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ABSTRACT: Four series of ferroelectric side chain polysiloxanes containing oligo(oxyethy1ene) spacers 
and (2S)-2-methyl-l-butyl 4-(((4-hydroxyphenyl)carbonyl)oxy)benzoate, (2S)-2-methyl-l-butyl 4'-(((4- 
hydroxyphenyl)carbonyl)oxy)-1,l'-biphenyl-4-carboxylate, (Z)-l-methylheptyl 4'-(((4-hydroxyphenyl)- 
carbonyl)oxy)-l,l'-biphenyl-4-carboxylate, and 4-[(2S, 3S)-(2-chloro-3-methylpentanoyl)oxy]-1,l'-biphenyl- 
4'-yl benzoate mesogenic groups were synthesized. The mesomorphic behavior of the four series of 
ferroelectric side chain liquid crystalline polysiloxanes are studied in this work using differential scanning 
calorimetry, optical polarizing microscopy, and high-resolution X-ray diffraction measurements. Some 
of these side chain polysiloxanes containing three phenyl rings of ester cores (i.e., -Ph-COO-Ph-Ph-) 
and a chiral butyl tail present a rich mesomorphic behavior: a blue phase (BP), a cholesteric phase (N*), 
a smectic A (SA) phase, a twist grain boundary A (TGBA) phase, a chiral smectic F (SF*) phase, and a 
chiral smectic C (Sc*) phase over a wide temperature range (around 160 "C). Another series containing 
three phenyl rings of ester cores and a chiral heptyl chain tail only reveal the SA phase and TGBa phase. 
The intermediary twist grain boundary phase would display an iridescent Grandjean plane or a filament 
texture. Results obtained in this study seem to imply that the tendency toward chiral smectic C 
mesomorphism increases as the rigidity of phenyl ester mesogens increases via the flexible oligo- 
(oxyethylene) spacer system, and the thermal stability of the chiral smectic C~mesophase is determined 
by the flexibility of the chiral tail. 

Introduction 
In 1975 Meyer et al. presented theoretically and then 

proved experimentally that the Sc* mesophase is fer- 
roelectric. Prompted by the development of the surface- 
stabilized ferroelectric liquid crystal (SSFLC) display 
technology by Clark and Lagerwall,2 the ferroelectric 
properties (e.g., bistability, spontaneous polarization 
(PSI, response time (t), and tilt angle (6) )  and technology 
of the ferroelectric liquid crystal (FLC) cell were exten- 
sively in~es t iga ted .~-~  Thus, great strides have been 
made toward the realization and application of practical 
 device^.^,^ For FLC display devices, it is desirable that 
a FLC material show a chiral smectic C phase over a 
wide temperature range including room temperature. 
Moreover, the liquid crystal material is required to 
possess a large spontaneous polarization. Conse- 
quently, a FLC-related device can be operated at a 
reduced driving voltage. These properties are influ- 
enced by the molecular structures of the liquid crystal 
compounds. An increasing interest in the synthesis of 
low molar mass Sc* liquid crystals has since then 
developed. Numerous FLC compounds and room tem- 
perature mixtures have so far been prepared for fast 
electrooptical applications. Besides low molar mass 
FLCs, several side chain liquid crystalline polymers 
(LCPs) exhibiting a Sc* mesophase and their ferroelec- 
t r i c  properties have been reported during the past few 
 year^.^-^^ The field was thoroughly reviewed by LeB- 
arney and Dubois.26 However, the detailed relationship 
between the structure and the properties of Sc* LCPs 
remains unclear as the result of the limited experimen- 
tal data reported in the literature. As a part of the 
research program dedicated to the development of high- 
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efficiency FLC materials, novel low molar mass FLCs 
and ferroelectric side chain liquid crystalline polymers 
have been designed and synthesized in our g r ~ ~ p . ~ ~ ~ ~ ~  
They exhibit a broad temperature range of the chiral 
smectic C phase and satisfactory electrooptical proper- 
ties.29 In this study, several new series of ferroelectric 
side chain liquid crystalline polysiloxanes containing 
oligo(oxyethy1ene) spacers, phenyl benzoatehiphenyl 
benzoate mesogens, and three different kinds of chiral 
moieties ((2S)-2-methyl-l-butyl, (2R)-l-methylheptyl, 
and (2S,3S)-(2-chloro-3-methylpentanoyl)oxy) are syn- 
thesized. Their characterizations by differential scan- 
ning calorimetry, optical polarizing microscopy, and 
high-resolution X-ray diffraction measurements are also 
presented. 

Experimental Section 

A. Materials. Allyl bromide, 2-chloroethanol, 2-(2-chloro- 
ethoxy)ethanol, 2-(2-(2-~hloroethoxy)ethoxy)ethanol, 4-hydroxy- 
4'-biphenylcarboxylic acid (from Aldrich); methyl 4-hydroxy- 
benzoate, 4-hydroxybenzoic acid, 4,4'-dihydroxybiphenyl (from 
TCI); (2S)-2-methyl-l-butanol (from Fluka); L-2-octanol (from 
Janssen); and L-isoleucine and other reagents (fr9m Merk) 
were used as received. Poly(methylhydrosi1oxane) (M, = 2270) 
and (divinyltetramethyldisi1oxane)platinum catalyst were ob- 
tained from Huls Inc. and used as received. Toluene used in 
the hydrosilation reaction was dried over sodium and then 
distilled under nitrogen. 
B. Techniques. 'H-NMR spectra were recorded on a 

Bruker AM300 spectrometer. FT-IR spectra were measured 
on a Bio-Rad FTS-155 spectrometer. Polymer samples were 
cast as films on a KBr tablet for the measurement. A Seiko 
DSC 220C/5200H differential scanning calorimeter equipped 
with a liquid nitrogen cooling accessory was used to determine 
the thermal transitions and thermodynamic parameters. 
Heating and cooling rates were 10 "C min-l. The thermal 
transitions reported were collected during the second heating 
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MDOl 1A 

M D l l l A  

MD2llA 

MD3 11A 

MDOl2A 

MDll2A 
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MD312A 

+2.94 

+2.66 

+1.98 

+1.567 

+2.57 

+2.203 

+1.513 

+1.463 

Table 1 
(a) Transition Temperatures for the Series MDnllA and MDn12A30 

heating phase transition, "C 
name na [a]? cooling (corresponding enthalpy changes, kcal/mol) 

K 48.52(-) SA 50.92(4.12)b I a 

I25(-) SA 21.65(-) S 18.84(5.44)' K 

K 16.62(0.25) S 38.43(4.97) I 
123.09(5.05) S 15.5(0.196) K 

K - dI 
I - dK 

K - dI 
I - dK 

K 97.N6.2) SA 144(0.272) Ch 180(0.13) I 
I 180 BP 178(0.14) Ch 136(0.27) SA 54.4(4.78) K 

K 71.4(4.54) Sc* 95(0.07) SA 127.2(0.18) Ch 145.1(0.12) I 

I 151.9 BP 144(0.lY Ch 126.6(0.144TGBA 125.7(-) SA 93(0.09) SC* 1.5(2.32) K 

K 62.4(7.8) Sc* 79(0.11) SA 93.5(0.29) Ch 107.5(0.14) I 

I 108.4 BPI1 106.3 BPI 106(0.11)g Ch 94.9(0.25yTGB~ 93.3(-) SA 78(0.13) SC* -8.5(2.128) K 

K 19.5(-) SC* 49.5(0.082) S A  57.4(0.164) Ch 71.4(0.096) I 

I 6 9  BPI1 67.3 BPI 60.5(0.082Y Ch 55(0.1644TGBA 51.2(-) SA 49(0.15) SC* -42.3(-)h K 

(b) Transition Temperatures for the Series MDnl2B and MDn12C30 
heating phase transitions, "C - -  

name na [alE cooling (corresponding enthalpy changes, kcal/mol) 
K84.7(4.89) Sa 136.9(1.19) I 
I 133.3(1.16) SA 33.51(2.23) K 

K 65.5(4.95); SC* 69.1(-) SA 104.1(0.69) I 

MDOl2B 0 f26.744 

MDll2B 1 +25.92 
I lOl.g(O.65) SA 27.5(-) SC* 24.3(2.85)' K 

MD212B 2 +23.28 K 72.54(7.38) I 
I 58.4(0.675) SA 28(5.09) Sc* 26.7 K 

K -40(0.08) SI -14.11(0.03) S, -7.1(0.04) S3 19.72(0.56) I MD312B 3 +21.59 
I20.8(-) SA 16.48(0.59Y S3 -4.7(0.059) S, -12.76(0.03) SI -46.05(-) K 

K 78.9(2.26) SA lOO(O.11)  Ch 181.7(0.09) I MDOl2C 0 -3.012 
1 179.5 BP 178(0.16) Ch 92.3(0.13fTGBA 84.3(-) SA 67.5(1.8) K 

MDll2C 1 -3.423 K 29.9(0.92) S 57.U0.174) Sc* 113.2(0.89) Ch 141.7(0.11) I 
I 142.2 BPII 141.8 BPI 136(0.13) Ch 112.1(0.91) Sc* 53.9(0.23) S 23.9(0.124) K 

MD212C 2 -7.523 K -9.2(0.57) SC* 88.3(0.98) Ch 103.5(0.108) I 
I 102 BPII 96.6 BPI 90.2(0.243) Ch 85.9(1.05) SC* -13.9(0.78) K 

K -25.26(-Ih SC* 57.59(0.77) BP 63.5(0.03) I 
163.77(0.04) BP 58.6(0.77) SC" -28.13(-)h K 

MD312C 3 -5.889 

Q n according to Scheme 1. AH(K-&-I). c ~ ( I - S A - S - K ) .  No liquid crystalline phase was observed and the melting point was 
m(K-Sc*- below -20 "C. e AH(1-BP-Ch). fAH(Ch-TGBA-SA). 8 AH(1-BPII-BPI-Ch). Enthalpies were too small to be evaluated. 

SA). j M(I-SA-Ss). 

and cooling scans. A Nikon Microphot-FX optical polarized 
microscope equipped with a Mettler an FP-80 hot stage and 
FP-82 central processor was used in observing the thermal 
transitions and anisotropic textures. An applied Biosystem 
200 instrument equipped with a Viscotek differential refrac- 
tometer and a preparative GPC column (22.5 mm x 60 cm) 
supplied by American Polymer Standard Co. was used. X-ray 
diffi-action measurements were performed with a Rigaku 
R-Axis IIC powder diffractometer. Two imaging plate (ab- 
breviated IP) detectors were used so that reflection spot 

exposure and readout operations could be performed. This 
feature provides increased data collection efficiency and 
minimizes the time required for IP residual image erasure. 
The monochromatized X-ray beam from nickel-filtered Cu Ka 
radiation with a wavelength of 0.15406 nm was used. A 
temperature controller was added to the X-ray apparatus for 
thermal measurements. The precision of the controller was 
&0.5 "C in the temperature range studied. Optical rotations 
were measured at 25 "C on a Jasco DIP-140 polarimeter with 
chloroform as solvent for all compounds. 
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Scheme 1. Synthesis of Monomer Series MDnllA, MDnl2.4, MDnl2B, and MDnl2C 

K2C03/CH?CN 

Hf OCH2CH,-);;Cl 

NaH/THF 

I 
Hf OCH2CH2k 0 0  C02CH:, 

I _ \ -  * 
HC 

CH3 
KOH(,jCH,OH 

H O W  OCO?HtHC2H5 I I  
H2C=CHCH2f OCH2CH2,Oe COOH C1 CH, 

DCC/DMAP/THF I 
H2C=CHCH2f OCH2CH2k 0 0  C O O 0  COO CH2cHC2H5 I 

CH3 
MDnllA (n=O, 1, 2, 3 )  

H2C=CHCH2f OCH2CH2..);; 0- COO 

MDnl2A (n=O, 1, 2, 3 )  

* *  
H2C=CHCH2f OCH2CH2-);; 0 0  COO- OCOyHFHC2H5 

C1 CH:, 
MDnl2C (n=O, 1,2, 3) 

C. Synthesis of Monomers. The synthesis of olefin 
monomers, series MDnllA, MDnl2A, MDnl2B, and MDnl2C, 
for the hydrosilation reaction have been described p r e v i o ~ s l y . ~ ~  
The optical rotations, [a]:, of these monomers are sum- 
marized in Table 1. 

D. Synthesis of Polysiloxane Series PSnllA, PSnl2A, 
PSnl2B, and PSnl2C. The synthesis of liquid crystalline 
polysiloxanes is outlined in Scheme 2. A general synthetic 
procedure is described below. 

The olefin derivative, 0.5 g (10 mol % excess versus the Si-H 
groups present in the polysiloxanes), was dissolved in 50 mL 
of dry, freshly distilled toluene together with the proper 
amount of poly(methylhydrosi1oxane). The reaction mixture 
was heated to 110 "C under nitrogen. Next 100 pg of 
(divinyltetramethyldisi1oxane)platinum catalyst was then in- 

jected with a syringe as a solution in toluene (1 mg/mL). The 
reaction mixture was refluxed (110 "C) under nitrogen for 24 
h. After this reaction time, FT-IR analysis indicated that the 
hydrosilation reaction was complete. The polymers were 
separated and purified by several reprecipitations from tet- 
rahydrofuran solution into methanol, further purified by 
preparative GPC, and then dried under vacuum. 

Results and Discussion 
The synthetic route for the preparation of allyl 

monomers (series MDnllA, MDnl2A, MDnl2B, and 
MDnl2C) is outlined in Scheme 1. The detailed syn- 
thetic method of these ester compounds has been 
reported elsewhere.30 Table 1 summarizes the thermal 
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Figure 1. Temperature-dependent X-ray diffraction measurements for MD212A at (A) 100, (B) 85, (C) 70, (D) 25, and (E) 23.4 
o n  

transition and corresponding enthalpy changes of the 
monomer series MDnllA, MDnl2A, MDnl2B, and 
MDnl2C. The mesomorphism of these monomers was 
again confirmed by high-resolution X-ray diffraction 
measurements. A representative temperature depen- 
dence of the X-ray diffraction measurements for powder 
monomer MD212A (n  = 2) at 100, 85, 70, 25, and 23.4 
"C is presented in Figure 1. 

The synthesis of the polymer series PSnllA, PSnl2A, 
PSnl2B, and PSnl2C is described in Scheme 2. A n  
excess of olefin monomers was usually used to carry the 
hydrosilation reaction to completion. The unreacted 
monomers were removed by several reprecipitations 
from chloroform solution into methanol and by prepara- 
tive GPC. Therefore, the polymers were isolated with 
high purity. 

Series PSnllA. This series was composed of the 
(2S)-2-methyl-l-butyl 4-(((4-hydroxyphenyl)carbonyl)- 
0xy)benzoate mesogen and oxyethylene spacer units. 
However, these compounds behave as a viscous liquid 
and exhibit no mesophase. 

Series PSnlSA. This series contained the (259-2- 
methyl-1-butyl 4'-(((4-hydroxyphenyl)carbonyl)oxy)-l, 1'- 
biphenyl-4-carboxylate mesogenic side group and oxy- 
ethylene spacers. The biphenyl ring in the mesogen core 
revealed a richer mesomorphic behavior as compared 
to the series PSnllA (see Figure 2a). Table 2 sum- 
marizes the thermal transitions and thermodynamic 
parameters of the obtained polymer PSnl2A series. All 
four polymers present a smectic mesomorphism. PSO12A 
shows enantiotropic N*, TGBA, and Sc* phases. Both 

PSll2A and PS212A exhibit enantiotropic N*, SA, Sc*, 
and SF* phases. Meanwhile, polymer PS312A exhibits 
enantiotropic SA and Sc* phases. The phase assignment 
was made by optical polarizing microscopic observation 
and X-ray diffraction measurements. Figure 3 presents 
the temperature-dependent X-ray diffraction diagrams 
obtained from a powder sample of F'Sll2A at 199, 192, 
180, and 27 "C. A broad reflection at wide angles 
(associated with the lateral packings) and a sharp 
reflection a t  small angles (associated with the smectic 
layers) are shown by all curves. C u r v ~  A exhibits a 
rather diffuse reflection a t  around 4.99 A, which corre- 
sponds to the lateral spacing of two mesogenic side 
groups, and a very weak reflection at 31.0275 A, which 
corresponds to a weak smectic layer structure. The 
optical polarizing micrograph (Figure 4a) reveals a quasi 
focal-conic texture for polymer PS112A at 200 "C. These 
results correlate with a cholesteric phase. Curve B 
presents a diffuse reflection at, a;ound 4.88 A, a sharp 
first-order reflection at 30.512:7 A, and a second-order 
reflection at 15.3327 A, which corresponds to strong 
smectic layers. In this temperature range, the optical 
polarizing micrograph (Figure 4b) reveals a focal-conic 
fan texture. Both results are consistent with a smectic 
A structure. When the measuring temperature is 
lowered from 192 to 180 " C ,  the d-spacing of the firs:- 
order reflection decreases from 30.5127 to 30.428 A 
(curve C). The temperat,ure dependence of the layer 
spacing for series PSn1214 (n  = 0, 1, 2, 3) is presented 
in Figure 5a. As shown in this figure, the d-spacing 
decreases as the temperature decreases below the 
transition point of the SA phase and TGBA phase for 
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Scheme 2. Synthesis of Polymer Series PSnll.4, PSnl2.4, PSnl2B, and PSnl2C 

H2C=CHCH& OCH2CH2.);; 0 0  C O O 0  

h'lDnllA (n=O, 1, 2, 3) 

Me 
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I 35 
H 

(Me13SiO-t Si- Of Si(Me)3 / Pt Cat. 

H2C=CHCHd OCH2CH2.);; 0 0  COO- COOCHf:2H5 

3 MDnl2A (n=O, 1,2,3) 

H2C=CHCHd OCH2CH2k 0 0  COO- C006HCbH13 1 

CH3 
MDn12B (n=O, 1,2, 3) 

61 6H3 
MDnl2C (n=O, 1, 2, 3) 

I 
(Me)3SiO+ Si- Of %(Me), 

I 35 

* CH2 I 
CH2CH2f OCH2CH2k 0- COO COO CH+HC2H5 

Me 

(h?e),SiO+ si- Of %(Me), 
I 35 
CH2 

PSnlIA (n=0. 1 ,2 ,3)  

CH2CH2f I OCH2CH2k 0- COO- COOCH~FHC~HS 

CH3 
PSnl2A (n=O, 1, 2, 3) 

CH2CH,fOCH2CH2');; I 0 0  COO- COOpHC6Hll 

Me 

CH3 
PSnl2B (n=O, 1,2, 3) 

(Me),SiO+ si- OfSi(Me)3 
I 35 
CHZ 
CH2CHd I OCH2CH2k 0 0  COO- OCOfHpC2H5 

C1 CH3 
PSnl2C (n=O, 1,2,3) 

PS112A to PS312A (n  = 1-3) and PSOl2A (n  = 0). This 
phenomenon provides strong evidence for the formation 
of the tilted chiral smectic C phase. This result also 
correlates with the optical microscopic observation angles were calculated from eq 1. 

which shows a broken fan texture (Figure 4c). The tilt 
angle is plotted in Figure 6a as a function of tempera- 
ture difference below the Ts,* point (T - Ts,.). The tilt 
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Figure 2. Plots of transition temperatures versus n, the 
number of oxyethylene spacer units: (a) series PSnl2A; (b) 
series PSnl2B; (c) series PSnl2C. 

The dsA value was selected from the maximum value 
of the layer spacing of the SA phase. The maximum 
value of the tilt angle is about 21" for PSO12A. Ad- 
ditionally, the tilt angle value descends as the spacer 
length of this series ascends. When the measuring 
temperature was further decreased to 27 "C, the d- 
spacing of the first-order reflection changed back to 

h 
Y 
*I 

Y B 
e 
I 

31.0275 A I 

10 20 30 40 
20 

Figure 3. Temperature-dependent X-ray measurements for 
polymer PSll2A at (A) 199, (B) 192, (C) 180, and (D) 27 "C. 

28.7915 (Figure 5a) and the wide-angle reflection 
became sharp (curve D). These results are comparable 
to that observed in a chiral smectic F phase.31 (Actually, 
in the absence of true monodomains of this biaxial 
phase, it is not really possible to distinguish whether 
this phase is of the smectic F or smectic I type. This 
comment also applies to all other smectic F phases 
mentioned in the following.) Figure 4d displays the 
chiral smectic F texture exhibited by PS112A. On the 
other hand, the X-ray diffraction measurements for 
PSOl2A show a smectic A-like diffraction pattern (a 
sharp reflection at  small angles and a diffuse reflection 
at  wide angles) at  190.5-171 "C. However, the optical 
polarizing micrograph reveals an iridescent cholesteric- 
like texture (Figure 7a). This texture can be distin- 
guished from the cholesteric phase with oily streaks at  
a higher temperature (Figure 7b). One possible expla- 
nation for these results is that the special phase is a 
twist grain boundary A 

Series PSnl2B. This series differed structurally 
from the PSn12A series. The (2Sl-2-methyl-l-butyl 
terminal chiral tail of PSnl2A is replaced by the (2R)- 
1-methylheptyl chiral moiety. The thermal transition 
and corresponding enthalpy changes of the polymer 
PSnl2B series are summarized in Table 3. All the 
polymers show a smectic mesomorphism except for 
PSOl2B with zero oxyethylene units, which shows an 
amorphous state and has no liquid crystalline phase. 
Both FS212B and PS312B exhibit an enantiotropic 
TGBA phase, while PSll2B reveals an enantiotropic 
smectic A phase. The cholesteric phase is exhibited 
between the isotropic and TGBA phases for PS312B. 
Figure 8 presents representative DSC heating and 
cooling traces for polymer PS212B. The heating scan 
(curve A) indicates a glass transition (T,) at -5 "C, 
followed by a twist grain boundary A phase to an 
isotropic phase at  122.7 "C. The cooling scan (curve B) 



4372 Hsiue and Chen Macromolecules, Vol. 28, No. 13,1995 

Table 2. P h m  Transitions and Phase Tanmition Ehtbalpieo for Polymer Series PSnllA and PSnl2.4 

Polymer no & (companding enthalpy changes: k d m P  

PsolW 0 

heatin phaae transitions, "C 

G 27.4 Sc' -d TGB, 192.1(-)' N' 217.8(0.288) I 
1213.6(0.276)N* 190.5(-7TGBA 171(-YSe* 2 4 0  

Ps112A 

Ps212A 

PS312A 

I 

2 

3 

G 6.2 &* -d Sc* 190(-) SA 1%-) N* 206.6(0.403Y I 
I204.2(-) N*198.9(-) SA 1SsCO.W' Sc'4WYSp' 1.2 G 

C 3.1 S,* 40.4(0.14) Se' 181(-) SA 196.5(-) N' 201.4(0.775Y I 
I 197.7(-) N*190.5(-) sA iw0.465r ~ W - Y S ~ *  6 . 2 ~  

G 3.5 Sc* -d SA 170.7(0.757) I 
I 166.6(-) SA 163.4(0.4997 %* 4.5 G 

an  aemrding to Scheme 2. nun = mole repeating unit, G = glassy, S P  = c h i d  smectic F, SA = smectic A, Sc* = chiral s m d c  C, 
TGBA = twist grain boundary A, N* = cholesteric, I = isobopic. The transition was deeided by POM. *The transition was difficult tu 
detect. ' AH (S~*-SA-N*-I). ,The transition enthalpies were too small tu evaluate. 8 AH(&*-SA-I). 

(b) (d) 
Figure 4. Optical polarizing micrographs displayed by F'S112A: (a) cholesteric phase at 200 "C (400~); (b) foealeonic texture of 
smectic A phase at 192 "C (400~); (e) bmken fan texture at 147 "C (400~); (d) chiral smeetic F phase at 26 "C (4ooX). 

is nearly identical to the heating scan. The presence of series. As shown in this figure, the layer spacing 
the TGBA phase for two polymers was also proved by inmases with a decrease in the measuring temperature 
X-ray dieaction measurements and optical polarizing for PS212B.= Moreover, the filament texture displayed 
microscopy. Figure 9 shows representative tempera- in Figure 10 indicates the presence of the twist grain 
ture-dependent X-ray diffradion diagrams of the powder boundary A phase because the macro helix is formed in 
sample of PS212B at 103, 75, 61, and 25.6 "C. The the direction normal to the long axis of the molecules 
diffraction patterns obtained a t  different temperatures and parallel to the l a ~ e r s . ~ ~ - ~ '  
resemble each other. A broad reflection a t  wide angles Series PSnl2C. The last series of compounds con- 
(associated with the random ordering of lateral packing) tained the ( 2 S , 3 S ) - ( 2 c h l o r o - 3 b ~  ehiral 
and a sharp reflection at low angles (associated with moiety instead of the (2S)-2-methyl-l-butanoate and 
the smectic layers) are shown by all curves. Only the (2R)-1-methylheptanoate moieties of the PSn12A and 
d-spacings are different. The d-spacing is plotted in PSnl2B series. This type of moiety with two chiral 
Figure 5b as a function of temperature for the PSn12B centers has been reported to possess large spontaneous 
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Figure 5. Temperature dependence of layer spacing: (a) 
series PSnl2A, (n = 0, x), (n = 1, A), (n = 2 ,  e), (n = 3 m); (b) 
series PSnlSB, (n = 1, A), (n = 2 , e), (n = 3, H); (c) series 

polarization va1~es . l~  Four compounds of this series are 
all smectic mesomorphic. A different chiral moiety 
normally results in a different mesophasic sequence (see 
Figure 212). The thermal transition and thermodynamic 
parameters of the PSnl2C series are summarized in 
Table 4. The polymers exhibit glass transition temper- 
atures (T,) at 22.2, 20.1, 7.6, and 12.4 "C, respectively, 
and enantiotropic N* and Sc* phases. A chiral smectic 
F phase is observed for the PSnl2C series except for 
PS312C. Additionally, for PSOl2C a blue phase is 

PSnl2C, (n = 0,  X), (n = 1, A), (n = 2, e), (n = 3, m). 

. + 
A 
+ 

X 
8 

m +  . 
+ 

n 

X PSO12A 
A PSll2A 
+ PS212A 

PS312A 

x PSO12C 
A PS112C 
+ PS212C . PS312C 

~ 

- 1 7 5  - 1 5 0  - 1 2 5  - 1 0 0  - 7 5  - 5 0  - 2 5  0 2 5  

T-Tk. ("C) 

Figure 6, Plots of tilt angle versus AT (T - Ts,.): (a) polymer 
PSnl2A series, (n = 0, x), (n = 1, A), (n = 2, +), (n = 3, m); (b) 
polymer PSnl2C series, (n = 0, x), (n  = 1, A), (n = 2, +), (n  = 
3, .I. 

observed upon cooling from the isotropic liquid (Figure 
l l a .  Figure 12 presents representative temperature- 
dependent X-ray diffraction diagrams for PS112C. Curve 
A and the optical polarizing micrograph of Figure l l b  
are both consistent with a cholesteric phase. Both curve 
B and curve C show small-angle reflections at  28.0506 
and 27.3996 A, respectively. The d-spacing versus 
measuring temperature is presented in Figure 5c. As 
shown in this figure, the d-spacing decreases as the 
temperature decreases below the cholesteric point. On 
the other hand, a broken fan texture observed for 
PSll2C at  173.9 "C is shown in Figure l lc .  These 
results are in agreement with the formation of a chiral 
smectic C phase since the tilt angle of the side chains 
generally increases with decreasing temperature for a 
chiral smectic C side chain LCP. Figure 6b reveals the 
tilt angle versus temperature difference of T - Ts,* for 
the PSnl2C series. The tilt angle was calculated from 
eq 2 due to the absence of a smectic A phase in the 
PSnl2C series. 

(2) 

The dSc*(Max) value was selected from the maximum 
layer spacing of the chiral smectic C phase. The 
maximum tilt angle presented here is about 24" for 
PSO12C. Curve D shows a small-angle reflection at  
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(b) 
Figure 7. Optical polarizing micrugrapha shown by PSO12A 
(n = 0): (a) irideseent cholesteric-like texturc of TGBA phase 
at 192.1 'C (400~);  (b) cholesteric phase with oily streaks at 
179.2 'C (400~) .  

Table 3. P b  Transitions and ph.se Trendtion 
Enthelt,ies for Polymer Series PSnl2B 

heatin phase transitions. Y! 
coo ing (correspnding enthalpy 

chanaes:keaVmru)b 
-+ 

wlvmer nD 

PS012B I20G 

PSll2B G 10.2 SA 1W0.457) I 
I 132(0.5) SA 10.7 G 

PS212B G -5.0 TGB, 122.7(0.526) I 
I 117.5(0.625) TGB, 0.3 G 

G -0.4 TGB, loo(-Y N* 112(0.737) I 
1 101.7(-)d N* 94.6(O.649)TGBA 11 G PS312B 

according to Scheme 2. b llvu = mole repeating unit, G = 
glassy, SA = smectic A, TGBA = kvist grain boundary A, N' 
cholesteric, I = isotropic. The transition was decided by POM. 
d AH(TGBA-N*-I). 

27.0865 A and a sharp wide-angle reflection at 4.611 
A. This indicates the formation of the hexagonal 
structure of the chiral smectic F phase. Figure l l d  
displays the chiral smectic F phase at 37.3 "C. A 
comparison of the thermal transitions of polymer series 
PSnllA, PSnl2A, PSnl2B, and PSnl2C reveals that a 
flexible polysiloxane backbone has a tendency of have 
a lower glass transition and a wider mesomorphic 
temperature range. The phase behaviors of the PSnl2A, 

V 
I I 122.r-C, 

-40 20 80 140 : D 

TEMP(%) 
Fim 8. DSC thermogram (10 "C/min) of polymer PS212B 
(n = 2): (A) second heating scan; (B) mling scan. 

I 
0 10 20 30 

28 

Figure 0. Temperature-dependent X-ray measurements for 
polymer PS212B with two oxyethylene spacers at (A) 103, (B) 
75, (C) 61, and (D) 25.6 "C. 

F'Snl2B, and PSnl2C series can be compared by super- 
imposing the plots of the dependencies of their thermal 
transition temperatures shown in Figure 2 as a function 
of the number of oxyethylene spacer unita (n). The 
PSnllA series reveals the presence of a viscous liquid, 
and this series is not liquid crystalline due to the more 
flexible polymer backbone and oxyethylene spacers in 
the phenyl benzoate mesogenic system. However, 
PSnl2A, PSnl2B, and PSnl2C present good liquid 
crystalline thermal properties in light of the fact that 
the flexible polymer backbone and oxyethylene spacer 
in the more rigid three aromatic ring ester system 
(biphenyl benzoate mesogenic group) reach a suitable 
balance for the formation of liquid crystalline structures. 
Nevertheless, the chiral butyl tails ((2S)d-methyl-l- 
butyl and (2s. 3S)-(2shloro-3-methylpentanoyl)oxy) are 
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Figure 10. Optical polarizing micrographs displayed by 
polymer PS212B ( n  = 2) at 109.2 "C: filament texture oftwist 
grain boundary A phase (500x1. 

more inclined to form a chiral smectic C phase than a 
longer chiral heptyl((2R)-l-methylheptyl) in the flexible 
polymer backbondoxyethylene spacers and three am- 
matic ring ester system. We believe that the (2Rb1- 
methylheptyl chiral tail would be suitable for formation 
of the chiral smectic C phase in the four aromatic ring 
ester system, biphenyl biphenylcarboxylate mesogenic 
group. These results will be published in a future work. 

In conclusion, four series of new side chain liquid 
crystalline polysiloxanes containing oligo(oxyethylene), 
phenyl benzoaWbipheny1 benzoate mesogens, and three 
different kinds of chiral moieties ((2Sb2-rnethyl-l-buty1, 
(2R)-l-methylheptyl, and (2S, 3S)-(2-chloro-3-methyl- 

-. - .,-l .. 

Fermelechic Liquid Crystalline Polysiloxanes 4576 

Table 4. pbaw Tmnsitions and Phase Transition 
Enthaloies for Polvmer Series PSnl2C 

heatin phase transitions, "C 
e ~ )  mg (corresponding enthalpy 

chanees:kaVmruP 
-? 

wlvmer no . _  _ .  
G 22.2 Sp* -d Sc* 197.5(-) N* 225(0.129Y I 

I21V BP 205.9 N* 190.5(0.24Y Sc* W-ySF* 20 G PSolx 

PSl12c G 20.1 5$* -d Sc* 204.4(-) N' 21840.457Y I 
I202(-) N* 195.1(0.554Y Sc*55(-f5$* 15.6 G 

ps212c G 7.6 $* -d Sc* 197.6(-) N* 2WO.533Y I 
I I%-) N* 182.2(0.518Y Sc* 65(-y5$* 19.4 G 

G 12.4 Sc' 171.3 N* 173(0.867Y I 
I 160.5(-) N' 150(0.808Y Sc* 5.3 G 

PS312C 3 

n according to Scheme 2. mru = mole repeating unit, G = 
glassy, SF* = ehiral smectic F, SA = smectic A, Sc* = c h i d  smectic 
C, N* =cholesteric. I = isotropic. e The transition was decided by 
POM. *The transition was difficult to detect. e AH(Sc*-N*-I). 
f The transition enthalpies were too small to evaluate. 
pentanoyl)oxy) have been synthesized. The series 
PSnl2A, PSnl2B. and PSnl2C with biphenyl benzoate 
mesogenic groups exhibit smectic mesomorphism. A 
twist grain boundary A phase was found in some 
compounds, PSO12A, F'S212B, and PS312B. The inter- 
mediary twist grain boundary phase apparently has a 
structure where a helical ordering of the molecules has 
occurred in the plane of the molecular layer. Among 
the three polymer series, two series (PSnl2A and 

Fiw 11. Optical polarizing micrographs: (a) blue phase of PS012C at 208.3 "C (4OOx); (b) cholesteric phase of PS l l lC  at 
204.4 'C (4OOx); (e) chiral smectic C phase of PS112C at 173.9 "C (4OOx); (d) chiral smectic F phase of PS112C at 37.3 "C (4ooX). 
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Figure 12. Temperature-dependent X-ray diffraction mea- 
surements for polymer PSllSC with one oxyethylene spacer 
at (A) 200, (B) 180, (C) 140, and (D) 40 "C. 

PSnl2C) with chiral butyl moieties reveal a wide 
temperature range of the chiral smectic C phase. The 
rigidity of the aromatic ring ester core plays an essential 
role in the formation of mesophases. The flexibility of 
the chiral tail has a significant effect on the thermal 
stability of the chiral smectic C phase. A flexible 
polymer backbone enhances the decoupling of the mo- 
tions of the side chain and the main chain and thereby 
tends to give rise to a higher thermal stability of the 
mesophases, including the chiral smectic C phase. 
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