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ABSTRACT: A series of copolyesters based on 2-[(S)-(+)-methyl-1-butoxy]lhydroquinone as the chiral
monomer with several nonchiral hydroquinones was synthesized to form a new family of main-chain cho-
lesteric liquid crystalline polymers (ChLCPs) containing a flexible spacer. Copolymerization was effective
in forming an identifiable cholesteric phase with a wide mesophase temperature range, which was influenced
to some extent by the spacer length because the copolymers with a tetramethylene spacer unit did not show
atypical cholesteric texture above the melting transition, but those with longer spacers did. The dataobtained
suggest that formation of the cholesteric phase in these polymers was influenced by a balance between the
helical twisting power of the chiral substituent and the mobility of the main chains.

Introduction

The wide variety of thermotropic cholesteric liquid
crystalline polymers (ChLCPs), which have been prepared
for a variety of applications,! can be classified according
to their molecular structures as principally either main-
chain ChLCPs or side-chain ChLCPs,? although some
combined types of main- and side-chain polymers have
also been prepared.® In addition, mixtures of achiral ne-
matic LCPs with optically active low molar mass liquid
crystals have been studied extensively.* Of these various
types, the main-chain ChLCPs, in which the backbone
contains the mesogenic units, have been studied to a lesser
extent than the others because their syntheses can be quite
difficult.>-#

This report concerns the continuation of our study on
a new family of main-chain cholesteric liquid crystalline
polymers (ChLCPs) (II) which are based upon mesogenic
units that have chiral pendant substituents. For the chi-
ral mesogenic units, we chose a triad ester (II) obtained
from 2-[(S)-(+)-2-methyl-1-butoxylhydroquinone (I) and
amonomer containing p-hydroxybenzoic acid residues with
a connecting flexible spacers, as shown in Chart L.

The preparation and properties of homopolymers con-
taining this unit (I, n = 6, 10) were described in our
previous report.® Surprisingly, their temperature ranges
for formation of liquid crystalline phases were very narrow,
and the texture of their liquid crystalline phases did not
develop to those expected for a cholesteric phase. In this
report, we compare those properties to the properties of
copolyesters of series III (see Chart I), which contained
the same chiral units along with units based on either un-
substituted or achiral substituted hydroquinones.

Experimental Section

All monomers, including 2-[(S)-(+)-methyl-1-butoxylhydro-
quinone (I), were prepared as previously described.? The
copolymers were prepared by the step-growth polymerization
reaction of I and the nonchiral substituted hydroquinones with
an appropriate 4,4’-dichloroformyl-a,w-diphenoxyalkane mono-
mer in solution as previously described.’® In most cases, the
reaction mixtures remained homogeneous throughout, but the
polymers with shorter flexible spacers, n = 4 or 5 in III,
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Table I

Yields and Properties of Copolymers of Series III (Y = H)

opt rot,°
poly- TP yield, [np D% deg (¢ 3.5,
mer x Yy % dL/g M, M, M,M, éHCla)
Hl-1 20 80 79 029 d f
III-2 50 50 90 0.93 62000 130000 2.1 +1.9
III-3 80 20 93 155 e g

¢ Monomer composition supplied for polymerization. ® Inherent
viscosity in p-chlorophenol at 45.3 °C. ¢ Measured at 20 °C. 9 A
precipitate formed during polymerization. ¢ Gelation occurred during
polymerization. / The polymer was insoluble. £ Gelation occurred in
chloroform and true solution could not be obtained.

precipitated during the reaction. All polymers prepared were
characterized for molecular weight, specific rotation, thermal
transitions, and crystalline and liquid crystalline morphologies
as previously described.? The molar fractions of the chiral
monomer, I, in the copolymers having different compositions
(II1-1,2,3 and IV-1,2,3) were checked by 400-MHz 'H NMR
spectroscopy based on the integrated value of the methyl protons
of the 2-methyl-1-butoxy group at 0.7-0.9 ppm and the 3,3’-aryl
protons at 8.14 ppm for solutions of the copolyesters in deuter-
ated trifluoroacetic acid. The differences between the molar
fraction observed in the NMR spectra and the molar fraction of
the monomers supplied for the polymerization were less than
3%, so the latter was shown in tables as the compositions of the
copolymers.

Results and Discussion

Copolymers Prepared from Hydroquinone (III, Y
= H). The data for the preparation and properties of
copolymers containing different contents of units based
on monomer I and on the unsubstituted hydroquinone
monomer are collected in Table I. The copolymers with
higher contents of I, ITI-2 and III-3, had high molecular
weights presumably because they were more soluble in
the reaction solvent than copolymer III-1, which was not
goluble. The higher molecular weight copolymers, III-2
and III-3, were fibrillar in appearance in the solid state
while copolymer III-1 was a powder. Only copolymer III-
2 was sufficiently soluble for measurement of optical
activity, but it showed only a low specific rotation because
of the relatively low content of the chiral monomer.

The thermal transitions for this series of copolymers as
determined by differential scanning calorimetry (DSC)
are listed in Table II and compared with those of the ho-
mopolymer, 1I-10, which was described in our previous

© 1992 American Chemical Society



Macromolecules, Vol. 25, No. 1, 1992

ChLCPs with Chiral Pendant Groups. 2 89

Chart I
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Table II

Transition Temperatures and Properties for Copolymers of Series III (Y = H)

thermal transitions,? °C

heating cycle cooling cycle thermodynamic properties®
polymer T T* T; T. T* Tq AHy,, keal/mru AH*, kcal/mru AH;, keal/mru AS;, cal/(mruK)
III-1 192 223 276 189 205 270 0.1 0.7 0.8 1.2
I1I-2 154 190 249 123 147 242 0.5 0.3 14 2.7
II1-3 175 214 112 192 1.1 1.1 2.3
II-10¢ 148 158 112 151 1.6¢ 1.6¢ 3.2¢

¢ Recorded from the second heating and cooling cycle at 20 °C/min scanning rate. Ty, = crystalline to liquid crystalline transition; T =
liquid crystalline to liquid crystalline transition; T} = liquid crystalline to isotropic transition; T, = recrystallization transition; Ty = isotropic
to liquid crystalline transition. ¢ Calculated from endotherms in second heating cycle and based on the repeating unit structure. © Polymer
II (n = 10), from ref 9. ¢ Calculated from exotherms in second cooling cycle and based on the repeating unit structure.

report.” The isotropization temperatures, T, of the
copolymers were enhanced over that of the homopolymer
so their mesophase temperature ranges were significantly
wider as compared with those for polymer II-10 (n = 10).

The thermograms of copolymers III-1 and III-2 con-
tained three endotherms in the heating cycle and three
exotherms in the cooling cycle as seen in Figure 1 for
copolymer III-2. Photomicrographs of this copolymer
taken over a series of temperatures on a hot stage of a
polarizing microscope are shown in Figure 2. The first
endotherm in Figure 1 corresponded to the melting
transitions, Ty, at which the sample became noticeably
fluid. At the second endotherm, which is designated T*
in Table II, the melt viscosity of the samples sharply
decreased. Above Ty, the copolymer exhibited a fine
schlieren texture up to T*, but this texture developed only
veryslowly during 3 days of annealing, presumably because
of the relatively high melt viscosity of the sample.
However, even after annealing above T* for 2 days, it was
still not possible to identify the type of the liquid crystalline
phase present, as seen from the texture in Figure 2b. On
cooling copolymer III-2 from the isotropic state, fine
droplets appeared in the isotropic phase, asshown in Figure
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Figure 1. DSC thermograms of copolymer III-2 for (a) the second
heating and (b) the second cooling cycle. (scanning rate, 20 °C/
min).

2c¢, and these slowly coalesced into a typical planar cho-
lesteric texture as shown in Figure 2d. On further cooling,
the planar texture was converted into a chevron-like
texture below 210 °C, as seen in Figure 2e.
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Figure 2. Photomicrographs of copoler III-2: (a) 180 °C on heating; (b) 208 °C on heating; (c) 250 °C on cooling; (d) 226 °C on

cooling; (e) 205 °C on cooling.

The thermograms for polymer III-1 also contained three
endotherms in the second heating cycle. An oily streak
texture was observed above T* on heating, as shown in
Figure 3a, and a planar texture (Figure 3b) and a chevron-
like texture formed consecutively on cooling from the
isotropic state. In contrast, the thermograms of polymer
III-3 showed only two endotherms on heating, and a
striated texture with regularly spaced retardation lines
was observed in the heating and cooling cycles, as shown
in Figure 3c.

Although these copolymers demonstrated different
textures, all of the textures observed between T* and T;
were characteristic of the cholesteric phase, and most likely
both the amount of the chiral units in the copolymers and
the molecular weights of the copolymers were important

in the formation of the textures of the cholesteric phase.
For example, the lower molecular weight copolymer,
polymer III-1 ([7] =0.29dL/g),showed clearly the expected
oily streak texture (Figure 3a), while the higher molecular
weight copolymer, polymer III-2 ([#] = 0.93dL/g), did not
exhibit a well-developed oily streak texture on heating
(Figure 2b), even though both copolymers exhibited planar
textures on cooling (Figures 2d and 3b). The molecular
weight effect will be discussed in more detail.

WAXD Analysis. As discussed above, copolymeriza-
tion resulted in a wider temperature range of the liquid
crystalline phase, and characterization of polymers II1-1,
I11-2, and III-3 by DSC and polarizing microscope tech-
niques revealed that this series of copolymers formed two
types of liquid crystal phases above Ty, one of which
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Figure 3. Photomicrographs of copolymers I11-1 and I11-3: (a)
ITI-1 at 245 °C on heating; (b) III-1 at 270 °C on cooling; (c) ITI-3
at 200 °C on cooling.

showed the specific textures expected for a cholesteric
phase between T* and T}, but the other phase between T',
and T* could not be identified by the texture. Therefore,
toobtain additional information on these phases, polymer
III-2 was analyzed by wide-angle X-ray diffraction
(WAXD). For this purpose, a sample of polymer III-2
was cooled from the isotropic state to room temperature
and annealed at the X-ray measured temperature for 6 h
in vacuo, after which the diffraction patterns were
obtained. The results are collected in Figure 4 and Table
III.

The diffraction pattern of polymer III-2 contained two
outer rings at 4.40 and 4.28 A (weak) and two inner rings
at 17.9 and at 12.5-16.0 A (diffuse) at 80 °C, as shown in
Figure 4a. One of the inner rings at 12.6-17.7 A became

ChLCPs with Chiral Pendant Groups. 2 91

a

e
Figure 4. WAXD patterns of unoriented samples of copolymer
ITII-2: (a) at 80 °C; (b) at 180 °C; (c) at 228 °C.

diffuse at 180 °C, but the other ring at 18.2 A and the
outer rings at 4.46 and 4.33 A, which were accompanied
by a diffuse halo at 4.1-5.3 A, remained sharp at this tem-
perature between T, and T*, as seen in Figure 4b. Above
T*, this polymer showed two diffuse rings at 4.3-5.3 and
14-21 A, asseen in Figure4c. The last pattern is consistent
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Table III
Spacings for Unoriented and Oriented Samples of Polymer
II1-2
unoriented sample oriented sample
temp, °C spacing, A temp, °C spacing, A
80 17.9 25 17.7; 51° from meridian
12.5-16.0 (diffuse) 15.6; equator (diffuse)
11.7; equator
4.40 4.42; equator
4.28 4.24; equator
14.9; meridian
9.77; meridian
7.47; meridian
5.97; meridian
4.92; meridian
180 18.2 180 17.9; 51° from meridian
12.6-17.7 (diffuse) 15.4; equator
11.2; equator
4.46 4.47; equator
4.33 4.35; equator

4.1-5.3 (diffuse)
228 14-21 (diffuse)
4.3-5.3 (diffuse)

with that of a cholesteric phase, but the two sharp rings
in Figure 4b reveal that some type of higher order phase
was present in that phase.

To obtain more information about the type of liquid
crystalline phase present between T, and T*, an oriented
fiber sample of polymer 1II-2 was prepared, and WAXD
patterns were obtained with the results shown in Figure
5 and Table III. The fibers were drawn at 190-195 °C,
which was above T*, because the fibers were easily broken
during drawing at temperatures below T*. The fibers were
annealed at 180 °C in an argon atmosphere before WAXD
patterns were obtained. At room temperature, as shown
in Figure 5a, two spacings were observed at wide angles
equivalent to 4.42 and 4.24 A, and two spacings at the
small angles equivalent to 15.6 and 11.7 A were observed
on the equator, while weak discrete layer lines were
observed on the meridian. Inaddition, a four-point pattern
at a 17.7-A spacing appeared at 51° from the meridian.
These fibers were then placed in a glass capillary tube and
heated at 180 °C in an X-ray apparatus with a hot stage,
and WAXD patterns were obtained with the results shown
in Figure 5b. The patterns contained four split spots at
51° from the meridian or 17.9 A, with outer spacings on
the equator at 4.47 and 4.35 A (weak), which were still
sharp, but no clear spacings were obtained on the meridian.

From the discrete spacings on the meridian for the
crystalline state, the length of the repeating unit parallel
to the main-chain axis was estimated as 29.7 A, which
corresponds to a calculated length for the repeating unit
of 29.4 A assuming a fully extended methylene chain. Two
sharp outer rings and the 17.7-A spacing at 51° from the
meridian suggest that the mesogenic units were packed in
layers, but the layers were tilted with respect to the fiber
axis. This type of packing model for such a polymer crystal
was also proposed by Atkins and co-workers.!! Incontrast,
for the liquid crystalline phase between T, and T*, the
packing pattern was almost the same as that below T, but
it lacked the long-range ordering, which possibly implies
the presence of a cybotactic liquid crystalline phase.
According to the cybotactic model proposed by Blum-
stein and co-workers,’ the mesogenic units arestill packed
in tilted layers, but the layers are not arranged with long-
range order relative to each other.

Compared with the homopolymer, polymer I1I-10, which
had layers in the direction perpendicular to the fiber axis,
as previously described,? copolymers with unsubstituted
hydroquinone formed a tilted layer structure, presumably

Macromolecules, Vol. 25, No. 1, 1992

Figure 5. WAXD patterns of oriented samples of copolymer
ITI-2: (a) annealed at 180 °C, measured at 25 °C; (b) annealed
at 180 °C, measured at 180 °C.

because of the steric requirement for the packing of me-
sogenic units containing bulky pendant groups in the ho-
mopolymer.

Polymer I1I-1 gave the same WAXD patterns as polymer
III-2 between transitions, but polymer III-3 showed only
two diffuse rings between the T, and T;. Hence, it can
be concluded that polymer III-1 had the same liquid
crystalline phases as those proposed for polymer III-2,
but polymer III-3 formed only a cholesteric phase above
the melting transition.

Racemic Copolymers. A copolymer, III’, of the ra-
cemic monomer, 2-[(£)-2-methyl-1-butoxylhydroquinone
(I), with hydroquinone was prepared and characterized
for comparison with the chiral copolymer III-2, of the same
composition. The racemic copolymer, III", gave a very
similar DSC thermogram to that of the chiral copolymer
III-2, as shown in Figure 6, and the racemic copolymer
exhibited a schlieren texture over the entire temperature
range of the liquid crystalline states from T, to T
However, the texture did not develop very well between
T and T*, and it was very similar in appearance to that
of polymer III-2. Nevertheless,a well-developed schlieren
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Table IV
Yields and Properties of Copolymers of Series IV and V
comp?® mol wt
polymer x y yield, % [}, dL/g M, M. M./M, opt rot,? deg (¢ 2.5, CHCly)
V-1 20 80 98 0.91 72 000 202 000 2.8 +1.3
V-2 50 50 85 1.01 47 000 160 000 34 +1.7
IV-3 80 20 75 0.42 14 000 48 000 34 +2.8
\" 50 50 77 0.34 5000 18 000 3.7 +2.0

¢ Monomer composition supplied for polymerization. > Measured at 20 °C.

Table V
Transition Properties for Copolymers of Series IV and V

thermal transitions, °C

heating cycle cooling cycle

thermodynamic properties®

polymer Ta T, T. Ty

AHp, keal/mru AH;, keal/mru AS;, cal/(mru-K)

IV-1 112 166 32, 900 158
IvV-2 123 165 78 154
V-3 134 157 94 150
\Y% 136 212 71, 104% 210

1.2 1.1 2.5
1.2 13 3.0
1.3 1.3 3.0
0.9 0.7 1.5

@ Calculated from endotherms in the second heating cycle and based on the repeating unit structure. ® Two endotherms were observed on

cooling.
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Figure 6. DSC thermograms of (a) chiral copolymer III-2 and
(b) the racemic copolymer (Y = H, n = 10, x = y = 0.5; scanning
rate, 20 °C/min).
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texture could be formed by annealing between T* and T'.
These observations confirmed that the chiral centers
present in the pendant group can generate a cholesteric
state but did not affect the transition temperatures of the
copolymer, presumably because the degrees of ordering of
the macromolecules in the mesogenic states are similar
for the chiral and racemic copolymers, both of which
apparently form nematic liquid crystalline states before
isotropization.

Copolymers Prepared from Nonchiral Substituted
Hydroquinones. Twoseries of copolymers of I with non-
chiral substituted hydroquinones of the structures IV and
V (Chart I) were prepared and characterized, and the
results are collected in Tables IV and V and Figure 7:

The higher molecular weight copolymers, IV-1 and IV-
2, were fiberlike in appearance in the solid state, while the
others formed powders on precipitation. All of the
polymers showed optical activity but with low specific
rotations because of their decreased contents of I.

Most of the thermograms of the polymers showed two
endotherms in the second heating cycle and two exotherms
in the second cooling cycle except for polymers IV-1 and
V, which exhibited three exotherms on cooling. The
highest temperature transition for each polymer was taken
as the isotropization temperature, as indicated by obser-
vations of samples on the hot stage of a polarizing
microscope. Polymer IV-1 formed an oily streak texture

during both its heating and cooling cycles, as shown in
Figure 7a, while polymers IV-2 formed only a striated
texture, as shown in Figure 7b. Polymer IV-3 did not
show a clearly definable texture, but instead it formed
fine domains having mainly two colors, as seen in Figure
7c. The colors changed from yellow-green to green to blue
to purple to red to orange and finally back to yellow with
a 180° rotation of the polarizer from the cross-polar
position. Chiellini and co-workers also observed the same
phenomenon for polymers with higher contents of chiral
units, but the polymers did not show typical cholesteric
textures.5 Polymer V formed an oily streak texture in the
heating cycle up to T}, and on cooling from above T, it
formed a planar texture, as shown in Figure 7d.

The WAXD patterns of unoriented samples of all of the
polymers in series IV and polymer V gave two diffuse rings
above T, Hence, it can be concluded that all of these
copolymers formed clearly identifiable cholesteric phases
instead of the unidentified phase formed by polymer III-
2,

Effect of Spacer Length n. A series of copolymers of
Iand hydroquinone were prepared with monomers having
different spacer lengths, n, as follows: III-2 (n = 10), IT1I-4
(n =6),III-5 (n = 5), and I11-6 (n = 4), with the structures
shown in Chart I.

The liquid crystalline properties of these copolymers
are given in Table VI, and photomicrographs of their
textures in the liquid crystalline state are shown in Figure
8. The copolymers with hexamethylene (III-4) and pen-
tamethylene (III-5) spacers showed three transitions in
their DSC thermograms, which, as before, were assigned
to Tn, T*, and T.. The enthalpies of the transitions for
T* slightly decreased with decreasing spacer length, and
the copolymer with the tetramethylene spacer (I111-8) did
not show the T* transition.

Polarized light microscopy showed the presence of an
oily streak texture during the heating cycle and a planar
texture during the cooling cycle for polymers III-4 and
II1-5, as shown in Figure 8a,b, while polymer ITI-6 did not
show a texture corresponding to that expected for a cho-
lesteric phase, as seen in Figure 8c. Possibly the tetra-
methylene spacer formed a backbone that was rigid enough
to restrict the organization into the helical structure of
the cholesteric phase, and the high T, of this polymer can
be taken as an indication of increasing rigidity of the main
chain. Strzelecki and Van Luyen also reported that, for
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Figure 7. Photomicrographs of copolymers of series IV and
copolymer V: (a) IV-1 at 160 °C on cooling; (b) IV-2 at 140 °C
on ;:poling; (c) IV-3 at 147 °C on cooling; (d) V at 186 °C on
cooling.

Macromolecules, Vol. 25, No. 1, 1992

Table VI
Effects of Spacer Length (n) on Properties

thermal transitions,” °C [nl,
polymer n Ty T* i dL/g texture
M-2 10 154 190 249 093 planar
I11-4 6 184 228 290 0.25 oily streak, planar

I1-5 5 172 230 285 0.34 oily streak, planar
I11-6 4 207 320 0.21 schlieren

@ Recorded from the second heating cycle. * Inherent viscosity in
p-chlorophenol at 45.3 °C.

Figure 8. Photomicrographs of copolymers III-4, II-5, and III-
6: (a) III-4 at 268 °C on cooling; (b) III-5 at 253 °C on cooling;
(c) ITI-6 at 290 °C on cooling.

aseries of LCPs with polymethylene flexible spacers, sharp
decreases in transition temperatures were observed with
spacer lengths above a value of n = 4.12

In summary, the data for the copolymers of series III,
IV, and V, taken together, strongly support the proposal
that formation of a cholesteric phase is influenced by a
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balance between the helical twisting power of the chiral
substituent and the mobility of the main chains in main-
chain ChLCPs. In the systems studied in this investi-
gation, the chiral mesogenic unit was always a triad ester
unit containing 1,4-bis[(4-alkoxybenzoyl)oxyl-2-[(S)-2-
methyl-1-butoxylbenzene groups, so the helical twisting
power was constant, but the response of the polymers
changed with the spacer length and presumably also with
packing ability of the nonchiral mesogenic groups when
the latter were present, so that both copolymerization with
other hydroquinone derivatives having less bulky sub-
stituents and increasing the spacer length increased the
mobility of the main chains and permitted the cholesteric
phase to form.

Conclusion

Copolymers containing unsubstituted hydroquinone
units formed two liquid crystalline phases, one of which
was a cholesteric phase, but the other may have been a
cybotactic nematic phase. Copolymers with nonchiral
substituted hydroquinone units formed only a cholesteric
phase.
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