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Synthesis of Ferroelectric Liquid Crystalline Polyoxiranes and 
Polyoxetanes By Ring Opening Polymerization. 

CHAIN-SHU HSU" AND WEI-LUNG LIAU 
Department of Applied Chemistry, National Chiao Tung University, 
Hsinchu, Taiwan 30050, Republic of China 

The synthesis of two series of liquid crystalline polyoxiranes and 
polyoxetanes containing 4-(4-hydroxybiphenyl-4'-carbonyloxy)- phenyl 
(2S,3S)-2-chloro-3-methylvalerate side groups is presented. Differential 
scanning calorimetry, polarizing optical microscopy and X-ray diffraction 
measurements reveal liquid crystalline phases for all obtained polymers. A 
majority of the prepared polyoxiranes present cholesteric, smectic A, chiral 
smectic C and an undefined smectic phases. Most of the prepared 
polyoxetanes reveal only a chiral smectic C phase. Effect of polymer 
backbone and spacer length on the mesomorphic properties of the obtained 
polymers is discussed. Although the polyoxirane and polyoxetane 
backbone are more flexible than the polymethacrylate backbone, side-chain 
crystalization does not occur in any of the synthesized polymers. 

k p x m k  : ferroelectric liquid crystalline polymers; polyoxirane; 
pol yoxetane 

INTRODUCTION 

Side-chain crystalline polymers (LCPs) are of theoretical and practical 

interest because they combine the anisotropic properties of liquid crystals 

with the polymeric properties and are highly promising for some novel 

applications "I. So far, most of the side-chain LCPs have been prepared 

* To whom all correspondence should be addressed 
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2 CHAIN-SHU HSU AND WEI-LUNG LIAU 

mainly by radical polymerization of (meth)acrylates and by the 

hydrosilation of poly(methylhydrosi1oxane) backbones with mesogenic 

olefins. In recent years an increasing amount of research has been directed 

at synthesizing new well-defined side-chain LCPs by living cationic 

polymerization,[21 ring-opening polymerization 1’-71 and living ring-opening 

methathesis Recently, Kawakami et al. reported on the 

first example of side-chain LC polyoxetanes by cationic ring-opening 

polymerization””’. 

Ferroelectric liquid crystals (FLCs) have attracted growing interest over 

recent years owing to their bistability in displays and their short switching 

timesll 1-121 . In addition to low molar mass FLCs, ferroelectric LC 

polymersi”’201 have also been throughly investigated. Ferroelectric LC 

polymer possesses a response time in the range of mini-second with a weak 

electric field. These polymers also exhibit a bistability that is comparable 

to low-moar-mass FLCs. In addition, such polymer materials are highly 

attractive for display applications owing to their applicability as flexible 

devices. 

In this study, we synthesize two series of liquid crystalline polyoxiranes 

and polyoxetanes containing 4-(4-hydroxybiphenyl-4’-carbonyloxy)phenyl 

(2S,3S)-2-chloro-3-methylralevate side groups. Differential scanning 

calorimetry, optical polarizing microscopy and X-ray diffraction are 

performed to characterize their liquid crystalline properties. 

RESULTS AND DISCUSSION 

The synthetic routes used for the preparation of oxirane monomers 1M - 
4M and oxetane monomers 5M - 8M are outlined in Schemes 1 and 2. 

(2S, 3S)-2-chloro-3-methylvaleric acid was prepared from L-isoleucine 

by a Sandmeyer reaction. The reaction was performed with retention of 
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FERROELECTRIC LC POLYOXIRANES AND POLYOXETANES 3 

configuration"". The esterification of (2S, 3S)-2-chloro-3-methyvaleric 

acid with 4,4'-biphenol and subsequent reactions were also achieved with 

retention of its configuration. The prepared monomers were characterized 

by differential scanning calorimetry and polarizing optical microscopy. 

+ Ct+=Cli-(CN+Br 

n = 8.9,10.11 
KOH/EtOH 

C y = C H f c i + ~ ! - O H  + 

n-2 
DCC/DMAP 

0 CI cH3 
0 e - ( ! & - I - C &  t .  

n-2 

1-4 I 
DCC/DMAP 
CHzCIz n = 8,9,10.11 

6-9 

n = 8,9,10.11 
MCPBA 
CHzC12 I 

n = 8.9,10,11 1 M - N  

BF3.OEt 2 

CHzCIz I 

n = 8,9,10.11 

Synthesis of polyoxiranes 1P - 4P SCHEME I 
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A CIIAIN-SHU FfSU A N D  WE[-LUNGLIAU 

+ Br-H-rfBr n 

n= 6, 9, 10, 12 

n= 6, 9, 10, 12 10-13 

14- 17 n= 6, 9, 10, 12 

5M - 8M n= 6, 9, 10, 12 

BFxOEtz 
CHzC12 

I ! 
’ n= 6, 9, 10, 12 5P-8P 

SCHEME 2. Synthesis of polyoxetanes 5P - 8P 
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FERROELECTRIC LC POLYOXIRANES AND POLYOXETANES 5 

Table I summarizes the thermal transitions of monomers 1M - 8M. Both 

monomers 1M and 2M present the enantiotropic cholesteric and smectic A 

phases and a monotropic smectic B phase, while both monomers 3M and 4M 

show only the enantiotropic cholesteric and smectic A phases. Monomers 

5M - 8M reveal anknantiotropic cholestenc phase and a monotropic chiral 

smectic C phase. Fig. 1 dipicts the representative DSC thennogram of 

mononer 3M. 

I . .  
Phase transitions, OC Heatlngb 

r na C O h g  
1M 8 K 103.3 SA 129.1 N* 1 S - 5  I 

2M 9 K 1 0 1 . 1 3  N* 158.0 I 

3M 10 K 96.0 u 1 . 6  N* 153 4 I 

I 151.1 N* 125.8 SA 64.7 SB 58.7 K 

I 154.1 N* 130.0 SA 73.1 SB 51.6 K 

I 150.9 N* 130.0 SA 77.9 K 
4M 11 K96.6-99* 14.441 

I 140.0 N* 124.4 SA 75.6 K 

I 81 N* 59.3 Sc'-18.2 K 

I 67.3 N* 17.5 Sc' 1.6 K 

I 67 N* 16 Sc'0.6 K 

I 73.1 N* W c '  2.7 K 

5M 6 K 80.3 N* 95 I 

6M 9 K 63 N* 88 I 

7M 10 K 4  

8M 12 K 59.5 N* 84 I 

a) n according to Schemes 1 and 2. 
b) K = crystalline, S, = smectic A, S> 9 chiral smectic C, 

S, = smectic B, N* = chiral nematic, I = isotropic. 

Fig. 2 displays the typical cholesteric and smectic A textures exhibited 

by monomer 3M. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 2
0:

23
 2

0 
A

ug
us

t 2
01

2 



6 CHAIN-SHU HSU AND WEI-LUNG LlAU 

I (A) Heating scan 

-10 31 72  113 154 I95 

Temp. ("C) 
FIGURE 1 DSC thennograms (10°C bin) of monomer 3M. 

FIGURE 2 Optical polarizing micrographs displayed my monomer 
3M: (A) Cholesteric texture obtained at 134°C; (B) S, texture obtained at 
98°C. (see Color Plait I ) .  
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FERROELECTRIC LC POLYOXIRANES AND POLYOXETANES 7 

Table I1 lists the thermal transitions of polymers 1P - 8P. All polymers 

reveal liquid crystalline phases. The phase assignment was conducted by 

both optical polarizing microscopy and X-ray diffraction measurements. 

Polymer 1P which contains eight methylene units in the spacers, shows the 

enantiotropic cholesteric, chiral smectic C and an undefined smectic phases. 

Mean while polymers 2P and 3P which contain respectively nine and ten 

methylene units in the spacers, reveal the enantiotropic cholesteric, smectic 

A, chiral smectic C and an undefined smectic phases. 

EII P h a e - o n o f w  - X V P .  . .  
Phase transitions, "C Heatlneb 

er n a ooline 

1P 

2P 

3P 

4P 

5P 

6P 

7P 

8P 

8 

9 

10 

11 

6 

9 

10 

12 

G 38.3 Sxh 87.2 Sc' 176.8 N'200.6 I 
I 198.0 N* 169.8 Sc*80.9 Sx 33.9 G 

G 38.7 SxJOO.3 Sc' 197.~ 1 S ~ l 9 8 . 5  N'212.5I 
1200.7 N' 195.3 SA 187.6 Sc'91.9 Sx 33.3 G 

G 36.1 Sx 96.5 Sc' 187.9 SA 189.3 N'301.2 I 
I 195.6 N* 185.1 SA 187.0 Sc'93.2 Sx 27.0 G 

G 37.5 Sx 95.7 Sc' 195.0 -6.8 I 
1200.6 SA 193.6 Sc'88.9 Sx 36.5 G 

3 sc' 165 SA 173 I 
I 168.2 SA 160.9 Sc'-7.6 G 

G 16.8 Sc' 157 I 
1153.9Sc'1.4G 

G 16.9 Sc' 198.4 I 
1 190 Sc'7.7 G 

G 21.1 Sc'205.U 
13nl 3 Sc'10.5 G 

a) n according to Schemes 1 and 2, 
b) G = glassy phase, N* = cholestric phase, 

S ,  = smectic A phase, 
Sx = undefined smectic phase, 

Sc' = chiral smectic C phase, 
I = isotropic phase. 
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8 CHAIN-SHU HSU AND WEI-LUNG LIAU 

Polymers 4P which contains eleven mcthylene units in the spacer, 

displays the enantiotropic smectic A, chiral smectic C and an undefined 

smectic phases. Above experimental results demonstrate that the nature of 

mesophases heavily depends on the spacer length. Those polymers 

containing a shorter spacer length incline to from a cholesteric phase. 

I I ( A )  Heating scan 

200.6 I I 
80 .9  198.0 

( B )  Coolins scan 

1 I 1 I I -. 

-15 33 81 I29 177 225 

FIGURE 3 DSC thennograms (10 OC / min) of polymer 1 P. 

Representative DSC traces of poiynier 1P is depicted in Fig. 3. The 

heating scan (ciirve A) in this figure reveals a glass transition temperature 

(Tg) at 38.3 "C and an undefined smectic to chiral sniectic C phase transition 

at 87.2 "<I , a chiral smectic C to cholesteric phase transition at 176.8 O C  and 

a cholestcric to isotropic phase transition at 200.6 "C. The cooling scan 

(curve B) closely resembles the heating scan, except that an extremely small 

supercooling (less than 7 "C) i s  observed for three exothermic transitions. 
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FERROELECTRIC LC POLYOXIRANES AND POLYOXETANES 9 

Fig. 4 displays the typical cholesteric and chiral smectic C textures exhibited 

by polymer 1P. Fig. 5 presents the temperature-dependent X-ray 

diffraction diagrams obtained from the powder sample of polymer 1 P at 190, 

165, 135, 105 and 70 "C. Curve A shows only a diffuse reflection at 4.72 A 
that corresponds to the lateral spacing of mesigenic side groups. Both X- 

ray diffraction results and optical microscopic texture (Fig. 4A) observation 

are consistent with a cholesteric structure. When the measuring 

temperature is lowered from 190 to 165 "C, it (curve B) shows a diffuse 

reflection at 4.62 Aand a sharp reflection at 26.67 Awhich corresponds to the 

d-spacing of a smectic layer. When the measuring temperature is further 

lowered from 165 "C to 105 "C, the d-spacing of a sniectic layer gradually 

decreases from 26.67 A to 25.57 A. This finding strongly suggests for the 

formation of the tilted chiral smectic C phase. This result is also in 

agreement with the optical microscopic observation which reveals a broken 

fan texture (Fig. 4B). When the measuring temperature has been further 

cooled to 70 "C, the d-spacing of a smectic layer maintains nearly the same 

value; in addition the wide angle diffraction peak becomes very sharp (curve 

E). The texture obtained at this temperature closely resembles that of Fig. 
4B. Experimental results confirm the formation of a tilted smectic phase, 

probably a smectic G phase. X-ray diffraction of an aligned rtionodomain 

sample should be performed to examine the detailed structure of this smectic 

phase. 

According to Table 11, among polymers 5P - 7P containing the 

polyoxetane backbone, polymer SP reveal the enantiotropic smectic A and 

chiral srnectic C phases while polymers 6P - 8P presents o n l y  an 

enantintropic chiral smectic C phase, respectively. Our experimental 

results again demonstrate that the spacer length prominently influences in 

the type of rneasophases formed. Coniparing these results with those 
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10 CHAIN-SHU HSU A N D  WEI-LUNG LlAU 

FIGlJRE 4. 
(A) Cholesteric texture obtained at 191 "C; (B) Sc* texture obtained at 157 
"C. (See Color Plate 1 1 ) .  

Optical polarizing micrographs displayed by polymer 1P: 

.r( 

2 

$ 

4 . 6 2  i W +J 
C 
u 

.r( 
c, 
m 4 

2 4 . 6 2  

I\ 25.57 i 

4 . 7 2  w 
x -0 
c, 
.r( 

2 

$ 

2 

4 . 6 2  i W +J 
C 
u 

.r( 
c, 
m 4 

4.49 i 

4 . 4 7  K 

"c  

O C  

"C 

O C  

"C 

0 5 10 1s 20 2s 

70 (degree) 

FIGURE 5 Temperature -dependent X-ray measurement& for polyrner 
1P at (A) 190. ( R )  165, (C)  135, (D) 105. and 70 "C. 
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FERROELECTRIC LC POLYOXIRANES AND POLYOXETANES I 1  

presented by polymers IP - 4P that contain the polyoxirnne backbone, 

reveals that poiymers 5P - 8P possess less mesophases. The experimental 

results demostrate that the polymer backbone also profoundly influences the 

type of mesophases formed. 

In conclusion, two series of side-chain liquid crystalline polyoxiranes 

and polyoxetanes containing 4-(4-hydroxy-biphenyI-4’-carbonyloxy)phenyl 

(2S,35)-2-chloro-3-methylvalerate side groups were synthesized and 

characterized. Both series of polymers show liquid crystalline phases 

including the c h i d  srnectic C phase. Both the spacer length and polymer 

backbone profoundly influence on the nature of mesophases formed. 

Although the polyoxirane and polyoxetane backbones are expected to be 

more flexible than the polymethacrylate backbone, all the obtained polymers 

do not undergo side-chain crystallization. 

EXPERIMENTAL 

Materials 
3-(Hydroxymethyl)-3-methyloxetane, biphenyl, L-isoleucine and all other 

reagents were obtained from Aldrich and used as received. Boron 

tritluoride ether complex was purchased from Tokyo Kaisei Inc. and was 

distilled before use. Dichloromethane used in the ring-opening 

polymerization was refluxed over calcium hydride and then distilled under 

nitrogen. 

‘H NMR spectra (300 MHz) were recorded on a Varian VXR-300 

spectrometer. FT-IR spectra were measured on a Nicolet 520 I T - I R  

spectrometer. Polymer samples were casted film onto a KBr tablet for the 
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17 CHAIN-SHU HSU A N D  WEI-LUNG LIAU 

IR measurements. Thermal transitions and thermodynamic parameters 

were determined by using a Seiko SSC/5200 differential scanning 

calorimeter equipped with a liquid-nitrogen cooling accessory. Heating 

and cooling rates were 10 "Chin .  Thermal transitions reported were 

collected during the second heating and cooling scans. A Carl-Zeiss 

Axiophot optical polarized microscope equipped with a Mettler FP 82 hot 

stage and an Fp 80 central processor was used to observe the thermal 

transitions and to analyze the anisotropic textures. Preparative gel 

permeation chromatography (GPC) was run on a Waters 510 LC instrument 

equipped with a 410 differential refrxtometer and a preparative GPC 

column (22.5 nim X 60 cm) supplied by American Polymer Standard Co. 

X-ray diffraction measurements were performed with nickel-filtered Cu Ka 

radiation with a Rigaku powder diffractometer. Optical rotations were 

measured at 25 "C on a Jasco DLP-I40 polarinieter with chloroform as 

solvent for all compounds. 

Schemes 1 and 2 outline the synthesis of monomers 1M - 8M. 

4-(Alkenyloxy)henzoic acids ( I  - 4) 

All four compounds wen: prepared by the etherification of alkenyl bromide 

with 4hydroxybenLoic acid according to a literature procedure"". 

4-Hydraxy hip henyl4'-yl 

(2S, 3S)-2-chloro-3-rnethyIvalerale (5) 

Compound 5 was synthesized by esterilkation o f  4,4'-dihydtnxyhiphenyl 

with (2S, 3S)-2-chloro-3-methylvaleric acid according to a literature 

procedure."" 
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FERROELECTRIC LC POLYOXIRANES AND POLYOXETANES 13 

4-[(4-Alkenyloxyphenyl) carbonyloxy]biphenyl-4'-yl (2S, 3S)-2-chloro- 

3-methylvalerates (6 - 9) 

All four compounds were prepared by esterification of 4- 
(a1kanyloxy)benzoic acid with compound 5. The synthesis of compound 6 

i s  described below. 

4-(7-octen-l -yloxy)benzoic acid ( I  -06 g, 4.28 mmol), compound 5 

( I  .SO g, 4.71 mrnol), N,  N-dicyclohexyl-carbodiimide ( I  .06 g, 4.7 1 mmol) 

and 4-(dimethylamino)pyridine (0.2 g) in SO mL of CH,CI, was stirred at 

room temperature until esterification was completed. The solution was 

filtered, washed three times with water and dried over anhydrous MgSO,. 

The solvent was removed in a rotary evaporater and the obtained crude 

product was purified by column chromatography (Silica gel, ethyl acetate : 

n-hexane = I : 1 as eluent) to yield 1.69 g (72 %) of wlfite crystals. 'H 

NMR (CDCI,, TMS. ppm) : 61.06 (t, 3, H-CH2-CH,), 1.18 [d, 3H, -CH 

(CH,)-], 1.21-1.95 [m, -CH2-CH, and -(CHJ4-]. 2.19-2.31 [m, IH,-CH 

(CH,)-1, 4.00 (t, 2H, -OW2-) 4.38 (d, IH, -C4Cl)-], 4.08-5.00 (m, ZH, 
C&=) 5.70-5.90 (m, 1 H, =CH-), 6.80-8.20 (m, 12 aromatic protons). 

Synthesis of monomers 1M - 4M 
The monomers 1 M - 4M were synthesized by epoxidation of corresponding 

compounds 6 - 9 with 3-chloroperoxybenzoic acid. The synthesis of 

monomer 1M is described as follows. 

Compound 6 (1.75 g, 3.19 mmol) was dissolved in 20 mL ofCH,Cl, at 0 O C ,  

and 3-chloroperoxybenzoic acid (0.83 g, 4.79 mmol) in 10 mL of CH,CI, 

was added dropwise under N, atmosphere. The subsequent solution was 

stirred at room temperature overnight, washed with 5 % NaHCO, solution 

and water, and dried over anhydrous MgSO,. The solvent was removed in 
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14 CHAIN-SHU HSU AND WEI-LUNG LIAU 

a rotary evaporater and the crude product was purified by column 

chromatography (silica gel. n-hexane : CH,CI, = 1 : 3 as eluent) to yield I .01 

g (56 %) of white crystals. 

'H NMR (CDCI,, TMS, ppm) 61.05 (t, 3H -CH2CH,), 1.17 (d, 3H, -CH 

(CH,)], 1.30-1.95 [m, 10H, (C&),], 2.20-2.30[m, 111, -CH(CHl)], 2.40-3.00 

(m, 3 protons in the oxirane ring), 4.05 (t. 2H, -CH,-OPh-), 4.43 Id, 1 H, - 

CH(Cl)-] 6.80-8.20 (m, 12 aromatic protons). 

3-~(-bromoalkanyloxy)methyl]-3-methyloxetanes (10 - 13) 

All four compounds were prepared by a phase transfer catalyzed reaction of 

dibromoalkane and 3-(hydroxymethyl)-3-rnethy- loxetane according to a 

literature procedure."" 

4-[[w-(3-methyloxetan-3-yl)methoxy~alkanyloxy]benzoic acids (14 - 17) 

Compounds 14 - 17 were prepared by etherification of compounds 10 - 13 
with 4-hydroxybenxoic acid. The synthesis of compound 14 is descrihed 

below. 4Hydroxybenzoic acid (0.98 g, 7.1 mniol), KOH (0.96 g, 17.1 

mmol) and KI (0.2 g) were dissolved in 1 50 mL of ethanol. The obtained 

solution was heated to reflex temperature for I hr. 3-[(5-  

bromohexyloxy)methylI-3-methy-loxetane (2.25 g, 8.5 mmol) was added 

dropwise. The subsequent solution was heated to reflex temperature 

overnight, and cooled to rmni temperature. The salt was removed by 

filtration, and ethanol was removed in a rotary evaporater. The obtained 

solid was washed three time with water, and then dried over anhydrous 

MgSO,. The obtained crude product was recrystallized from acetic acid to 

yield 1.65 g (72 %) of white crystals. 

'H NMR(CJXl,.TMS,ppm)S1.31 (s, 3H,CH,-), 1.28-3.77 [m,8H,(CHJ4], 

3.43 (m, 4H, -CHz-O-CH,-), 3.99 (t, 2H, -CH2-OPh-), 4.33 and 4.49 (two d, 
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FERROELECTRIC LC POLYOXIRANES AND POLYOXETANES 15 

4H, two-CH2-in the oxetane ring). 

Synthesis of monomers 5M - 8M 
Monomers SM - 8M were prepared by esterification of corresponding 

compounds 14 - 17 with compound 5. The synthesis of monomer SM is 
described as follows. 

A solution of compound 14 (1.21 g, 3.75 mmol) compound 5 (1. I4 g, 

3.57 mmol), N, N-dicyclohexylcarbodiimide (0.81 g, 3.93 mmol) and 4- 
(dimethy1amino)pyridine (0.044 g, 3.60 mmol) were dissolved in 30 mL of 

CH,CI,. The resulting solution was stined at room temperature overnight. 

The N,N-dicyclohexylurea was filtered. The obtained filtrate was washed 

three times with water and dried over anhydrous MgSO,. The solvent was 

removed in a rotary evaporater and the crude solid product was purified by 

column chromatography (silica gel, ethyl acetate : n-hexme = 1 : I as eluent) 

to yield 1.69 g (76 %) of white crystals. 

'H N M R  (CDCI,, TMS, ppm) 61.05 (t, 3H, -CH,C€II,), 1.17 (d, 3H. -CH 

(CHJ], 1.28-1.95 (m, 1 IH, (CH,), and -CH3 in the oxetane ring), 2.20-2.30 

[m, lH, -CH(CH,)1 3.42-3.4 (m, 4H, -CH2-O-CH2-), 4.05 (t, 2H, -CH,- 

OPh-) 4.43 [d, 1 H, -CaCl)-] 4.34 and 4.50 (two d, two -CH,-in the oxetane 

ring), 7.00-8.14 (m, 12 aromatic protons). 

Synthesis of polyoxiranes 1P - 4P and polyoxetanes 5P - 8P 
The synthesis of polyoxiranes IP - 4P and polyoxetanes is also outlined in 

Schemes I and 2. All polymers were synthesized by a similar method. 

The preparation of polymer 1P is deseribed below. Dichlvromethane was 

dried over calcium hydride and was distilled under nitrogen just prior to use. 

Freshly distilled boron trifluoride ether complex was used as an initiator. A 

solution of monomer 1M (1.0 g) in 1 mL of CH2CI, was cooled to 0under 

nitrogen and the initiator (2 9% mol with respect to monomer IM) was then 
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injected with a syringe. The reaction mixture was stined at 0 "C for 24 hr. 

After this reaction time, the polymers were separated and purificd by several 

reprecipitations from CH,CI, solution into methanol. 'The absence of 

monomer was checked by 'H NMR and GPC. The results of ring-opening 

polymerization of monomers IM - 8M are summarized in Table 111. All 

monomers gave reasonable yields in the polymerization. 

Table 111 Polymerization of rrionomers 1M8M 
by b o n  tri- 

monomer na yield (%) M n M w  M n f M w  
- - -- 

1M 8 63.8 
2M 9 59.7 
3M 10 62.1 
4M 1 1  55.3 
5M 6 51.2 
6M 9 60.3 
7M 10 62. I 
8M I2 65.4 

a) n according to Schemes I and 2. 

5104 
5128 
4830 
4910 
5180 
7860 
4600 
11200 

5352 
5259 
4929 
5008 

10400 
14630 
8210 
17500 

1 .os 
1.03 
1.03 
1.02 
1.99 
1.86 
I .78 
1.57 
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