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Side-Chain Liquid Crystalline Silicon-Containing
Polymers

YUSUKE KAWAKAMI

Graduate Schoo! of Matevials Science, Japan Advanced Institute of Science and
Technology (JAIST), 1-1 Asahidai, Tatsunokuchi, Ishikawa 923—1292, Japan

Synthesis and properties of side-chain liquid crystalline polymers containing disiloxane link-
age were shown. Stereochemical control of the silicon atoms in the main chain was also stud-
ied.

Keywords: optically active silicon compounds; disiloxane; poly(oxetane); poly(diene); stere-
oregularity; poly{carbosilane); poly(carbosiloxane); liquid crystal

INTRODUCTION Finkelmann started a systematic research on side-chain
liquid crystalline polymers!"?. Mesogens are usually introduced to
poly(siloxane) main chain through methylene spacer of suitable length by taking
advantage of the low energy barrier of the rotation of the Si-O bond. It has
been recognized that structure of main chain, mesogenic and tail groups, and
structure and length of the spacer, and spacing of the mesogenic groups along the
main chain are the principal factors for determining the liquid cry stalline phase.

Although there have been extensive reports on the effects of the length of the
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methy lene groups as spacer on liquid crystalline phase, relatively few studies
have pointed out the importance of the chemical structure of the main chain, and
the structure and spacing of mesogenic groups along the main chain.
Poly (siloxane)s, poly(acrylate)s, and poly(methacrylate)s are usually used as
main chain components and alkoxy- or cyano-substituted biphenyls as
mesogenic groupstl.  Liquid crystalline polymers having poly(olefin),
poly(vinyl ether), poly(phosphazenc), or poly(isocyanate) main chain were
reported* ', We reported a novel side-chain smectic poly(oxetane) with
cyano- or fluoro-substituted biphenyl as mesogenic group, and pointed out the
importance of the flexibility of the main chain, and the structure of the mesogen

on the liquid crystalline structure!'>-'%),

As can be seen that poly(siloxane) is used as a flexible main chain
component in side-chain liquid crystalline poly mers, the siloxane linkage might
be considered as a flexible component in the spacer by taking advantage of its
low energy barrier of rotation. However, there were only few examples where
siloxane linkage was used as a spacer component!'®'”). In these studies, the
siloxane linkage was used in the middle of the alkylene spacer group to avoid the
steric requirements of dimethy1 substituted siloxane linkage, which restricts the
aggregation of mesogenic group to form mesophase.

We reported side-chain liquid crystalline poly(diene)s with siloxane

linkage directly attached to main chain as a flexible component of the spacer.
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The weight average molecular weight of polymers estimated by GPC using

poly styrene standards ranges from 2.7 x lO4 to 12.0 10° (My/M,~ 1.4). 'H

NMR spectrum of PB-CN-S6 is shown.

1 1 1 I 1 " N 1
4 3 2 1 0
ppm

Figure 1. 'H NMR Spectrum of PB-CN-86 (200 MHz, r.t., in CDCls)

The area of the proton a, which is assigned to olefin proton, is one-
fourth of that of proton b which is assigned to methylene protons of the main
chain. This fact excludes the possibility that poly mers were formed through
3,4- or 1,2-opening of the diene functions. It is of interest to point out that the
double bonds takes one predominant stereochemistry, 1,4-E concerning the
main chain, as elucidated by NOE analysis. This may be because that the
bulky mesogen-containing substituent tends to be incorporated at trans
position to polymer main chain (E form) in the repeating monomer unit.

The polymers show following transition temperatures. PB-CN-S6:
57.4°C (smectic — isotropic, AH= 2.8 mlJ/mg); PB-F-S6: 519, 73.4 °C
(smectic — isotropic; AH= 6.1 mJ/mg); PB-OMe-S6: 116.3 °C (smectic —
isotropic; AH= 16.9 mJ/mg) with tail at lower temperature; PB-OHex-S6:
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110.9 °C (smectic — isotropic; AH= 2.0 mJ/mg) with shoulder at 107.5 °C
(only in heating process). The transition was enantiotropic. The monomers
did not show any mesophase. PB-CN-S6 shows a well organized smectic
phase, which is in agreement with other side-chain liquid crystalline poly mers
having polar cyanobiphenyl mesogenic group!'!. PB-F-S6 shows similar
smectic phase with focal conic fan structure. The reason for the formation of
the well-develop ed smectic structure of these poly mers is considered not only
because of the polar tail group
but also because of the flexibility
of the poly(diene) main chain,
and the very mobile disiloxane in
the spacer which also spaces the
mesogenic groups apart from
each other along the polymer
main chain, compared with
ordinary vinyl polymers. PB-

OMe-S6 immediately formed
. R Figure 2. Optical Polarization Microghraph
similar fine structure on cooling of PB-CN-S6.

near the transition temperature.

The polymer, with cyano-substituted mesogenic group connected to the
main chain without siloxane linkage, (poly[2-{6-[(4-cyanobiphenyl-4'
yloxy Jhexy 1}-1,3-butadiene] showed the transition temperature at 144.9 °C,
and formed fan structure on cooling a little below the temperature.

Supposing that a side-chain liquid crystalline polymer finds an
application as optical materials like optical shutter or display, optical

properties, for example low refractive index of main chain polymer, are
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important factors. Polystyrene is a candidate of transparent and low
refractive index main chain?'!,

SO L o0

Figure 3. Structure of Polystyrene Containing Disiloxane.

It was also shown that the liquid crystalline temperature range became

wider by the introduction of siloxane side chains to liquid crystalline

poly(oxetane)??l.
50
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/ \ 401 clearing temperature
cit, cH, _ AN
o) o g *fr
| | s
(CH2)m (CHz)3 5 2F
H3C-SI-CH, E‘
D 3 £ of
H;C-?I'CH:; glass transition temperature
S #
=~0-—--0~ _
z Z=CN, F, OR 10 1 . ~O-— {P

3 4 5 6 7
m in the Spacer

Figure 4. Side-chain Liquid Crystaliine Poly(oxetane)
with Siloxane Side Chain
Recently, investigations focussing on liquid crystalline behavior of
poly(carbosilane) have been published™. We reported liquid crystalline
poly (carbosilane) with directly attached siloxane linkage. These polymers
exhibited well developed liquid crystalline phase because of the presence of
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flexible disiloxane linkage in the structure!®?. The siloxane segments of these
poly mers are introduced in the spacer not only from the point of flexibility but

also from its incompatibility with other polymer segments.

%
2
L.
+H o
cn,—ss—zo—- bH—s(cu,),- o-@—c\(o o
\l',n é“‘s o

Figure 5. Liquid Crystalline Poly(carbosilane)

It is needless to say the importance of stereoregularity to obtain the
desirable properties of the polymers. It is very important to control the
stereochemistry of Si atom in the repeating units to correlate precisely liquid
crystalline behavior with the primary structure of polymers. We designed a

synthesis starting from optically active silane!*?¢,  The synthetic scheme for

route 1
Mo, P cHoHHpMgsr Mo, P LiAw, Ma, Jn
Bt & B0 7800 A
Bord OBor Bord CH W CHyCH=CH,
S CHCHaCHy
¢} ®
route 2
Ph, Mo g, AT L uan,  Ph Me
THOT, 64 € CHO,ELD, 84 C ELO PBu0 !
M,s\N ¥ nO/S\ Br g mno;\CHﬁwC 0" B r(s\cnzcn-cw,
» L)

polyaddition Pl\ MOPh M.Ph 'Ma
s\/\/s\/\/s\,

Bor = bomyl, Men = menthyl, Np = 1-naphthyl

Scheme 1. Synthetic Routes to Stereoregular
Poly{(phenylmethylsilylene){trimethylene)]
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the preparation of poly[(methyl-phenylsilylene)(trimethylene)} is shown.
Diastereomeric splitting of the signals seen on SiCHj; at 0.35 and 0.36
ppm of allylmethylphenyl-(-)-bornyloxysilane is used to determine the
diastereomer excess (d.e.) of allylmethylphenyl-(-)-bornyloxysilane to be
60.8 %. The d.e. of (S)-methy Ipheny I-(+)-menthoxy bromosilane is estimated
by the splitting of the signal at 0.62 and 0.79 ppm. The d.e. of allylated
products: allylmethylphenyl-(-)-menthoxysilane is estimated by the splitting of
the signal at 0.60 and 0.63 ppm. Diastereomer excess of 76.5 % is attained
from the bromo derivative of d.e. of 78.9 %. The results of the polymerization

are summarized in Table 1.

Table 1. Elucidation of Tacticity of Poly[(methylphenyisilylena)(trimethylene)]

run d.e. of precursor {a]o® of monomer* (e.e.% I:H:S g.e. of
of monomer [%] [degrese] (%) calcd. obs. monomer” [%}]
19 o (0) 1.0:20:1.0 1.0:20:10 —
61 19.6 (62) 33:20:1035:20:10 61
3 76 24.0 (76) 66:20:1070:20:10 77

¢ 1.00, pentane. “calculated value assuming ofically pure monomer has the optical rotation
of {ao™=31.4. “estimated from triad tacticity. ‘racemic monomer.

Molecular weight and its distribution of the polymer are estimated to be
M, =3.2x10% M,=1.1 x 10°, and M,/M, =2.8. In the aliphatic region of the
spectra, three types of signals assignable to SiCH; (0.13 ppm), a-CH, (0.70
ppm) and B-CH, (1.29 ppm) are observed. No signal derived from a-addition
is present, which supports the high B-regioselectivity in the hydrosilylation
reaction. The spectra of methyl region of atactic and isotactic polymers are
shown. The SiCHj signal is split into three singlets at 0.120, 0.125 and 0.131
ppm reflecting the triad tacticity. It is reasonable to conclude that the signals
at 0.120 and 0.131 ppm are assigned to the isotactic and syndiotactic triad,
respectively, and that at 0.125 ppm to the heterotactic triad.
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isotactic —_

heterotactic

syndiotactic
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Figure 6. 'H NMR Spectra of Isotactic Rich (solid line) and Atactic (dashed line)
Poly[(phenylmethylsilylene)(trimethylene)).

The calculated concentration of each triad starting from the optically
active monomer with 80.0 %e.e. assuming complete retention of Si
stereochemistry in the reduction step by lithium aluminum hydride?”! and in the
polymerizationis S: H:1=1.0:2.0:6.6. The actual concentration of each
triad evaluated from Figure 6 was 1.0:2.0:7.0. This fact proves that there is
no racemization in allylation and reduction step to synthesize
allylmethy Iphenylsilane. This also proves that the e.e. of ally Imethylphenyl-
silane having [at]p?® = 24.0° is 80.0 %. This value is a little higher than that
recently estimated(?®).

When substituents R! and R® q' e
. | |
(and/or R* and R*) are different in -én— ?Il— o—?i’a-
the Figure, the silicon atom is chiral R Rt /”

that would cause the polymer Figure?. Structure of a Poly(carbosiloxane)
optically active if this silicon atom is of excessive enantiomer. 'With this concept,
optically pure (>99 %e.e.) bifunctional (15)-(1-naphthyl)- 1-phenyl-1-vinyl-3, 3-
dimethyl-3-hydro-1,3-disiloxane was prepared from (S)-(1-naphthyl)phenyl-

vinyl-(-)-menthoxysilane and an optically active polymer was synthesized via
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Figure 8. '>C NMR Spectra of Highly Isotactic (solid line) and Atactic (dashed line) of

Polyfoxy(dimethyisilylenejethylene{( 1 -naphthyi)phenyisilylene}]
hydrosilylation. This polymer is proved to be optically pure (>99 %e.e.) and
highly stereoregular (tacticity >99%)”*.  1*C NMR spectra of Si(CH3), in the
polymer obtained from racemic and optically active monomers are shown.
Atactic polymer showed three peaks (-0.427 ppm, -0.503 ppm and -0.564
ppm), while the polymer from optically active monomer showed mainly two
peaks (-0. 427 ppm and -0.564 ppm). Two methyl carbons in S-S (or R-R)
diad are located in quite different environments and therefore have two chemical
shifts. In the case of S-R (or R-S) diad, two methy1 groups are in very similar
environments, and their carbon resonances will appear at the similar position,
ie., methyl groups of S-R and R-S diads will appear as one inseparable peak.
Si(CH3), in atactic polymer, therefore, would be split into three peaks (the
central peak represents the S-R and R-S diads, two side peaks represent S-S and
R-R diads) in the >C NMR spectrum, with an intensity of 1 : 2 : 1. While pure
isotactic poly mer, containing only S-S (or R-R) diad, would show two peaks of
methy| carbons, and pure syndiotactic polymer only one (S-R and R-S diads).
The present poly mer showed two distinct peaks of methy| carbons, indicating
high isotacticity.
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Figure 9. Possible Diads of Poly[oxy(dimethylsilylene)ethylene{(1-
naphthyl)phenyisilylene}]

Optically active poly [(methy Ipheny l-sily lene)(propeny lene)] was also

synthesized®”. Catalytic synthesis of poly(carbosiloxane)s from silane and

water was also developed®'),

Conclusion

The flexibility of disiloxane linkage was taken advantage of to design

liquid crystalline polymers. In order to improve the property,

stereochemistry of silicon-containing polymers was controlled starting from

optically active monomers.

Acknowledgements

The authors are grateful to Shin-Etsu Chemical Co., Ltd. for generous

donation of organosilicon compounds. This work was partially supported by a
Grant-in-Aid for Scientific Research (11450354) and a Grant-in-Aid for
Scientific Research in Priority Areas, the Chemistry of Inter-element Linkage

(11120221) from the Ministry of Education, Science, Sports, and Culture of

Japan.

References

n
(2]

(31
4]

(5]
(6]

H. Finkelmann, H. Ringsdorf, and J. H. Wendortf, Makromol. Chem. 179, 273 (1978).
H. Finkelmann, M. Happ, M. Portugal, and H. Ringsdorf, Makromol. Chem., 179, 2541
(1978).

N. A. Plate and V.P. Shibaev, (Eds) Comb-Shaped Polymers and Liquid Crystals Ple-
num, New York 1987.

P. L. Magagnini,, F. Andruzzi, and G. F. Benetti, Macromolecules, 13,12 (1980).

1. J. Mallon, S. W. Kantor, Macromolecules, 22, 2070 (1989).

V. Percec, Makromol. Chem Macromol. Symp., 13/14, 397 (1988).



Downloaded by [University of Haifa Library] at 08:44 16 August 2012

{7
18]

(91
[10]
{11)
[12]
(13}
{141
[15]
(16]

[17]
[18]
[19]
[20]
(21]
[22]
(23]
[24]

{25
[26]
[27]
(28]
[29]

(30]
(31)

SIDE-CHAIN LIQUID CRYSTALLINR SILICON-CONTAINING... [621)/33

C. Kim, H. R. Alicock, Macromolecules, 20, 1727 (1987).

R. E.Singler, R. A. Willingham, R. W. Lenz, and A. Furukawa, Macromolecules, 20,
1728 (1987).

M. Kojima and }. H. Magill, Polymer, 30, 579 (1989).

K. Shiraishi, K. Sugiyama, Chem. Lett., 1697 (1990).

V. Percec and B. Hahn, Macromolecules, 22, 1588 (1989).

B. Durairaj, E. T. Samulski, and T. M. Shaw, Macromolecules, 23, 1229 (1990).

Y. Kawakami, K. Takahashi, and H. Hibino, Macromolecules, 24, 4531 (1991).

Y. Kawakami and K. Takahashi, Polym. Bull,, 25, 521 (1991).

Y. Kawakami, K. Takahashi, S. Nishiguchi, and K. Toida, Polym. Int., 31,35 (1993).
M. Engel, B. Hisgen, R. Keller, W. Kreuder, B. Reck, H. Ringsdorf, H.-W. Schmidt,
and P. Tschirner, Pure & Appl. Chem., 57, 1009 (1985).

Y. Nagase and Y. Takamura, Makromol. Chem., 193, 1225 (1992).

Y. Kawakami, Y. Ito, and K. Toida, Macromolecules, 26, 1177 (1993).

Y. Kawakami and K. Toida, Macromolecules, 28, 816 (1995).

Y. Kawakami, M. Ichitani, H. Kunisada, and Y. Yuki, Polym. J., 28, 513 (1996).

Y. Kawakami, H. Inoue, N. Kishimoto, and A. Mori, Polym. Bull., 36, 653 (1996).

Y. Kawakami, M. Suzuki, Y. Kato, and A. Mori, Polym. J., 28, 845 (1996).

K. Komuro, Y. Kawakami, Polym. Bull., in press.

a) F. Koopmann and H. Frey, Makromol. Rapid Commun., 16, 363 (1995). b) S. J.
Sargeant and W. P. Weber, Macromolecules, 26, 2400 (1993).

Y. Kawakami, K. Takeyama, K. Komuro, and O. Ooi, Macromolecules, 31,551 (1998).
Y. Kawakami, T. Takahashi, Y. Yada, and I. Imae, Polym. J., 30, 1001 (1998).

a) L. H. Sommer and C. L. Frey, J. Am. Chem. Soc., 81, 1013 (1959). b) R. J. P.
Corrin, G. F. Lanneau, and M. Leard, J. Organomet. Chem., 64,79 (1974).

K. Kobayashi, T. Kato, M. Unno, and S. Masuda, Bull. Chem. Soc. Jpn., 70, 1393
(1997).

a) Y. Li and Y. Kawakami, Macromolecules, 31, 5592 (1998). b) Y. Li and Y.
Kawakami, Macromolecules, 32, 548 (1999).

Y. Kawakami, K. Nakao, S. Shinke, and 1. Imae, Macromolecules, submitted.

Y. Li and Y. Kawakami, Macromolecules, in press.





