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ABSTRACT Oxetanes with different mesogenic and spacer groups were synthesized. Some of the polymers 
obtained by cationic polymerization with BFseOEh as an initiator showed a smectic liquid crystalline phase. 
Not only cyano-substituted biphenyl but also fluorine-substituted biphenyl were found to be a good me- 
sogenic group in these liquid crystalline polymers. Synthesis and polymerization of the monomers and 
thermal behavior of the polymers are reported. 

Introduction 
Much attention has been paid recently to liquid crys- 

talline polymers, especially those with side chains, because 
of their potential application for electronic devices. Poly- 
siloxanes, polyacrylates, and polymethacrylates are usually 
used as main-chain components of such liquid crystalline 
polymers.' There are only a few examples in which other 
main-chain structures like polyolefine, poly(viny1 ether), 
polyphosphazene, or polyisocyanate are ~ s e d . ~ - ' ~  We have 
been interested in the effects of the structure of main 
chain, the length and the structure of the spacers, and the 
structure of mesogenic group on the liquid crystalline phase 
exhibited.14 Meanwhile, studies to increase the types of 
main chains are also important. 

In this article, we would like to report the first example 
of liquid crystalline polymers that have a polyoxetane main 
chain and a fluorine-substituted biphenyl mesogenic group. 

polyOX-n-m: X = O(CH2),,H 
polyoXCN -m: X CN 
polyOX-F-m: X = F 

Experimental Section 
Synthetic Route to Monomers. The synthesis of the 

monomers is outlined in Scheme I. 
The names of the monomers are abbreviated as OX-n-m, OX- 

CN-m, or OX-F-m in the case of havingalkoxy-, cyano-, or fluoro- 
substituted biphenyl mesogens, respectively, where n indicates 
the number of carbon atoms in the alkoxy group and m the number 
of carbon atoms of the methylene groups in the spacer. 

Analyrir. lH and lF NMR spectra were obtained on a Varian 
200-MHz lH NMR (50MHz for lac) spectrometer, Model Gemini 
200. Chemical shifts (a) are given in parte per million from tet- 
ramethylsilane 88 an internal standard. Protons of oxetane and 
biphenyl rings are designated as indicated below. 

X = OR, CN, F 

Scheme I 
Synthesis of Monomers 

CH3 CH3 
Br+ C H h B r  I - CH2C -CH20fCH2-);;;-Br 

CH2C-CH2OH I 
I t  

O-CH2 
I I  
O-CH2 

I for m = 3,4,5 

for m = 3 IBr + CH2--fiiiBr 

monomer 
OX-n-m: X = O(CHz),,H 
OXCN-m: X = CN 
OX-F-m: X = F 

The assignment of the carbon signals of polymers was made 
based on DEPT (distortionless enhancement by polarization 
transfer) spectra. The numbers of the carbon atoms are indicated 
below. 

0 + 
GPC analysis was carried out on a Tosoh (TSK) GPC Model 

HLC 802 equipped with TSK gel G3000H (exclusion molecular 
weight, polystyrene 6 X l(r) and G5000H (exclusion molecular 
weight, polystyrene 4 X lV), using chloroform as eluent at the 
flow rate of 1 mL/min. 

DSC analyses of monomers and polymers were carried out on 
a SEIKO thermal analysis system Model SSC 5600 equipped 
with DSC 100 with the heating rate of 3 OC/min. The transition 
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extracted three times with hexane (30 mL each). Product was 
isolated by evaporating the solvent after drying the solution with 
magnesium sulfate. The crude product was purified by distil- 
lation: bp 66-70 OC (0.22 mmHg), yield 80.2%. Chemical shifts 
1.28 (s,3 H, CH3), 1.71, 1.94 (m, quint, 2 H each, CHZCHZCHZ- 
CHz), 3.43 (t, 2 H, J = 6.6 Hz, CHzBr), 3.45 (5, 2 H, C(CH&Hz), 
3.48 (t, 2 H, J = 6.6 Hz, CHzOCHzCHz), 4.33 (d, 2 H, J = 5.8 Hz, 
Ha), 4.48 (d, 2 H, J = 5.8 Hz, Hb). 
3-[(3-Bromopropoxy)methyl]-3-methyloxetane (m = 3): 

bp 90-100 OC (0.8 mmHg), yield 44.3%. Chemical shifts: 2.09 
(quintet, 2 H, J = 5.8 Hz, CHzCHzCHz), 3.47 (s,2 H, C(CH3)CHz) 
3.43-3.55 (m, 4 H, BrCH2, CHz0CHzCH.J. 

3-[ [ (5-Bromopentyl)oxy]methyl]-3-methyloxetane (m = 
5): bp 80-85 OC (0.15 mmHg), yield 73.2%. Chemical shifts: 
1.56, 1.88 (m, 4 H; quint, 2 H; CHZCHZCHZCHZCHZ), 3.40 (t, 2 
H, J = 6.6 Hz, CHzBr), 3.45 (8, 2 H, C(CHs)CHt), 3.45 (t, 2 H, 

Methyl, H,, and Hb protons of the oxetane ring of these 
compounds appeared at the corresponding positions with 3-[ (4- 
bromobutoxy)methyl]-3-methyloxetane. 

Monomers with three methylene spacers were synthesized by 
first attaching the spacer to the mesogenic group in order to 
make the product separation easy. 
4-Cyano-4’-(3-bromopropoxy)biphenyl. 4-Cyano-lf-hy- 

droxybiphenyl(l.35 g, 0.90 mmol) was converted into its sodium 
salt by reaction with sodium hydride in dimethylformamide 
(DMF) (20 mL). This solution was added dropwise into 1,3- 
dibromopropane (10.63 g, 52.6 mmol) in DMF (7 mL) at room 
temperature during 10 min and further reacted for 16 h at room 
temperature with stirring. After solvent and excess dibromopro- 
pane were removed under vacuum, chloroform (60 mL) and water 
(10 mL) were added to the residual solid, and the organic layer 
was separated. The chloroform layer was washed with water 
(100 mL) and dried over magnesium sulfate. Evaporation of the 
solvent gave crude product. The crude product was recrystal- 
lized from ethanol (10 mL): mp 100.1 “C, yield 67.3%. Chemical 
shifts: 2.33 (quintet, 2 H, J = 6.4 Hz, CHZCHZCHZ), 3.61 (t, 2 H, 
J = 6.4 Hz, BrCHz), 4.15 (t, 2 H, J = 6.4 Hz, OCHZ), 6.99 (d with 
fine coupling, 2 H, J = 8.8 Hz, H,), 7.50 (d with fine coupling, 
2 H, J = 8.8 Hz, Hd), 7.61, 7.68 (two d with fine coupling, 4 H, 

4-Methoxy-4’-(3-bromopropoxy)biphenyl: mp 103.0 OC, 
yield 66.0%. Chemical shifts 2.32 (quintet, 2 H, J = 6.4 Hz, 
CHzCHzCHz), 3.61 (t, 2 H, J=  6.4 Hz, BrCHz), 3.82 ( ~ , 3  H, CHa), 
4.12 (t, 2 H, J = 6.4H2, OCHz), 6.94,6.95 (twod with finecoupling, 
4 H, J = 8.8 Hz, H,, Hf), 7.45, 7.46 (two d with fine coupling, 4 

4-Ethoxy-4’-(3-bromopropoxy)biphenyl mp 118.6 OC,yield 
61.0%. Chemical shifts: 1.41 (t, 3 H, J = 7.0 Hz, CHsCHn), 4.05 
(9, 2 H, J = 7.0 Hz, CHsCHz). 
4-Propoxy-4‘-(3-bromopropoxy)biphenyl: mp 129.7 OC, 

yield 33.8%. Chemical shifts: 1.03 (t, 3 H, J = 7.4 Hz, CHSCHS), 
1.81 (sextet, 2 H, JI = 7.4 Hz, JZ = 6.6 Hz, CHsCHz), 3.94 (t, 2 

4-Butoxy-4’-(3-bromopropoxy)biphenyl: mp 125.6 “C,yield 
45.3 76. Chemical shifts 0.96 (t, 3 H, J = 7.4 Hz, CHsCHn), 1.48 
(m, 2 H, CH~CHZ), 1.77 (m, 2 H, CHaCHzCHz), 3.97 (t, 2 H, J = 

Other protons of these compounds appeared at the correspond- 
ing positions with 4-methoxy-4’-(3-bromopropoxy)biphenyl. 
4-Fluoro-4’-(3-bromopropoxy)biphenyl. The product was 

separated and purified by column chromatography (eluent, 
chloroform; R! = 0.67): liquid, yield 73%. Chemical shifts: 2.32 
(quintet, 2 H, J = 6.0 Hz, CHZCH~CH~), 3.61 (t, 2 H, J = 6.0 Hz, 
BrCHa),4.13(t,2H, J= 6.0Hz,OCH~),6.95(dwithfinecoupling, 
2 H, J = 8.8 Hz, Hc), 7.08 (t with fine coupling, J = 8.8 Hz, Hf), 
7.45 (d with fine coupling, 2 H, J = 8.8 Hz, Hd), 7.47 (q with fine 
coupling, 2 H, J1 = 8.8 Hz, 52 = 5.4 Hz, He). 

The tosylate or bromides were converted into monomers by 
the formation of ether linkage. 

34  [ (4-Cyanobiphenyl-4’-yl)oxy]methyl]-3-methyloxe- 
tane (OX-CN-0). 34 (Tosyloxy)methyl]-3-methyloxetane (1.37 

J = 6.6 Hz, CHzOCHzCHz). 

J = 7.8 Hz, He, Hf). 

H, J = 8.8 Hz, Hd, He). 

H, J = 6.6 Hz, CHsCH2CH2). 

6.6 Hz, CH&HzCHzCHz). 

temperature is given at the point where transition starts. For 
the samples that have multiple transitions, peak temperatures 
are given. The temperature was calibrated by the use of indium 
and tin metals as the standard (156.6 “C for indium and 231.9 
O C  for tin). 

Optical polarization micrographs were taken on a Nikon optical 
polarization micrograph Model OPTIPHOTO-POL equipped 
with Mettler thermal analysis system Model FP800 with FP82 
hot stage with FP 80 controller. In observing the texture of the 
samples, they were slowly cooled from isotropic state to a little 
lower temperature than the peak temperature and annealed at 
the constant temperature. Pictures were taken at appropriate 
intervals. 

Synthesis of Monomers. Column chromatography was 
carried out on silica gel. 

4-Cyano- or 4-Fluoro-4’-hydroxybiphenyl. Commercial 
4-cyan04-hydroxybiphenyl (mp 192.4 OC) and 4-fluoro-4’-hy- 
droxypbiphenyl (mp 168.8 “C) were purified by recrystalliza- 
tion. 

4-Alkoxy-4‘-hydroxybiphenyls were synthesized by alkylat- 
ing 4,4’-dihydroxybiphenyl with dialkyl sulfate. 
4-Methoxy-4’-hydroxybiphenyl. 4,4’-Dihydroxybiphenyl 

(74.48 g, 0.40 mol) was dissolved into 10% aqueous sodium 
hydroxide solution (400 mL) under cooling. To this solution, 
dimethyl sulfate (50.45 g, 0.40 mol) was added dropwise during 
3 h at 0 O C .  Formed solid was separated by suction and heated 
with 10% sodium hydroxide solution (500 mL). Finally, the 
mixture was boiled for a short period of time. Formed solid 
upon cooling was collected by filtration and again dissolved in 
boiling water (2000 mL). The solution was filtered while hot, 
and the filtrate was acidified with 20% hydrochloric acid at 70 
OC. Formed solid on cooling was collected and purified by 
repeated recrystallization from ethanol: mp 183 OC, yield 56.4%. 
Chemical shifts: 3.82 (8 ,  3 H, CH3), 6.86 (d with fine coupling, 
2 H, J = 8.8 Hz, HJ, 6.93 (d with fine coupling, 2 H, J = 8.8 Hz, 
Hf), 7.40 (d with fine coupling 2 H, J = 8.8 Hz, Hd), 7.45 (d with 
fine coupling, 2 H, J = 8.8 Hz, Ha). 
4-Ethoxy-4’-hydroxybiphenyl: mp 166 OC, yield 66.8%. 

Chemical shifts: 1.41 (t, 3 H, J = 6.9 Hz, CH3), 4.05 (q, 2 H, J 

4-Propoxy-4‘-hydroxybiphenyl: mp 134 OC, yield 21.4%. 
Chemical shifts: 1.02 (t, 3 H, J = 7.6 Hz, CH3), 1.80 (m, 2 H, J 

4-Butoxy-4’-hydroxybiphenyl: mp 168 OC, yield 45.8%. 
Chemical shifts: 0.96 (t, 3 H, J = 7.4 Hz, CHs), 1.49 (m, 2 H, J 
= 7.2 Hz,CH3CHz), 1.77 (m,2 H , J =  7.2 Hz,CH3CHzCHz),3.97 

Other protons of these compoundsappeared at the correspond- 
ing positions with 4-methoxy-4’-hydroxybiphenyl. 

34 Hydroxymethyl)-3-methyIoxetane was synthesized from 
2-(hydroxymethyl)-2-methyl-1,3-propanedi01,~~ yield 67.1 % . 

3-(Hydroxymethyl)-3-methyloxetane was tosylated with to- 
syl chloride or alkylated with a,w-dibromoalkane. 

34 (Tosyloxy)methyl]-3-methyloxetane. To the aqueous 
solution (16 mL of water) of 3-(hydroxymethyl)-3-methyloxe- 
tane (1.82 g, 17.8 mmol) and sodium hydroxide (4.0 g, 0.10 mol) 
was added dropwise tosyl chloride (4.75 g, 24.9 mmol) in tet- 
rahydrofuran (THF, 16 mL), and the mixture reacted for 2 h at 
room temperature. After THF was removed under reduced 
pressure, the product was isolated by extraction with ether three 
times (50 mL). The crude product was purified by column chro- 
matography (eluent hexane:ether = 1:4, Rf = 0.6 for ether): mp 
56.9 OC, yield 84%. Chemical shifts: 1.28 (s,3 H, CHs), 2.44 (8, 

4.35 (d, 1 H, J = 1, 2 Hz, Hb), 7.35, 7.79 (two d, J = 8.6 Hz, 
aromatic protons). 
3-[(4-Bromobutoxy)methyl]-3-methyloxetane (m = 4). A 

two-phase system composed of dibromobutane (10.04 g, 46.5 
mmol) in hexane (15 mL) and 3-(hydroxymethyl)-3-methylox- 
etane (1.55 g, 15.2 mmol), sodium hydroxide (10.0 g, 0.25 mol), 
and tetrabutylammonium bromide in water (20 mL) was stirred 
over night at room temperature and heated to reflux under stirring 
for 0.5 h. After the reaction system was cooled to room tem- 
perature, water (30 mL) was added, and the organic layer was 

= 6.9 Hz, CHaCHz). 

7.2 Hz, CH~CHZ), 3.93 (t, 2 H, J = 7.2 Hz, CHaCHzCH2). 

(t, 2 H, J = 7.2 Hz, CH~CHZCH~CHZ). 

3 H, CaHJYfs), 4.09 ( ~ $ 2  H, OCHz), 4.31 (d, 1 H, J 1.2 Hz, Ha), 
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g, 5.33 mmol) in dimethyl sulfoxide (DMSO) (10 mL) was added 
dropwise into the solution of 4-hydroxy-4‘-cyanobiphenyl (0.95 
g, 4.87 mmol) and potassium tert-butoxide (0.83 g, 7.40 mmol) 
in DMSO (30 mL) during 10 min. The reaction mixture was 
stirred for 24 h at room temperature. After 1 day, the solvent 
was removed under reduced pressure and the remaining crude 
product was resolved in chloroform (50 mL). The reaction system 
was neutralized with dilute hydrochloric acid and extracted three 
times with chloroform (30 mL each). The combined organic layer 
was washed with water (20 mL) and dried over magnesium sulfate. 
Product was isolated by column chromatography (eluent ether: 
hexane = 1:l;Rf = 0.2) after the removal of thesolvent. Chemical 
shifts: 1.44 (a, 3 H, CHs), 4.06 (8.2 H, C(CH&Hz), 4.46 (d, 2 H, 
J = 5.8 Hz, H.), 4.62 (d, 2 H, J = 5.8 Hz, Hb), 7.02 (d with fine 
coupling, 2 H, J = 8.8 Hz, H,), 7.53 (d with fine coupling, 2 H, 
J = 8.8 Hz, Hd), 7.62, 7.69 (two d with fine coupling, 4 H, J = 
7.8 Hz, He, Hi). 

3-[ [ (4-Fluorobiphenyl-4’-yl)oxy]methyl]-3-methyloxe- 
tane (OX-F-0). The product was separated and purified by 
column chromatography (eluent hexane:ether:chloroform = 2:l: 
1; R, = 0.18). Chemical shifts. 6.98 (d with fine coupling, 2 H, 
J = 8.8 Hz, H,), 7.08 (t with fine coupling, 2 H, J = 8.8 Hz, Hf), 
7.46 (d with fine coupling, 2 H, J = 8.8 Hz, Hd), 7.48 (q with fine 
coupling, 2 H, J1 = 8.8 Hz, JZ = 5.4 Hz, HA. Other protons of 
this monomer appeared at the corresponding positions with OX- 

Monomers with three methylene spacer were synthesized 
through the formation of ether linkage between 34hydroxym- 
ethyl)-3-methyloxetane and 4-substituted-4’-( 3-bromopropoxy)- 
biphenyl. 

3 4 3 4  (4-Methoxybiphenyl-4’-yl)oxy]propoxy]methyl~-3- 
methyloxetane (OX-1-3). To an aqueous solution of 50% 
sodium hydroxide (1.2 g, 15 mmol) and tetrabutylammonium 
bromide (0.014.5 g, 0.045 mmol), were added 4-methoxy-4’43- 
bromopropoxy)biphenyl (0.30 g, 0.93 mmol) and 3-(hydroxym- 
ethyl)-3-methyloxetane (0.97 g, 9.57 mmol) dropwise as a THF 
(3 mL) solution during 10 min. The reaction system was allowed 
to react for a further 2 h under the refluxing condition of the 
system. After 2 h, the reaction system was cooled to room tem- 
perature. After the removal of THF, the water layer was extracted 
three times with chloroform (40 mL each), and the combined 
organic solution was washed with 5% hydrochloric acid (30 mL) 
followed by water (30 mL). The product was isolated by column 
chromatography (eluent hexane:ether:chloroform = 2l: l ;  Rf = 
0.2) after drying and evaporating the solvent. Chemical shifts: 
1.28 (8, 3 H, CHs), 2.06 (quintet, 2 H, J = 6.2 Hz, CHZCHZCHZ), 

3.82 (a, 3 H, OCH3), 4.08 (t, 2 H, J = 6.0 Hz, OCHz), 4.33 (d, 2 
H, J = 5.8 Hz, H,), 4.50 (d, 2 H, J = 5.8 Hz, Hb), 6.94 (overlapped 
d with fine coupling, 4 H, J = 8.8 Hz, H,, Hf), 7.44, 7.46 (two d 
with fine coupling, 2 H, J = 8.8 Hz, Ha, He). 

3 4 3 4  (4-Ethoxybiphenyl-4’-yl)oxy]propoxy]methyl)-3- 
methyloxetane (OX-2-3). Chemicalshifta: 1.41 (t, 3 H, J= 6.9 

3-([3-[ (4-Propoxybiphenyl-4’-yl)oxy]propoxy]methyl)-3- 
methyloxetane (OX-3-3). Chemical shifts: 1.03 (t, 3 H, J= 6.9 
Hz, CHsCHz), 1.80 (sextet, 2 H, J1 = 6.6 Hz, 5 2  = 7.4 Hz, CH&HZ), 

3434 (4-Butoxybiphenyl-4’-yl)oxy]propoxy]methyl]-3- 
methyloxetane (OX-4-3). Chemicalshifts: 0.96 (t, 3 H, J = 6.9 
Hz, CHsCHz), 1.48 (m, 2 H, CHsCHz), 1.77 (m, 2 H, CH~CHZCHZ), 

Other protons of these monomers appeared at the correspond- 
ing positions with OX-1-3. 

3 4  34 (4-Cyanobiphenyl-4’-yl)oxy]propoxy]methyl]-3- 
methyloxetane (OX-CN-3). R, = 0.18; eluent hexane:ether: 
chloroform = 2:l:l. Chemical shifts: 1.28 (s, 3 H, CH3), 2.08 
(quintet, 2 H, J = 6.0 Hz, CHaCH2CH2), 3.48 (a, 2 H, C(CHdCH2), 
3.65 (t, 2 H, J 6.0 Hz, CH~OCHZCHZ), 4.11 (t, 2 H, J = 6.0 Hz, 
OCHz), 4.33 (d, 2 H, J = 5.8 Hz, H,), 4.50 (d, 2 H, J = 5.8 Hz, 
Hb), 6.98 (d with fine coupling, 2 H, J = 8.8 Hz, Hc), 7.51 (d with’ 
fine coupling, 2 H, J = 8.8 Hz, Hd), 7.61, 7.68 (two d with fine 
coupling, 4 H, J = 7.8 Hz, H,, Hi). 

343-1 (4-Fluorobiphenyl-4’-yl)oxy]propoxy]methyl~-3-me- 
thyloxetane (OX-F-3). R, = 0.18; eluent hexane:ether: 
chloroform = 2:l:l). Chemical shifts: 4.09 (t, 2 H, J = 6.0 Hz, 

CN-O. 

3.49 ( ~ , 2  H, C(CHa)CH2), 3.65 (t, 2 H, J = 6.0 Hz, CHzOCHzCHz), 

Hz, CHsCHz), 4.05 (4, 2 H, J 6.9 Hz, CH3CHz). 

3.93 (t, 2 H, J = 6.9 Hz, CHsCH2CH2). 

3.97 (t, 2 H, J 6.9 Hz, CHsCHzCHzCHz). 
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OCHz), 6.94 (d with fine coupling, 2 H, J = 8.8 Hz, Hc), 7.08 (t 
with fine coupling, 2 H, J = 8.8 Hz, Hf), 7.44 (d with fine coupling, 
2 H, J = 8.8 Hz, Ha), 7.47 (q with fine coupling, 2 H, 51 = 8.8 Hz, 
JZ = 5.4 Hz, He). Other protons of this monomer appeared at 
the corresponding positions with OX-CN-3. 

Monomers with four and five methylene spacer were synthe- 
sized through the formation of an ether linkage between 3-[(4- 
bromobutoxy)methyl]-3-methyloxetane or 34 [ (5-bromopenty1)- 
oxy]methyl]-3-methyloxetane and 4-substituted-4’-hydroxy- 
biphenyl. 

3-([4-[ (4-Methoxybiphenyl-4’-yl)oxy]butoxy]methyl)-3- 
methyloxetane (OX-1-4). To sodium hydride (0.030 g, 1.2 
mmol) dispersed in DMF (5 mL), was added 4-methoxy-4‘-hy- 
droxybiphenyl (0.20 g, 0.93 mmol) portionwise. The reaction 
system was stirred for 30 min at room temperature and for a 
further 10 min at 60 OC. To this solution, 3-[(4-bromobutoxy)- 
methyl]-3-methyloxete (0.30 g, 1.3 mmol) in DMF (5 mL) was 
added dropwise during 10 min, and the reaction system was stirred 
for 3 hat  room temperature. After 3 h, DMF was removed under 
vacuum, and chloroform (50 mL) and water (30 mL) were added 
to the residual solid. The chloroform layer was separated and 
washed with aqueous sodium carbonate (30 mL). The product 
was isolated by column chromatography after drying and 
evaporating the solvent (eluent hexane:ether:chloroform = 2:l: 
1; R, = 0.3). Chemical shifts: 1.29 (s, 3 H, CHs), 1.82 (m, 4 H, 

Hz, CHz0CH2CHz), 3.82 (s,3 H, OCH3), 4.00 (t, 2 H, J = 6.0 Hz, 

Hb), 6.92,6.93 (two d with fine coupling, 4 H, J = 8.8 Hz, H,, Hi), 
7.44, 7.46 (two d with fine coupling, 2 H, J = 8.8 Hz, Hd, &). 

3 4 4 4  (4-Ethoxybiphenyl-4’-yl)oxy]butoxy]methyl~-3- 
methyloxetane (OX-2-4). Chemicalshifts: 1.41 (t, 3 H, J = 6.9 

3 4 4 4  (4-Propoxybiphenyl-4’-yl)oxy]butoxy]methyl)-3- 
methyloxetane (OX-3-4). Chemicalshifts: 1.03 (t, 3 H, J = 6.9 
Hz, CHSCHZ), 1.82 (m, 6 H, CHaCHZ, CHZCHZCHZCHZ), 3.93 (t, 

3 4 4 4  (4-Butoxybiphenyl-4’-yl)oxy]butoxy]methyll-3- 
methyloxetane (OX-4-4). Chemical shifts: 0.96 (t, 3 H, J = 7.2 
Hz, CH&Hz), 1.48 (sextet, 2 H, J = 7.2 Hz, CH~CHZ), 1.78 (m, 

CH~CH~CHZCHZ), 3.47 ( ~ , 2  H, C(CH3)CH2), 3.54 (t, 2 H, J=  6.0 

OCHz), 4.34 (d, 2 H, J = 5.8 Hz, Ha), 4.50 (d, 2 H, J 5.8 Hz, 

Hz, CHaCHz), 4.05 (4, 2 H, J 6.0 Hz, CH3CH2). 

2 H, J = 6.9 Hz, CHsCH2CHz). 

6 H, CHsCH2CH2, CH~CHZCHZCH~), 3.97 (t, 2 H, J = 6.9 Hz, 
CH~CH~CH~CHZ), 4.00 (t, 2 H, J = 6.0 Hz, OCHz). 

Other protons of these monomers appeared at the correspond- 
ing position with OX-1-4. 

3 4 4 4  (4-Cyanobiphenyl-4’-yl)oxy]butoxy]methyl]-3- 
methyloxetane (OX-CN-4). R, = 0.18; eluent hexane:ether: 
chloroform = 2:l:l). Chemical shifts: 1.29 (a, 3 H, CHs), 1.80 (m, 
4 H, CHZCH~CH~CH~), 3.47 (8, 2 H, C(CHs)CHz), 3.54 (t, 2 H, 
J = 6.0 Hz, CHZOCH~CHZ), 4.03 (t, 2 H, J=  6.0 Hz, OCHz), 4.34 
(d, 2 H, J = 5.8 Hz, Ha), 4.50 (d, 2 H, J = 5.8 Hz, Hb), 6.97 (d 
with fine coupling, 2 H, J = 8.8 Hz, H,), 7.51 (d with fine coupling, 
2 H, J = 8.8 Hz, Hd), 7.61, 7.68 (two d with fine coupling, 4 H, 

3 4 4 4  (4-Fluorobiphenyl-4’-yl)oxy]butoxy]methyl]-3- 
methyloxetane (OX-F-4). R, = 0.18; eluent hexane:ether: 
chloroform = 2:l:l). Chemical shifts: 6.93 (d with fine coupling, 
2 H, J = 8.8 Hz, HJ, 7.07 (t with fine coupling, 2 H, J = 8.8 Hz, 
Hf), 7.44 (d with fine coupling, 2 H, J = 8.8 Hz, Hd), 7.47 (q with 
fine coupling, 2 H, Jl = 8.8 Hz, Jz = 5.4 Hz, He). Other protons 
of this monomer appeared at the corresponding positions with 

3 4  [E-[ (4-Cyanobiphenyl-4’-yl)oxy]pentyl]oxy]met hy1)-3- 
methyloxetane (OX-CN-6). Chemical shifts: 1.29 (a, 3 H, CHs), 
1.60, 1.82 (m, 4 H; quint, 2 H; CH~CHZCHZCHZCHZ), 3.46 (8, 2 

2 H, J = 5.8 Hz, Hb), 6.97 (d with fine coupling, 2 H, J = 8.8 Hz, 
H,), 7.51 (d with fine coupling, 2 H, J = 8.8 Hz, Hd), 7.61, 7.68 
(two d with fine coupling, 4 H, J = 7.8 Hz, He, Hi). 

34 [ [S-[ (4-Fluorobiphenyl-4’-yl)oxy]pentyl]oxy]methyl~- 
3-methyloxetane (OX-F-5). Chemical shifts: 1.58, 1.80 (m, 4 
H; quint, 2 H; CHZCH~CH~CH~CH~CHZ), 3.98 (t, 2 H, J = 6.0 Hz, 
OCHz), 4.50 (d, 2 H, J = 5.8 Hz, Hb), 6.93 (d with fine coupling, 
2 H, J = 8.8 Hz, HJ, 7.08 (t with fine coupling, 2 H, J = 8.8 Hz, 
Hf), 7.44 (d with fine coupling, 2 H, J = 8.8 Hz, Hd), 7.47 (q with 

J = 7.8 Hz, He, Hf). 

OX-CN-4. 

H, C(CHs)CHz), 3.49 (t, 2 H, J = 6.0 Hz, CHZOCH~CHZ), 4.00 (t, 
2 H, J = 6.0 Hz, OCHz), 4.34 (d, 2 H, J 5.8 Hz, Ha), 4.56 (d, 
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Table I1 
Polymerization of Merogenic Monomers. by Boron 

Trifluoride Ether Complex 
concn, BFsOEb, yield, Mwb M,, 

monomer mol/L mol % % X1oS X l o S  M J M .  

Table I 
Synthesis of Monomers. 

yield, transition, 
X n m % " C' 

O(CH2)nH 1 3 37.7 65.6 
2 3 37.4 77.1 
3 3 35.7 81.4 
4 3 46.7 93.5 
1 4 40.4 71.4 
2 4 97.1 (54.0,86.5) 

79.w 
3 4 82.8 (56.6,90.3) 

85.9 
4 4 69.7 (55.0,91.2) 

CN 0 66.0 97.8 
3 31.7 d 
4 92.2 48.1 
5 67.8 49.4 

F 0 88.2 77.7 
3 24.4 d 
4 65.3 42.7 
5 72.2 d 

a X, n, and m indicate the substituent on the biphenyl ring, the 
number of carbon atoms in the alkoxy substituent, and the number 
of carbon atoms of the methylene groups in the spacer (see Scheme 
I). d Determined by DSC. Values in parentheses are temperatures 
at peak. Second and repeated heating. d Liquid at room temper- 
ature. 

fine coupling, 2 H, J1 = 8.8 Hz, JZ = 5.4 Hz, He). Other protons 
of this monomer appeared at the corresponding positions with 

Polymerization. Dichloromethane was drived over calcium 
hydride and was distilled just prior to use. Freshly distilled boron 
trifluoride ether complex was used as an initiator. Polymeriza- 
tions were carried out in dichloromethane at 0 "C. Crystalline 
monomers werse dried under vacuum at 60 "C after purification 
by column chromatography. Liquid monomers, mainly mono- 
mers with three methylene spacers, were dried over calcium hy- 
dride as a dichloromethane solution. The supernatant solution 
was used. 

Polymers were purified by repeated reprecipitation. The 
absence of monomer in polymer was checked by thin-layer chro- 
matography and GPC. 

Results and Discussion 
In the synthesis of 3-[(w-bromoalkoxy)methyl]-3-me- 

thyloxetane, an excess amount of dibromoalkane was used 
in order to  avoid disubstitution of the bromoalkyl group 
by 3-(hydroxymethyl)-3-methyloxetane. Yield of the 
desired product tended to  decrease by heating a t  higher 
temperature or by prolonged heating because of the 
elimination reaction. For instance, heating the reaction 
system to reflux for 1.5 h from the initial stage of the 
reaction reduced the yield of the product to 49 (m = 4) 
and 44% (m = 3). 

Yield and melting points of monomers are tabulated in 
Table I. 

Monomers without methylene spacer were synthesized 
by the reaction of 3- [ (tosyloxy)methyl]-3-methyloxetane 
with the potassium salt of 4-functionalized-4'-hydroxy- 
biphenyl in dimethyl sulfoxide. Monomers with four or 
five methylene group were synthesized by the coupling 
reaction of 3-[ (4-bromobutoxy)- or 3-[ (5-bromopentoxy)- 
methyl]-3-methyloxetane with sodium salt of the biphe- 
nyl derivatives in dimethylformamide. Initial attachment 
of a spacer group to  the oxetane ring sometimes makes the 
separation of the product difficult, specially in the case of 
the monomer with a three methylene spacer. Coupling of 
4'-(3-bromopropyl)-4-alkoxy-, 4-cyano-, or 4-fluorobiphe- 
nyl with 3-(hydroxymethyl)-3-methyloxetane under phase 
transfer condition was employed. Reasonable yield was 
obtained. 

OX-CN-5. 

OX-1-3 1.4 1.15 68.0 46.8 11.8 3.9 
OX-2-3 1.1 1.80 83.3 15.5 6.8 2.3 
OX-3-3 1.2 1.41 59.8 14.6 6.6 2.2 
OX-4-3 0.89 1.14 70.0 24.4 11.0 2.2 
OX-1-4 2.1 1.67 96.0 36.1 12.8 2.8 
OX-2-4 0.93 1.01 59.3 22.6 9.5 2.4 
OX-3-4 1.2 1.21 68.2 13.4 6.1 2.2 
OX-4-4 1.1 0.97 57.2 15.0 7.5 2.0 
OX-(1-4-~0-2-4) 1.3 1.22 64.7 16.2 7.5 2.1 
OX-(3-3-~0-3-4) 1.4 1.56 83.7 20.8 9.3 2.2 
OX-CN-0 1.0 1.00 43.0 16.6 10.7 1.6 
OX-CN-3 0.76 1.00 48.9 39.3 16.6 2.4 
OX-CN-4 2.7 1.20 38.4 85.2 38.5 2.2 
OX-CN-5 1.0 1.00 33.9 23.0 13.0 1.8 
OX-F-0 1.0 1.00 91.2 c C C 
OX-F-3 0.43 0.91 92.0 16.7 8.3 2.0 
OX-F-4 1.0 1.00 99.3 45.6 26.6 1.7 
OX-F-5 1.0 1.00 88.2 29.4 13.3 2.2 

a Solvent, CHZClp, temp, "C; time, 20-28 h. Estimated by GPC, 
correlatingtostandardpolystyrene. Not soluble inordinarysolvent. 

Monomers OX-2-4 and OX-4-4 showed two thermal 
transitions in DSC analyeis and showed a mesophase under 
cross-polarized light; however, the phase could not be 
identified. Other monomers showed only one transition 
temperature and did not show a mesophase. Steric 
hindrance of the oxetane ring may make i t  difficult for the 
monomers with a short spacer to take a liquid crystalline 
state. Long spacer and alkoxy tail groups might be needed 
to take a liquid crystalline state. 

The results of polymerization by BFrOEt2 as an initiator 
are shown in Table 11. 

All monomers gave reasonable to good yields in the po- 
lymerization. Cyano-substituted monomers gave the 
polymers in rather low yield. The reason is not clear, but 
the cyano group might act as a weakly basic group to 
suppress cationic polymerization. Fluorine-substituted 
monomer can be easily polymerized under cationic con- 
ditions. 

In the GPC chromatogram of polymers before purifi- 
cation, a low molecular weight fraction was sometimes 
observed. Cyclic oligomers may have been produced.16J7 
Such an oligomer fraction was removed by reprecipita- 
tion. 

Polymers had the expected chemical structure formed 
by ring-opening polymerization of monomers as studied 
by 13C NMR. 

Typical examples are given for polyOX-CN-4, polyOX- 

Poly[ 34 [ 4-[ (4-cyanobiphenyl-4'-yl)oxy]butoxy]- 
methyll-3-methyloxetanel (PolyOX-CN-4). Chemical 
shifts: lH NMR 0.88 (br s, 3 H, C&), 1.60-1.89 (m, 4 H, 
CH2CH2CH2CH2), 3.16 (br s,4 H, CH2CCH20 main chain), 
3.22 (br s, 2 H, C(CH&Y2) ,  3.38 (m, 2 H, CHZOCH~CHZ), 
3.92 (t, 2 H, J = 5.8 Hz, OCHz), 6.88 (d, 2 H, J = 8.8 Hz, 
HJ, 7.42 (d, 2 H, J 8.8 Hz, Hd), 7.52, 7.59 (two d, 4 H, 
J 8.6 Hz, He, Hf); l3C NMR 17.66 (Cl) ,  26.37 (C6, C7), 
41.50 (C2), 68.09 (C3), 71.26, 73.77 (C4, C5), 74.55 (C8), 
110.47 (ClS), 115.35 (ClO), 119.34 (C17), 127.34 (C14), 
128.67 (Cl l ) ,  131.67 (C12), 132.95 (C15), 145.44 (C13), 
160.13 (C9). 

Poly[3-{[4-[ (4-Fluorobiphenyl-4'-yl)oxy]butoxy]- 
methyl]-3-methyloxetane] (PolyOX-F-4). Chemical 
shifts: lH NMR 6.84 (d, 2 H, J = 8.8 Hz, He), 7.00 (t, 2 
H, J = 8.8 Hz, Hf), 7.34 (d with fine coupling, 2 H, J = 8.8 
Hz, Hd), 7.38 (q with fine coupling, 2 H, J = 8.8 Hz, He); 

F-4, and poly(0X-F-5). 
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50 85 120 155 I90 
Temp.("C) 

Figure 1. DSC curves of the polyOX-n-3 series having a three 
methylene spacer (m = 3). Numbers in the figure indicate the 
number of carbon atoms in the alkoxy group (n). 

H 
50pm 

Figure 2. Optical polarization micrograph of polyOX-2-3 
annealed at 142.0 "C for 20 min. 

13CNMR115.10 (ClO), 115.86 ( d , J =  21.4Hz,C15), 128.30 
(Cl l ) ,  128.47 (d, J = 8.2 Hz, C14), 132.96 (C12), 137.26 
(C13), 159.05 (CS), 162.52 (d, J = 244.9 Hz, Cl6). Other 
signals appeared a t  quite similar positions to  those of poly- 

Poly[3-l[ [5-[ (4-fluorobiphenyl-4'-yl)oxy]pentyl]- 
oxylmet hyl)-3-methyloxetane] (PolyOX-F-5). Chem- 
ical shifts: *H NMR 1.37-1.83 (m, 6 H, CH2CH2CH2CH2- 
CH2), 3.33 (m, 2 H, CH20CH2CH2), 3.88 (t,  2 H, J = 5.8 
Hz, OCH2). Other signals appeared a t  quite similar 
positions to those of poly(0X-F-4). 

In the lH NMR spectra of the polymers, a very weak 
signal assignable to ethoxy group was observed a t  1.20 (t, 
J = 7.2 Hz) and 3.46 (9, J = 7.2 Hz) ppm. Initiation not 
only by a proton but also by an ethyl group may have 
occurred. Further study is needed to  elucidate the real 
reaction mechanism. 

Monomers with similar substituents on the biphenyl 
ring showed almost identical reactivity to  each other in 
the polymerization. A copolymer having almost the same 
composition as the monomer feed was obtained in the 
copolymerization reaction of alkoxy-substituted biphe- 
nyl monomers. 

Molecular weights and molecular weight distributions 
of polymers are reasonably high and narrow. The proper 
choice of an initiator may give better defined polymers. 

A typical DSC curve and optical polarization micro- 
graphs of polyOX-2-3 are shown in Figures 1 and 2. Only 
one thermal transition was observed in the DSC. Although 
some organized phase was observed in the optical polar- 

(OX-CN-4). 

50 90 130 170 210 
Temp.("C) 

Figure 3. DSC curves of the polyOX-n-4 series having a four 
methylene spacer (m = 4). Numbers in the figure indicate the 
length of the alkoxy group (n). 

Table I11 
Thermal Behavior of PoIYOX'B 

texture 
DSC (heatingP under optical 

T,. transition. polarization 
polymer O C  "C microscopy 

p~lyOX-1-3 
p0lyOX-2-3 
pol yOX-3-3 

p0lyOX-1-4 
p0lyOX-2-4 
pol yOX-3-4 
pol yOX-4-4 
p0lyOX-( 1-4-co-2-4) 
polyOX-(3-3-c0-3-4) 
PolyOX-CN-0 
p01yOX-CN-3 
p01yOX-CN-4 
p01yOX-CN-5 
Poly OX-F-0 
p01yOX-F-3 
p01yOX-F-4 
p01yOX-F-5 

p01yOX-4-3 

103 115 
c 147 
c 149 
c 148 
c 139 
c (148, 154) 
c (120, 125, 136, 146) 
108 (145, 151) 
c 139 
c (139, 146) 
c 9 6  
33 c 
c 8 4  
16 96 
c 150 
c 72 
c 103 
c 9 0  

ndb 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
C 
C 

fan 
fan 

nd 
fan 
fan 

C 

a Values on second heating. Values in parentheses are temper- 
atures at peak. nd, phase could not be determined. Did not show. 

ization micrograph below the transition temperature, no 
conclusion as to whether i t  was a mesophase or not be 
drawn. Similar behavior was observed for polyOX-1-3, 
polyOX-3-3, and polyOX-43 with three methylene spacers. 
PolyOX-1-4 showed only one transition like polyOX-n-3 
having a three methylene spacer. Two or more thermal 
transitions were seen in the DSC for polyOX-2-4, polyOX- 
3-4, and polyOX-4-4 or for copolymers having four me- 
thylene spacers as typically shown in Figure 3. Thermal 
behavior of the polymers are tabulated in Table 111. 

In contrast to polyOX-1-12, which showed quite a similar 
structure to the polyOX-n-3 series, which has three me- 
thylene spacer, polyOX-2-4 showed a smaller texture as 
shown in Figure 4; however, concrete phases could not be 
identified by the optical polarization micrograph. 

It was found that  polyoxetane acts as a possible main- 
chain component for a side-chain liquid crystalline polymer 
with alkoxy-functionalized biphenyl as the mesogenic 
group. However, a definite conclusion as to whether the 
polymers really show a liquid crystalline state or not could 
not be drawn. Further study is needed to find a suitable 
condition for obtaining the liquid crystalline state. 

It is generally admitted that a polar cyano group on the 
mesogenic group gives a better organized phase than an 
alkoxy group.' In the polyoxetane main chain polymers, 
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H 
50pm 

Figure 4. Optical polarization micrograph of polyOX-2-4 
annealed a t  149.9 "C for 30 min. 
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Figure 7. Optical polarization micrograph of polyOX-CN-4 
annealed a t  82.5 "C for 6.5 h. 

-4 0 20 80 140 200 
Temp.(%) 

Figure 5. DSC curves of the polyOX-CN-m series. Numbers 
in the figure indicate the length of the methylene spacer (m). 

I-----+ 
50pm 

Figure 6. Optical polarization micrograph of polyOX-CN-4 
annealed a t  82.5 "C for 30 min. 

polyOX-CN-0 and polyOX-CN-3 did not show any thermal 
transition other than the glass transition temperature in 
the DSC as shown in Figure 5. No liquid crystalline state 
was observed either, in the optical polarization micrograph. 
Contrary to this, polyOX-CN-4 and polyOX-CN-5 showed 
discrete transitions starting a t  84 and 96 "C, respectively, 
and discrete mesophase structures in both the cooling and 
the heating processes. Typical change of the mesophase 
structure seen in optical polarization micrograph is shown 
in Figures 6-10. The batonett structure formed a t  82.5 
or 96.5 "C in about 30 min was changed into a well- 
developed fanlike focal conic structure under further 
annealing. A well-developed smectic phase was considered 
to be taken. 

Compared with the fact that  six methylene and ester 
functions are needed to form a nematic phase even for 
polyacrylate with cyanobiphenyl or alkoxybiphenyl me- 
sogenic group,l a shorter spacer, namely, a four methyl- 
ene and ether function, was enough for polyoxetane with 

H 
50pm 

Figure 8. Optical polarization micrograph of polyOX-CN-4 
annealed a t  82.5 "C for 2 days. "-- 

-*- * -  

i 
50pm 

Figure 9. Optical polarization micrograph of polyOX-CN-5 
annealed a t  96.5 "C for 20 min. 

cyano-substituted biphenyl as the mesogenic group to  form 
a more ordered smectic phase. In such polymers, the main- 
chain polyether is considerably flexible compared with 
polymethacrylate or polyacrylate, which seems to make i t  
easy to organize mesogenic groups. This is the first 
example in which polyoxetane was used as the main chain 
of a liquid crystalline polymer. 

The structure of the mesogenic group is also one of the 
important factors in determining the mesophase structure. 
Polar and less bulky cyano-substituted biphenyl seems to 
be a good mesogenic group. The polar interaction between 
cyano-substituted biphenyls makes it easy for the meso- 
genic groups to organize. Apparently, alkoxy-substituted 
biphenyls are not good mesogenic groups for polyoxetane 
to take on well-ordered structure. 

Related to this, fluoro-substituted biphenyl was of 
interest as a possible mesogenic group. The fluorine atom 
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50pm 

Figure 10. Optical polarization micrograph of polyOX-CN-5 
annealed at 96.5 "C for 2 days. 

0 50 100 I50 200 
Temp.(OC) 

Figure 11. DSC curves of the polyOX-F-m series. Numbers in 
the figure indicate the length of the methylene spacer (m). 

50pm 
Figure 12. Optical polarization micrograph of polyOX-F-4 
annealed at 102.2 "C for 2 days. 

has a spherelike structure and might disturb the require- 
ment for the shape of the biphenyl derivative as a me- 
sogenic group. Thermal transitions of polyOX-F-m's are 
shown in Figure 11. All the polymers showed only one 
transition. 

PolyOX-F-3 showed a sanded structure. PolyOX-F-4 
took on a discrete smectic fan architecture as shown in the 
optical polarization micrograph in Figure 12. PolyOX- 
F-5, which showed a batonnet structure in the early stage 
of annealing, also took on a well-developed structure as 
shown in Figure 13, after prolonged annealing. This is 
the first example in which the fluorine atom is used as a 
tail group for a biphenyl mesogen in a liquid crystalline 
polymer. 

r- 

i i ! i 4  , ' " i  : r; ; 

t---- 
50pm 

Figure 13. Optical polarization micrograph of polyOX-F-5 
annealed at 89.2 "C for 2 days. 

It will be interesting to study further the relationship 
between the flexibility of the polymer main chain and the 
phases exhibited in light of the primary structure of 
polymers. In polyoxetane, the flexible repeating ether unit 
(CH3)CCH20CH2 seems to function partly as a spacer. 
Such a flexible main chain makes i t  easy to organize the 
mesogenic groups, even with a shorter spacer compared 
with the ordinary length required for polymethacrylate or 
polyacrylate. 

Conclusion 
It was shown that  polyoxetane can act as a main chain 

of liquid crystalline polymers by studying the relationship 
between chemical structure of polymers and the mesophase 
exhibited by the polymers. Polyoxetanes with cyanobi- 
phenyl as a mesogenic group showed a smectic liquid 
crystalline phase. Fluorobiphenyl was found to  be a novel 
and good mesogenic group for polyoxetane to take a smec- 
tic phase. 
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