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High Hole Mobility for a Side-Chain Liquid-Crystalline Smectic Polysiloxane
Exhibiting a Nanosegregated Structure with a Terthiophene Moiety

Aya Matsui, Masahiro Funahashi,* Toru Tsuji, and Takashi Kato**]

Abstract: Side-chain liquid-crystalline
siloxane polymers bearing terthiophene
moieties as mesogenic pendant groups
have been synthesized. An alkenylter-
thiophene derivative was treated with
poly(hydrogenmethylsiloxane) and
poly(dimethylsiloxane-co-hydrogen-

methylsiloxane)s in Me,SiO/MeHSiO
ratios of 1:1 and 7:3, respectively, in

dered smectic phases at room tempera-
ture. The copolymers with dimethylsi-
loxane units form smectic phases as a
consequence of nanosegregation be-
tween the mesogenic units and siloxane
backbones with the alkylene spacers.
Time-of-flight measurement reveals
that the hole mobility exceeds 1x
102 cm?V~'s™" in the ordered smectic

phase of the copolymer with a degree
introduction of the mesogenic units of
50%. This value is comparable to that
of the highly ordered mesophases of
low-molecular-weight ~ derivatives of
phenylnaphthalene and terthiophene.
Because of the segregation behavior in-
duced by the flexible backbone, a
closer molecular packing structure fa-

the presence of the Karstedt catalyst,
to produce pale yellow polymers. The
degrees of introduction of the meso-
genic unit were 100, 50, and 30 %, re-
spectively. The polymers exhibit or-

liquid

Introduction

For practical device fabrication, solution-processable organic
semiconductors with sufficient mechanical strength and flex-
ibility are useful.!! For example, polymers with photocon-
ductive pendant groups, such as polyvinylcarbazole, are so-
lution-processable and have a sufficient mechanical strength
and flexibility.! Thus, they have been utilized for xero-
graphic photoreceptors®™ and photorefractive devices.”!
However, their carrier mobilities are significantly low, of the
order of 107"-10° cm*V~'s™', and depend significantly on
the temperature and electric field.”*® Their practical appli-
cations have been limited to optoelectronic devices that do
not require a fast response speed and high operating cur-
rent. This carrier transport characteristic originates from the
large energetic and positional disorders as well as a small
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vorable for fast carrier transport may
be formed in the smectic phase of the
copolymer in spite of the low density
of the mesogenic groups.

transport
polymers

transfer integral between the pendant groups, due to their
amorphous structure.”™™! The high density of the pendant
groups and the small disorder should enhance carrier trans-
port in the polymers. An improvement in hole transport was
observed in isotactic poly(carbazolylethyl acrylate) when
compared to the atactic counterparts, but the hole mobility
did not exceed 10~* cm?>V~'s™" at ambient temperature.

The objective of this research was to synthesize side-chain
liquid-crystalline polymeric semiconductors exhibiting high
carrier mobilities. For this purpose, we designed side-chain
liquid-crystalline polysiloxanes with m-conjugated groups.
We expect these polymers to form nanosegregated struc-
tures that might enhance carrier transport.!

For low-molecular-weight liquid-crystalline molecules,
electronic charge carrier transport has been observed® in
the discotic columnar,”® smectic,”'! and cholesteric
phases.'”l Carrier transport in the liquid-crystalline phases is
more efficient than in amorphous semiconductors. This is at-
tributed to the reduced disorder and the increased transfer
integral between the m-conjugated molecules in the liquid-
crystalline structures.!” However, a remarkable increase in
carrier mobility has not been observed in side-chain liquid-
crystalline polymers. For examples, the hole mobilities for
nematic side-chain polymers that contain carbazole moieties
were of the order of 1077 cm?V~'s™".[**") Nematic side-chain
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polymers bearing oxadiazole moieties also exhibited low
carrier mobilities of the order of 107°cm?*V~'s '.I° These
values are comparable to those of amorphous polyvinylcar-
bazole derivatives.”* In general, higher carrier mobilities
are observed in the smectic and columnar phases than in the
nematic phase for low-molecular-weight liquid crystals.?"!
However, homogeneous thin films of smectic side-chain
liquid-crystalline polymers with low defect density are not
easily obtained, and thus low photoconductivity results.!'
Herein we report hole transport in the nanosegregated
structures of smectic liquid-crystalline side-chain siloxane
copolymers. Terthiophene moieties as mesogenic pendant
groups were attached to polysiloxane backbones containing
flexible dimethylsiloxane segments, because high carrier mo-
bilities were observed in the smectic phases of dialkylter-
thiophenes.” Liquid-crystalline polysiloxane elastomers!
and polysiloxane polymers bearing pendant triphenylene
moieties that exhibit columnar mesophases have been syn-
thesized, but their carrier transport has not been studied.!'®)

Results and Discussion

Synthesis and characterization of polymers: Side-chain
liquid-crystalline polymers 1a—c were synthesized as shown
in Scheme 1. The Suzuki coupling reaction between 2-(10-
decenyl)thienyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  (2)
and 5-bromo-5-hexyl-2,2’-bithiophene (3) gave 5-(10-decen-
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Scheme 1. Synthetic route to side-chain liquid-crystalline polymers 1a—c.
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y1)-5"-hexyl-2,2":5",2"-terthiophene (4) with a double bond at
the terminus of the alkyl side chain. Compound 4 was treat-
ed with poly(hydrogenmethylsiloxane) (5a, M,=1400-1800)
and poly(dimethylsiloxane-co-hydrogenmethylsiloxane)s in
Me,SiO/MeHSiO ratios of 1:1 (§b: M,=900-1200) and 7:3
(5¢: M,=1900-2000) in the presence of the (1,3-divinyl-
1,1,3,3-tetramethyldisiloxane)platinum(0) complex (Karstedt
catalyst)"7**! in toluene at 80°C, to give siloxane polymers
1a-c. When a conventional hydrosilylation catalyst, namely,
hexachloroplatinic acid (Speier catalyst)'’? was used, the
mesogenic groups could not be introduced into the polysil-
oxane backbones.

The molecular structures of resulting polymers 1a—c were
characterized by means of "H NMR spectroscopy, IR spec-
troscopy, and gel permeation chromatography (GPC).
Almost all the SiH sites in the backbones of polymers 1a—c
were substituted by mesogenic pendant groups. The number
average molecular weight (M,), molecular weight dispersivi-
ty (M,/M,), and ratio of the dimethylsiloxane and mesogen-
ic units are given in Table 1.

Table 1. Mesomorphic properties and molecular weights of polymers
la—c.

M, M,/  n/(n+m)® Phase transition temperature [°C]
M, (transition enthalpy [Jg™'])

1a 12x10* 2.7 1 Sm 109 (18.7) SmA 133 (18.7) Iso!!

1b 5.6x10° 1.5 0.5 Sm 95 (12.8) SmA 114 (25.7) Iso

lc 74x10° 2.0 0.3 Sm 42 (3.12) SmB 89 (15.7) SmA 100
(10.8) Iso

[a] m and n are the average number of dimethylsiloxane units and silox-
ane moieties bearing a mesogenic group, respectively, as shown in
Scheme 1. [b] Ordered smectic phase. [c] Isotropic phase.

Mesomorphic behavior of the polymers: The phase-transi-
tion behavior of polymers 1a—c are summarized in Table 1.
Copolymer 1b exhibits two smectic phases and does not
crystallize even below ambient temperature. In the differen-
tial scanning calorimetry (DSC) thermograms, two broad
peaks are observed at 114 and 95°C on cooling and at 97
and 117°C on heating (Figure 1). No clear glass transitions

\

1st cooling

Exothermic ———

2nd heating ——™
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Temperature/ °C

Figure 1. DSC thermograms of copolymer 1b. The heating and cooling

rates were 5°Cmin .
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are observed above —80°C. In the mesomorphic tempera-
ture region, fanlike textures, which are characteristic of
smectic phases, are seen under a polarizing microscope
(Figure 2). The domain size reaches several tens of micro-
meters.

Figure 2. Photomicrograph of copolymer 1b in the ordered smectic phase
at RT under a polarizing microscope.

The liquid-crystalline structures of 1a—¢ were examined
by XRD (Figure 3). For 1b, the XRD pattern reveals that
the mesophases of copolymer 1b are a smectic A (SmA)
phase and an ordered smectic phase with a rectangular lat-
tice. In the smectic A phase at 110°C, one peak at 38 A, cor-
responding to the layer spacing, is observed in the XRD
profile. In the ordered smectic phase, the diffraction pattern
shows a low-angle peak at 38 A accompanied by higher-
order diffraction peaks and three wide-angle peaks at 3.3,
4.0, and 4.6 A (Figure 3b). The low-angle peak and related
diffractions can be attributed to formation of a layer struc-
ture in the smectic phase. The peaks in the wide-angle
region indicate a long-range rectangular order of the molec-
ular position within the smectic layers. The diffraction pat-
tern is similar to those in the E phase reported for low-mo-
lecular-weight liquid crystals.'¥ The diffraction peaks of 1b
in the ordered smectic phase are broader than those in the
ordered smectic phases of low-molecular-weight liquid crys-
tals.’! The peaks at 3.3, 4.0, and 4.6 A are assigned to the
(021), (011), and (020) diffractions, respectively, and indicate
the existence of the rectangular lattice in the meso-
phase.""! The detailed assignment is given in the Support-
ing Information. In these phases, the layer spacing deter-
mined by diffraction in the low-angle region is larger than
the length of the mesogenic unit with an all-trans conforma-
tion (32.5 A), which was determined by molecular mechan-
ics calculation (MM2 force field). This observation suggests
that formation of a nanosegregated structure is enhanced by
the sublayers consisting of dimethylsiloxane segments®®" in
polymer 1b, which has a relatively high content of dimethyl-
siloxane units. The formation of the nanostructure and the
sublayers is promoted by m—m interaction between the ter-
thiophene moieties and the resulting segregation of the di-
methylsiloxane units. Schematic illustrations of the nanoseg-
regation of polymers 1a—c are shown in Figure 4. Figure 4b
shows the formation of the nanostructure and the sublayers
for polymer 1b.
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Figure 3. XRD patterns of the ordered smectic phase of a) polymer 1a,
b) copolymer 1b, and c) copolymer 1c¢ at 30°C. The insets are enlarge-
ments of the wide-angle region.

In the texture photomicrograph (Figure 2), relatively
large domains with sizes of tens of micrometers are seen
and defect lines characteristic of the ordered smectic phase
are not observed. The distortion resulting from the phase
transition from the SmA to the ordered smectic phase
should be released, due to the flexibility of the polymer
backbone.

Polymer 1a also exhibits an SmA phase between 133 and
109°C and an ordered smectic phase below 109°C on cool-
ing (see the Supporting Information). In the ordered smectic
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Figure 4. Schematic illustration of possible structures of the smectic poly-
siloxanes a) 1a, b) 1b, and ¢) 1c.

phase, the diffraction pattern reveals a low-angle peak at
33 A accompanied by higher-order diffraction peaks and
one peak at 46 A as well as an ambiguous broad peak
around 4 A in the wide-angle region. The polarizing photo-
micrograph shows a fanlike texture with defect lines, charac-
teristic of the ordered smectic phase (see the Supporting In-
formation), and the wide-angle peaks should be broadened
by the large disorder of the smectic phase. The smectic layer
spacing determined from the low-angle peak is almost iden-
tical to the length of the mesogenic side chain. No nano-
segregated structure is observed for polymer 1a.

For copolymer 1e¢, the SmA phase is observed between
100 and 89°C, the smectic B hexatic (SmB) phase between
89 and 42°C, and the ordered smectic phase below 42°C on
cooling (see the Supporting Information). In the ordered
smectic phase, the XRD pattern (Figure 3c) reveals a low-
angle peak at 42 A accompanied by higher order diffraction
peaks and three peaks at 4.5, 3.9, 3.3 A in the wide-angle
region. The smectic layer spacing of 42 Ais greater than the
length of the mesogenic side chain. This result also shows
nanosegregation of mesogenic moieties from the dimethyl-
siloxane segments, as shown in Figure 4c. The intensities of
the low-angle peaks are smaller than those in polymers 1a
and 1b. These weak diffractions suggest that the layer struc-
ture should be more disordered than those of polymers 1a
and 1b. The effects of the presence of the flexible dimethyl-
siloxane segments are more pronounced for copolymer 1e¢
than for 1b. Unlike the nanosegregated structures of 1c¢, a
more highly interdigitated structure is also possible in the
ordered smectic phases of polymers 1b and 1c¢. However, m—
7 interactions cannot promote formation of the rectangular
lattice in the interdigitated structure, and the possible exis-
tence of the interdigitated structure should be ruled out.

Carrier transport of the polymers: The carrier transport
characteristics of the synthesized polymers were examined
by the conventional time-of-flight (TOF) technique.”” A
polymer sample was melted on a indium tin oxide (ITO)-
coated glass plate and the resulting polymer droplet was
pressed with another ITO-coated glass plate. After cooling
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to room temperature, it was fixed with glue. The thickness
of the polymer sample was determined by interference fring-
es in the transmittance spectrum. The sample was mounted
on a hot stage. The transient photocurrent induced by laser
illumination (third harmonic generation of an Nd:YAG
laser, A=356 nm) during the application of a DC voltage
was recorded by a digital oscilloscope.

No changes in the micrographic textures of polymers 1a—¢
were observed when electric fields of the order of
10° Vem™ were applied to the samples. The polarizing mi-
croscopy observations showed that the mesogenic units of
the polymers in the samples were aligned parallel to the
electrode surface. Thus, carrier transport within a smectic
layer perpendicular to the electrode surface should be ob-
served in the TOF measurements.

For copolymer 1b, nondispersive transient photocurrent
curves for the hole are observed in the ordered smectic
phase below 90°C. Figure 5a shows the transient photocur-
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Figure 5. a) Transient photocurrent curves for the hole in the ordered
smectic phase of side-chain liquid-crystalline polymer 1b at 30°C. The
sample thickness was 10 pm. b) Hole mobility as a function of the square
root of the electric field at 30 (), 45 (), 60 (m), and 80°C (e).

rent curves for the hole at 27°C. From the kink point in the
linear plot of the transient photocurrent, the hole mobility
was determined to be 1.0x102cm?’V~'s™! at 10°Vem™.
The value is of the same order as those in the ordered smec-
tic phase of monomeric phenylnaphthalene!™ and alkynyl-
terthiophene derivatives,” and indicates that a long-range
ordered structure is maintained in the smectic polymer film.

Chem. Eur. J. 2010, 16, 13465 -13472
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This is the first example of a side-chain liquid-crystalline
polymer with high carrier mobility exceeding 1x
102 ecm?*V~!s™! at room temperature, determined by the
TOF technique.

Figure 5b shows the hole mobility in the ordered smectic
phase of copolymer 1b as a function of the square root of
the electric field at various temperatures. The hole mobility
increases with increasing electric field and temperature
below 60°C. The dependence of the hole mobility on the
electric field decreases with increasing temperature, and the
dependence on the electric field becomes negative above
60°C. This behavior is similar to that of amorphous organic
semiconductors, such as photoconductive pendant polymers,
which have disorders in the energy levels of hopping sites
and the intermolecular distance.”) The carrier transport
characteristics also seem to be described by the Gaussian
disorder model.? The analysis based on the Gaussian disor-
der model reveals an energetic disorder of 53 meV, which is
smaller than those of amorphous organic semiconductors.
For the Gaussian disorder model, a temperature-indepen-
dent structure is assumed. However, the molecular order is
dependent on temperature for this polymer. In the XRD
pattern of the ordered smectic phase, the wide-angle peaks
associated with the molecular order within the smectic
layers become sharper when the sample is cooled from 90 to
30°C. These results show that the structure of the ordered
smectic phase becomes more ordered with decreasing tem-
perature. The temperature and field dependences of the
hole mobility should be affected not only by the structural
disorder, but also by the temperature dependence of the
molecular ordering. To understand the detailed mechanism
of carrier transport in the smectic phase of this copolymer,
measurement of the hole mobility in a low-temperature
region, in which the molecular order should be frozen, is
necessary.

For polymer 1a, dispersive transient photocurrent curves
are observed in the ordered smectic phase for the hole. The
hole mobility at room temperature was determined to be 4 x
102 ecm*V~'s™! from the double-logarithmic plots of the
transient photocurrents (see the Supporting Information).
Above 50°C, the transient photocurrent curves are fully dis-
persive. The transit times cannot be determined even from
double-logarithmic plots. For polymer 1e¢, only photocurrent
decays are observed when the pulse laser illuminates the
sample and no clear kink points appear in the photocurrent
curves.

The hole mobility of copolymer 1b is higher than that of
polymer 1a, despite the lower density of the terthiophene
groups in 1b compared to 1a. The degree of introduction of
the mesogenic units is only 50 % in copolymer 1b. In organ-
ic amorphous semiconductors, the carrier mobility is strong-
ly affected by the concentration of the hopping sites. The
low concentration of the m-conjugated chromophores results
in low carrier mobility.”™ In the XRD pattern of the or-
dered smectic phase of copolymer 1b, strong and clear
peaks are observed in the wide-angle region, which indicates
the closed packing structure of the mesogenic moieties. This

Chem. Eur. J. 2010, 16, 1346513472
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structure is formed by nanosegregation of rigid terthiophene
mesogenic pendant groups of flexible dimethylsiloxane seg-
ments. The holes are effectively transported between the
mesogenic moieties. The polymer backbones including the
dimethylsiloxane segments do not inhibit hole transport.
The nanosegregated flexible dimethylsiloxane segments of
copolymer 1b should promote formation of the closed pack-
ing structure and improve the morphology of the polymer
film as compared to polymer la with no dimethylsiloxane
segments.

The packing structure of the mesogenic terthiophene moi-
eties within the smectic layers in the ordered smectic phase
of polymer 1la is more disordered than in copolymer 1b.
The wide-angle peaks are weak in the XRD pattern for the
ordered smectic phase of polymer 1a. This disordered struc-
ture is unfavorable for fast carrier transport. For the ordered
smectic phase of copolymer 1le¢, relatively weak diffraction
peaks are obtained in the low-angle region in spite of clear
diffraction peaks corresponding to molecular ordering
within the smectic layers. These results suggest that the
layer structure should be disordered because of the high
density of flexible dimethylsiloxane segments. Coherent
hole transport in the disordered mesomorphic structure
should be difficult.

Comparison of the carrier transport properties: Side-chain
liquid-crystalline copolymer 1b exhibits high carrier mobili-
ties of the order of 107> cm*V~'s™". This value is four orders
of magnitude higher than those of amorphous organic semi-
conductors including photoconductive pendant polymers
and amorphous triphenylamine derivatives with low molecu-
lar weights.”! The efficient hole transport of 1b should be at-
tributed to the closed molecular packing structure and the
small disorder in the ordered smectic phase of this polymer.

The hole mobility of copolymer 1b is comparable to those
in the highly ordered smectic phases of low-molecular-
weight liquid-crystalline semiconductors, such as alkynylter-
thiophene derivatives.”*! The XRD pattern of copolymer
1b indicates the presence of long-range molecular ordering
within the smectic layers. However, the diffraction peaks are
broad and the molecular arrangement is disordered com-
pared to those in the smectic phases of the low-molecular-
weight liquid crystals. The hole mobility of copolymer 1b is
very high in spite of the presence of dimethylsiloxane moiet-
ies that are not associated with the carrier transport process.
One of the advantages of this liquid-crystalline polysiloxane
over the low-molecular-weight liquid-crystalline semicon-
ductors is the wide temperature range of the smectic phase
in which high carrier mobilities are observed. The flexible
polysiloxane backbones inhibit crystallization, which produ-
ces grain boundaries that degrade efficient carrier transport.
Moreover, for copolymer 1b, nanosegregation of the flexible
backbones promotes self-assembly of the mesogenic pend-
ant chromophores, resulting in a highly ordered structure
and excellent carrier transport.

The number of liquid-crystalline semiconductors that ex-
hibit high carrier mobilities in the mesophases at room tem-
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perature is limited.®*** 1% It is significant that high carrier
mobilities at room temperature are realized in a polymer
system with good flexibility and mechanical strength. This
high carrier mobility and flexibility of copolymer 1b should
be favorable for application in electronic papers and photo-
refractive materials.

Among polymeric liquid-crystalline semiconductors, po-
larized light emission and carrier transport of photopolymer-
ized nematic thin films of fluorene derivatives were investi-
gated.”!! The hole mobilities of the nematic polymer thin
films were of the order of 10~ cm?V~'s™".*”l High hole mo-
bilities up to 0.01 cm*V~'s™! were reported for the smectic
phases of photopolymerized liquid-crystalline semiconduc-
tors.”! However, there have been no reports regarding carri-
er transport characterized by the TOF technique in side-
chain liquid-crystalline polymers which yield homogeneous
thin films.

Conjugated polymers, such as poly(3-alkylthiophene) and
poly(thienothiophene) derivatives, have been used in field-
effect transistors (FETs),? and a few polymers exhibit high
carrier mobilities exceeding 0.1 cm?V~'s71 % which is com-
parable to those in devices based on molecular crystals.
However, these high carrier mobilities are limited to two-di-
mensional thin interface areas between the dielectric and
active layers of FET devices. In the bulk state, the carrier
mobility is 107> cm?V~'s7'.! Liquid-crystalline poly(9,9-di-
alkylfluorene) derivatives exhibit high hole mobilities of the
order of 107> cm?V~!s! in the bulk state, which were deter-
mined by the TOF method.?® Polymer systems which exhib-
it high carrier mobilities exceeding 102 cm*V~'s™! in the
bulk state have been quite limited so far. For applications in
solar cells and photorefractive materials, coherent carrier
transport in the bulk states is very significant.

The molecular weights of the polymers obtained in this
study are relatively low. Liquid crystals with an oligosilox-
ane moiety at the terminus of the alkyl chain and octasilses-
quioxane bearing mesogenic groups were also synthe-
sized.”’**l They exhibit smectic phases over wide tempera-
ture ranges. Crystalline oligomers bearing n-conjugated moi-
eties were synthesized and their field-effect mobilities in the
crystalline state examined.””! However, their characteristics
strongly depend on the conditions of device fabrication. The
maximum hole mobility of the device is of the order of
102 cm*V~'s7. Therefore, it is notable that polymer 1b
shows carrier mobilities of the order of 102 cm?V~'s™".

Conclusion

Side-chain liquid-crystalline polysiloxanes with terthiophene
moieties as pendant groups and copolymers consisting of di-
methylsiloxane and methylsiloxane units bearing mesogenic
pendant groups have been synthesized. The polymers exhib-
it ordered smectic phases at room temperature. The copoly-
mer in which terthiophene groups are attached to 50% of
the siloxane units forms a nanostructured smectic phase by
segregation of the mesogenic units and dimethylsiloxane

www.chemeurj.org
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backbone. The hole mobility of the copolymer determined
by the TOF technique is 1x107% cm?V's™! at room temper-
ature. This value is comparable to those in the highly or-
dered smectic phases of low-molecular-weight derivatives of
phenylnaphthalene and terthiophene.

Experimental Section

All 'THNMR and “CNMR spectra were recorded by using a JEOL
JNM-LA400 spectrometer. FTIR measurements were conducted by using
a Jasco FT/IR-660 Plus spectrometer. 5-Bromo-5'-hexyl-2,2'-bithiophene
(3) was synthesized by using a literature procedure.” Polymers 5a—c
were purchased from Sigma—Aldrich and Gelest. A polarizing optical mi-
croscope Olympus DP70 equipped with a Mettler FPS2HT hot stage was
used for visual observation of optical textures. Differential scanning calo-
rimetry (DSC) was conducted by using a Netzsch DSC 204 Phoenix in-
strument. X-ray diffraction (XRD) measurements were carried out by
using a Rigaku RINT 2500 diffractometer with a heating stage and Ni-fil-
tered Cug, radiation. Polymer molecular weight and dispersivity were de-
termined by gel permeation chromatography (Japan Analytical Industry,
LC-908) with polystyrene as a standard.

2-(10-Decenyl)thiophene: Thiophene (5.8 g, 69 mmol) was dissolved in
THF (70 mL) and the solution stirred at 0°C. A solution of butyllithium
in hexane (1.6M, 34 mL, 55 mmol) was added dropwise to the solution.
After stirring for 1.5 h, 1-bromo-10-decene (10 g, 46 mmol) was added.
After stirring at RT for 15 h, the reaction mixture was heated to reflux
for 1 h. Dilute hydrochloric acid was added to the reaction mixture with
stirring. The organic layer was separated and the water phase was ex-
tracted with n-hexane. The combined organic phase was washed with
brine and dried with magnesium sulfate. After evaporation of the volatile
organic solvent, the residual oil was purified by column chromatography
to give a colorless oil (9.8 g, 44 mmol, 96% yield). "H NMR (400 MHz,
CDCl,): 6=7.10 (d, J=4.4Hz, 1H), 691 (dd, /=3.8, 5.0 Hz, 1H), 6.77
(d, J=3.2Hz, 1H), 5.81 (ddt, J=17.2, 10.4, 6.8 Hz, 1H), 4.99 (dd, J=1.6,
17.2Hz, 1H) , 493 (dd, /J=1.0, 10.2 Hz, 1H), 2.81 (t, J=7.6 Hz, 2H),
206 (dt, J=72, 7.0Hz, 2H), 1.70-129 ppm (m, 12H); “CNMR
(100 MHz, CDCl;): 6=28.9, 29.1, 29.3, 29.4, 29.9, 31.8, 33.8, 114.1, 122.7,
123.8, 126.6, 139.2, 145.8 ppm; IR (KBr disk): #=909, 992, 1439, 1460,
1640, 2853, 2926 cm™'; elemental analysis caled (%) for C,;H,,S: C 75.61,
H 9.97; found: C 75.44, H 9.93.
2-(10-Decenyl)thienyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2): 2-(10-
Decenyl)-thiophene (9.8 g, 44 mmol) was dissolved in THF (60 mL) and
the solution cooled to 0°C. A solution of butyllithium in hexane (1.6M,
36 mL, 57 mmol) was added dropwise. After stirring for 1 h, the reaction
mixture was cooled to —78°C and a THF solution (6.0 mL) of 2-isopro-
poxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (9.8 g, 53 mmol) was added
over 10 min. The reaction mixture was stirred at RT for 1 h. Water was
added, and the organic phase separated. The water phase was extracted
with ethyl acetate, which was combined with the separated organic phase.
The solution was washed with brine and dried over sodium sulfate. After
evaporation of the volatile organic solvent, the crude oil was purified by
column chromatography to give a colorless oil (8.0 g, 23 mmol, 52%
yield). '"H NMR (400 MHz, CDCL,): 6=7.47 (d, J=3.2 Hz, 1H), 6.85 (d,
J=3.6Hz, 1H), 5.81 (ddt,, /=17.0, 10.2, 6.8 Hz, 1H), 4.99 (dd, J=1.8,
17.0 Hz, 1H) , 4.9 (dd, /=14, 10.2 Hz, 1H), 2.85 (t, /J=7.6 Hz, 2H), 2.03
(dt, J=6.8, 6.9 Hz, 2H), 1.70-1.27 ppm (m, 24H); *C NMR (100 MHz,
CDCLy): 6=24.7, 28.9, 29.0, 29.1, 29.3, 29.3, 30.1, 31.7, 33.8, 83.9, 114.1,
125.8, 137.3, 139.2, 153.7 ppm; IR (KBr disk): 7=3076, 2979, 2927, 2854,
1779, 1692, 1641, 1538, 1470, 1359, 1271, 1213, 1145, 1112, 1061, 1011,
995, 957, 908, 855, 808, 779, 723, 687, 665, 578 cm™!; elemental analysis
caled (%) for C,)H33BO,S: C 68.96, H 9.55; found: C 68.77, H 9.47.
5-(10-Decenyl)-5"-hexyl-2,2":5',2"-terthiophene (4): 2-Decenylthenylboric
acid pinacol ester (2; 8.0 g, 23 mmol), 5-bromo-5-hexyl-2,2"-bithiophene
(3; 6.5g, 20 mmol), and tetrakis(triphenylphosphine)palladium (340 mg,
0.28 mmol) were dissolved in dimethoxyethane (100 mL). An aqueous so-
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lution of potassium carbonate (70 mL, 20 wt %) was added to the solu-
tion, which was heated to reflux for 1 h. The reaction mixture was cooled
to RT and the resulting precipitate collected by filtration. The crude mix-
ture was purified by silica-gel column chromatography and recrystallized
from n-hexane to give a pale yellow precipitate (7.0 g, 76% yield).
'"HNMR (400 MHz, CDCL): 6=6.97 (s, 2H), 6.96 (d, J=3.6 Hz, 2H),
6.67 (d, J=2.8 Hz, 2H), 5.81 (ddt, /=17.0, 10.2, 6.9 Hz, 1H) , 4.99 (dd,
J=18, 17.0Hz, 1H) , 493 (dd, J=2.6, 10.2 Hz, 1H), 2.78 (t, J=7.6 Hz,
4H), 2.04 (dt, J=7.2, 7.1 Hz, 2H), 1.70-1.30 (m, 20H), 0.89 ppm (t, /=
6.4 Hz, 3H); *C NMR (100 MHz, CDCL,): 6=14.1, 22.6, 28.9, 29.0, 29.1,
29.3, 29.4, 30.2, 30.2, 31.6, 31.8, 114.1, 123.1, 123.4, 124.8, 134.6, 136.1,
136.1, 139.2, 145.3, 145.4 ppm; IR (KBr disk): 7=2956, 2920, 2851, 1467,
1446, 1060, 908, 851, 791 cm™'; elemental analysis calcd (%) for CogHagSs:
C 71.43, H 8.14; found: C 71.45, H 8.13.

Siloxane polymer 1a: Mesogenic compound 4 (0.40 g, 0.85 mmol) and
poly(hydrogenmethylsiloxane) (5a; 43 mg, 0.71 mmol) were dissolved in
toluene (8 mL). A solution of (1,3-divinyl-1,1,3,3-tetramethyldisiloxane)-
platinum(0) (0.1m, 8.5 umol) in xylene (3.8 uL) was then added to the so-
lution, which was stirred at 80°C for 2 d. The reaction solution was
poured into methanol, and the resulting precipitate collected by filtra-
tion. Precipitation was repeated until the unconverted mesogenic com-
pound was not detected. Side-chain liquid-crystalline polymer la with
molecular weight of 12000 was obtained (70% yield). 'H NMR
(400 MHz, CDCl;): 6=6.88 (br, 4H), 6.59 (br, 2H), 2.72 (br, 4H), 1.63
(br, 4H), 1.46 (br, 2H), 1.30-1.26 (br, 22H), 0.87 (br, 3H), 0.51 (br, 2H),
0.15 (br, 0.6H), 0.08-0.05 ppm (br, 3H); “C NMR (100 MHz, CDCL):
0=14.0, 22.6, 28.8, 29.8, 29.6, 30.2, 30.2, 31.5, 31.6 31.6, 123.2,123.4, 124.7,
124.7, 134.7, 134.7, 134.7, 136.1, 136.2 ppm; IR (KBr disc): 7=3065, 2956,
2922, 2851, 2156, 1523, 1466, 1443, 1258, 1087, 1018, 906, 853, 791 cm™';
elemental analysis calcd (%) for C,H;,0S;Si: C, 65.60; H, 7.97; found:
C, 63.50; H, 7.82.

Siloxane copolymer 1b: Mesogenic compound 4 (0.40 g, 0.85 mmol) and
poly(dimethylsiloxane-co-hydrogenmethylsiloxane) (5b; Me,SiO:
MeHSiO=1:1, 90 mg, 0.71 mmol) were dissolved in toluene (8 mL). A
solution of (1,3-divinyl-1,1,3,3-tetramethyldisiloxane)platinum(0) (0.1m,
8.5 umol) in xylene (3.8 pL) was added to the solution, which was stirred
at 80°C for one week. The reaction solution was then poured into metha-
nol and the resulting precipitate collected by filtration. Precipitation was
repeated until the unconverted mesogenic compound was not detected.
Side-chain liquid-crystalline polymer 1b with a molecular weight of 5600
was obtained (75% yield). '"HNMR (400 MHz, CDCl;): 6=6.93 (br,
4H), 6.64 (br, 2H), 2.75 (br, 4H), 1.65 (br, 4H), 1.30-1.26 (br, 28 H), 0.89
(br, 3H), 0.50 (br, 2H), 0.14-0.32 ppm (br, 11H); *C NMR (100 MHz,
CDCL): 0=14.0, 22.6, 28.8, 29.5, 29.7, 31.5, 31.6, 31.6, 123.2, 123.5, 124.7,
124.7, 134.7, 134.7, 136.2, 136.3 ppm; IR (KBr disk): 7=3066, 2960, 2920,
2852, 2153, 1521, 1466, 1446, 1259, 1093, 1024, 909, 850, 791 cm™'; ele-
mental analysis caled (%) for C;H,30,S5Si,: C 61.53, H 8.00; found: C
61.30, H 8.06.

Siloxane copolymer 1c¢: Mesogenic compound 4 (0.40 g, 0.85 mmol) and
poly(dimethylsiloxane-co-hydrogenmethylsiloxane) (5¢; Me,SiO:
MeHSiO =7:3, 180 mg, 0.71 mmol) were dissolved in toluene (8§ mL). A
solution of (1,3-divinyl-1,1,3,3-tetramethyldisiloxane)platinum(0) (0.1m,
17 umol) in xylene (3.8 uL) was added to the solution, which was stirred
at 80°C for one week. The reaction solution was then poured into metha-
nol, and the resulting precipitate collected by filtration. Precipitation was
repeated until the unconverted mesogenic compound was not detected.
Side-chain liquid-crystalline polymer 1¢ with molecular weight of 7400
was obtained (61% yield). '"HNMR (400 MHz, CDClL,): §=6.93 (br,
4H), 6.64 (br, 2H), 2.75 (br, 4H), 1.65 (br, 4H), 1.51 (br, 6.5H), 1.30-
1.26 (br, 22H), 0.89 (br, 3H), 0.50 (br, 2H), 0.14 (br, 0.4H), 0.07-
0.04 ppm (br, 17H); *CNMR (100 MHz, CDCl,): 6=14.0, 17.6, 22.6,
23.0, 28.8, 29.2, 29.5, 29.7, 30.2, 31.5, 31.6, 31.6, 33.4, 123.2, 123.5, 124.7,
134.7, 136.2 ppm; IR (KBr disk): #=3065, 2959, 2923, 2852, 2150, 1523,
1467, 1448, 1260, 1099, 1021, 909, 850, 793 cm™'; elemental analysis calcd
(%) for C3H30,S5S1,: C 57.44, H 8.02; found: C 56.44, H 7.94.

Time-of-flight technique: The time-of-flight apparatus consisted of a
pulsed laser (third harmonic generation of an Nd:YAG laser (Continuum
Minilite IT; wavelength, 356 nm; pulse duration, 1 ns)) for excitation, the
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sample on a hot stage, a serial resistor, and a digital oscilloscope (Tek-
tronics 3344B). All measurements were carried out under atmospheric
conditions. The polymer was pressed between two ITO-coated glass
plates and fixed with epoxide glue. The thickness of the polymer film was
determined by interference fringes in the transmittance spectrum. An
electric field was applied to the polymer sample and the pulse laser illu-
minated one side of the cell. The absorption coefficient of the sample
was sufficiently high and the excitation pulse was absorbed near the illu-
minated electrode, producing a sheet of photocarriers. The carrier sheet
drifts across the bulk of the sample, inducing a displacement current
through the serial resistor. When the charge carriers arrive at the counter
electrode, the current decreases to zero. Therefore, the kink point in the
transient photocurrent curve corresponds to the transit time ¢ By using
Equation (1), the carrier mobility x4 can be calculated from ¢, sample
thickness d, and applied voltage V.
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