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SYNOPSIS

Films of wholly aromatic copolyester composed of 4-hydroxybenzoic acid (HBA) and 2-
hydroxy-6-naphthoic acid (HNA) were prepared by a solution-casting method using a mixed
solution of pentafluorophenol (PFP) and chloroform (weight ratio: PFP/chloroform = 3/
7). Using five samples with different copolymer compositions (HBA/HNA [mol %] = 25/
75, 40/60, 55/45, 62/38, 73/27), the effects of the copolymer composition on the fine struc-
tures of the films were investigated using thermal analyses, density measurements, X-ray
diffraction methods, and tensile tests. The as-cast films obtained were shown to be trans-
parent and highly amorphous in spite of changing the copolymer composition. When the
films were heated above the T, (100°C), cold crystallization first occurred during the heating
process and they had melting points. The densities of the films increased with increasing
annealing temperature throughout the cold crystallization. The elongation percentages of
the as-cast films reached high values of 30-74% at room temperature, indicating their

maximum of elongation at 55 mol % of HBA. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

The wholly aromatic copolyester composed of 4-hy-
droxybenzoic acid (HBA) and 2-hydroxy-6-naph-
thoic acid (HNA) (HBA/HNA copolymer) exhibits
complicated fine structures in their solid states, since
they are formed by the extended chains with random
comonomeric sequences.’? Several models of crys-
tallization in such types of copolyesters have been
proposed in terms of the complicatedly coagulated
structures.> The morphology of the copolymer is
strongly dependent on its thermal history.>” The
crystal growth occurs on annealing above the glass
transition temperature, and the packing mode of the
molecular chains in the crystallite changes on an-
nealing.>’® In conjunction with the above results,
phase transitions,”!® chain mobility,!""'? and physical
properties'®! of HBA/HNA copolymers have been
investigated using injection-molded or melt-spun fi-
ber samples prepared from their anisotropic nematic
melt.
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Windle et al.’>'® examined the morphology of the
copolymer using highly sheared thin films, having
found two kinds of fine structures (banded and tight
textures) which were characteristic of extended
chains. Formation of these textures depended on the
shearing speed during the film preparation.

Generally, a highly oriented structure is formed
in copolymer films prepared from the nematic melt
by an extruded molding method. The film prepared
in this way is opaque and indicates anisotropic me-
chanical properties: The strength normal to the ma-
chine direction (MD) is extremely lower than that
parallel to MD. It is necessary to improve such op-
tical and mechanical properties.

We prepared the highly amorphous and trans-
parent thin film of the copolymer (HBA/HNA = 73/
27) by the solution-casting method and examined
the phase transition of the copolymer film during
the annealing process.!” The glass transition, cold
crystallization, and nematic texture were clearly ob-
served using the solution-cast film.!” In this article,
we investigated the effects of the copolymer com-
positions of HBA/HNA copolymers on the fine
structures of the solution-cast films using X-ray dif-
fraction and thermal analyses.
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EXPERIMENTAL

Materials and Film Preparation

Five HBA/HNA copolyesters with different copol-
ymer compositions were used: HBA/HNA (mol %)
= 25/175, 40/60, 55/45, 62/38, and 73/27. They were
synthesized by Calundann’s method.'® The intrinsic
viscosities of them were 6.6-7.5 dL g ' in a mixed
solution of pentafluorophenol (PFP)/chloroform.

The films were prepared using a solution-casting
method with the mixed solution. The weight ratio
of the mixed solution (PFP/chloroform) was 3/7.
The film preparation method was described in our
previous article.!” The thickness of each film was
about 20 um. These films are coded as C-25, C-40,
C-55, C-62, and C-73, where the numbers denote
the volume fraction of HBA.

Polarizing Optical Microscopy and Scanning
Electron Microscopy

The HBA/HNA copolymer films were examined
during a heating process using a polarizing optical
microscope equipped with a hot stage (Linkam Co.,
TH-600RMS). The heating rate was programmed
as 30°C min~1. The fracture surfaces of above so-
lution-casting films which were broken in liquid ni-
trogen were observed at 25 kV under a scanning
electron microscope JSM-5300 (JEOL Ltd.).
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Figure 1 WAXS patterns of through and edge views
for the as-cast film of C-73.

5um

Figure 2 Scanning electron micrograph for the frac-
tured surface of the as-cast film of C-73.

Thermal Properties

The thermal properties of the films were investigated
using a differential scanning calorimeter (DSC 200:
Seiko Instruments & Electronics Ltd.) under a N,
purge; heating and cooling rates were 30 and 20°C
min~!, respectively.

Density Measurement

Densities (p) of the films were measured at 30°C
using a density gradient column filled with an
aqueous solution of calcium bromide.

X-ray Diffraction Measurements

X-ray diffraction experiments were carried out by a
RAD-rA diffractometer (Rigaku Denki Co. Ltd.)
equipped with a heating device. Nickel-filtered
CuKa radiation was employed. Changes in the wide-
angle X-ray scattering (WAXS) traces during step-
wise heating and cooling processes were recorded by
a scintillation counter system with a 1.0 mm-di-
ameter pinhole collimator and 1 X 1° receiving slit.
The diffractometry was performed in transmission.
The temperature accuracy of the heating device used
was +0.2°C. WAXS traces were obtained by a step-
scanning method: The step width and fixed time
were programmed for steps of 0.05° every 4 s. When
d-spacings of the reflections were measured, the step
and fixed time were programmed for an angle of
0.01° and a 10 s step, respectively. The accuracy of
the d-value measurements was better than +5 X 10™*
nm. The WAXS photographs were taken by a flat
Laue camera with a 0.5 mm-diameter pinhole col-
limator.
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Mechanical Properties

Tensile measurements for the sample films were
carried out using an Autograph DCS-50M (Shi-
madzu Ltd.) at room temperature. The width of the
films was 1 mm. The distance between the machine
chucks and the strain rate were programmed at 20
mm and 10 mm/min, respectively. The tensile
strength, tensile moduli, and elongations of the films
were measured.

RESULTS AND DISCUSSION

Morphology of Solution-casting Films with
Various Copolymer Compositions

The solution-cast films obtained were transparent
and colorless, and they exhibited a dark field under
crossed polarizers in spite of various copolymer
compositions. Melt-cast films prepared from the ne-
matic melt (melt-pressed samples) appeared milk
white and opaque in comparison with the above so-
lution-cast films with similar thickness. In addition,
only a diffuse halo was observed in the WAXS pat-
tern of each solution-cast film. Consequently, they
were highly amorphous and they might have very
small glassy nematic domains. The morphology of
the films was probably formed through an isotropic
gel state at the comparatively low temperature
(27°C) in the solution-casting procedure.

Figure 1 shows the WAXS patterns of through
and edge views for the solution-cast film of C-73.
The WAXS pattern of the through view indicated
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Figure 4 Changes in phase transition temperatures
(Ten and Ty) of the as-cast films with the molar fraction
of HBA.

a diffuse halo, while a diffuse arc was observed in
the edge-view pattern. The scanning electron mi-
crograph for the edge view of the as-cast film C-73
is shown in Figure 2, where a layer structure is
clearly observed. The layers exist parallel to the film
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Figure 3 DSC traces of as-cast films for C-25, C-55, and C-73 during heating and cooling

processes.
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Figure 5 WAXS curves of as-cast films for C-25, C-55, and C-73 during heating and

cooling processes.

plane. These indicate a very low level of uniplanar
orientation. Other films showed similar WAXS pat-
terns in the edge views characteristic of the layer
structures. Such a morphology of the solution-cast
films is something different from a completely
amorphous state of ordinary flexible polymers.

Effects of the Copolymer Compositions on the
Structural Changes of the As-cast Films

The as-cast film of C-73 clearly indicated the glass
transition (7,) at 110°C, a broad exothermic peak
at 150°C, and an endothermic peak corresponding
to the crystal/nematic transition (Tcy) at 280°C on
the first heating process.'” Figure 3 compares DSC
traces of the as-cast films for C-25, C-55, and C-73.
The DSC traces of C-25 and C-55 films are similar
to that of C-73. With the second heating process, a
base-line shift at the T,’s and an endothermic peak
corresponding to Tcn are observed with no exo-
thermic peak. The second heating traces were sim-
ilar to those of the melt-pressed or molded sam-
ples,'®!® since the films were heated up to the ne-
matic melt state. The filims were opaque after the
above annealing treatment. After the second heating
process, the thermal behaviors of the samples were
reversible. Similar thermal behaviors were observed

in other as-cast films: They also showed exothermic
peaks above the T)’s with the first heating process.

For examination of composition dependence, the
T.'s and Tcy’s of these films obtained by DSC mea-
surements are plotted with the molar fraction of
HBA in Figure 4. The T,’s remain almost un-
changed in spite of varied copolymer compositions.
The Tey’s indicate the minimum value at 55 mol
% of HBA. The composition dependence on the
Ten's coincides with the melt-pressed samples,
which is ascribed to the random comonomeric se-
quences of HBA and HNA.%°

Figure 5 shows WAXS traces at elevated tem-
peratures for the as-cast films of C-25, C-55, and C-
73 during the heating and cooling processes. As de-
scribed earlier, the WAXS traces obtained at room
temperature (25°C) show that the samples remain
highly amorphous. The Bragg’s reflections (26
= 19°-27°) appear in the traces above 150°C and
their intensities increase gradually on heating up to
their T¢y’s. The temperature range from 150°C to
Tcn corresponds to the exothermic peak range in
the DSC curve of each film. In relation to this, the
light intensity of birefringence increased with in-
creasing temperature above 150°C under the polar-
izing optical microscope. As described in the pre-
vious article,'” the packing mode of the copolymer
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Figure 6 Changes in d values of the amorphous scat-
tering peaks and 110 reflections of the orthorhmbic crystal
for the as-cast films of (O) C-25, (A) C-55, and (1) C-
73 with temperature during the heating process. The dot-
ted line denotes the d value of the amorphous peak and
the solid line that of the 110 reflection. A: Amorphous
state; C: crystal state, N: nematic state.

chains were forced to change and the crystalline-
ordered structures formed in the temperature range.

When the samples were cooled from the nematic
melt, the WAXS curves become comparatively sharp
as shown in Figure 5. This implies that the crystal-
linity of the samples increases after annealing ef-
fects. Similar fine structural changes were observed
in other films with different copolymer composi-
tions.

Figure 6 illustrates changes in the d values of the
WAXS intensity maxima of the as-cast films (C-25,
C-55, and C-73) against temperature with their first
heating processes. Since these solution-cast films are
highly amorphous, the d values measured below T},
correspond mostly to those of the amorphous scat-
tering peaks. They were measured at their maximum
intensities. The films might have small glassy ne-
matic domains, but it was impossible to distinguish
the amorphous and glassy nematic scattering peaks
on the WAXS patterns. The d values measured in

above temperature range are shown by broken lines
in Figure 6. They increase linearly with the thermal
expansion of the glassy state on heating up to 7,
and then decrease suddenly above the T,. The sharp
WAXS patterns characteristic of some Bragg’s re-
flections appeared in the higher temperature range
where the d values continue to decrease. This comes
from the fact that the more ordered chain coagu-
lation occurs as the chain mobility is enhanced by
heating above the T,.

After reaching the minimum, the d values in-
crease with increasing temperature again. In the case
of C-73, the d value agrees with that of the 110 re-
flection for the orthorhombic crystal of the highly
oriented fiber sample containing 73 mol % of
HBA.®?! The d values for C-25 and C-55 obtained
above 200 and 180°C, respectively, are consistent
with those of 110 reflections measured from the fiber
samples.'®?! Consequently, cold crystallization by
the molecular chain rearrangement occurs in the
film, since molecular chain mobility is enhanced at
a high temperature above the T,.

The d values increase more with increasing tem-
perature on further heating above its Ty as shown
in Figure 6. The linear expansion coefficients esti-
mated from the slopes represents the value of the
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Figure 7 Changes in density of films with annealing
temperature. The films were annealed at various annealing
temperatures for 1 h: (@) C-25; (A) C-55; (m) C-73.
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Figure 8 Changes in density of the films with molar
fraction of HBA; the as-cast films and the films were an-
nealed at 200°C for 1 h.

107* order, which is associated with the mesomorphic
state.

Annealing Effects on the Films with Various
Copolymer Compositions

The solution-cast films were annealed at various
annealing temperatures for 1 h using the DSC device
in a N, purge. Figure 7 shows the densities of an-
nealed C-25, C-55, and C-73 films plotted against
the annealing temperature. The density of each film
annealed below the T, corresponds to that of the
amorphous copolymer. The densities increase above
the T, which is accompanied by the cold crystalli-
zation described in the preceding section. No re-
markable change in density of the melt-pressed
samples was observed in the above temperature
range. The melt-pressed samples or melt-spun fibers
have a comparatively higher denser state, even if
the samples were quenched, because the amorphous
state cannot be frozen in these ordinarily quenched
samples from the melt. Consequently, the density
can be changed widely by the annealing treatment
in the case of the solution-cast films.

Figure 8 shows changes in the densities of the
films with the molar fraction of HBA. The open

symbol denotes the densities of the as-cast films,
and the closed symbol, those of films annealed at
200°C for 1 h. The densities of the as-cast films
increase with an increasing HBA molar fraction.
There is a linear relationship between the density
and molar fraction of HBA. The specific volume of
the HBA chain is smaller than that of the HNA
chain, since the HBA chain is more linear as com-
pared with the HNA chain. Thus, the HBA-rich film
is denser than is the HNA-rich film.

The densities of the annealed films also increase
with the HBA molar fraction. Particularly, those of
the HBA-rich films exhibit very high values. In gen-
eral, the density of an annealed sample is due to the
crystallinity, as well as being dependent on the crys-
tal density itself. The crystal densities of PHBA and
PHNA were estimated to 1.49 and 1.45 g/cm3, re-
spectively, using their lattice parameters.>* As a
result, the densities of the annealed HBA-rich films
become higher than those of the annealed HNA-
rich ones.

Mechanical Properties of the Films

The solution-cast films exhibited isotropic mechan-
ical properties in the tensile test. Figure 9 shows the
stress—strain curves of the films measured at room
temperature. The elongations of the as-cast films
are very high as compared with those of the melt-
pressed samples. The high elongation of the solu-
tion-cast films probably results from their highly
amorphous structures. Generally, the elongation of
the melt-pressed samples or melt-spun fibers is only
several percent because they have higher crystallin-
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Figure 9 Stress-strain curves of as-cast films for C-25,
C-55, and C-73.
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Figure 10 Changes in tensile modulus, elongation, and
strength of the as-cast films with the molar fraction of
HBA.

ity; additionally, the fibers are already highly ori-
ented in the spinning process.?*?

As shown in Figure 10, the tensile strength of the
as-cast films is not so high, even if they are annealed.
It implies that the tensile strength of the liquid
crystalline polymers depends preferentially on the
orientation of molecular chains.

Changes in strength, elongation, and modulus
against the molar fraction of HBA are shown in Fig-
ure 10. There is the maximum of elongation at 55
mol % of HBA. The highest elongation, 74%, of
C-55 presumably comes from the low crystallinity,
i.e., the orientational crystallization does not occur
easily during the stretching process because of its
random sequence of the copolymer chain. The
strength and modulus do not indicate a strong de-
pendency on the copolymer composition. At this
time, we cannot explain the origin of above me-
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chanical properties in terms of these limited results.
Morphological changes and the orientational mech-
anism of the films are now being studied in our lab-
oratory and will be reported in the near future.

CONCLUSION

1. The solution-cast films were transparent and
highly amorphous in spite of the varied co-
polymer compositions.

2. In each film, cold crystallization occurred
during the heating process by the molecular
chain rearrangement, since molecular chain
mobility was enhanced above the T.

3. The densities increased with increasing an-
nealing temperature throughout the cold
crystallization. The density of the HBA/
HNA copolymers can be changed drastically
using the solution-cast film.

4, The elongation percentages of the as-cast
films showed very high values of 30-74% at
room temperature. There was a maximum of
elongation at 55 mol % of HBA.
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