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Abstract: A series of side-chain liquid crystalline copolysiloxanes containing 4-biphenyl 4-
allyloxybenzoate and [S]-1-(2-naphthyl)ethyl 6-[4-(10-undecen-1-yloxy) biphenyl-4'-carbonyloxy]-
2-naphthoate side groups was synthesized and characterized. Differential scanning calorimetry
and optical polarizing microscopy measurements reveal a cholesteric mesophase for all
copolysiloxanes. The effect of the monomer feeding ratio on the mesomorphic temperature range
of copolysiloxanes is discussed. These copolysiloxanes were used as stationary phases in gas
chromatography capillary columns. They show very unique chiral separating properties for vari-

167

ous racemic compounds.
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Introduction

Thermotropic side-chain liquid crystalline
polysiloxanes were first synthesized by Finkelmann
and Rehage [1]. Since then, nematic, smectic and
cholesteric liquid crystalline polymers, and elasto-
meric liquid crystalline networks containing
polysiloxane backbone [2-11] have been synthesized.
Some of the synthetic works summarized above have
been already reviewed [12-15]. Interest in the
polysiloxane backbone for the preparation of side-
chain liquid crystalline polymers (LCPs), comes from
the low glass transition temperature and high ther-
mostability exhibited by this class of polymers.

Recently, high temperature mesomorphic
polysiloxane "solvents" have demonstrated excellent
potential as stationary phases in gas chromatogra-
phy (GC) because of their superior properties with
regard to chromatographic efficiency and thermal sta-
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bility [16-29]. Unlike conventional stationary phases
that provide separation based on solute vapor pres-
sure and/or different solubility arising from specific
energelic interactions, liquid crystal stationary phase
yield separation is based upon differences in solute
molecular shape. Although the properties exhibited
by many monomeric liquid crystals are good from
the point of view of GC requirements, polymeric
liquid crystals are attracting growing attention be-
cause they offer significant improvements in col-
umn efficiency as well as thermal stability over mo-
nomeric liquid crystals. Many of the side-chain LCP
stationary phases tend to form nematic and smectic
phases [17-29]. Only a few cholesteric polymeric
liquid crystals have been found that exhibit good
properties as GC stationary phases. Menster et al.
reported on the LC copolysiloxanes containing cho-
lesterol benzoate and biphenyl benzoate side groups
[30]. Depending on the concentration of cholesterol
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benzoate side groups, the copolysiloxanes are able
to form nematic, cholesteric and smectic phases,
respectively. The copolymer with a broad tempera-
ture range in the cholesteric phase was found to of-
fer better performance as a stationary phase than
those with nematic and smectic phases. In a previ-
ous publication from our laboratory [31], we reported
a side-chain LC polysiloxane containing [S]-2-me-
thyl-1-butyl 6-(4-undecanyloxybiphenyl-4'-
carbonyloxy)-2-naphthoate side groups. This
polysiloxane exhibits a very wide temperature range
in the cholesteric phase and shows the excellent sepa-
ration ability for some polyaromatic hydrocarbons.
However, it exhibits no chiral resolution ability.

In this work, we introduce a large chiral end
group, i.e., [S]-1-(2-naphthyl)ethanol, so as to in-
crease the chiral resolution ability. A series of new
cholesteric liquid crystalline copolysiloxanes con-
taining 4-biphenyl 4-allyloxybenzoate and [S]-1-(2-
naphthyl)ethyl 6-[4-(10-undecen-1-yloxy) biphenyl-
4'-carbonyloxy]-2-naphthoate side groups were syn-
thesized and characterized. The copolysiloxanes
were used as GC stationary phases. Their chiral
separation properties are also demonstrated.

Experimental

1. Materials

Poly(methylhydrogensiloxane) (Mn = 2,270)
and platinum divinyltetramethyl disiloxane catalyst
were obtained from United Chemical Technologies
Inc., and used as received. 4-Hydroxybiphenyl-4'-
carboxylic acid, 4-hydroxybenzoic acid, (S)-1-(2-
naphthyl)ethanol [OL]QDOOc = -40° (¢ = 5, C,Hs;OH) and
the other reagents were obtained from Aldrich and
used as received. The toluene used in the
hydrosilation reaction was first refluxed over sodium
and then distilled under nitrogen.

2. Techniques

'H NMR spectra were recorded on a Varian
VXR-300 or Bruker 300 MHz NMR spectrometer.
Thermal transitions and thermodynamic parameters
were determined by using a Seiko SSC/5200 differ-
ential scanning calorimeter equipped with a liquid
nitrogen cooling accessory. Heating and cooling
rates were 10 °C/min. Thermal transitions reported
were collected during the second heating and cool-
ing scans. A Ziess Axiophot optical polarized mi-
croscope equipped with a Mettler FP 82 hot stage
and a FP 80 central processor was used to observe
the thermal transitions and to analyze the anisotro-
pic textures. The hydrosilylation reaction was traced
by using a Nicolet 520 FTIR spectometer. Elemen-
tal analysis was performed with a Heraeus CHN-OS
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Scheme 1. Synthesis of monomers 1M.

Rapid elemental. The specific rotations were mea-
sured in methylene chloride using a JASCO DIP-
140 digital Polarimeter (Na 589 nm).

3. Synthesis of monomers 1M and 2M

The synthesis of olefinic monomers 1M and
2M is outlined in Schemes 1 and 2. 4-Ally-
loxybenzoic acid and 4-(10-undecen-1-yloxy)biphe-
nyl-4'-carboxylic acid were synthesized according to
literature procedures reported by our laboratory [31].

3.1 4-Biphenyl 4-allyloxybenzoate (1M)

4-Allyloxybenzoic acid (3.56 g, 0.02 mol) was
reacted at room temperature with excess thionyl chlo-
ride (10 mL) containing a few frops of diethyl
formamide in methylene chloride (20 mL) for 2 h.
The solvent and excess thionyl chloride were re-
moved under reduced pressure to give the corre-
sponding acid chloride. The acid chloride was fur-
ther dissolved in 20 mL of methylene chloride and
slowly added to a cold colution of 4-hydroxybiphenyl
(3.4 g, 0.02 mol) and triethylamine (5.0 mL) in 100
ml of methylene chloride. The resulting solution
was stirred at room temperature overnight. After
the solvent was removed on a rotavapor, the crude
product was recrystallized from a mixture of diethyl
ether and acetone (1/1) to yield 3.21 g (46.8%) of
white crystals. m.p. = 136.0 °C; '"H NMR (CDCls, §,
ppm): 4.65 (1, 2H, ~O—CH,-), 5.48 (m, 2H, CH,=),
6.07 (m, 1H, =CH-), and 7.03~8.19 (m, 13 aromatic
protons). Anal. Cal. For C5,H;303; C: 80.00% and
H: 5.45%; Found C: 79.87% and H: 5.44%.

3.2 6-Methoxycarbonloxy-2-naphthoic acid
To a 150 mL of Sodium hydroxide (5.8 g,
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Scheme 2. Synthesis of monomer 2M.

0.145 mol) aqueous solution which was maintained
at -10°°C, 6-hydroxy-2-naphthoic acid (9.4 g, 0.05
mol) was added with vigorous stirring. Methyl
chloro-formate (7.7 g, 0.0815 mol) was then added
slowly to the resulting supersion which was main-
tained at -5 °C. The resulting slurry was stirred for
a further 4h and brought to pH 5 by the addition of
a 1/1 mixture of conc. hydrochloric acid and water.
- The precipitate was filtered , washed with water and
recrystallized from ethanol to yield 11.9 g (96.7%)
of white crystal. m.p. = 215.1 °C; 'H NMR (CDCls;,
8, ppm): 3.96 (s, 3H, —O—-CH;) and 7.24~8.69 (m, 6
aromatic protons).

3.3 [S]-1-(2-Naphthyl)ethyl 6-methoxycarbonyloxy-
2-naphthoate

6-Methoxy carbonyloxynaphthoic acid (0.984
g, 0.004 mol) was reacted at room temperature with
excess thionyl chloride (3 mL) for 1h in methylene
chloride (10 mL) and then added a few drops of
dimethyl formamide was added at 60 °C for 3 hr.
The solvent and excess thionyl chloride were re-
moved under reduced pressure to give the corre-
sponding acid chloride. The product was further
dissolced in 5 mL of THF and slowly added to a
cold solution of [S]-1-(2-naphthyl) ethanol (0.688
g, 0.004 mol) and dry pyridine (3.2 mL) in 7 mL of
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THF. The resulting solution was stirred at room
temperature overnight. Then the solvent was re-
moved on a rotavapor, and the crude product was
purified by column chromatography (silica gel, me-
thylene chloride as eluent) to yield 0.6 g (37.5%) of
white crystal. [a]3 € = +170.4° (¢ = 0.01, CH,Cl,),
m.p. = 100.3 °C; 'H NMR (CDCls, §, ppm): 1.82
(d, 3H, -C'-CHa), 3.97 (s, 3H, —-O-CH3), 6.37
(g, 1H, —-O—C"H-) and 7.26~8.65 (m, 13 aromatic
protons).

3.4 [S]-1-(2-Naphthyl)ethyl 6-hydroxy-2-naphthoate
[S]-1-(2-Naphthyl)ethyl 6-methoxycarbonyloxy-
2-naphthoate

(0.6 g, 0.0015 mol) was stirred in a mixture of
ethanol (18 mL) and ammonia (10~15%, 9 mL) at
room temperature for 1 h. The extent of the reac-
tion was monitored by thin layer chromatography.

After the reaction was complete (usually 30 min),

the solution was concentrated by rotavapor. The

residue was recrystallized from a mixture of aceto-
nitrile and water (1/1) to yield 0.76 g (74.1%) of
yellow crystal. [0]>C = +196.9° (c = 0.01, CH,Cl,),

m.p. = 166.0 °C; 'H NMR (CDCls, §, ppm): 1.81

(d, 3H, -C"-CHa), 5.25 (s, 1H, -OH), 6.36 (q, 1H,

—-O-C'H-) and 7.14~8.58 (m, 13 aromatic protons).

3.5 [S}-1-(2-Naphthyl)ethyl6-[4-(10-indecen-1-
yloxy)biphenyl-4'-carbonyloxy]-2-na[hthoate
(2M)

4-(10-Undecen-1-yloxy) biphenyl-4'-carboxylic
acid (1.274 g, 0.0035 mol) was reacted with excess
thionyl chloride (2 mL) to from acid chloride. The

obtained acid chloride was esterified with [S]-1-(2-

naphthyl)ethyl 6-hydroxy-2-naphthoate (0.992 g,

0.0029 mol) to form monomer 2M. Details of the

synthetic procedure are similar to the synthetic pro-

cedures of monomer 1M. The crude product was
purified by column chromatography (silica gel, ethyl

acetate/n-hexane=1/1 as eluent) to yield 0.94 g (47%)

of white crystal. [a]2 = +120.9° (¢ = 0.01,

CH,Cl,), m.p. = 154.4 °C; 'H NMR (CDCls, 8, ppm):

1.24~1.77 (m, 17H, —CH,— and —CH3), 1.98 (m, 2H,

=CH-CH,-), 3.95 (t, 2H, -O-C-CH,-C=), 4.78~

4.95 (m, 2H, =CH,), 6.32 (q, 1H, —C"H-), and

6.93~8.62 (m, 21 aromatic protons). Anal. Cal. for

C47H460s; C: 81.74%, H: 6.67%, and O: 11.59%;

Found C: 81.70%, H: 6.65%, and O: 11.65%.

4. Synthesis of polysiloxanes 1P-4P

The synthesis of liquid crystalline polysiloxanes
1P-4P is outlined in Scheme 3. A general synthetic
procedure is described below. '

An olefinic mixture (0.5 g, 10 mol% excess
versus the Si-H groups present in polysiloxane) was
dissolved in 50 mL dry, freshly distilled toluene to-
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Scheme 3. Synthesis of polymers 1P-4P.

gether with the proper amount of poly(methyl-
hydrogensiloxane). The reaction mixture was heated
to 75 °C under nitrogen and 3~5 drops of platinum
divinyltetramethyldisiloxane catalyst was then in-
jected with a syringe. The reaction mixture was
stirred at 75 °C for 2 hr. After this reaction time,
the FT-IP analysis showed that the hydrosilation re-
action was complete. The polymers were separated
and purified by several reprecipitations from meth-
ylene chloride solution into methanol and then dried
under vacuum.

5. GC column fabrication and testing

A deactivated fused silica column, 30 m by
0.32 mm i.d. (from Restek) was washed with acetone,
methylene chloride and water. It was dried at 280
°C under a nitrogen flow and then filled with a so-
lution of 3.125 mg/mL polymer in chloroform, cal-
culated so as to produce a film thickness of ca. 0.25
um. One end was then sealed and the other end
attached to a vacuum pump, and the entire column
was placed in a water bath at 40 °C in order to
hasten the evaporation of volatile solvent. The sta-
tionary phases were crosslinked with dicumyl
peroxide. The columns was conditioned at 280 °C
overnight under a nitrogen flow until a stable
baseline was obtained at the maximum sensitivity of
the instrument.

Results and Discussion

The synthetic routes used for the preparation
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Table I. Thermal transitions and transition enthalpies for mono-
mers 1M and 2M.

Table II. Thermal transitions and transition enthalpies for poly-
mers 1P~4P.

Phase transitions (°C)

heating®
Monomers ,

cooling

k13601
M 11338N 1063k
M k; 488k, 15441

11354k,300k,

(a) K, crystalline; N, nematic; I, isotropic.

135.4

]
>
[54]
‘ (b) 30.0 D
Q ~
2 @ 4838 - \(
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154.4
0 25 50 75 100 125 150 175

Temperature (°C)

Figure 1. DSC thermograms of monomer 2M : (a) heating scan
and (b) cooling scan.

of 4-biphenyl 4-allyloxybenzoate (1M) and [S]-1-
(2-naphthyl)ethyl 6-[4-(10-undecen-1-yloxy)biphe-
nyl-4'-carbonyl oxy]-2-naphthoate (2M) are outlined
in Schemes 1 and 2. The chiral group was inserted
into monomer 2M starting with the commercial avail-
able [S]-(-)-1-(2-naphthyl)ethanol. This was done
by a sequence of reactions which avoided its
recemerization. Table I summarizes the thermal tran-
sitions of both monomers 1M and 2M. Monomer
1M exhibits a monotropic nematic phase while
monomer 2M displays only two crystalline transi-
tions on both DSC heating and cooling scans. Fig-
ure 1 presents the DSC thermograms of monomer
2M. When monomer 2M was cooled from the iso-
tropic phase to 135 °C, it formed a spherulite tex-
ture (see Figure 2). The spherulite texture was main-
tained when it was cooled to 25 °C. The result
demonstrated that monomer 2M formed two very
ordered smectic phases which could be viewed as
crystalline phases.

The synthesis of polymer 1P~4P is described
in Scheme 3. An excess amount of olefinic mono-
mers was usually used to carry the hydrosilation re-
action to completion. The unreacted monomers were
removed by several reprecipitations from methylene

Mononer Phase transitions (°C)
Polymer feeding ratio (corresponding enthalpy change, mJ/mg)
1M/2M

heating®
(mol %) 2
cooling
g 659N 1745 (2.46)1
1P 100/0 11690 0.99N
66.0N" 196.6 (0.54)1
2P 90/10 %
11858 (0.57)N
541N 2132 (1.19)1
3p 80/20 24!
12094 0.41)N
532N 2348 (1.55)1
4P 70/30 g ( d )
12254 (0.77)N

(a) g, glassy; N, nematic; N*, cholesteric; I, isotropic.
g, glassy P

Figure 2. Optical micrograph of monomer 2M (200x).

chloride solution into methanol and then dried un-
der vacuum. Table II summarizes the thermal tran-
sitions and thermodynamic parameters of the ob-
tained polymers 1P-4P. Polymer 1P, which con-
tains only monomer 1M as mesogenic side groups,
reveals an enantiotropic nematic phase. As can be
seen from Table I, monomer 1M presents only a
monotropic nematic phase and exhibits a much nar-
rower temperature range of the nematic phase than
polymer 1P. It is well documented that in many
cases the mesophase formed by a side-chain liquid
crystalline polymer is more organized than the one
exhibited by the corresponding monomer. This is
the so-called polymer effect. Figure 3 presents the
nematic schelieren texture exhibited by polymer 1P.
Polymers 2P~4P which contain both monomers 1M
and 2M as mesogenic side groups, display respec-
tively an enantiotropic cholesteric phase. Figure 4
shows the representative finger printed cholesteric
texture exhibited by polymer 2P. On going from 2P
to 4P, the monomer 2M content increases from 10
to 30 mol%. All three polymers reveal very wide
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Figure 3. Typical optical micrograph of polymer 1P: Nematic
texture (200x).

Figure 4. Typical optical micrograph of polymer 2P: Cholesteric
texture (200x).

temperature ranges of the cholesteric phase. As the
monomer 2M content increases, the glass transition
temperature of the polymer decreases and the
isotropization temperature increases. Polymer 4P,
which contains the highest mole percent of mono-
mer 2M in its mesogenic side groups, presents the
widest cholesteric temperature range. Therefore,
polymer 4P was chosen as the stationary phase used
in the gas chromatography capillary column. The
separation of three kinds of enantiomers, i.e., O-
pallandrene, limonene and menthol, on a capillary
column which was coated with polymer 4P are il-
lustrated in Figures 5-7. As can be seen from these
figures, three kinds of enantiomers can be easily
separated by this cholesteric stationary phase. Their
separation factors are 1.171, 2.044 and 1.158 for the
o-pallandrene, limonene and menthol respectively.
As far as we know, this is the first study to demon-
strate that cholesteric liquid crystalline polymer has
a chiral resolution ability.

In conclusion, a series of new cholesteric lig-
uid crystalline polysiloxanes containing 4-biphenyl
4-allyloxybenzoate and [S]-1-(2-naphthyl)ethyl 6-[4-
(10-undecen-1-yloxy) biphenyl-4'-carbonyloxy]-2-
naphthoate side groups was synthesized and
characterized. All of the obtained copolysiloxanes

Figure 5. Separation of a-pallandrene by a polymer 4P capillary
column.

)

Figure 6. Separation of limonene by a polymer 4P capillary
column.

Figure 7. Separation of menthol by a polymer 4P capillary
column.

reveal a very wide temperature range in the choles-
teric phase. The copolysiloxane containing the high-
est mol percent of [S]-1-(2-naphthyl)ethyl 6-[4-(10-
undecen-1-yloxy) biphenyl-4'-carbonyloxy]-2-
naphthoate side group shows the widest temperature
range in the cholesteric phase. This copolysiloxane
presents an excellent chiral resolution ability when
it is used as a GC stationary phase of a capillary
column.
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