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Polysiloxanes Containing Alkyl Side Groups: Synthesis and Mesomorphic Behavior

Byoung Gak Kim, Jin-Kyung Moon, Eun-Ho Sohn, and Jong-Chan Lee*

Department of Chemical and Biological Engineering, College of Engineering, Seoul National University, Seoul 151-744, Korea

Jong-Kee Yeo
LG Chem. Ltd., 20 Yeouido-dong, Yeongdeungpo-gu, Seoul 150-721, Korea

Received July 21, 2007; Revised September 17, 2007

Abstract: A series of polysiloxanes containing alkylsulfonyt side groups were synthesized using a polymer analo-
gous reaction beginning from poly(methylhydrosiloxane) and the corresponding olefins. These polymers showed a
mesomorphic behavior with smectic liquid crystalline phases. The chemical and physical properties of these poly-
mers were examined using nuclear magnetic resonance spectroscopy, gel permeation chromatography, differential
scanning calorimetry, optical polarizing microscopy, and X-ray diffraction.
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Introduction

Thermotropic liquid crystalline polymers have been the
subject of much interest for both fundamental and applied
research.' The rod-like mesogenic groups composed of two
or more cyclic rings are the basic unit for formation of lig-
uid crystalline polymers.” Main chain and side chain liquid
crystalline polymers can be prepared by incorporating these
mesogenic groups into the backbone and side groups,
respectively, in the polymer.’ Interestingly silicon polymers
containing two n-alkyl groups, where the n-alkyl group is
longer than a methyl group, show thermotropic liquid crystal-
line phases although these polymers do not have the mesogenic
groups.® This unusual liquid crystalline behavior of these
polymers results from the biphilicity that occurs between inter-
action of the inorganic silicone backbone and organic alkyl side
groups, as well as the full symmetry of the polymers. The
biphilicity and the symmetry can induce the rigid polymer
structure, which in turn produces the mesogenic property. In
contrast, poly(methylalkylsiloxane)s with only one longer alkyl
group do not have liquid crystallinity, possibly because the
polymer structure is not symmetric or these structure cannot
produce phase separation to induce biphilicity.® Aliphatic
polysulfones are another unique class of polymers that show
liquid crystalline behavior without mesogenic groups.” The
liquid crystallinity of these polymers results from the strong
dipole-dipole interactions between the sulfone groups, which
create the stiff section or the mesogenic unit in the polymer.®

We synthesized a series of poly(alkylsulfonylpropylmeth-
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ylsiloxane)s with different alkyl groups. Since there is only
one longer alkyl group in the siloxane backbone of the poly-
mer, we did not expect the biphilicity or symmetric structure
formation that generates the mesogenic phase. However the
alkylsulfone groups in the polymer might create a mesogenic
unit to generate the liquid crystalline phases. Here, we
found that these polymers show thermotropic liquid crystal-
line phases. The detailed synthetic procedures and charac-
terization of these polymers are discussed in this paper.

Experimental

Materials. Poly(methylhydrosiloxane) (PMHS) (Gelest Inc.)
was used as received. M, and M,, of PMHS were 2,200 and
3,300, respectively. Toluene and tetrahydrofuran were dis-
tilled from benzophenone and sodium metal and stored
under dry nitrogen. Absolute ethanol was dried over molec-
ular sieves (4 A). All other reagents and solvents were used
as received. Hydrogen hexachloroplatinate (IV) hydrate and
n-alkanethiols were commercially available and received
from Aldrich. Sodium #n-alkanethiolates were prepared by
adding n-alkanethiols (30 mmol) to a solution of sodium
ethoxide (33 mmol) in ethanol (66 mL); the solid residuals
obtained after evaporation of the solvent was washed with
ether, filtered, and dried under vacuum.

Characterization. 'H and *C-NMR spectra were mea-
sured in CDCL; at 300 MHz (Bruker, Avance DPX-300). 2-
Dimesional heterogeneous NMR spectra were obtained using
600 MHz (Bruker, Avance 600). IR spectra were obtained
using a Bomem MB 100 Fourier transform infrared spectro-
photometer in combination with a deutrated triglycine sulfate
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(DTGS) detector. The polymer samples were cast onto a
potassium bromide (KBr) window. Differential scanning
calorimetry (DSC) was carried out on a TA instruments 2920
differential scanning calorimeter. The heating and cooling
rates were 10 °C/min. Molar mass and polydispersity index
were obtained using a Viscotek Model 250 gel permeation
chromatograph (GPC) with differential refractometer as a
detector. All polarizing optical microscopy images were
recorded with Leica DM-LP polarizing optical microscope
equipped with a Mettler FP82HT hot-stage controlled by
Mettler FP90 central processor. Small-angle X-ray scatter-
ing (SAXS) measurements were performed using a Bruker-
AXS Nanostar instrument with a sealed tube CuK,, X-ray
source (4=1.5418 A) operated at 30 mA and 45 kV and a
2D Histar detector. The direction of the X-ray beam was
perpendicular to the vector of the applied electric field. The
scattering patterns were corrected for the beam stop and
background prior to further evaluations. X-ray diffraction
patterns were performed by a wide angle X-ray scattering
(WAXS) with general area detector diffraction (GADDS)
(Bruker, Germany) using Ni-filtered CuK, radiation (35 kV,
15 mA). Synchrotron X-ray scattering expetiments were
conducted using the beam line (3C2) at the Pohang Light
Source, Korea. The temperature was controlled with the
accuracy of 1 °C in the experimental temperature range.

Synthesis.

Preparation of (3-n-alkylthio)propenes: The following
procedure was used to synthesize (3-n-alkylthio)propene.
The synthesis is exemplified in the case of (3-n-octylthio)
propene. To a stirred solution of sodium n-octylthiolate (30
mmol) in THF was added allyl bromide (42 mmol). After
stirring for 6 h at 40 °C, the mixture was extracted with
methylene chloride (150 mL) and washed with distilled
water three times. The organic layer was dried over magne-
sium sulfate, filtered, and evaporated under reduced pressure.
The crude product was purified with column chromatogra-
phy packed with silica gel in #-hexane. (3-n-Decylthio)pro-
pene, (3-n-dodecylthio)propene, (3-n-tetradecylthio)propene,
and (3-n-hexadecylthio)propene were synthesized using the
same procedure used for the synthesis of (3-n-octylthio)pro-
pene, except that sodium n-decylthiolate, sodium n-dode-
cylthiolate, sodium r-tetradecylthiolate, sodium n-hexadecyl-
thiolate, respectively, were used instead of sodium #-octyl-
thiolate. The yields were always above 70%.

(3-n-Octylthio)propene 'H-NMR (CDCI; TMS, ppm): &
=0.85-0.89 (t, 3 H), 1.25 (s, 12 H), 2.41-2.46 (1, 2 H), 3.09-
3.15(d, 2 H), 5.04-5.10 (m, 2 H), 5.70-5.85 (m, 1 H).

(3-n-Decylthio)propene 'H-NMR (CDCl; TMS, ppm): &
=0.85-0.89 (t, 3 H), 1.25 (s, 16 H), 2.41-2.46 (t, 2 H), 3.09-
3.16 (d, 2 H), 5.04-5.10 (m, 2 H), 5.71-5.85 (m, 1 H).

(3-n-Dodecylthio)propene 'H-NMR (CDCl; TMS, ppm): &
=0.84-0.89 (t, 3 H), 1.24 (s, 20 H), 2.40-2.45 (t, 2 H), 3.09-
3.11 (d, 2 H), 5.03-5.09 (m, 2 H), 5.70-5.84 (m, 1 H).

(3-n-Tetradecylthio)propene 'H-NMR (CDCl; TMS, ppm):
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6=10.85-0.89 (t, 3 H), 1.24 (s, 24 H), 2.41-2.46 (t, 2 H),
3.09-3.15 (d, 2 H), 5.04-5.10 (m, 2 H), 5.70-5.85 (m, 1 H).

(3-n-Hexadecylthio)propene 'H-NMR (CDCl; TMS, ppm):
6=10.85-0.89 (t, 3 H), 1.25 (s, 28 H), 2.40-2.46 (t, 2 H),
3.09-3.15 (d, 2 H), 5.04-5.10 (m, 2 H), 5.70-5.84 (m, 1 H).

Preparation of (3-n-alkylthio)propyl-substituted Poly
(methylsiloxane)s (nTPs): The acronym of (3-n-alkylthio)-
propyl-substituted poly(methylsiloxane) is nTP where n is
the number of carbon in the alkylthio side group. The fol-
lowing procedure was used to synthesize (3-n-alkylthio)-
propyl-substituted poly(methylsiloxane) (8TP). The synthe-
sis is exemplified in the case of 8TP. The (3-r-octylthio)pro-
pene (24 mmol, 10 mol% excess versus the Si-H groups in
PMHS) was dissolved in 150 mL of freshly distilled toluene
containing an appropriate amount of PMHS. The reaction
mixture was heated to 70 °C and stirred under nitrogen. At
this point, 0.008 g of H,PtCls-6H,0O was added as a solution
in EtOH (20 mg/mL). The resulting solution was stirred at
70 °C for 3 days. After removal of the toluene, the polymers
were purified by several washes with methanol. The poly-
mer was dried under high vacuum at room temperature
overnight. The yield was 73%. The conversion from PMHS
to the product calculated by comparing the area of the triplet
at 0.88 ppm from the methyl group at the side chain end and
that of the singlet at 4.8 ppm from the backbone was about
95%. (3-n-Decylthio)propyl-substituted poly(methylsiloxane)
(10TP), (3-n-dodecylthio)propyl-substituted poly(methylsi-
loxane) (12TP), (3-n-tetradecylthio)propyl-substituted poly
(methylsiloxane) (14TP), and (3-n-hexadecylthio)propyl-
substituted poly(methylsiloxane) (16TP) were synthesized
using the same procedure used for the synthesis of 8TP
except that (3-#-decylthio)propene, (3-r-dodecylthio)propene,
(3-n-tetradecylthio)propene, and (3-n-hexadecylthio)propene,
repectively, were used instead of (3-n-octylthio)propene.
The yields were above 70% and the conversions calcu-
lated from '"H-NMR spectra were always larger than 95%.

8TP 'H-NMR (CDCly): 6= 0.11 (s, 3H, -Si-CH;), 0.65 (t,
2H, -Si-CH,-CH,-), 0.88 (t, 3 H, -(CH,),-CH;), 1.06 (d, 3H,
-Si-CHCH;-CH,-S-), 1.27 (m, 10H, -S-CH,-CH~(CH,)s-CH3),
1.29 (m, 2H, -Si-CHCH;-CH»-S-) 1.57 (m, 2H, -S-CH,-
CH»(CH,)s-), 1.61 (m, 2H, -Si-CH,-CH,-CH,-S-), 2.30 and
2.82 (m, 2H, -Si-CHCH;-CH,-S-), 2.48 (t, 2H, -S-CH,-(CH,)¢-),
2.51 (m, 2H, -Si-(CH,),-CH,-S-CH,-).

BC-NMR (CDCls): 6=-0.1(s, 1C, -Si-CH;), 13.26 (s, 1C,
-Si-CHCH;-CH,-S-), 14.38 (s, 1C, -(CH,)-CH;), 17.45 (s, 1C,
-Si-CH,-CH,-), 21.69 (s, 1C, -Si-CHCH;-CH,-S-), 22.97 (s,
1C, -(CH,)s-CH-CHz), 23.67 (s, 1C, -Si-CH,-CH-CH,-S-),
29.34-32.16 (s, 4C, -S-CH,-CH,-(CH>),-), 30.03 (s, 1C, -S-
CH,-CH~(CH,)s-), 32.51 and 32.65 (s, 1C, -CHCH,-CH,-S-
CH,- and -CH,-CH,-CH,-S- CH>-), 35.24 (s, 1C, -Si-CHCH;-
CH,-S-), 35.83 (s, 1C, -Si(CH,),-CH,-S-).

10TP 'H-NMR (CDCLy): 6= 0.11 (s, 3H, -Si-CH), 0.65
(t, 2H, -Si-CH,-CH,-), 0.88 (t, 3 H, -(CH,)s-CH;), 1.06 (d,
3H, -Si-CHCH;-CH,-S-), 1.27 (m, 14H, -S-CH,-CH,-(CH,);-
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CHs), 1.29 (m, 2H, -Si-CHCH,-CH,-S-) 1.57 (m, 2H, -S-
CH,-CH~(CH,),-), 1.63 (m, 2H, -Si-CH,-CH,-CH,-S-), 2.28
and 2.83 (m, 2H, -Si-CHCH;-CH,-S-), 2.48 (t, 2H, -S-CH,-
(CH,)s), 2.51 (m, 2H, -Si-(CH,),-CH-S-CH,-).

BC-NMR (CDCL): 5=-0.1 (s, 1C, -Si-CHy), 13.26 (s, 1C,
-Si-CHCH-CH,-S-), 14.29 (s, 1C, (CH,)s-CH;), 17.40 (s, 1C,
-Si-CH,-CH,-), 21.74 (s, 1C, -Si-CHCH,-CH,-S-), 22.92 (s,
1C, -(CH,)s-CH,-CHs), 23.70 (s, 1C, -Si-CH,-CH,-CH,-S-),
29.26-32.60 (s, 6C, -S-CH,-CH,-(CH,)e-), 30.00 (s, 1C, -S-
CH,-CH,-(CH,),-), 32.51 and 32.65 (s, 1C, -CHCH,-CH,-
S-CHy- and -CH,-CH,-CH,-S- CHy-), 35.24 (s, 1C, -Si-
CHCH;-CH,-S-), 35.83 (s, 1C, -Si-(CHy),-CH-S-).

12TP 'H-NMR (CDCL): 8= 0.11 (s, 3H, -Si-CHy), 0.65
(t, 2H, -Si-CH,~CH,-), 0.88 (t, 3 H, -(CH,),;-CHy), 1.06 (d,
3H, -Si-CHCH,-CH,-S-), 1.26 (m, 18H, -S-CH,-CH,-(CH,),-
CH;), 1.29 (m, 2H, -Si-CHCH,-CH,-S-) 1.57 (m, 21, -S-CH,-
CH(CH,)s-), 1.61 (m, 2H, -Si-CH,-CH,-CH,-S-), 2.30 and
2.86 (m, 2H, -Si-CHCH,-CH,-S-), 2.48 (1, 2H, -S-CH;-
(CH)100), 2.51 (m, 2H, -Si-(CH,),-CH,-S-CH,-).

BC-NMR (CDCly): §=-0.1 (s, 1C, -Si-CHy), 13.54 (s, 1C,
-Si-CHCH;-CH,-S-), 14.74 (s, 1C, (CH,)y-CH}), 17.60 (s, 1C,
-Si-CH,-CH,-), 22.14 (s, 1C, -Si-CHCH,-CH,-S-), 23.31 (s,
1C, (CH,)y-CH,-CHs), 24.08 (s, 1C, -Si-CH,-CH,-CH,-S-),
29.05-32.55 (s, 8C, -S-CH,-CHy-(CHa)g-), 30.45 (s, 1C, -S-
CH,-CH,-(CH)s-), 33.00 and 33.48 (s, 1C, -CHCH,-CH,-S-
CH,- and -CH,-CH,-CH,-S- CH,-), 35.66 (s, 1C, -Si-CHCH;-
CH,-S-), 36.18 (s, 1C, -Si-(CH,),-CH,-S-).

14TP "H-NMR (CDCL): 5= 0.12 (s, 3H, -Si-CHy), 0.66
(t, 2H, -Si-CH,-CH,-), 0.88 (t, 3 H, -(CH,)s-CH5), 1.06 (d,
3H, -$i-CHCHy-CH,-S-), 126 (m, 22H, -S-CHy-CH{CHy), -
CIL), 1.29 (m, 2H, -Si-CHCH,-CH,-S-) 1.58 (m, 2H, -S-
CHZ-%HZ-(CHQ)H-), 1.61 (m, 2H, -Si-CH,-CH,-CH,-S-), 2.30
and 286 (m, 2H, -Si-CHCH,-CH,-S-), 2.48 (t, 2H, -S-CH-
(CHy)>-), 251 (m, 2H, -Si~(CHy),-CH-S-CH-).

BC.NMR (CDCL): 6=-0.1 (s, 1C, -Si-CH), 12.93 (s, 1C,
-Si-CHCH;-CH,-S-), 14.10 (s, 1C, -(CH,)5-CHs), 16.88 (s,
1C, -$i-CHCHy), 2135 (s, 1C, -Si-CHCH,-CH,-S-), 22.67
(s, 1C, -(CH,),o-CH,-CHy), 23.29 (s, 1C, -Si-CH,-CH,-CH,-
S-), 29.05-31.91 (s, 10C, -S-CH,-CH-(CHy)i-), 29.79 (s, 1C,
-8-CHy-CHy-(CHy)y-), 32.17 and 32.31 (s, 1C, -CHCH,-
CH,-S-CH,~ and -CH,-CH,-CH,-S- CH.-), 34.87 (s, 1C, -Si-
CHCH,-CH,-S-), 35.53 (s, 1C, -Si-(CH,),-CH,-S-).

16TP 'H-NMR (CDCL): 6= 0.12 (s, 3H, -Si-CH,), 0.67
(t, 2H, -Si-CH,-CH,), 0.88 (t, 3 H, -(CHy),s-CH;), 1.08 (d, 3H,
-Si-CHCH;-CH,-S-), 1.27 (m, 2611, -S-CH,-CH,<(CH,),-CH),
1.29 (m, 2H, -Si-CHCIL-CIL-S-) 1.58 (m, 2H, -S-CH,-CH,-
(CHyuy), 1.67 (m, 2H, -Si-CH,-CH,-CH,-S-), 2.30 and 2.81
(m, 2H, -Si-CHCH;-CH,-S-), 2.49 (t, 2H, -S-CH,-(CH,),+),
2.51 (m, 2H, -Si-(CH,),-CH,-S-CH,-).

BC-NMR (CDCly): 6=-0.1 (s, 1C, -Si-CHj), 12.95 (s, 1C,
-Si-CHCH;-CH,-S-), 14.13 (s, 1C, (CH,)-CHy), 17.03 (s, 1C,
-Si-CH,-CH,-), 21.74 (s, 1C, -Si-CHCH,-CH,-S-), 22.70 (s,
1C, «(CH,),,-CH-CHy), 23.70 (s, 1C, -Si-CH,-CH,-CH,-S-),
28.54-31.93 (s, 12C, -S-CH,-CH,(CHy)1o-), 29.66 (s, 1C,
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-S-CH,-CH~(CH,);5-), 32.13 and 32.26 (s, 1C, -CHCH;-
CH,-S-CH and -CH,-CH,-CH,-S- CH>), 34.76 (s, 1C, -Si-
CHCH;-CH,-S-), 35.65 (s, 1C, -Si-(CH,),-CH;-S-).

Preparation of (3-n-Alkylsulfonyl)propyl-substituted
Poly(methylsiloxane) (nSPs): The acronym of (3-n-alkyl-
sulfonyl)propyl-substituted poly(methylsiloxane) is nSP where
n is the number of carbon in the alkylthio side group. The
following procedure was used to synthesize (3-n-alkylthio)-
propyl-substituted poly(methylsiloxane). The synthesis is
exemplified in the case of (3-n-octylsulfonyl)propyl-substi-
tuted poly(methylsiloxane) (8SP). To a stirred solution of
8TP (23 mmol of side chain) in methylene chloride (250 mL)
was added m-chloroperoxybenzoic acid (50.6 mmol). After
stirring at room temperature for 1 h, the reaction mixture
was concentrated and then poured into methanol. The pre-
cipitate was further purified by several precipitations from
methylene chloride into methanol and then dried under high
vacuum at room temperature overnight. The yield was 92%.
The conversion calculated from the "H-NMR data by com-
paring the peak integrals of the side chains and the back-
bone was almost 100%. (3-n-Decylthio)propyl-substituted
poly(methylsiloxane) (10SP), (3-#-dodecylthio)propyl-sub-
stituted poly(methylsiloxane) (12SP), (3-n-tetradecylthio)-
propyl-substituted poly(methylsiloxane) (14SP), and (3-»-
hexadecylthio)propyl-substituted poly(methylsiloxane) (16SP)
were synthesized using the same procedure used for the syn-
thesis of 8SP except that 10TP, 12TP, 14TP, and 16TP, respec-
tively, were used instead of 8TP. The yields were above 90%
and the conversions calculated from 'H-NMR spectra were
always about 100%.

8SP 'H-NMR (CDCL): 6= 0.17 (s, 3H, -Si-CH;), 0.72 (t, 2H,
-Si-CH,-CH;-), 0.88 (t, 3H, -(CH,),-CH;), 1.25 (d, 3H, -Si-
CHCH;-CH,-SOy), 1.28 (m, 8H, -SO,-CH,-CH,-CH,-(CH,)4-
CH;), 1.44 (m, 2H, -SO,-CH,-CH,-CH,-CH,-), 1.71 (m, 1H,
-Si-CHCH;-CH,-S0,-), 1.82 (m, 2H, -SO,-CH,-CH,-CH,-),
1.90 (m, 2H, -Si-CH,-CH,-CH,-SO,-), 2.82 and 2.92 (m,
1H, 1H, -Si-CHCH;-CH,-S0,-), 2.96 (m, 2H, -Si-(CH,),-
CH,-S0;-) 3.12(m, 2H, -SO,-CH,-(CH,)6-CH,).

BC-NMR (CDCL): §=-0.1 (s, 1C, -Si-CHs), 14.03 (s, 1C,
-Si-CHCH;-CH,-S0,-), 14.64 (s, 1C, -(CH,)s-CH;), 15.91
(s, 1C, -Si-CH,-CH,-CH>-), 16.89 (s, 1C, -Si-CH,-CH,-) 22.37
(s, 1C, -Si-CHCH;-CH,-SO»-), 22.40 (s, 1C, -SO,-CH,-CH,-
CH,-), 23.13 (s, 1C, -(CH,)s-CH,-CH,), 29.05-32.31 (s, 4C,
-SO,-CH,-CH,«(CH,),-CH,-CH;), 53.79 (s, 1C, -Si-CH,-CH,-
CH3-80>-), 54.65 (s, 1C, -Si-CHCH;-CH»-80-), 55.53 (5, 2C,
-S0,-CH,.CH;-).

10SP 'H-NMR (CDCly): 6=0.17 (s, 3H, -Si-CHj), 0.72
(t, 2H, -Si-CH,-CH,-), 0.88 (t, 3H, -(CH,),-CH;), 1.25 (d,
3H, -Si-CHCH,;-CH»-S0,-), 1.26 (m, 12H, -SO,-CH,-CH,-
CH,-(CH,)s-CH,), 1.42 (m, 2H, -SO,-CH,-CH,-CH,-CH,-),
1.71 (m, 1H, -Si-CHCH;-CH,-S0,-), 1.81 (m, 2H, -SO,-
CH,-CH,-CH,-), 1.88 (m, 2H, -Si-CH,-CH,-CH,-SO,-), 2.84
and 2.96 (m, 1H, 1H, -Si-CHCH,-CH,-SO,-), 2.95 (m, 2H, -Si-
(CH,),-CH,-S0,-) 3.01(m, 2H, -SO,-CH,-(CH,)s-CH,).
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BC-NMR (CDCL): 6=-0.1 (s, 1C, -Si-CH), 13.97 (s, 1C,
-Si-CHCH;-CH,-80,-), 14.39 (s, 1C, (CH,)s-CH;), 15.68
(s, 1C, -Si-CH,-CH,CH,"), 16.60 (s, 1C, -Si-CH,-CH,-) 21.98
(s, 1C, -Si-CHCH;-CH,-SO,-), 22.00 (s, 1C, -SO,-CH,-CH,-
CH,-), 22.88 (s, 1C, (CH,)s-CH,-CHy), 28.83-32.18 (s, 6C,
-SO,-CH,-CH,-(CH,)¢-CH,-CH), 53.48 (s, 1C, -Si-CH,-CH,-
CH,-S0,-), 54.26 (s, 1C, -Si-CHCH;-CH,-SO,-), 55.09 (s,
2C, -80,-CH,.CH,-).

12SP 'H-NMR (CDCL): 6= 0.16 (s, 3H, -Si-CH,), 0.72
(t, 2H, -Si-CH,-CH,-), 0.88 (t, 3H, (CH,),-CH,), 1.25 (d, 3H,
-Si-CHCH;-CH,-80,-), 1.26 (m, 16H, -SO,-CH,-CH,-CH,-
(CHy)s-CHs), 1.43 (m, 2H, -SO,-CH,-CH,-CH,-CH,-), 1.71
(m, 1H, -Si-CHCH;-CH,-SO,-), 1.81 (m, 2H, -SO,-CH,-CH-
CH,-), 1.88 (m, 2H, -Si-CH,-CH,-CH,-SO,-), 2.84 and 2.96
(m, 1H, 1H, -Si-=CHCH;-CHy-SO,-), 2.97 (m, 2H, -Si-(CH,),-
CHy-805-) 3.01(m, 2H, -SO,-CH,-(CIL,),-CHy).

BC-NMR (CDCL): 6=-0.1 (s, 1C, -Si-CHy), 14.00 (s, 1C,
-Si-CHCH;-CH,-SO,-), 1446 (s, 1C, (CIL),-CH:), 15.71 (s,
1C, -8i-CH,-CH,-CH,-), 16.66 (s, 1C, -Si-CH,-CH,-) 22.10
(s, 1C, -Si-CHCH;-CH,-SO;-), 22.17 (s, 1C, -SO,-CH,-CH-
CH,-), 22.98 (s, 1C, -(CHy)s-CH,-CIL,), 28.97-32.26 (s, 8C,
-SO,-CH,-CH,«(CH,)¢-CH,-CHy), 53.59 (s, 1C, -Si-CH,-CH,-
CH,-SO,-), 54.47 (s, 1C, -Si-CHCH;-CH,-SO5-), 55.35 (s,
2C, -SO,.CH,-CH,-).

14SP 'H-NMR (CDCL): 5= 0.17 (s, 3H, -Si-CH;), 0.72
(t, 2H, -Si-CH,-CH,), 0.8 (t, 3H, <(CH,),,-CH,), 1.25 (d, 314,
-Si-CHCH;-CH,-S05-), 1.26 (m, 20H, -SO,-CH,-CH,-CH,-
(CH>)1-CHy), 143 (m, 2H, -SO,-CH,-CH,-CH;-CH,), 1.68
(m, 1H, -Si-CHCH;-CH,-SO,-), 1.81 (m, 2H, -SO,-CH,-
CHy-CHy-), 1.91 (m, 2H, -Si-CH,-CH,-CH,-SO,-), 2.84 and
2.97 (m, 1H, 1H, -Si-CHCH;-CH,-SO>-), 2.92 (m, 2H, -Si-
(CH,),-CH,-S0,-) 3.01(m, 2H, -8O,-CHy-(CH,),,-CHs).

BC-NMR (CDCly): §=-0.1 (s, 1C, -Si-CHj), 13.67 (s, 1C,
-Si-CHCH;-CH,-SO,), 14.10 (s, 1C, (CH,),-CHy), 15.35 (s,
1C, -Si-CH,-CH,-CH,-), 16.28 (s, 1C, -Si-CH,-CH,-) 21.58
(s, 1C, -Si-CHCH;-CH,-S0,-), 21.79 (s, 1C, -SO,-CH,-CH-
CH,-), 22.67 (s, 1C, (CHy),-CHy-CH), 28.59-31.89 (s, 10C,
-S0,-CH,-CHy-(CH),¢-CH,-CH), 53.18 (s, 1C, -Si-CH,-CH,-
CHy-805-), 54.05 (s, 1C, -Si-CHCH;-CH,-SO,-), 54.92 (s, 2C,
-80,-CH, CH,-).

16SP 'H-NMR (CDCl): 5= 0.16 (s, 3H, -Si-CH,), 0.72
(t, 2H, -Si-CH,-CH,-), 0.88 (t, 3H, ~(CH,),s-CH), 1.25 (d, 3H,
-Si-CHCH;-CH,-80,-), 1.26 (m, 24H, -SO,-CH,-CH,-CH,-
(CHy)1-CHy), 143 (m, 2H, -8O,-CH,-CH,-CH,-CH,-), 1.71
(m, 1H, -Si-CHCH,-CH,-SO,-), 1.82 (m, 2H, -SO,-CH,-CH;-
CHy-), 1.88 (m, 2H, -Si-CH,-CH,-CH,-SO,-), 2.85 and 2.97
(m, 1H, 1H, -Si-CHCH;-CH,-S0,), 2.95 (m, 2H, -Si-(CH),-
CHy»-S05-) 3.01(m, 2H, -SO,-CH,-(CH,),,-CHj).

BBC-NMR (CDCly): 6=-0.1 (s, 1C, -Si-CHj), 13.70 (s, 1C,
-Si-CHCH;-CH,-SO,-), 14.30 (s, 1C, (CH,)y-CH,), 16.09 (s,
1C, -Si-CH,-CH,-CH,-), 17.00 (s, 1C, -Si-CH,-CH,-) 22.50
(s, 1C, -Si-CHCH;-CH,-SO»-), 22.55 (s, 1C, -SO,-CH,-CHs-
CH,-), 23.05 (s, 1C, -(CH,)-CH,-CHy), 29.19-32.68 (s, 6C,
-S0,-CHy-CH,~(CH,)s-CH,-CHy), 53.93 (s, 1C, -Si-CH,-CH,-
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CHy-SO;-), 54.85 (s, 1C, -Si-CHCH,-CH,-80,-), 55.72 (s, 2C,
-S0,-CH,CH,-).

Results and Discussion

(3-n-Alkylthio)propyl-substituted  poly(methylsiloxane)s
(nTPs: n =38, 10, 12, 14, 16) were synthesized by a hydrosi-
lylation reaction using a Speier’s Pt catalyst, starting from
poly(methylhydrosiloxane) (PMHS) with the corresponding
(3-n-alkylthio)propenes, where the (3-n-alkylthio)propenes
were prepared from the allylation of the allyl bromide with
corresponding sodium thiolate (Figure 1). In this hydrosily-
lation reaction, we used 10 mol% excess of (3-n-alky-
Ithio)propenes over the Si-H groups in PMHS, which is
commonly used for the hydrosilylation of PMHS.*'’ FT-IR
analysis of nTPs showed that the hydrosilylation reaction
was complete, since the absorption band at 2160 cm™ rising
from the Si-H group in the starting polymer, PMHS, was
not observed in the product.'> However, 'H-NMR spec-
trum of the nTPs showed a very low intensity 4.8 ppm peak
from the unsubstituted Si-H group (Figures 2(a) and (b)).
The conversions from PMHS to nTPs were calculated by
comparing the intensity of the triplet peak at 0.88 ppm of
the methyl end group on the side chain and that of the sin-
glet at 4.8 ppm of the Si-H group in the backbone, and they
were always higher than 95%. Thus, the conversion from
PMHS to nTPs using hydrosilylation is very high, although
resolution difference between 'H-NMR and FT-IR could
contribute to difference in the observed conversions.

Polymers were further examined by 2-dimensional heter-
ogeneous NMR spectroscopy to assign all superimposed
'H-NMR peaks. The 2-dimensional NMR result for 10TP is
shown in Figure 3. In general, hydrosilylation of PMHS using
platinum catalysts undergo anti-Markovnikov addition of
hydrosilane groups to the carbon-carbon double bonds."* "
However, subtle differences in the catalyst and reagents
afford some degree of Markovnikov addition.'® In our case,

H-(CHp)-SNa A\ Bl | THF
45°C

H-(CHp)s-SH _Na/EtOH H-(CHp)i =

(n=28,10, 12, 14, 16)

CHs CHs

¢Hs H(CH)f 8=
(HsC)s8i—0 s|— sa(c:H3) _L_,, ‘fss 0~)—<s. oﬁ'
H,PtClg / Toluene CH, CHCH, f

cH2 CHZ
9“2 S
$ @Hﬁn
(?Hz)n H
H nTPs
CH3 CHs

__mCPBA CH; i <CHCH }

5C/MC CHz CH2
?Hz §Oz
S0, eHy),
((EHz),, H
H

nSPs
Figure 1. Synthetic route for nTPs and nSPs.
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Figure 2. 'H-NMR of PMHS, 10TP, and 10SP.

the ratio between propyl (-Si-CH,~CH,-CH,-S-) produced from
anti-Markovnikov addition and 1-methyl ethyl (-Si-CHCH;-
CH,-S-) produced from Markovnikov addition is about 1:1
for all nTPs. This ratio was calculated by comparing "H-NMR
integration of peaks at 0.65 ppm (b peak in Figure 2(b)) from
anti-Markovnikov addition and 1.06 ppm (f peak in Figure
2(b)) from Markovnikov addition. It has been known that
some functional groups in allyl reagents can cause side
reactions, including Markovnikov addition.'s For example
the hydrosilylation reaction of PMHS with allyl ester or
allyl carbamate produces Markovnikov products.'”'® The
high content of products from Markovnikov’s rule in our
case is probably due to the existence of the thioether groups
in the (3-n-alkyl- thio)propene; thioether groups have highly
coordinating capability with metallic ions."”’
(3-n-Alkylsulfonyl)propyl-substituted poly(methylsilox-
ane)s (nSPs: n=_8, 10, 12, 14, 16) were synthesized by oxidation
of the corresponding nTPs using m-chloroperoxybenzoic
acid (m-CPBA) (Figure 1). 'H-NMR spectra results indicated
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Figure 3. 2-Dimensional heterogeneous NMR of 10TP.

100% conversion from nTPs to nSPs (Figure 2(c)). The
polymer analogous reaction from poly(methythydrosiloxane)
to nTPs increased the molecular weight of the polymer. The
M, of nTPs are between 5,200 and 10,300, which are about
2.5 to 4.5 times larger than that of the starting polymer,
poly(methylhydrosiloxane). The increase in the molecular
weight from the polymer analogous reactions is expected,
since (3-n-alkylthio)propenes are additionally incorporated
into the poly(methylhydrosiloxane) backbone. The increased
molecular weights of nTPs were maintained after the oxida-
tion reaction to nSPs: the M, of nSPs are between 5,200 and
9,900. Since the molecular weights of these polymers were
obtained by gel permeation chromatography using polysty-
rene standards, the direct comparison of these values is not
possible. The variations in molecular weight data can be
attributed to a variety of factors that affect the actual size
and shape of a polymer molecule in solution, including
changes in side group-solvent interactions and polymer con-
formations that result from the incorporation of the side
alkyl groups and the sulfur groups.?® Regardless, the molec-
ular weight results show that the polymer analogous reac-
tion did not cleave the polymer backbone.

Figures 4 and 5 show DSC heating thermograms for the
polymers obtained during the second heating cycle at a rate
of 10 °C/min; relatively sharp and broad endotherms are
observed from nTPs and nSPs, respectively. The transition
temperatures and enthalpy changes (4H) of the polymers
are summarized in Table I. For the enthalpy changes of mul-
tiple melting peaks, we just integrated the superimposed
peaks without any deconvolution process. No melting or
glass transition from the siloxane backbone, which occur at
temperatures lower than -100 °C, were observed. Therefore,
the endotherms in the DSC traces originated from ordered
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&

Figure 6. (2) POM texture of 16TP and (b) POM texture of 16SP.
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N
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14TP

g | 16TP

£

2

1

%
b

ing of the side chain crystalline phases.® The endotherms of
400 50 0 s0 100 nTPs and nSPs were found to be originated from side chain
crystalline and liquid crystalline phases, respectively, from
polarizing optical microscopy and X-ray studies discussed
Figure 4. DSC second heating curves of nTPs. below. Both endothermic temperatures and AH increase
with increasing side chain length. For a given side chain
length, the endothermic temperatures of nSPs are higher

8sSP \f.—_\ﬁ than those of nTPs. This was mainly attributed to the strong

dipole-dipole interaction between sulfone groups in the side

10SP _\\/\ chain.? The existence of a strong dipolar moment for the

sulfonyl group (-SO,-) is well documented.?
12SP The ordered structures of the polymers were investigated
using polarizing optical microscopy (POM). nTPs (n=38, 10,

Temperature (°C)

£
% 14SP \/,— 12, and 14) were in an isotropic melt state at room tempera-
o ture because the endothermic temperatures of these poly-
16SP '\/\/\ mers are lower than room temperature; only dark phases
were observed from POM. However, 16TP and nSPs (n= 10,
12, 14, and 16) showed birefringent images. When 16TP
-100 50 0 50 100 was cooled from the isotropic melt state, very thin birefrin-

Temperature (°C) gent rods started to appear at around 45 °C. Within a few
minutes, these rods become more birefringent and thicker,
finally becoming the leap-shaped texture shown in Figure
6(a). Thus, the formation of an ordered phase of 16TP involves
structures in the side chains. Similarly, poly(methylalkylsi- the nucleation and growth process commonly found from
loxane)s also showed endotherms associated with the melt- crystalline polymers. All nSPs showed the same fine granu-

Figure 5. DSC second heating curves of nSPs.

Table 1. GPC, DSC, and Polarizing Optical Microscopicy Results of the Polymers

Polymer M, M, M,/ M, First C‘?((:)l(iil‘% TE}l/(é())therm, Secondolée(zztglI’gJ}/Eggothenn, Texture®
8TP 10,600 5,200 2.02 -81.3 (6.4) -70.0 (5.3)
10TP 34,600 10,300 3.36 -37.8 (14.2) -32.3(15.4)
12TP 12,700 5,900 2.17 -12.9(13.7) -7.3 (14.5)
14TP 14,900 6,900 2.17 6.50 (53.8) 15.6 (57.8)
16TP 17,900 8,200 2.19 23.0(72.8) 32.5(71.5) Spherulite
8SP 20,600 5,200 3.98 -14.9(9.2) -4.8(11.2)
10SP 18,100 9,900 1.84 38.0 (15.8) 36.0 (19.4) Grainy
12SP 23,000 8,000 2.89 31.6 (26.0) 413 (254) Grainy
14SP 10,600 5,600 1.88 43.5(43.4) 51.6 (50.8) Grainy
.16SP 14,900 6,000 247 56.3 (57.8) 66.4 (63.8) Grainy

“Obtained from heating at 10 °C/min using POM.
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lated texture shown in Figure 6(b) at around their endother-
mic temperatures when they were cooled from the isotropic
melt state, while the nucleation and growth procedure found
from 16TP was not observed. Viscous polymer melts can
prevent the formation of normal liquid crystalline textures.?!
This is especially true for smectic liquid crystalline poly-
mers and a granulated texture of birefringent domains is
observed in many cases. Therefore, it is very probable that
nSPs have a liquid crystalline phase.

X-ray studies also confirmed the crystallinity of 16TP and
the liquid crystallinity of nSPs. Figure 7 shows the X-ray
powder patterns at room temperature and elevated tempera-
ture for 16TP. The small-angle and wide-angle d-spacings
of each polymer are listed in Table II. The d-spacing value
of 16TP in the wide-angle region corresponding to the dis-
tance between alkyl side chains, 4.16 A, is near the typical
hexagonal d-spacing value of 4.10-4.19 A for other comb-
like polymers with long alkyl side chains.**?* Therefore,
POM images and wide-angle x-ray powder diffraction indi-
cate that 16TP has a typical hexagonal packing of the long
alkyl side chains. Above its melting transition, the sharp
wide-angle reflection changes to an amorphous halo (Figure 7).
At 40°C, several peaks from the ordered structures left
while their intensity is very small. Since the melting transi-

Intensity

\_J 30°C
U

M\L‘OO?‘
\/W\j?ig.

T ¥ T

0 10 20 30
2(e) degree

Figure 7. Powder XRD patterns at room temperature and ele-
vated temperatures for 16TP.

Table II. The d-Spacings Determined from the Most Intensive
Peak in the Wide-Angle Region and from the First Diffraction in
the Small-Angle Region, and the Side Chain Length (L.,)

Polymer ~ Wide-angle (A) Small-angle (A) 2 x L, (A)
10SP 443 36.51 39.46
125P 434 41.28 44.46
14SP 432 4248 49.46
16SP 4.22 37.08 54.46
16TP 4.16 33.30 54.62
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tion remains until around 50 °C, these small peaks should be
due to the small portion of ordered structures remaining in
the polymer. A series of sharp peaks at d=33.30, 16.65, and
11.00 A, corresponding to 001, 002; and 003 indices of the
periodic layer, were observed at 30 °C, implying that 16TP
has a highly-ordered layer structure. Therefore, the ordered
structure of 16TP is almost identical to other comb-like
polymers with long alkyl side chains that show side chain
crystallization.

On the other hand, the d-spacing value of nSPs (n= 10,
12, 14, and 16) in the wide-angle region (Figure 8) is unusu-
ally large, ranging from 4.22 to 4.43 A. In general, when the
carbon numbers of alkyl side chain is more than 12, one or
more sharp wide-angle diffraction of less than 4.2 A occurs
in comb-like vinyl polymers,*? rigid-rod polymers,”’** and
amphiphilic polymers with long alkyl side chains.”>** This
large d-spacing of 16SP in the wide-angle region, 4.22 A,

\’N
N

14SP

Intensity

16SP

10 ' 15 20 25 30
20 (Degree)

Figure 8. Powder XRD patterns at room temperature for nSPs:
wide angle region.

108P

Intensity

128P
14SP

T v T ¥ T

1 2 3 | 4
26 (Degree)

Figure 9. Powder XRD patterns at room temperature for nSPs:
small angle region.
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indicates that paraffinic side chain crystallization does not
occur. Instead, a less ordered structure, such as liquid crystal
(smectic A or smectic B) or condis crystal, develops through
strong dipole-dipole interactions between sulfone groups.*!
In the small-angle region of nSPs (Figure 9), a series of

diffraction peaks were observed. These peaks indicate that

our polymers have ordered layers. The d-spacings from the
first reflection in the small-angle region are listed in Table II.
The small-angle d-spacings of the polymers were larger
than the calculated side chain length (L, but smaller than
2 x L.q; the calculated side chain length, L., was estimated
based on the assumption that the side chains are fully
extended in the trans conformations. This result indicates
that the polymers have double-layer structures, with tilted or
interdigitated side groups. Further studies using 2-dimen-
sional X-ray measurements of oriented fibers are needed to
verify whether these polymers have tilted or interdigitated
structures.”? Unfortunately, the preparation of oriented fibers
from these polymers was not possible, probably because of
the low molecular weights. We could not increase the molecu-
lar weight of the polymer because the molecular weight of
the starting polymer, PHMS, is low. High molecular weight
of PHMS is difficult to prepare due to the sensitivity of Si-H
bond.*

In conclusion, nSPs (polymers with sulfone linking groups)
show mesomorphic behavior and a double layer structure,
while 16TP with thioether linking groups has typical side
chain crystalline phases. The side chain crystalline behavior
of 16TPs occur because the increased mobility of the silox-
ane main chain does not dramatically inhibit crystalliza-
tion.”** Increasing the flexibility of the main chain increases
the probability of formation of an ordered structure.’® The
mesophase formation of nSPs arises from phase separation
caused by the incompatibility between polar and hydro-
philic sulfone linking group and hydrophobic backbone and
side groups and/or the strong dipole-dipole interactions
between the sulfone groups, which create the stiff section or
the mesogenic unit in the polymer.

Conclusions

Poly(methylsiloxane)s with alkylthio or alkylsulfonyl side
groups were successfully synthesized using polymer analogous
reactions. Poly(methylsiloxane)s with alkylthio side groups
show side chain crystalline properties, whereas poly(meth-
ylsiloxane)s with alkylsulfonyl side groups showed liquid
crystalline phases. Thus, the inter- or intramolecular interac-
tions modify and reinforce the organized phases. Poly(meth-
ylsiloxane)s with only one less polar alkylthioether group
do not have liquid crystallinity, possibly because the poly-
mer structure is not symmetric or they cannot produce phase
separation to induce the biphilicity. The polar alkylsulfonyl
side groups attached to the siloxane backbones can generate
dipolar interactions between the side chains in parallel, and

Macromol. Res., Vol. 16, No. 1, 2008

promote their arrangement in layered mesomorphic phases.
Phase separation caused by the strong incompatibility
between the polar and hydrophilic sulfone linking groups,
and hydrophobic backbone and side groups, induces the lig-
uid crystalline structures. Therefore, in addition to main
chain flexibility, phase separation, the dipole-dipole interac-
tions between the polar sulfone groups can generate and
control the ordered structures of the polymeric materials in
a rather unique manner.
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