information for details of the polymerization process).!?22%1 Synthesized P3SiT had
a weight-average molecular weight (Mw) of 300k estimated by gel permeation chromatography
(GPC), and a head-to-tail structure of over 99% was confirmed by 'H NMR (see Figure S2 in
the Supporting Information). After casting from hexane solution and drying for 48 hours at
room temperature, the physical properties of P3SiT film were examined and compared with the
high molecular weight P3HT film made by the same process. Both of the cast films are
measured to be approximately same size of 50 mm x 50 mm, and the thickness of 50 um. In the
cast films of P3SiT with lower molecular weight (Mw = 60k or 130k), cracks or roughness was

observed.

(Figure 2.)

The X-ray diffraction profiles (Figure 2) showed sharp peaks corresponding to the 100, which
indicated highly crystalline of both synthesized P3SiT and P3HT. The diffraction angles 26 of
100 were 4.31° for P3SiT and 26 = 5.32° for P3HT, respectively. The 100 reflection of P3HT
was observed at the same position as in previous reports.*” The lattice spacing for the (100)
(d100) Of P3SiT were estimated to be 20.6 A, which was noticeably longer than that of P3HT
(d100 = 16.6 A). The 100 plane is defined as the distance between their main chains along the
side chains. As the length of the C—Si—O-Si—Me moiety corresponds to that of four C—C bonds,
the side chains of P3SiT are longer than the hexyl side chains of P3HT. In fact, the total side
chain length of P3SiT is more similar to poly(3-octylthiophene) (P30T), which has long octyl
chains on thiophene rings, and fascinatingly the lattice spacing of P3SiT and P3OT indicated
numerical similarity (di00 = 20.9 A for P30T).[*Y The longer intermolecular distance suggests

that the intermolecular interaction of P3SiT might be weaker than that of P3HT.
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Additionally, the thermal properties of the obtained polymers were examined by Differential
scanning calorimetry (DSC) analysis. In DSC thermograms of P3SiT and P3HT (see Figure S3
in the Supporting Information), both polymers indicate two distinct peaks corresponding to
melting (Tm) and crystallization (T¢) during heating and cooling, respectively. Tm of P3SiT was
observed as one endotherm peak at 142 °C, and the temperature was lower than that of P3HT
at 255 °C. This difference of Tm was attributed to the weaker intermolecular interactions in
P3SIT, originating from disiloxane side chains. The free volume of disiloxane side chains may

lead to a decrease of the enthalpy of fusion.

(Figure 3.)

Dynamic mechanical analysis (DMA) was performed on itk DVA-200 instrument in tensile
mode, and the storage modulus, loss modulus and mechanical tano of samples were determined
as a function of temperature. Polymer cast films were at first placed in a PTFE petri dish in the
heating oven and the temperature was then raised to 160 °C. After 30 min, the cast film was
immediately quenched into cold water, dried up and cut into 30 mm x 5 mm for DMA. The
temperature dependence (—150 °C to 100 °C) of storage modulus (E’) and mechanical loss
tangent (tano) results for P3SiT were investigated, as shown in Figure 3. In the tanéd curve, two

distinct peaks at different temperatures were observed. At the lower temperature (—110 °C), a

secondary transition that involves a small change in modulus was observed, which is probably
attributable to motions of the polymer side chain groups,*? namely, the behavior of disiloxane

groups in P3SIT side chains. The peak at higher temperature (—10 °C), which was resulted from

a primary transition involving a large change in modulus, corresponded to the glass transition
temperature (Tg) of P3SiT. A huge difference was found between Tq of P3SiT and P3HT (Ty =
45 °C), and this Tg of P3SiT below ambient temperature means that P3SiT at room temperature

is in a rubbery state, as shown in Table 1. The weaker intermolecular interactions and flexible
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disiloxane side chains of P3SiT induced more amount of free volume, which allows this

polymer to maintain the rubbery state, even at room temperature.

(Figure 4.)

Figure 4 shows X-ray diffraction photographs of undrawn and three-times-drawn (100 °C)
P3SiT. Data was collected for both of the samples at various angles: “through”, “edge” and
“end”. “Through” photograph means the one taken by the X-ray being irradiated from
perpendicular to the cast film surface. “Edge” X-ray diffraction photographs were taken by
irradiation of the X-ray beam from parallel with the surfaces and perpendicular to the drawn
direction. For taking “end” photographs, the X-ray beams were irradiated from the direction
parallel to drawing. In the undrawn P3SiT film, the end and edge photographs are similar owing
to isotropy in the direction parallel to the surface.

The Debye—Scherrer rings were observed both in through and edge photographs of undrawn
P3SIT. After drawing three times at 100 °C, several streak diffractions were clearly observed
in the through and edge on photographs of drawn P3SiT, but not in the end photograph. This

finding indicates that the microcrystallites of this polymer were oriented by drawing process.

(Figure 5.)

(Table 1.)

The stress—strain curves of P3SiT and P3HT cast films, as measured by tensile test, are shown
in Figure 5. The P3HT film exhibited strong mechanical performance, with high tensile strength
(omax = 165 MPa) and high Young’s modulus (E = 3.3 GPa). In the film of P3HT with high
molecular weight and highly regioregular structure, the tensile fracture occurred immediately

after loading, and the low elongation at break (emax) was low (14%). In contrast, for P3SiT with
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the flexible disiloxane moieties into the side chains, the omax Was decreased drastically (6 MPa),
but the emax (226%) was approximately 20 times higher than that of P3HT (Table 1). The
synthesized polythiophene P3SiT, which was in a rubbery state at ambient temperature because
of the weak intermolecular interaction and the disiloxane moieties, showed a great increase in
flexibility relative to P3HT. In contrast, three-times-drawn P3SiT had Young’s modulus of E =
129 MPa and tensile strength of omax = 42 MPa, which were two and seven times higher than
those of undrawn P3SiT, respectively, owing to increased orientation and crystallinity
following the drawing processes. These increases imply that the mechanical performance of
P3SiT could be controllable by hot drawing. For investigation of the elastomeric performance
of P3SiT, we also carried out repeated loading—unloading tensile tests. The stress—strain curves
of P3SiT at different tensile strains during loading—unloading tests are described in the
Supporting Information. Below 10% of the tensile strain, the P3SiT film demonstrated high
elastic recovery. As the strain was increased above 10%, the permanent deformation occurred
in the P3SIT film, and it finally lost the elastic recovery when the tensile strain was up to 50%.
For the achievement of the high elasticity and recovery in polythiophene derivatives, the one
of the best way should be the introduction of the physical or chemical crosslinking to this P3SiT.

The current-voltage curves of P3HT and P3SiT, and those of three-times-drawn P3SiT
collected parallel and perpendicular to the drawn direction were collected using the four-
terminal sensing method (see Figure S6 in the Supporting Information). The electrical
resistivity (R) of these samples as function of voltage were calculated using Ohm’s law. We
chose to use the average value in the region where the electrical resistivity levels off for these
samples. The electrical resistivity (R) and sheet resistivity (Rs) of the samples are summarized
in Table 2. Owing to the larger and longer side chains of P3SiT, the sheet resistivity (1.8 x 10°
Q / square) was larger value than that of P3HT (1.3 x 10® Q / square). It has been reported by
several groups that the electrical performance of P3ATSs, such as charge mobility in field-effect

transistors, is deleteriously affected by increasing the length of side chains.334 In addition,
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from the electrical measurements in the two different directions of drawn P3SiT samples, we
observed high anisotropy of sheet resistivity (see also in Table 2). The sheet resistivity of drawn
P3SIT parallel to the drawn direction was much lower than that perpendicular to the drawn
direction, nearly half in value. The absolute value in the parallel direction (1.1 x 10° Q / square)
was comparable to that of P3HT. These results indicate that the electrical resistivity of

polythiophene derivatives is controllable by hot drawing.

(Table 2.)

3. Conclusions

In summary, we synthesized high molecular weight (Mw = 300k) and highly regioregular (>
99 %) poly(3-substituted thiophene) with disiloxane moieties, and investigated the molecular
structure and mechanical, thermal and electrical properties. The identified sharp peak in the X-
ray diffraction profile and the observation of melting endotherm and crystallization exotherm
peaks by DSC indicated that this polymer has highly crystalline. Owing to the flexible
disiloxane groups in the side chain of thiophene rings, the glass transition temperature of the

polymer (-10 °C) was much lower than ambient temperature. As we expected, the synthesized

polymer exhibited high mechanical flexibility and showed low tensile strength (6 MPa), but
over 200% elongation at break. Moreover, after drawing of P3SiT, the tensile strength and
modulus were increased. Measurements of the electrical performance indicated that the
disiloxane side chains made it relatively higher electrical resistance of undrawn P3SiT
compared with that of P3HT. The drawing process introduced electrical anisotropy into drawn

P3SiT, with electrical resistivity comparable to that of P3HT in the direction parallel to drawing.

Supporting Information



Supporting Information is available from the Wiley Online Library.
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Figure 1. Chemical structure of poly(3-substituted thiophene) with disiloxane moieties
(P3SiT)(left) and poly(3-hexylthiophene)(P3HT)(right).
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Figure 2. X-ray diffraction profiles of P3SiT and P3HT.

10

20
20 (degree)

-14 -

30

40



1010 .
1o ===
_ 10 LQ
: 101 <
T 10t #
102 |
100 . . _ . .

-150 -100 -50 0 - !

Temperature (°C)

Figure 3. Temperature dependence of storage modulus (£°), loss modulus (£”) and tano of
P3SiT measured by dynamic mechanical analysis (DMA).
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Figure 4. (a) X-ray diffraction photographs of P3SiT and three-times-drawn (100 °C) P3SiT.
Photographs of P3SiT sample are taken by through and edge direction to cast film surface,
three-times drawn (100 °C) P3SiT are taken by through, edge and end direction to cast film
surface respectively. (b) Schematic model of microstructure of drawn P3SiT.
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Figure 5. Stress-strain curves of P3HT, P3SiT and three-times-drawn P3SiT at 100 °C
measured by tensile testing.
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Table 1. Machanical and thermal properties of P3SiT, P3HT and three-times-drawn P3SiT at
100 °C measured by tensile testing. (E : Young’s modulus, omax : tensile strength, emax : fracture
strain, Tq : glass transition temperatur, Tr : melting temperature and Tgs : melting decomposition
temperature)

Polymer EMPa)  omax(MPa)  émax(%) Te(°C) Tm(°C) Tas (°C)
P3SIT 43 (+8) 6(:0.4) 226(86) 10 142 420
P3HT 3300 (£320) 165(x37) 14 (+2.4) 45 255 380
P3SIT 129 (+54) 42 (x11)  44(x89)  -@ 141 405

(100°C DR =3)
& Samples were broken at low temperature.
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Table 2. Electrical resistivity and sheet resistivity of P3SiT, P3HT, the parallel direction and
the perpendicular direction of three-times-drawn P3SiT cast films measured by four-terminal
sensing method.

Polymer R (Q) Rs (Q / square)
P3SIT 6.2 x 10* 1.8 x 10*
P3HT 4.6 x 10* 1.3 x 10*
P3SiT (100°C DR = 3) 23 % 104 21 x 10°
perpendicular
P3SiT (100°C DR = 3) 4.0 x 10° 11 x 104

parallel
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