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ABSTRACT: A new type of induced cholesteric liquid crystalline thermotropic polymer was prepared by the co-
polymerization of the achiral mesogenic monomer, p-cyanobiphenyl-p’-methacryloyloxybenzoate or p-cyanobiphenyl-p’-
acryloyloxybenzoate with the chiral and non-mesogenic monomer, 2-methyl butyl methacrylate, 2-methyl-1-butyl acrylate, or
I-menthyl methacrylate. The mesogenic group is directly attached to the methacrylate- or acrylate-backbone chain without
an alkyl spacer. Homopolymers of the achiral and mesogenic monomers exhibited an enantiotropic nematic phase; however,
those of the chiral and non-mesogenic monomers themselves did not exhibit any liquid crystalline phases. Copolymers with a
combination of achiral mesogenic monomers and chiral non-mesogenic monomers tended to form the so-called induced
cholesteric liquid crystalline phase. The type of liquid crystalline phase and transition temperature were found to be different
depending upon the fraction of the chiral non-mesogenic comonomer.
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Cholesteric liquid crystalline polymers can be obtained
by combination of a chiral component and a mesogenic
unit in the main chain such as low molecular cholesteric
liquid crystalline compounds. Strzelecki et al. reported
that cholesteric polyesters are obtained by transesterifi-
cation of a mesogenic monomer with a chiral diacid,
(+)-3-methyladipic acid, or with a mixture of an achiral
diacid and chiral diacid.! Blumstein er al. studied
cholesteric copolymers prepared by azoxydibenzoate
mesogenic units and a mixture of decanedioic acid and
(+)-3-methyladipic acid.? Similar cholesteric polyesters
and copolyesters based on azodibenzoate mesogenic
units and (+)-3-methyladipic acid were obtained in our
previous work.? Krigbaum et al. synthesized a cholesteric
copolymer of 4,4'-dihydroxy-a-methylstilbene with (+)-
methyladipic acid.* The cholesteric phase of the methyl-
stilbene type polyester was found to be maintained below
the glass transition temperature upon cooling.

The preparation of the cholesteric polymer by intro-
ducing a chiral non-mesogenic moiety to the nematogenic
polymer has been studied for main chain type liquid
crystalline polymers.

In the case of the side chain type liquid crystalline
polymers without a spacer between the polymer back-
bone and mesogenic pendant group, homopolymer con-
taining a cholesteryl moiety in the mesogenic mono-
mer did not always exhibit a cholesteric mesophase.
Finkelmann et al. reported that enantiotropic polymers
were obtained by the copolymerization of two cholesteryl
methacrylate monomers having different flexible spacer
lengths only with equimolar ratios.> Cholesteric polymers
were prepared by the copolymerization of a nematogenic
monomer and a chiral monomer containing a rigid core.®

The present paper deals with a new preparation of a
side chain type thermotropic cholesteric polymer with
pendant mesogenic groups linked directly to the polymer
backbone without flexible spacers. The induced choles-
teric polymer was prepared by the copolymerization of
an achiral mesogenic monomer, p-cyanobiphenyl-p’-
methacryloyloxybenzoate, or p-cyanobiphenyl-p’-acrylo-

yloxybenzoate with a chiral non-mesogenic monomer,
2-methyl-1-butyl methacrylate, 2-methyl-1-butyl acry-
late, or 1-menthyl methacrylate.

The influence of the polymer backbone structure on
the mesomorphic nature is of interest, because the
molecular motion of the methacrylate type of polymer
backbone would be hindered by the steric effect of
o-methyl substitution compared with that of the acrylate
type of polymer. The difference in the flexibility of the
main chain would influence the cholesteric behaviors.

The mixture of the homopolymers of the achiral
mesogenic polymer and chiral non-mesogenic polymer
did not exhibit a clear cholesteric phase. The cholesteric
phase can be produced by the copolymerization of an
achiral mesogenic monomer with a chiral non-mesogenic
monomer.

RESULTS AND DISCUSSION

The synthetic routes of a mesogenic monomer with
no flexible spacer and chiral monomers are shown in
Schemes 1 and 2, respectively. The chiral monomers were
in a liquid state at room temperature. Menthol was
selected as a chiral compound with high specific rota-
tion.

Only one peak assigned to the melting point for the
mesogenic monomer was demonstrated during the
heating run for the differential scanning calorimetry
(DSC) measurements. A schlieren texture for p-cyano-
biphenyl-p’-methacryloylbenzoate (CBMB) was observ-
ed above the melting point based on polarizing opti-
cal microscopy measurements. This indicates that the
CBMB has a nematic phase. A clearing temperature for
the CBMB was not detected with increasing temperature.
The schlieren texture of the CBMB was maintained at
room temperature during optical polarizing microscopy
measurements upon cooling. Thermal polymerization for
the CBMB would occur during the heating run. The same
results are shown for the CBAB.

The d- and /-1-menthyl methacrylates (MtMA¥*) ex-
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hibited high specific rotations of +89.8° and —90.4°
(c 1.00 tetrahydrofuran (THF) 25°C), respectively, while
the 2-methyl-1-butyl methacrylate (MBMA¥*) showed a
specific rotation of +3.43°, which was very low com-
pared with that of the d- and -MtMA#*s.

The structures of the copolymers are shown in Figure
1. The thermal properties for the copolymers were de-
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Figure 1. Structure of side chain type liquid crystalline copolymer.

termined using polarizing optical microscopy, DSC
and X-ray measurements. Thermal properties, molecular
weight and specific rotation for the copolymers are shown
in Tables I, II, III, and IV, respectively. Transition
temperatures as a function of the fraction of mesogenic
units in the copolymers are plotted in Figures 2, 3, 4,
and 5, respectively. The fraction of mesogenic unit for
all the copolymers was determined by NMR measure-
ments. The feed fraction of mesogenic monomer for the
synthesis of copolymers agreed with the calculated
fraction of mesogenic units in the copolymers. We
synthesized the copolymer with a 1 x 10*—2 x 10* num-
ber average molecular weight, because it has been re-
ported that the phase transition temperatures remain
constant for the liquid crystalline polymer with molec-
ular weights above 1 x 10*.7 Specific rotations for all
the copolymers increased with decreasing fraction of
the mesogenic units. The specific rotation of the chiral
homopolymers containing the menthyl groups was larger
than that of the chiral monomers, while the specific
rotation of the chiral homopolymer with the 2-methyl
butyl group was smaller than that of the chiral monomer.
The copolymers, poly(CBMB-co-d-MtMA)*, poly-
(CBMB-co-I-MtMA)*, and poly(CBAB-co-2-MBA)*,
containing more than 60 mol% mesogenic units showed
mesomorphic properties. The phase transition tempera-
tures of poly(CBMB-co-d-MtMA)* were nearly equal
to those of poly(CBMB-co-l-MtMA)*. The phase tran-
sition temperatures were independent on the antipode
of the menthyl groups in the copolymers. In contrast,

Table I. Phase transition temperatures, molecular weight, and specific rotation of poly (CBMB-co-I-MtMA)* —x

Meosgenic monomer fraction/mol%

Phase transition temp/°C M,/10* M, M, [o]3°
Feed Calcd®
181.3 270.9 320
100 P N Decom 1.27¢ 1.36 —d
183.2 274.0 307.0
90 P K—M — N — Decom 0.95 1.94 -3.1
192.1 265.9 303
80 79.3 K ——M — Ch — Decom 1.41 1.40 —10.5
197.5 267.7 307
70 71.5 K—M — Ch — " Decom 1.79 1.72 —18.6
195.3 271.2 310
60 60.6 K —M — Ch— Decom 3.07 2.20 —26.6
166.9
50 53.6 K 1 2.21 2.53 —-333
165.9
158.2
40 42.7 K = 1 2.22 2.58 —46.9
145.6
159.8
30 38.1 K =3 1.94 2.68 —54.8
155.1
157.6
20 24.5 K I 1.90 2.51 —69.0
158.9
152.1
10 13.0 K = 1.84 2.31 —84.9
145.8
127.0
0 0 g 1 0.82 2.70 —-97.0

*Calculated by NMR. °Insoluble in CDCl,.
N, nematic; I, isotropic.
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¢ Partially soluble in CHCI;. “Insoluble in THF. K, solid; M, mosphase,; Ch, cholesteric;
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Table II. Phase transition temperatures, molecular weight, and specific rotation of poly(CBMB-co-d-MtMA)* — x

Induced Cholesteric Liquid Crystalline Polymers

Mosogenic monomer fraction/mol%

Phase transition temp/°C

M,/10* MM, (15
Feed Calcd®
181.3 270.9 320
100 —b g M — N — Decom 1.27¢ 1.36 —d
194 283.7 311
90 —° g M N Decom 0.93¢ 1.20 —d
187.5 268.5 304
80 80.2 g M Ch Decom 0.97¢ 1.66 —d
184 262.3 300
70 72.7 g——M Ch— Decom 1.61 1.77 +16.4
177.5 267.4 301
60 63.9 g— M —— Ch— Decom 1.36 2.49 +24.9
173.3
50 529 g — 1 1.94 2.07 +29.9
169.8
40 40.3 g — 1 1.85 1.96 +39.3
168.5
30 30.4 g ~ 1 1.90 2.15 +53.0
161.7
20 24.7 g ————~ 1 1.64 1.89 +64.5
152.1
10 12.3 g 1 1.25 1.45 +74.7
133.8
0 0 g — 1 1.57 1.94 +92.7

?Calculated by NMR.

N, nematic; I, isotropic.

Table III. Phase transition temperatures, molecular weight, and specific rotation of poly(CBMB-co-2-MBMA)* —x

Mesogenic monomer fraction/mol%

®Insoluble in CDCl;. ©Partially soluble in CHCl,;. 9Insoluble in THF. g, glassy; M, mesophase; Ch, cholesteric;

Phase transition temp/°C M,/10* M, M, []2®
Feed Calcd®
181.3 270.9 320
100 —° g M N Decom 1.27° 1.36 —a
123.9 299.2 336
90 —d g M N Decom 1.07¢ 1.11 —d
122.7 287.3 331
80 84.2 g M ~ N Decom 1.20° 1.38 —d
125.9 280.3 328
70 72.7 g M Ch ~ Decom 1.44 1.58 —
121.0 278.0 320
60 62.3 g —— M —— Ch —— Decom 2.15 1.72 +0.52
121.2 291.6 327
50 S51.2 g M Ch Decom 2.27 2.03 +1.46
116.3 289.8 317
40 41.7 g M Ch =~ Decom 1.87 2.28 +1.23
107.4
30 30.2 g I 2.23 2.11 +1.72
77.4
20 20.8 g — 1 1.66 2.25 +1.99
73.6
10 11.7 g I 1.78 1.74 +2.04
72.4
0 0 g -1 2.19 1.34 +2.49

# Calculated by NMR.

N, nematic; I, isotropic.

Insoluble in CDCl;. °Partially soluble in CHCl;. “Insoluble in THF. g, glassy; M, mesophase; Ch, cholesteric;

poly(CBMB-co-2-MBMA)* with more than 40mol%
mesogenic moieties exhibited mesomorphic properties.
The minimal fraction of the mesogenic groups in the
copolymer with menthyl groups for exhibiting meso-

Polym. J., Vol. 29, No. 4, 1997

morphic properties was different from that in the
copolymers with 2-methyl butyl groups. The methacry-
late copolymers with 2-methyl butyl groups are superior
to those with menthyl groups with regard to meso-
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Table IV. Phase transition temperatures and molecular weight,
of poly(CBAB-co-2-MBA)* —x

Mesogenic monomer Phase transition

7 3
fraction/mol%?* temp/°C M,/10
157 295
100 K— N 1 6.3
139 250
80 K— Ch— 1 16.5
129 277
71 K Ch I 15.2
116 202
62 K—Ch——1 15.7
83
51 g I 4.1

2 Calculated by NMR. g, glassy; K, solid; N, nematic; Ch, choleste-
ric; 1, isotropic.
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Figure 2. Phase transition temperatures as a function of mesogenic
group fraction in poly(CBMB-co-I-MtMA)* —x. k, solid; M, meso-
phase; Ch, cholesteric; N, nematic; I, isotropic.
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Figure 3. Phase transition temperatures as a function of mesogenic
group fraction in poly(CBMB-co-d-MtMA)* —x. g, glassy; M, meso-
phase; Ch, cholesteric; N, nematic; I, isotropic.
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Figure 4. Phase transition temperatures as a function of mesogenic
group fraction in poly(CBMB-co-2-MBMA)* —x. g, glassy; M, meso-
phase; Ch, cholesteric; N, nematic, I, isotropic.
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Figure 5. Phase transition temperatures as a function of mesogenic
group fraction in poly(CBAB-co-2-MBA)* — x. k, solid; Ch, cholesteric;
N, nematic; I, isotropic.

morphic temperature range of the copolymers. The steric
factor of the menthol group was bigger than that of the
2-methyl butyl group. The steric factor of the chiral
moieties would influence the mesomorphic properties of
their copolymers. The menthyl groups would interfere
with the alignment of the mesogenic groups which the
copolymer contained at the 40—50 mol% ratio.

In the case of the copolymers containing poly-
methacrylate as the polymer backbone, a mesophase-
nematic phase transition temperature was observed. In
the DSC curves for the methacrylate copolymers, two
transition temperatures were observed. One was a melting
point or glass transition temperature, the other one was
a mesophase-cholesteric (nematic) transition tempera-
ture. The mesophase observed in the lower mesomorphic
temperature range had a higher order in the phase
structure than that of the nematic phase which was

Polym. J., Vol. 29, No. 4, 1997
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exhibited in the higher temperature range. However,
only a broad peak was observed in the X-ray diffrac-
tion pattern. Thus, we did not clarify the phase structure
of the mesophase. In the X-ray patterns, only one
broad peak in the wide angle was observed in both the
nematic and cholesteric phases for the poly(CBMB-co-
I-MtMA)* — x. Thermal decomposition of the methacry-
late copolymers was observed. On the other hand, the
copolymer containing polyacrylate as the backbone
demonstrated only one mesophase and an isotropic
phase. The clearing temperature for the polyacrylate was
dependent on the composition of the mesogenic groups
in the polyacrylate. A cholesteric or nematic phase was
observed for all the copolymers. A cholesteric phase was
induced by copolymerization of a nematogenic monomer
with a chiral monomer. A cholesteric phase was shown
in the methacrylate copolymers containing 40—70 mol%
or 60—80mol% mesogenic units and in the acrylate
copolymers with 60—80 mol% mesogenic moieties. A
nematic phase was demonstrated in the acrylate and
methacrylate copolymers containing a higher fraction
of mesogenic groups. The exhibition of an induced
cholesteric phase for the copolymers was not dependent
on the structure of the chiral moiety.

In the case of two copolymers with 2-methyl butyl
groups and a different polymer backbone, poly(CBMB-
co-2-MBMA)* and poly(CBAB-co-2-MBA)*, the meso-
morphic temperature range of the methacrylate copoly-
mer was wider than that of the acrylate copolymer.
Furthermore, the methacrylate copolymer exhibited
thermal decomposition before displaying the isotropic
phase, while the acrylate copolymer showed the clearing
temperatures. The difference in the thermal properties
was based on the difference in flexibility of the polymer
backbone. The methacrylate copolymer was superior to
the acrylate copolymer with regard to the exhibition of
mesomorphic properties. The mesophases were exhibited
in the methacrylate copolymers containing more than
40 mol% mesogenic units, while the mesophases were
shown in the acrylate copolymers with more than 60
mol% mesogenic units. However, with regard to the
appearance of the induced cholesteric phase temperature
range, the acrylate copolymers were superior to the
methacrylate copolymers.

For acrylate and methacrylate copolymers with 2-

Lol SR

Figure 6. Optical texture of poly(CBMB-co-2-MBMA)*—72.7 at
224.7°C.
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methyl butyl groups, clear fingerprint textures were
observed in the cholesteric phase, as shown in Figure 6.
Helical pitch length for the copolymers with 2-methyl
butyl groups decreased with increasing composition of
the chiral moiety. The pitch length for the copolymers
with 2-methyl butyl groups increased with increasing
temperature.

The color of the sample after the cooling run during
the optical microscopy measurements for the methacry-
late copolymers with menthyl groups was violet, blue,
and orange for the copolymers containing 60, 70, and
80 mol% mesogenic units, respectively. This coloration
of the copolymers originated from the selective reflec-
tion of visible light whose wavelength was related to the
helical pitch length of the cholesteric phase. The pitch
length of the methacrylate copolymers with menthyl
groups decreased with increasing composition of the
menthyl group. If a cholesteric phase had a longer helical
pitch length than the wavelength of visible light, a
fingerprint texture or a focal-conic texture was usually
observed. In contrast, for the cholesteric phase with the
same pitch length as wavelength of visible light, a blue
texture for poly(CBMB-co-d-MtMA)*—72.7 was ob-
served using orthoscopic observations. However, no
selective reflection of the acrylate and methacrylate
copolymers with 2-methyl butyl groups was observed.
The selective reflection of visible light was dependent on
the chemical structure of the chiral moieties.

The specific rotation of poly(CBMB-co-I-MtMA)* —
71.5 was nearly equal to that of poly(CBMB-co-d-
MtMA)*—72.7. However, the specific rotation for
poly(CBMB-co-I-MtMA)* —71.5 and poly(CBMB-co-d-
MtMA)*—72.7 were opposite in sign. We investigated
the optical texture for the mixture of poly(CBMB-co-/-
MtMA)*—71.5 with poly(CBMB-co-d-MtMA)* —72.7.
The polymer mixture exhibited a schlieren texture. The
selective reflection of visible light was not observed. This
indicates that the polymer mixture did not exhibit a
cholesteric phase.

In the case of low molecular weight liquid crystalline
mixtures, the so-called induced cholesteric phase usually
appeared by adding a chiral compound, which is not
necessarily the mesogenic one, to nematogenic materi-
als. In the present investigation, a mixture of a nemat-
ic homopolymer, poly(CBMB-co-2-MBMA)* — 100 and
chiral non-mesogenic homopolymer, poly(CBMB-co-2-
MBMA)*—0, in the ratio 70mol% in which the
composition of the cholesteric phase appeared in the case
of the copolymer, did not reduce typical cholesteric
texture, and exhibited only a nematic schlieren texture
similar to that observed for poly(CBMB-co-2-MBMA )*
containing mesogenic group above 80 mol%. This sug-
gests that the induced cholesteric polymers are only ob-
tained by the copolymerization of an achiral mesogenic
comonomer with a chiral and non-mesogenic monomer,
and the content of a chiral non-mesogenic moiety in the
copolymer plays an important role in controlling the
cholesteric pitches.

CONCLUSIONS

Induced cholesteric phases were exhibited for copoly-
mers containing more than 40 or 60 mol% mesogenic
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groups. The exhibition of the induced cholesteric phase
was not dependent on the chemical structures of the
chiral moieties. The selective reflection of visible light
was observed only for the copolymers with menthyl
groups. The mesomorphic temperature range of the
methacrylate copolymers with a 2-methyl butyl group
was wider than that of the methacrylate copolymers with
a menthyl group.

EXPERIMENTAL

Materials

The synthesis routes of the mesogenic and chiral
monomers are shown in Schemes 1 and 2, respectively.
The procedure is described below.

Wo ™Rl eres
DCC
THF 1)

THF
2

HoC gHa GHa
,C=
5 H,C=C
o) __sodl COO@»COOCN
TEA
THF (3) CBMB

Scheme 1. Synthesis of mesogenic monomer.
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.
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2-MBMA*(R=CH3)
2-MBA*(R=H)

Scheme 2. Synthesis of chiral monomers.

Synthesis of Non-Mesogenic Chiral Monomer (I-
Menthyl Methacrylate). In a dry vessel, a dichloro-
methane solution of N,N’-dicyclohexylcarbodiimide
(39.6 g, 0.192mol) was added to a dichloromethane so-
lution of /-menthol (25g, 0.160 mol), methacrylic acid
(16.5 g, 0.192 mol), and 4-dimethylaminopyridine (1.95 g,
1.60 x 10~ 2 mol). After stirring for 24 hours, the filtrate
was concentrated to dryness and purified by column
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chromatography (eluent chloroform:hexane=1:2).
This product was obtained in a 52.2% yield. [«]3°=
—90.4° (¢ 1.00 THF).

NMR (CDCl,) ¢ 6.1, 5.5 (s, IH, CH,=C), 4.8 (m,
1H, OCH), 2.0 (s, 3H, CH, = C-CH,), 0.7—1.8 (m, 18H,
cyclohexane ring of menthol). =~

IR (neat) v 1716 (COO), 1639 (C=C).

Synthetic Route of Mesogenic Monomer (CBMB)

4-Cyanobiphenyl-4'-(4-hydroxy)benzoate (2). In an at-
mosphere of nitrogen, a solution of N,N’-dicyclohexyl-
carbodiimide was added to a tetrahydrofuran solution
of 4-acetoxybenzoic acid (3.9g, 2.15x 10" 2mol), 4-
cyano-4'-hydroxybiphenyl (5.0g, 2.57 x 10”2 mol) and
4-dimethyiaminopyridine (0.3 g, 2.57 x 10~ 3 mol). After
stirring for 20 hours, the precipitate was removed by
filtration. Sodium methylate (28% in methanol, 5.0 g,
2.59 x 10”2 mol) was added to the concentrated filtrate
and the reaction mixture was stirred for 5 minutes. The
reaction mixture was then poured into a hydrochloric
acid aqueous solution. The resulting white solid was first
washed with water and then purified by washing with
methanol. The product was obtained in a 70.6% yield.

IR (Nujol) v 3383 (OH), 2225 (CN), 1699 (COO0), 1605,
1589, 1511, 1492 (Ar).

4-Cyanobiphenyl-4'-(4-methacryloyloxy)benzoate (3)

In an atmosphere of nitrogen, a tetrahydrofuran
solution of methacryloyl chloride (2.8 ml, 2.9 x 10~ 2 mol)
was added dropwise to a chilled tetrahydrofuran solution
of 4-cyanobiphenyl-4'-(4-hydroxy)phenyl carboxylate (2)
(7.0g, 2.23 x 10~ 2 mol). After stirring for 24 hours, the
reaction mixture was concentrated. The residue was
poured into water and the resulting precipitate was
washed first with water, and then purified by washing
with methanol. The product was obtained in a 48.2%
yield.

NMR (CDCl,) 6 7.3—8.4 (m, 12H, Ar-H), 5.9, 7.5(s,
1H, CH,=C), 2.1 (s, 3H, CH, =C-CH,).

IR (Nujol) v 2229 (CN), 1733 (COO), 1637 (C=C),
1603, 1506 (Ar).

Polymerization. Copolymers were synthesized by co-
polymerization of the mesogenic monomer with no flex-
ible spacer and the chiral monomer in sealed ampoules
with 5.0mol% o,0’-azobisisobutyronitrile in anhydrous
N,N'-dimethylformamide at 60°C for 10 hours. They
were also obtained by reprecipitation with methanol. And
then dissolved in tetrahydrofuran, reprecipitated with
methanol and dried at 40°C under vacuum.

Characterization

'H-NMR was carried out with a JEOL JPN-PMX60
spectrometer using CDCl, as the solvent. Infrared spectra
were recorded on a JEOL JIR-100 spectrometer. Spectra
were collected at 4cm ™! resolution. DSC measurements
were conducted with a Mettler 3000 series. Optical mi-
croscopy was performed on a Nikon polarizing optical
microscopy equipped with a Mettler FP80 controller and
a FP82 hot stage. Gel permeation chromatography
(GPC) was carried out with a Tosoh HLC-8020 instru-
ment using chloroform as the eluent, equipped with four
columns (TSK gel G4000H,;;z, G3000H,;r, G2000H,4,
and G2000Hg). The instrument was calibrated with a
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polystyrene standard. Optical rotation was carried out
with JASCO DIP-370 digital polarimeter using tetra-
hydrofuran as the solvent. X-Ray diffraction patterns
were recorded with a Rigaku X-Ray diffractometer RAD-
2B system with Ni-filtered Cu-K, radiation.
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