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ABSTRACT: A new thermotropic liquid crystalline polymer (TLCP) containing a flexible spacer
was synthesized from hydroquinone, p-hydroxybenzoic acid, and 1, 6-dibromohexane. Blends of
TLCP with PBT were melt spun at different draw ratio to produce a monofilament. A maximum
in the ultimate tensile strength was observed for blends containing 5% LCP regardless of draw
ratio, and then it decreased with further increase in the LCP content. However, the initial modulus
monotonously increased with increasing the LCP content. Thermal, morphological and mechanical
properties of the blends were examined by different scanning calorimetry (DSC), polarized optical
microscopy, scanning electron microscopy (SEM), and capillary rheometry.

Introduction

Thermotropic liquid crystalline polymers (TLCPs)
are now commercially established as high perfor-
mance engineering polymers; due to their specific
chemical structures, high strength, high modulus,
low viscosities and other good mechanical proper-
ties.! 5 In most cases the addition of TLCP shows
an increase in mechanical strength and stiffness
of the thermoplastic matrix polymer. Moreover,
even the addition of relatively small amount of LCP
may induce a reduction in the melt viscosity, and
thus improve the processability. LCP may also imp-
rove other properties of thermoplastics, such as di-
mensional and thermal stability.

By blending TLCPs with some engineering ther-
moplastics, one can obtain so-called in situ reinfor-
cing composites.’” In situ composites of a TLCP
in a thermoplastic matrix, first introduced by Kiss,
have received considerable interest in literatures
over the past few years, and a number of reviews
have recently been published® ' The processing
of in situ composites involves two essential steps:
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the first is the dispersion of the TLCP in the ther-
moplastic matrix as fine droplets, and the second
step is the extension of these drops into fibrils with
a high aspect ratio in a strong, preferably elongatio-
nal flow field, e.g, in the die of the extruder or
by melt drawing on spinning.

In spite of the increasing interest and numerous
papers on the in situ composites, most of the publi-
shed papers deal with wholly aromatic polymers;
less attention has been paid to the processing and
properties of TLCP containing flexible spacers wi-
thin the main chain.'"** Although wholly aromatic
TLCPs exhibit very attractive mechanical proper-
ties, they have, in general, high melting points,
which can give rise to difficulties in processing*'3~
5 The use of flexible spacers in otherwise aromatic
polyesters lowers their melting points, thus wide-
ning the processing window. Thus, despite the ex-
pected loss of mechanical properties as compared
with the wholly aromatic TLCPs, they may have
considerable advantages in view of particular appli-
cations.!®!

This paper reports the synthesis and thermal
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characterization of a new TLCP based on 1, 6-di-
bromohexane, hydroquinone, and p-hydroxybenzoic
acid, and also the mechanical properties of the in
situ composites of above mentioned TLCP in PBT
matrix. The optimum processing parameters such
as the draw ratio and LCP content were determi-

ned experimentally to improve tensile properties
of PBT.

Experimental

Monomer Synthesis. Synthesis of Ethyl-4-(6-
bromohexyleneoxy)benzoate (I): Ethyl-p-hydrox-
ybenzoate 1500 g (9.03X 1072 mole) dissolved in
dry acetone was added into the 1, 6-dibromohexane
of 111 mL (7.22X10"! mole) and K,CO; of 25.00
g (1.81X10°! mole) mixture. The solution was ref-
luxed for 24 hours. The reaction mixture was coo-
led to room temperature, filtered to remove KBr
and unreacted K,;CO; and the 1,6-dibromohexane
phase was separated from the mixture and washed
with dilute Na,CO; solution and distilled water se-
veral times. The excess 1,6-dibromohexane was re-
moved by vacuum distillation at 100 C. The resul-
ting oil-like product was recrystallized from hexane
(vield, 92%; m.p., 33.8 C). Elemental Analysis, cal-
culated: C, 54.71. H, 6.38%.; observed: C, 54.82. H,
6.49%. 'H-NMR (Acetone-ds/TMS) & (ppm) 1.3 (t,
1, -CHy), 15 and 1.8 (m, 4, -CHy-), 35 (t, 1, -CH»-
Br), 40 (t, 1, -0-CHy-), 44 (q, 1, -COO-CHz), 7.0
and 8.0 (d, 2, -ph-).
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Synthesis of Ethyl-4-(4-hydroxy-1,4-phenyl-
eneoxyhexamethyleneoxy)benzoate (II): Ethyl-
4-(6-bromohexyleneoxy)benzoate of 8.00 g (243X
1072 mole) was dissovled in dry acetone and mixed
with hydroguinone of 21.36 g (1.94X 10! mole), K,
CO; of 690 g (5.00X1072 mole), and Na,S,0, of
2.50 g (144X 102 mole). The solution was refluxed
for 8 hours and poured into distilled water and
the precipitate was collected on a filter. The crude
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product was washed with dilute NaHCO; and with
distilled water. The product was recrystallized from
chloroform (yield, 93%; m.p., 116 T). Elemental
Analysis, calculated: C, 70.39. H, 7.26%.; observed:
C, 70.27. H, 7.33%. 'H-NMR (Acetone-ds/TMS) §
1.3 (t, 1, -CHy), 1.5 and 1.8 (m, 4, -CH;-), 3.8 and
4.0 (t, 2, ph-O-CH,-), 4.3 (q, 1, -CH,-0OCO-), 6.7 (q,
1, -O-ph-0-), 7.0 and 7.9 (d, 2, -CO-ph-0O-), 89 (s,
1, -OH).

Synthesis of 4-(4-Hydroxy-1,4-phenyleneoxy-
hexamethyleneoxy)benzoic acid (III): The above
prepared ethyl-4-(4-hydroxy-1,4-phenyleneoxyhexa-
methyleneoxy)benzoate of 19.70 g (5.50X 102 mole)
was dissolved in 600 mL of ethanol and was mixed
with Na,S;0; of 250 g (1.44 X107 mole). The solu-
tion was refluxed for 8 hours and then cooled to
room temperature, The reaction mixture was eva-
porated to remove ethanol in a rotary evaporator
and was dissolved in distilled water. Then the pro-
duct was acidified with dilute HCI and the precipi-
tate was collected on a filter. The product was wa-
shed with distilled water several times and recrys-
tallized from an ethanol water mixture (vield, 54%;
m.p., 203 C). Elemental Analysis, calculated: C, 69.
09. H, 6.67%.; observed: C, 68.89. H, 6.77%. 'H-
NMR(DMSO-de/TMS) & 14 and 1.7 (m, 4, -CHy-),
40 (t, 2, -O-CH»), 6.7 (g, 1, -O-ph-0-), 7.0 and 7.9
d, 2, -CO-ph-0-), 89 (s, 1, -OH), 126 (s, 1, -CO-
OH).

Synthesis of 4-(4-Acetoxy-1,4-phenylene-
oxy-hexamethyleneoxy)benzoic acid (IV): Com-
pound (III) was dissolved in excess acetic anhyd-
ride and the mixture was refluxed for 8 hours (100
C) and cooled to room temperature and the preci-
pitate was filtered off and washed with water. The
crude product was recrystallized from methanol.
The purity of the product was identified by TLC,
NMR and IR analyses (yield, 89%; m.p., 152 ).
Elemental Analysis, calculated: C, 67.74. H, 6.45%.;
observed: C, 68.00; H, 6.51%. 'H-NMR (DMSO-ds
/TMS) 14 and 1.6 (m, 4, -CHy-), 2.2 (s, 1, -CHy),
40 (t, 2, -O-CHy), 70 (q, 1, -O-ph-0-), 6.9 and 7.9

@, 2, -CO-ph-0-).
P:Ie)":n "["O'@' OO .

Polymer Preparation. Aromatic TLCP was pre-
pared in melt state : monomer IV of 6.00 g (1.80X
1072 mole) was placed in a polymerization tube.
This monomer was heated for 60 min at 200 T,
for 45 min at 220 T, for 40 min at 230 C, and

v
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Table 1. Melt Polymerization Conditions

Temp. (€ )/ Time (min) / Press. (torr)

200/60/760 — 220/45/760 —> 230/40/760 —
240/40/760 > 260/30/200 —> 260/30/130

Table II. Properties of the TLCP and PBT

Polymer T, C T, T MNinh MW
TLCP 248 275 0.59
PBT* 223 - — 30,000

? Aldrich Chemicals.

*Inherent viscosity was measured at 30 T at a concen-
tration of 0.1 g/dL in a phenol/p-chlorophenol/TCE=
25/40/35 (W/W/W) mixture.

for 40 min at 240 C under a steady stream of
N, gas. During this period continuous generation
of acetic acid was observed. After that, the tempe-
rature of the reaction tube was raised and maintai-
ned at 260 T for 60 min under a reduced pressure
from 200 to 130 torr. The polymer formed was coo-
led to room temperature and recovered. Elemental
Analysis, calculated: C, 73.08. H, 6.41%.; observed:
C, 72.89. H, 6.43%. BC-NMR (SOLID) 8§ (ppm) 26.54
(s, 4, No. 9), 6767 (s, 2, 8), 12324 (s, 2, 2 and
7), 13055 (s, 1, 3), 132.88 (s, 1, 4), 156.32 (s, 1,
1 and 6), 163.36 (s, 1, 5).

o
[

O-Q-C@—@CHCH;-(CHZ-)-C}{;
1 45 6 8 ¢
2 3 7

Table I summarizes polymerization conditions in
melt. Table II shows the general properties of the
TLCP and PBT. PBT for this work was purchased
from Aldrich Chemicals.

Blending. PBT, the matrix thermoplastic, and
TLCP in the form of dry powder were dissolved
in a phenol/p-chlorophenol/TCE = 25/40/35 (wt/
wt/wt) mixture at room temperature. The concent-
ration of the solution was less than 5% by weight
to avoid aggregation of LCP itself in the solvent.
The polymer solution was coprecipitated in acetone
drop by drop with vigorous agitation, and the white
precipitates were washed with ethyl alcohol, H,O
and acetone, repeatedly. The polyblends were dried
in a vacuum oven at 110 C for 2~3 days.

For simplicity, the blends will be described as
0% LCP/PBT, 3% LCP/PBT. 10% LCP/PBT and
so on, in which LCP and PBT represent the poly-
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mer components used to prepare the blend and
the numbers denote LCP weight percent in the
blend.

Extrusion. The dried blends were pressed at
210 T, 2500 kg/cm? for a few minutes on a hot
press. The film-type blends were dried in a vacuum
oven at 110 T for 24 hrs, then the films were ext-
ruded through a die of capillary rheometer. From
the capillary rheometer, the hot extrudates were
immediately drawn at different speeds of the take-
up machine to form fibers with different diameters.

The cylinder temperature of the extruder was
250 € and the mean residence time in capillary
rheometer was about 4~5 minutes.

Characterization. BC-NMR spectrum of the po-
lymer was obtained on a Bruker DPX-300 spectro-
meter in solid state. DSC measurements under N,
atmosphere were carried out with DuPont 910
equipment. The sample was heated and cooled at
the rate of 20 C /min. Thermal stability was exami-
ned on a DuPont 910 TGA at a heating rate of
20 C/min. A polarizing microscope equipped with
a Mettler FP-5 hot stage was employed to examine
the texture of samples. Wide angle x-ray diffractog-
rams were obtained on a JEOL JDX-8D instrument
using Ni-filtered CuKa radiation. The scan speed
was 4 deg/min. The mechanical properties of the
extrudate were measured on an Instron Mechanical
Tester with a cross head speed of 10 mm/min. Re-
ported values are the average of 6 measurements.

Morphology of the fractured surfaces of the fiber
samples was investigated with Hitachi S-2400 scan-
ning electron microscope (SEM). All samples were
fractured perpendicularly to the fiber direction in
liquid N, and fractured surfaces were sputtered
with gold using an SPI Sputter coater for enhanced
conductivity.

Results and Discussion

Thermal Properties. Differential scanning calo-
rimetry (DSC) curves of the pure polymer and its
blends are shown in Figure 1. The thermograms
of TLCP show that an endothermic peak appears
at 248 T which corresponds to the solid crystalline-
to-nematic melt transition (7,,) while T,, of the PBT
was observed at about 223 T.

DSC thermograms of 1% to 5% LCP in the PBT
matrix are very similar to that of pure PBT. But
increasing LCP content from 10 to 90 weight per-
cent, the transition points of all samples were
shown at around 224 T and 250 T, which were

Korea Polym. J., Vol. 2, No. 2, 1994



In situ Composites of a New Thermotropic LCP and PBT

LCP/PBT (wt, %)

1000 -m===mnT
{pure L.CP)

ENDO ——
8
g

150 200 250 300
TEMPERATURE (°C)

Figure 1. DSC thermograms of pure PBT, TLCP and
their blends.

Table III. Thermal Properties of the Pure Poly-
mer and the LCP/PBT Blends

(Lg‘;;;%n T.C T,C AH.)g DC.% LC.
100/0  — 248 275 469 61 Nem.
(Pure LCP)
90/ 10 226 248 276 23.1 58 Nem.
80/20 226 249 280 16.7 53 Nem.
50/50 223 249 284 95 51 Nem.
20/80 223 252 200 L1 43 Nem.
10/90 224 257 - - 40 NO
5/95 223 - — - 38 N.O*
3/97 224 — - - - NO!
1/99 223 -— - - - N.Ot
0/100 223 - - - 0 -
(Pure PBT)

2 Enthalpy change of isotropization.
®Not observed.

considered to be melting temperature of PBT and
LCP, respectively. The absence of a shift of the
LCP and PBT in the melting transition temperatu-
res suggests that these polymers are immisible.
These peaks changed only slightly with the blend
composition change. It can be noted that the mel-
ting temperatures of the blends were not affected
by the presence of the LCP in the PBT martix.
There is a small endotherm near 290 T in 20%
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Table IV. Results of Thermogravimetric Analyses
of the LCP/PBT Blends®

(Lgli%%T) Ty, C T T Ty= T WE %

100/0 378 465 477 17
10/9 377 434 436 6
5/95 378 433 435 7
3/97 378 428 431 6
1/99 376 433 438 6
0/100 382 427 429 8

¢Tp' and Tp® are the temperatures at which initial and
50% weight loss, respectively, were observed. Tp™* is
the temperature at which the maximum rate of weight
loss was observed. WX stands for the weight percent
of residue remaining after the sample was heated to
600 TC.

LCP/PBT which corresponds to mesophase-to-isot-
ropic liquid transition (7)) of pure LCP. With inc-
reasing the LCP content, isotropic temperatures
progressively shifted to lower temperature as
shown in Fig. 1. Table III shows the transition tem-
perature, enthalpy change of isotropization, and de-
gree of crystallinity of the blends. With increasing
LCP content, both enthalpy change (AH,) and deg-
ree of crystallinity have increased.

The thermal stability of the pure polymers and
their blends under an N, atmosphere was studied
by TGA. Table IV summarizes the experimental re-
sults of thermogravimetric analyses. Initial weight
loss (T,") was observed at 376~382 C depending
on the LCP weight percent in the PBT matrix. And
the temperatures at which the maximum rate of
weight loss (Tp™) were observed in the range of
429~477 C. From these temperatures, it was con-
firmed that all of the samples were thermally stable
considerably at the processing temperature, 248 C .

Figure 2 shows a thread-like nematic texture for
pure LCP, 80% LCP/PBT, and 50% LCP/PBT. Poo-
rly developed nematic texture were observed for
80% LCP and 50% LCP on Polarized Optical Micro-
scope, but it was expected to reveal liquid crystal-
line behavior as indeed identified by stir-opalesce-
nce.

Wide angle x-ray diffraction patterns of LCP,
PBT, and their blends of the film-type under the
heat treatment are shown in Fig. 3. The diffractog-
ram for pure PBT was revealed same as usual,
whereas that of LCP consists of an intense and
sharp peak centered at 21° and 22° in 20. The
diffraction patterns of the 80% and 90% LCP/PBT
also show two well-defined peaks at the same posi-
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Figure 2. Optical micrographs of the LCP/PBT blends
(200); a) 100% LCP/PBT (pure LCP), b) 80% LCP
/PBT, and ¢) 50% LCP/PBT.

tions. For the blends containing less than 50% LCP,
the diffraction patterns resemble that for the pure
PBT. It means that there is no compatibility bet-
ween these two components of the blend.
Mechanical Properties. Fibers of the blends
and pure PBT were extruded at 250 C with va-
rious draw ratios (DR) to examine the tensile stre-
ngth (o) and modulus (E,) of the fibers. As shown
in Table V, the values of the strength and initial
modulus of the blend fibers were enhanced remar-
kably with increasing draw ratio. However, as expe-
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Figure 3. X-ray diffractograms of pure PBT, LCP and
their blends.

Table V. Tensile Properties of LCP/PBT Extru-

dates”
LCP Draw Strength Modulus

Content (%) Ratio MPa GPa
0 1 41 1.87
(pure PBT) 3 43 191
4 44 1.93

5 46 1.93

1 1 44 1.91
3 47 215

4 52 2.30

5 59 248

3 1 58 2.17
3 64 2.40

4 72 2.86

5 86 295

5 1 64 2.29
3 72 2.51

4 80 2.93

5 93 3.09

10 1 56 2.35
3 60 257

4 72 3.10

5 76 3.19

¢[ /D=20, Extrusion Temp.; 248 C, Draw Ratio=D;
/Dy, where Dy is the fiber diameter and D; is the die
diameter.
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Figure 4. Ultimate strength of LCP/PBT blends vs.
LCP content.

cted in the case of flexible coil polymer, the inc-
rease of o and E, with draw ratio was small for
pure PBT.

Addition of LCP to matrix polymer significantly
increased the tensile properties of the blends. The
strength of blends containing even above 1% of
LCP content was higher than that of pure PBT.
Particularly at DR=5, in the 5% LCP/PBT, the ul-
timate strength achieved was more than twice that
of PBT. At the constant DR, the values in strength
increased linearly up to 5 weight % LCP content
and then dropped with the higher LCP% (Fig. 4).
For example, the value of the ultimate strength inc-
reased from 46 to 93 MPa and then decreased to
76 MPa with increasing LCP content. It is sugges-
ted that the LCP domains can make agglomeration
above 10% LCP content in the PBT matrix. This
was cross checked by morphological studies by
SEM. After all, in this blending system, the reinfor-
cing effect did not obey a rule of mixtures. Similar
results were observed in other studies involving
LCP blends.®~%

The initial modulus increased with increasing the
amount of LCP in PBT matrix. The effect of LCP%
and draw ratio on the modulus is shown in Fig.
5. At DR=5, the value of the initial modulus inc-
reased from 1.93 to 3.19 GPa with increasing LCP
content. Even in the 10% LCP blend, the moduli
of the blend were increased probably due to the
higher LCP content which means higher rigid-rod
moiety from the LCP in the hlend.

Ultimate strength showed a significant improve-
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Figure 5. Initial modulus of LCP/PBT blends vs. LCP
content.

ment in the 5% LCP/PBT drawn blend fiber with
a strength of 93 MPa and in the 10% LCP/PBT
with a modulus of 3.19 GPa. In contrast, those of
pure PBT fiber were 46 MPa and 1.93 GPa, respec-
tively (see Fig. 4 and Fig. 5).

Morphology. SEM micrographs confirm the mo-
rphologies and tensile property changes of the
blend fibers described above. The morphology of
the extruded fibers containing 0~10 wt% TLCP
in PBT matrix is depicted in the micrographs in
Fig. 6. Fig. 6 shows that more and smaller spherical
particles were formed in a undrawn blend fiber
containing 3% and 5% LCP. It is clearly seen that
the particle size of the dispersed LCP phase increa-
ses with increasing LCP content. For 3% LCP/PBT
blend, containing the smallest LCP particles, the
LCP showed fine dispersion as spherical droplets
with 50~70 nm in diameter. For 5% LCP/PBT,
morphology consisted of spherical LCP domains
also finely dispersed with 60~80 nm in diameter
in the PBT matrix. It was hard to find out the
well developed fibril structure in this blend system.
The lack of fibrillation may be explained by surface
energy of the fine dispersed droplets. Ultrafine dis-
persion in the matrix can make coalescence of the
small spherical particles difficult. Without coalesce-
nce, the surface energy of the smaller droplets is
too high for deformation to occur. It is conceivable
that the well dispersed LCP domain can increase
the strength of the blend fibers. Also, this kind of
improvement may be due to strong interfacial
adhesion between LCP and the PBT matrix.!! But
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b)

Figure 6. Scanning electron micrographs of as spun fibers (20,000X); a) 0% LCP/PBT(pure PBT), b) 3%

LCP/PBT, ¢} 5% LCP/PBT, and d) 10% CP/PBT.

for 10% LCP/PBT, the bigger spherical droplets
were formed, probably caused by agglomeration of
LCP itself.

Conclusion

From the present study it can be concluded that;
1. New aromatic TLCP blended with PBT showed
nematic behavior.

2. The blends of TLCP and PBT revealed the cha-
racteristics of immisible polymer systems.

3. TLCP is highly dispersed in the PBT matrix and
showed fine spherical particles.

4. The improved maximum ultimate strength was
obtained in the blend containing 5% LCP at each
draw ratio, but the initial moduli increased with
increasing the amount of LCP.
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