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ABSTRACT: A series of new cholesteric liquid-crystalline
polysiloxanes derived from steroid substituents were syn-
thesized. The chemical structures of the monomers or poly-
mers obtained were characterized by FTIR, element analy-
ses, '"HNMR, and '>*C NMR. Their mesogenic properties and
thermal stability were investigated by differential scanning
calorimetry, thermogravimetric analysis, polarizing optical
microscopy, and X-ray diffraction measurements. Mono-

mers exhibited typical cholesteric focal-conic or spiral tex-
ture. The polymers P,-P, showed cholesteric phase and P,
displayed smectic phase. © 2005 Wiley Periodicals, Inc. ] Appl
Polym Sci 99: 23302336, 2006

Key words: liquid-crystalline polymers; synthesis; choles-
teric phase; steroid groups

INTRODUCTION

In recent years, considerable interest has centered on
cholesteric liquid-crystalline polymers (LCPs), mainly
because of their unique optical properties, including
selective reflection of light, thermochromism, and cir-
cular dichroism, and potential applications such as
nonlinear optical devices, full-color thermal imaging,
and specific organic pigment." The cholesteric phase
is formed by rodlike, chiral molecules responsible for
macroscopical alignment of cholesteric domains. De-
pending on chemical structures, it may be feasible to
achieve a macroscopic alignment of cholesteric do-
mains. For comblike polymers, the mesogenic proper-
ties of side-chain LCPs mainly depend on the nature
of polymer backbone, the type of the mesogen, the
length of the flexible spacer, and the nature of terminal
groups.'™® The polymer backbones of side-chain
LCPs are primarily polyacrylates, polymethacrylates,
and polysiloxanes; however, polyacrylates and poly-
methacrylates, because of their backbones, show
higher glass transition temperatures (T,) and higher
viscosity. For higher mobility of the mesophase and

Correspondence to: B.-Y. Zhang (baoyanzhang@hotmail.com
or byzcong@163.com).

Contract grant sponsors: National Natural Science Funda-
mental Committee of China; HI-Tech Research and Devel-
opment Program (863) of China; China Postdoctoral Science
Foundation; and Science and Technology Bureau of Shen-

yang.

Journal of Applied Polymer Science, Vol. 99, 2330-2336 (2006)
© 2005 Wiley Periodicals, Inc.

mesogenic properties at moderate temperature, the
polysiloxanes” backbone and the flexible spacer are
usually adopted. Recently, many novel cholesteric LC
materials have been reported.'** Therefore, it would
be necessary to synthesize various kinds of new cho-
lesteric LCPs to explore their potential applications.

In this study, a series of cholesteric LCPs derived
from cholesteryl 4-(10-undecylen-1-yloxy)benzoate
(M;) and diosgeninyl 4-allyloxybenzoate (M,) were
synthesized and characterized. The mesomorphic
properties and thermal stability of the monomers and
polymers obtained were investigated with differential
scanning calorimetry (DSC), thermogravimetric anal-
ysis (TGA), polarizing optical microscopy (POM), and
X-ray diffraction (XRD).

EXPERIMENTAL
Materials

Polymethylhydrosiloxane (PMHS,M,, = 700-800) was
purchased from Jilin Chemical Industry (Jilin, China).
Cholesterol was purchased from Henan Xiayi Medical
(Zhoukou, China). Diosgenin was purchased from
Wuhan Ruixin Chemical (Wuhan, China). H,PtCl, cat-
alyst was obtained from Shenyang Chemical Reagent.
All solvents and reagents were purified by standard
methods.

Characterization

FTIR spectra were measured on a Perkin—-Elmer spec-
trum One (B) spectrometer (Perkin-Elmer, Foster City,
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CA). The element analyses (EA) were carried out by
using a Elementar Vario EL III (Elementar, Germany).
"H NMR spectra (300 MHz) and "*C NMR (75.4 MHz)
spectra were obtained with a Varian Gemini 300 spec-
trometer (Varian Associates, Palo Alto, CA). Optical
rotations were obtained on a Perkin-Elmer 341 polar-
imeter. Phase transition temperatures and thermody-
namic parameters were determined by using a
Netzsch DSC 204 (Netzsch, Wittelsbacherstr, Ger-
many) equipped with a liquid nitrogen cooling sys-
tem. The heating and cooling rates were 10°C/min.
The thermal stability of the polymers under atmo-
sphere was measured with a Netzsch TGA 209C ther-
mogravimetric analyzer. A Leica DMRX (Leica,
Wetzlar, Germany) POM equipped with a Linkam
THMSE-600 (Linkam, Surrey, England) hot stage was
used to observe phase transition temperatures and
analyze LC properties for the monomers and poly-
mers through observation of optical textures. XRD
measurements were performed with a nickel-filtered
Cu-K, radiation with a DMAX-3A Rigaku (Rigaku,
Tokyo, Japan) powder diffractometer.

Synthesis of the monomers

The synthetic route to the olefinic monomers is shown
in Scheme 1.

Cholesteryl 4-(10-undecylen-1-yloxy)benzoate (m,)

M, was prepared according to the procedures previ-
ously reported.” Yield 46%, m.p. 110°C; [a]& —4.7° (c
= 0.703, toluene).

IR (KBr, cm™'): 3064 (=C—H); 2930, 2852 (—CH,,
—CH,—); 1767, 1716 (C=0); 1635 (C=C); 1603, 1504
(Ar). Elem. Anal. Calcd. for C,;5H 5O, C, 80.31%; H,
10.18%. Found: C, 80.23%; H, 10.39%. 'H NMR
(CDCl;, TMS) 6 ppm: 0.61-2.72 [m, 59H, —(CH,)g—
and cholesteryl—H]; 4.25 (t, 1H, —ArCOOCH<); 5.10
(m, 2H, CH,—=CH—); 5.50 (d, 1H, =CH— in cho-
lesteryl), 6.08 (m, 1H, =CH—), 7.05-8.15 (m, 4H,
Ar—H). *C NMR (CDCl,, TMS) & ppm: 18.6,19.8,21.8
(methyl—C); 20.6, 21.7, 22.3, 24.9, 25.0, 29.5, 29.7, 30.0,
30.3, 319, 323, 325, 33.7, 342, 36.3, 40.1, 404
(methylene—C); 28.2, 30.1 (aliphatic tertiary C); 112.2,
129.8 (aromatic tertiary C); 29.2, 43.3, 46.8, 47.9, 74.9
(tertiary C in cholesteryl); 126.5, 157.8 (aromatic qua-
ternary. C); 39.6, 41.2 (quaternary. C in cholesteryl);
113.8 (CH,=); 140.9 (=CH—); 122.2 (=CH— in cho-
lesteryl); 149.5 (>C= in cholesteryl); 166.7, 169.2
(C=0).

Diosgeninyl 4-allyloxybenzoate (m,)

4-Allyloxybenzoyl chloride (19.6 g, 0.1 mol) was
added dropwise to a cold solution of diosgenin (41.4 g,
0.1 mol) in chloroform (150 mL) and pyridine (8 mL).

CH,=CH(CH2),CO0~_)~CO0

M;

CH,=CHCH,Br + HO-<_)~COOH

EtOH | KOH
H,O KI

CH,=CHCH,0<_)-COOH

SOCH,
CH,=CHCH,0~_)~COCl

CHC,
Pyridine | HO.

CH,=CHCH,0~_)~CO
M,

Scheme 1 Synthesis of LC monomers.

The reaction mixture was refluxed for 15 h. The crude
product was obtained by adding ethanol to filtrate,
and recrystallized from acetic ether. White crystals
were obtained. Yield 66%; mp 182°C; [a]® —435° (¢
= 0.774, toluene).

IR (KBr, cm™'): 3074 (=C—H); 2944, 2830 (—CH,,
—CH,—); 1713 (C=0); 1643 (C=C); 1606, 1455 (Ar);
1249 (C—0O—C). Elem. Anal. Calcd. for C5;,H5,Os: C,
77.31%; H, 8.77%. Found: C, 77.15%; H, 8.91%. 'H
NMR (CDCl;, TMS) & ppm: 0.78-2.46 [m, 36H,
diosgeninyl—H]; 3.34-3.52 (t, 3H, >CHO— and
—OCH,— in diosgeninyl); 4.38-4.81 (t, 3H, —Ar-
COOCH<, —CH,0OAr—); 5.26 (m, 2H, CH,=CH—);
539 (m, 1H, =CH— in diosgeninyl), 6.04 (m, 1H,
=CH—), 6.91-7.99 (m, 4H, Ar—H). "*C NMR (CDCl,,
TMS) 6 ppm: 6.1, 16.5, 20.8, 21.3 (methyl—C); 21.5,
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CH; CH,
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(CH3)3SiO(-%i09n—Si(CH3)3 + M; + My ———» (CH3)3Si0A8109€Si095Si(CHz)s

H

Toluene

HyR,
CH,R,

L

R,=—(CH,)sCO0<_)-CO

Ro=—CH,CH,0~_)-CO

Scheme 2 Synthesis of LC polysiloxanes.

24.3, 26.7, 30.5, 31.7, 32.0, 32.5, 32.7, 39.6, 69.1, 75.4
(methylene—C); 30.1, 30.2, 36.4, 40.5, 42.3, 47.5, 68.6,
76.1 (tertiary C in diosgeninyl); 113.6, 131.1 (aromatic
tertiary C); 35.5, 39.8, 111.9 (quaternary C in diosgeni-
nyl); 123.2, 165.3 (aromatic quaternary C); 116.3
(CH,=); 138.2 (=CH—); 121.9 (=CH— in diosgeni-
nyl); 148.5 (>C= in diosgeninyl); 168.4 (C=0).

Synthesis of the polymers

The synthesis of the polymers P,—P, is shown in
Scheme 2. P;-P, were synthesized by same methods.
For the synthesis of P;, the monomers M,;, M,, and
PMHS (Table I) were dissolved in toluene. The reac-
tion mixture was heated to 65°C under nitrogen, and
then 2 mL of THF solution of H,PtCly catalyst (5
mg/mL) was injected with a syringe. The hydrosily-

TABLE I

Polymerization and Solubility

Feed

(mmol) My  Yield _ Solubility”
Polymer M, M,  (mol %) (%) Toluene THF
P, 7.00 0.0 0 91 + (+)
P, 6.00  1.00 143 89 + (+)
P, 500 2.00 28.6 90 + (+)
P, 4.00 3.00 429 88 + (+)
P 3.00  4.00 57.1 89 + (+)
P, 200 5.00 71.4 91 + (+)
P, 0.00 7.00 100 93 + (+)

@ Molar fraction of M, based on (M; + M,).
b+ soluble; (+), little soluble.

lation reaction, monitored from the Si—H stretch in-
tensity, was completed within 30 h, as indicated by IR.
The polymers were obtained and purified by several
reprecipitation from toluene solution into methanol,
and then dried in vacuum.

IR (KBr): 2949-2869 (—CH,;, —CH,—); 1766, 1715
(C=0); 1608, 1505 (Ar); 1300-1000 cm ™" (Si—O—Si,
C—Si and C—0—C).

RESULTS AND DISCUSSION
Synthesis

The target monomers and polymers were synthesized
in accordance with Schemes 1 and 2. M; was prepared
according to the literature procedures reported by Hu
et al.”®> M, was obtained through 4-allyloxybenzoyl
chloride reacted with diosgenin in chloroform in
present of pyridine. Structures of M; and M, were
characterized by IR, "H NMR, and ">C NMR spectrum.
Figure 1 shows the 'H NMR spectra of M, in CDCl,.
IR spectra of M, confirmed the presence of character-
istic bands at 1713, 1606, and 1455 cm ™! attributed to
ester C—=0O and aromatic stretching band. 'H NMR
spectra of M, showed multiplet at 6.91-7.99, 5.26—
6.04, and 0.78-3.52 ppm corresponding to aromatic
protons, olefinic protons, and methyl and methylene
protons, respectively.

The polymers were prepared by hydrosilylation re-
action. IR spectra of the polymers showed the com-
plete disappearance of Si—H stretching band at 2166
cm ™', Characteristic Si—O—Si stretching bands ap-
peared at 1300-1000 cm . In addition, the absorption
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Figure 1 'H NMR spectra of M,.

bands of ester C=0 and aromatic still existed. The
polymerization, yields, and solubility of the polymers
are summarized in Table I. All polymers were pow-
der, and were soluble in toluene and xylene, but were
less soluble in tetrahydrofuran, chloroform, and N,N-
dimethylfomamide.

Thermal properties

The phase transition temperatures and corresponding
enthalpy changes of monomers M,, M,, and polymers
P,-P,, obtained on the second heating and the first
cooling scan, are summarized in Tables II and III. All
phase transitions were reversible and did not change
on repeated heating and cooling cycles. The phase
transition temperatures determined by DSC were con-
sistent with POM observation results.

DSC curves of M; have been shown in the reported
literature.”® DSC heating thermogram of M, contained
two endotherms of the phase, which represented a
melting transition at 182.3°C and a cholesteric—isotro-
pic phase transition at 207.6°C. On cooling scans of
M,, an isotropic—-cholesteric phase transition ap-
peared at 205.4°C and crystallization appeared at
158.9°C.

DSC thermogram of P;—P, displayed a glass transi-
tion at low temperature and a LC-isotropic phase tran-
sition at high temperature. Figure 2 shows the influ-
ence of the copolymer composition on the phase be-
havior of the polymers. With increasing the

concentration of M, units, T, of P;-P, increased, and
the clearing temperature (T)) first increased, then de-
creased, and finally increased again. It is well-known
that T, is an important parameter in connection with
structures and properties. For side-chain LCPs, T, is
influenced by the nature of the polymer backbone, the
rigidity of the mesogenic groups, the length of the

TABLE II
Phase Transition Temperatures of Monomers
Transition Corresponding
temperature® enthalpy
Monomers (°C) changes (J/g)
M,
Heating K 110.0 20.6
Ch195.5 18
I -
Cooling 1185.5 0.5
Ch 69.4 19.2
K -
M2
Heating K182.3 36.5
Ch 207.6 12
I -
Cooling 12054 2.6
Ch 158.9 29.7
K -

2K, solid; Ch, cholesteric; and I, isotropic.
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TABLE III
LC Properties of Polymers
Polymer T, (°C) T, (°C) AT? T, (C) LC phase
P, 38.6 233.6 195.0 316.2 Ch
P, 44.0 248.2 204.2 314.1 Ch
P, 51.2 259.5 208.3 320.0 Ch
P, 55.9 240.1 184.2 312.1 Ch
Py 67.5 233.4 165.9 323.8 Ch
P, 75.7 255.3 179.6 319.2 Ch
P, 118.4 300.7 182.3 330.8 S,

Ch, cholesteric; S, smectic.
* Mesophase temperature ranges (T; — T,).
P Temperature at which 5% weight loss occurred.

flexible spacer, and the copolymer composition. In
general, bulky side groups impose additional con-
straints on the motion of chain segments because of
the steric hindrance effect and cause an increase in the
T,. However, T, is also affected by the length of the
flexible spacer of side groups similar to the plasticiza-
tion effect. As shown in Table 1II, T, increased from
38.6°C of P, to 118.4°C of P, when the concentration of
M, increased from 0 to 100 mol % for the following
reasons: (1) the plasticization effect of the flexible
spacer of side groups decreased and (2) the concen-
tration of bulky steroid groups increased.

The thermal stability of polymers is usually de-
tected with TGA. The carbon, hydrogen, and oxygen
atom in the polymers have been completely com-
busted when heated to 600°C. TGA results of the
polymers are shown in Table III. TGA results showed
that the temperatures at which 5% weight loss oc-
curred (T,) were greater than 310°C for P,-P,, and this

300+

200+

1501 — T’

T/°C

100+

i ! 1 4 | N I 4 |

20 40 60 80 100
M2 mol %

o

Figure 2 Effect of M, concentration on the phase transition
temperatures of the polymers.
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(b)

Figure 3 Optical textures of monomers (X200): (a) oily-
streak texture of M, on heating to 206.1°C; and (b) focal-
conic of M, on cooling to 176.3°C. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

demonstrates that the synthesized polymers have a
high thermal stability.

Texture analysis

In general, cholesteric LC at zero field exhibits two
optically contrasting stable states: planar (including
oily-streak and Grandjean) texture and focal-conic tex-
ture, when cholesteric phase is in the planar texture,
the helical axis is perpendicular to the cell surface, and
the material Bragg-reflects colored light; when choles-
teric phase is in the focal-conic texture, the helical axis
is more or less parallel to the cell surface, the material
is forward-scattering, and does not exhibit selective
light reflection.

The optical textures of the LC monomers and poly-
mers are observed by POM with hot stage under
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nitrogen atmosphere. POM results showed that M,
and M, showed enantiotropic cholesteric phase on
heating and cooling cycles. Optical textures of M,
have been shown in the reported literature.”> When
M, was heated to 182°C, the oily-streak texture ap-
peared, and the texture disappeared at 210°C. Cooling
isotropic state, the focal-conic texture appeared at
209°C, if a slight shearing was superimposed on the
melt, the focal-conic texture transformed into the oily-
steak texture and the selective reflection occurred, and
crystallized at 149°C. Optical textures of M, are shown
in Figure 3(a) and 3(b).

The polymer P, showed the smectic fan-shaped tex-
ture, and the expected cholesteric texture did not oc-
cur, the reason is that the polymeric chains hinder the
formation of helical supermolecular structure of the
mesogens and the mesogenic moieties are ordered in a
smectic orientation with their centers of gravity in
planes. In general, LCPs containing chiral and nematic
units can induce cholesteric phase. However, previous
report®** showed the LCPs containing mesogenic
units with longer flexible spacer can also produce
cholesteric phase because the cholesteric units can be
freely moved by introducing longer enough units with
flexible segments. The copolymers P,—P4 exhibited
cholesteric Grandjean texture, and this indicates that
the introduction of the mesogenic units and longer
units with flexible segments into the LCPs can also
produce the cholesteric phase. Photomicrograph of P,
as an example is shown in Figure 4.

XRD analysis

In general, a sharp and strong peak at low angle (1° <
26 < 4°) in small angle X-ray scattering (SAXS) curves
and a strong broad peak associated with lateral pack-
ing at 26 = 20° or so can be observed in wide angle

e E o .,
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L --‘ - A
2 % s
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Figure 4 Optical textures of P; at 227.9°C (X200). [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 5 XRD patterns of quenched samples.

X-ray diffraction (WAXD) curves for a smectic struc-
ture; no peak appears in SAXS curves and a broad
peak occurred at 26 = 16-18° or so for a cholesteric
structure. Figure 5 shows representative WAXD
curves of quenched samples. A strong small angle
reflection associated with the smectic layers was ob-
served at 20 = 2.7°, corresponding to d-spacing of d
= 37.8 and 36.4 A for P,. However, a strong small
angle reflection was not observed and a broad peak
appeared at 260 = 16.4-17.2° for P;-P,. Therefore, the
LC phase structure was confirmed by optical textures
and XRD results.

CONCLUSIONS

In this study, two cholesteric monomers and a series of
LCPs were synthesized and characterized. Monomers
M, and M, exhibited the typical cholesteric oily-streak
texture and focal-conic texture. Polymers P,—Pg
showed cholesteric phase and P, showed smectic
phase. Moreover, the introduction of the mesogenic
units with longer flexible segments into LCPs can
induce the cholesteric phase. All of the obtained poly-
mers exhibited wider mesophase temperature ranges
and high thermal stability.
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