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Abstract : Thermotropic polyurethanes (PUnT:; n=2, 6, 8, 11} were synthesized from 4,4"-bis( -
hydroxyalkoxy)biphenyls (BPn: n=2, &, 8, 11) and 2,5-tolylene diisocyate (2,5-TDI). Polymer blends
(PUGT/PUST, PUBT/PULLT, and PU2T/PUL1T) were prepared from the DMF solutions of various
compositions. The effect of shearing on the liquid crystaliinity of the polymer blends was investigated
through differential scanning calorimetry {DSC) measurement, polatized optical microscope observation,
and X-ray diffractometry. The liquid crystallinity was shown in the polymers PUET, PUST and PUL1T
but it was not in PU2T. Polymer blends PUST/PUST and PUST/PU11T showed a monotropic liquid

crystallinity, however, PU2T/PU11T did not.

Introduction

The synthesis of thermotropic para-type
polyurethanes by polyaddition of aromatic
diisocyanates with diols have been investigated.™
The para-type polyurethanes containing biphenyl-
ene moiety as a mesogen and alkylene spacer
liquid crystallinity. In
addition, the para-type polyurethanes without
mesogen exhibited monotropic liquid crystallinity.
MacKnight and coworkers reported that a meta-
type polyurethane containing biphenylene
mesogen unit has monatropic liquid crystallinity.®
It was found that the polyurethane, especially
biphenylene-containing, has a tendency to highly
orient the backbone in a rigid rod-like manner,
forming crystalline regions rather than liquid
crystals. Lately, we reinvestigated liquid crys-
tallinity of the para-type homo-polyurethanes
containing biphenylene moiety as a mesogen
and alkylene spacer. In addition, we reported
synthesis and liquid crystallinity of thermotropic
para-type copolyuretanes containing biphenylene

showed enantiotropic
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mesogen and alkylene spacers with different
lengths.” [t was concluded that the para-type
polyurethanes containing biphenylene group ex-
hibited monotropic liquid crystallinity.

There has been considerable research in recent
years on polymer blends that contain lquid
crystalline polymers (LCPs).*™ The blend of a LC
polymer to another polymer effectively improves
processability. In most cases, the addition of LC
polymer increases the mechanical strength and
the stiffness of the matrix polymer. Moreover,
even a relativley small amount of LC polymer
may induce reduction in the melt viscosity, and
thus make the processing easy. The LCP may also
improve other properties, such as dimensional
stability and thermal stability.”*

It is known that all polymer molecules forming
the same type of liquid crystalline phase will be
miscible”” and the resulting properties of LCP
blends depend on the properties of individual
polymeric components as well as the morphology
of the dispersed LCP domains affected by the
interaction between the phases.®* Thus, it might
be possible to produce liquid crystalline polyure-
thane blends by mixing a liquid crystalline
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polyurethane with a liquid crystalline or with
a non-liquid crystalline polyurethane having a
similar structure.

In the previous paper, we prepared liquid
crystalline polyurethane blends by mixing para-
type polyurethanes containing a biphenylene
moiety and alkylene spacers (6, 8, and 11). Their
thermal properties were examined by comparing
with those of the para-type hamo-polyurethanes.

In this study, the liquid crystallinity of polyure-
thane blends under shear was investigated in
detail by polarized optical microscope observa-
tion, differential scanning calorimetry, and X-ray
diffraction measurement.

Experimental

Materials. 2,5-Tolylene diisocyanate (2,5-TDI)
donated by Mitsui Toatsu Co., Ltd. was used as
a diisocyanate monomer as received. ®-Halog-
enated alkanols (Aldrich Co.) were used without
further purification. N,N'-Dimethylformamide
(DMF) was purified by distillation under reduced
pressure before use.

Synthesis of 4,4'-Bis(w-hydroxyalkoxy)
biphenyls (BPn: n=2, 6, 8, 11). The reaction
of 4,4'-dihydroxybiphenyl with @-halogenated
alkanols is described in detail elsewhere.'

Preparation of Homopolymers and Polymer
Blends. As shown in Scheme 1, the homopoly-
urethanes were synthesized by a polyaddition
reaction and polyurethane blends were prepared
by mixing homopolymers in DMF solution in
various weight percents as described in the
previous paper.® These blends were designated as
PUMT/PUNT (wit%/wit%; m and n: the number of
methylene units).

Characterization. The structure analysis of
the polymers and their intermediates was
performed by 'H and **C NMR spectroscopies
using a JEQOL Lambda-400 spectrometer with
3-{trimethylsilyt) propanesulfonic acid sodium salt
(DSS) as an internal standard. Samples were
measured on a DMSQO-d, solution at 70°C. FT-IR
spectra ranging from 4600-400 cm® of the
resulting polymers were measured with a Perkin
Elmer FT-IR 1600 spectrometer by the KBr
method. Viscosities were measured with an
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oH H O
{ O(CHZ)HOO(CHz)nO‘E‘—I{IQ—N-G}
CHs
PUNT (n=2, 6, 8, 11)

PU Blend ] Blend Ratio {wt%)

PUET/PUST 1100/0 78/22 58/42 48/52 38/62 19/81 0/100
PUST/PUILT [100/0 78/22 57/43 47/53 37/63 19/81 0/1C0
PUZT/PUILT j100/0 72/28 49/51 39/61 30/70 14/86 /100

Scheme L. Preparation of polyurethane blends.

Ubbelohde viscometer in  1,1,2,2-tetrachloro-
ethaneol-phenol  (1:1, v/v) solution at 30°C.
Thermal properties of the polymers were
investigated using a Mettler DSC 30 differential
scanning calorimeter. The scanning rate in all
cases was 10°C/min. The maximum point of the
peak was taken as the transition temperature. All
the samples were heated above the isotropic
emperature to eliminate thermal history, then
cooled o room temperature and scanned for
the second time. The optical textures of the
mesophase were observed using Olympus BHZ
polarizing microscope equipped with a Mettler FP
84 hot stage. X-Ray diffraction measurements
were carried out by a MAC Science MXP* X-ray
diffractometer equipped with a model 5310
thermal controller.

Results and Discussion

Preparations of Para-Type Polyurethane
Blends. The structures of polyurethanes
synthesized in this study were identified by 'H
and “C NMR and infrared spectroscopies as
described in detail in the previous paper.® The ‘H
NMR spectrum showed that there were two NH
proton absotptions due to the urethane linkage at
842 and 9.26 ppm the non-equivalency of
which was caused by the existence of methyl
group in the tolylene group. The “C NMR
spectrum showed the signals for the aromatic
rings at 114.6-157.8 ppm, carbonate C=0 at
153.1-154.3 ppm, and the aliphatic chains at 24.
3-68.0 ppm. In the IR specirum, absorptions due
to NH and C=0 bonds of urethane linkages were
seen at 3310 and 1700 em', respectively.

Liquid Crystallinity of Polymer Blends. In
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Figure 1. DSC thermograms for the polymer blends of PU
6T/PUBT: {a) 78/22, (b) 58/42, {c) 38/62, and (d} 19/81.
The cooling rate was 10 “C/min.

DSC diagrams shown in Figure 1, a single
transition peak was observed for all blends
composed of different compositions. Since in
thermotropic polyurethanes the ligquid crystalline
orientation is induced under shearing, charac-
teristics of these peaks could not be determined
with the DSC thermograms alone. The DSC
thermograms were analyzed by combining those
with data from polarized microscope observations
mentioned below, revealing that the blends were
monotropic liquid crystals and that the transition
temperature depended on the blend composition.
In the previous works>** we revealed that
polyurethanes exhibited unique thermal behaviors.
It was found out that the shearing was to a great
extent responsible for the formation of liquid
crytalline phase. Polarized microphotographs
for the polymer blends (A) PUGT/PUST(78/22},
(B) PU6T/PUBT(78/22), and (C) PUST/PUILT
(37/63} are shown in Figure 2. Photo A is a
microphotograph taken for the sample cooled
from isotropic state without shearing. This is a
texture in the crystalline state possessing immo-
bility, but not in the liquid crystalline state.
Photos B and C were taken respectively at 188
°C and 164°C under shear, which exhibit typical
bright nematic textures. A similar tendency was ob-
served in the mesophase of other polymer blends.
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Figure 2. Polarized microphotographs for the polymer
blends (A) PUGT/PUBT(78/22) taken at 163°C, {B) PUGT/
PUBT(78/22) taken at 188 °C, and {C) PUST/PU11T{37/63)
taken at 164 °C during cooling procedure.

The miscibility of blends was revealed by a
single glass transition and a single mesophase-
isotropic transition. The resulting properties of LC
polymer blends depended on the properties of
individual polymeric components. In the previous
work.! the states of hydrogen bonds worked as
driving force for orientation of polymer backbone
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was examined through the curve fitting analysis
of carbonyl band at various phases in polyure-
thanes. 1t was revealed that the ordered
hydrogen bonds were strong enough in the liquid
crystalline state not to completely dissociate in
the isotropic state. The disordered hydrogen
honds must have been formed rapidly and then
developed to liquid crystalline state from the
isotropic state. The liquid crystallinity of polymer
blends must have depended largely on the
hydrogen bonds which could be formed between
the urethane linkages of individual polymers of
high-molecular-weight.

X-Ray Diffraction Patterns, Figure 3 shows
typical X-ray scans of the sample, taken at
different temperatures before and after the
shearing. These diffractograms obtained at
different temperatures suggest the existence of
isotropic, mesomorphic, and crystalline states. X-
ray diffraction patterns were taken for a polyure-
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Figure 3. X-ray diffraction patierns of polyurethane blend
PUGT/PUST(38/62) in different temperatures before and af-
ter shear was applied in the cooling stage: {A) quenched
from the liquid crystalline state in which shear was subjected;
(B) taken at {(a) 179°C, (b} 169°C, and {c) 160°C without
shearing.
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thane blend PUGT/PUSBT(38/62) quenched from
the liquid crystalline state in which the shear was
subjected during the cooling stage (Figure 3A).
Oriented sample shows a broad reflection at
approximately 28 of 20.44° (d=4.34 A) and a
weak reflection at approximately 28 of 5.36° (d=
16.48 A). The results of polarized microscopic
observation and powder X-ray analysis revealed
that the shearing applied to the para-type
polyurethanes played important roles in orienting
polymer chains and in endowing thermotropic
liquid crystallinity to the polymers.

MacKnight and coworkers reported that the x-
ray diffraction patterns exhibited not only the
diffuse features associated with the vitrified
mesophase formed on cooling but also sharper
features due to crystals of polyurethane poly{2.4-
TDI/BHHBP).Y In this case. a broad reflection
at approximately 22° and a weak reflection at
approximately 8° which was ascribed to the
smectic-like structure of the vitrified mesophase
were observed. And, Chiellini and coworkers also
reported that polylurethane-ester)s had the
nematic mesophase with smectic-like structure by
the analysis of the various features of the X-ray
diffraction patterns.”

On the other hand, X-ray diffraction patterns
measured on the sample polyurethane blend
without shearing exhibited a different tendency
(Figure 3B). The diffraction patterns measured
without shearing at 179-169°C were almost
identical o those due to an amorphous state in
the polyurethanes under shear.” However, at
160°C of liquid crystalline state, orientation of
the polymer chains already occurred, showing
crystalline pattern which was the same as that
measured under shear at room temperature.”™
A similar tendency was also seen for other
polyurethane blends. Accordingly, in the case of
the sample cooled without shearing, a weak small-
angle diffuse signal did not appear in the liquid
crystalline state.

As mentioned above, two kinds of X-ray diffrac-
tion patterns were shown in the case of oriented
and unoriented samples. These demonstrated
that the para-type polyurethanes had a mono-
tropic nematic mesophase, suggesting that two
structural arrangements coexisted in the meso-
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Figure 4. Schematic illustration of the shear-induced orientation formed by interactions in the thermotropic polyurethane under

shear.

phase texture-domains of pseudo smectic
structure and nematic structure. But, the small
domains possessing pseudo smectic structure
gave rise to a limited extent, being ascribed to
the orientation caused by shearing.

The Shear-Induced Orientation. From the
results of differential scanning calorimetry
measurement, polarized microscopic observation
and X-ray pattern, it was understood that these
polyurethanes exhibited unique thermal behav-
iors. When the sample was coocled from the
isotropic state without shearing, it did not show
any transmission of light under the polarized
microscope until crystal transition temperature
where the sandlike texture appeared. However, a
monotropic polyurethane exhibited a bright liguid
crystalline texture with mobility, when it was
sheared in the mesophase temperature range.
Mobility of the liquid crystalline texture was kept
until it was solidified at the crystalline transition
temperature.

It may be supposed that one way to induce a
macroscopic orientation of the domains in the
main-chain polymers and exhibit a liquid crystal-
line phase is to shear extemally. The macroscopic
orientation can develop along the shearing direc-
tion. This indicates that the domains in polymer
can be reorganized by shearing because of their
mobility in liquid crystalline state. In this study,
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we have employed this method which allowed
sandwiching the sample putted between the
cover glasses on the hot stage. Molecular domains
were oriented in the shearing direction when
shear was applied.

Sample was heated to isotropic state to
eliminate thermal history and then the shearing
was applied during cooling from isotropic state to
crystalline state to orient the backbone in a rigid
rod-like manner. On reheating, however, the poly-
mers melt without showing LC mesophase due to
their strong interactions. Hirata and coworkers
reported that the polymers melt without showing
LC properties if their interaction was too strong
in the main-chain thermotropic polymers.”

In other words, the shearing, applied to the
polymer chains might cause the rearrangement of
the polymer backbone so as to partially form an
ordered structure containing a layered structure
such as pseudo smectic structure, and then to
orient molecular domains leading to the LC mesop-
hase. Schematic illustration of the shear-induced
orientation formed by interactions under shear in
the thermotropic polyurethane is shown in Figure 4.

Conclusions

Differential scanning calorimetry measurements,
polarized microscopic observations and powder X-
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ray analyses at various temperatures revealed
that the polymer blends prepared by solution
biending of two LC homopolymers form a mono-
tropic nematic mesophase. In thermotropic LC
polyurethanes, the liquid crystalline orientation
was induced under shearing. Another approach
was attempted to identify the phases in the liquid
crystalline  homopolyurethanes using blends
formed from parent polymers of the sample type.
The complete miscibility indicated that the poly-
mer had the same type of nematic mesophase as
that of the other polymer.
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