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Abstract: The crystallization and melting behavior of a main-chain thermot-
ropic copolyester has been investigated by differential scanning calorimetry
(DSC). The effect of annealing time and temperature on the transition temper-
atures and enthalpies has been evidenced. Two melting peaks are observed and
the first one clearly develops on annealing. Hypotheses are suggested about the
crystallization mechanism.

Key words: Thermotropic liquid crystalline copolyester — annealing — crystalli-
zation — differential scanning calorimetry

Introduction

Stiff long chain molecules tend to  exhibit
a liquid crystalline melt, usually a nematic one,
intermediate between a partially ordered solid
and an isotropic fluid state [1-4]. From a molecu-
lar structural viewpoint liquid crystalline poly-
mers can be classified into two groups, i.e., those
with the mesogenic units in the main chain and
those with the mesogenic units present as side
chains [5, 6]. In both cases the formation of a me-
sophase is due to the high anisotropy of the polar-
izability of rigid components such as aromatic
rings. In the case of main chain polymers the most
diffuse are aromatic polyesters. Nevertheless, the
homopolyesters derived from terephtalic acid and
hydroquinone or from hydroxybenzoic acid alone
melt at about 600 °C [6], therefore, they cannot be
processed. There are several ways to depress the
melting point of such rigid polymers to temper-
atures such as they are stable enough to be pro-
cessed [2]. One of the most successful methods
consists of the replacement of one or more hydro-
gens in an aromatic ring by other elements or
radicals. The so-obtained polymers can be very
easily oriented in the molten state and keep their
orientation in the solid state, which results in
materials with very high mechanical and thermal
properties. It is, therefore, very important to
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control their transitions, which play a key role in
the processing and use conditions of these mater-
ials. Differential scanning calorimetry (DSC), of-
ten associated with optical microscopy to identify
the nature of the mesophase, can be successfully
used to determine phase transitions in thermot-
ropic liquid crystalline systems, as well as for
polymers, in general.

Nevertheless, few papers are present in the liter-
ature about the crystallization and melting behav-
ior of thermotropic polymers. Butzbach
et al. [10] propose, for the crystallization of
a thermotropic polyester, a two-step crystalliza-
tion mechanism consisting of a rapid step until the
sample is physically crosslinked, followed by
a slow step due to a crystallization occurring only
through a diffusional process in regions which
have not been transformed during the first step.

Hedmark et al. [11] for a thermotropic liquid
crystalline polyester containing p-hydroxybenzoic
acid (HBA) suggest the occurrence of two types of
crystallization: the formation of large HBA-rich
crystals of high melting point, likely due to a tran-
sesterification reaction induced crystallization
— as previously proposed by Lenz [12] — and the
formation of thin HBA-rich crystals due to a nor-
mal cold crystallization.

In this paper, we study the crystallization and
melting behavior of a main chain thermotropic
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copolyester, Granlar supplied by Montedison
S.p.A. (Italy) in form of pellets.

Experimental

Materials

The polymer studied is a copolyester based on

HOOC—@-COOH HO @ OH

HO OH

HC—CH;

with molar ratio 0.5:0.25:0.25 and was supplied
by Montedison S.p.A.

Thermal analysis

A thermal gravimetric analyzer (TGA) DuPont
951 was used to investigate the thermal stability
range of the material, using a scanning rate of
10°C/min.

The thermal properties were investigated by
using a differential scanning calorimeter (DSC 7,
Perkin Elmer) equipped with a 1020 Personal
Integrator. All runs were performed on
10 + 0.5 mg samples in a nitrogen atmosphere.
Before the measurements the samples were taken
at 370 °C and kept at this temperature for 1 min.
The annealing was performed in the DSC appar-
atus, in nitrogen atmosphere for times ranging
from 1 to 360 min.!) :

The transition temperatures correspond to the
maxima (or the minima) of the peaks and their
uncertainty is + 0.3°C. The heats of transition

have been evaluated using a program for comput-
ing the partial areas, and their uncertainty is
+ 0.05J/g.

Optical analysis

An optical microscope (Polyvar, Reichert Jung)
with cross polarizers was used in order to observe
the texture of the mesophase. The instrument was
equipped with a hot stage (TMS 90/TH 600, Lin-
kam). The samples for the optical analysis were
prepared with heating to 350°C and squeezing
a small amount of material between two glass
slides in order to obtain thin sections
(0.1 mm thick). The specimens were cooled to
150°C, then heated to 325°C at 10°C/min and
the texture was observed.

Results

From the thermal gravimetric analysis the
polymer was found to be stable up to 375°C,
therefore we limited the thermal analysis up to
370°C.

The optical analysis performed up to 325°C at
10°C/min revealed textures characteristic of a ne-
matic phase (Fig. 1).

The DSC curve of the as-supplied sample is
reported in Fig. 2. A gradual increase of the speci-
fic heat at about 150°C is easily attributable to
the glass transition, while an endothermic, broad
and complex peak at about 328 °C is likely to
correspond to the melting (solid state — nematic
state).

In Fig. 3 the melting curves recorded at differ-
ent heating rates are reported. Two melting peaks
are always present. The lower temperature
melting peak strongly develops on increasing the
heating rate, passing from 25.8% of the total area
at 20 °C/min to 59.3% at 80 °C/min; correspond-
ingly, the higher temperature melting peak is re-
duced.

On cooling from the nematic state an exother-
mic peak (crystallization) is observed (Fig. 4A),
whose shape and location are strongly dependent
on the cooling rate. In fact, with a cooling rate of
20°C/min only one exothermic peak is observed

1) Longer annealing times were not used as at the higher annealing temperatures the samples were found to be not stable.
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Fig. 1. Optical micrograph of the sample between crossed
polarizers at 325°C
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Fig. 2. DSC heating curve at 20°C/min for the as-supplied
sample. The glass-transition (a) and the solid state-nematic
state transition (b) are shown. The heat flow scale is 15 mW

at about 290 °C, with 10°C/min a shoulder ap-
pears at higher temperatures (about 297 °C), with
3°C/min a well-evident double exothermic peak
occurs, with the minima located at about 290° and
300 °C; finally, with 1.5 °C/min the two peaks are
still observable but tend to coalesce. In Fig. 5 the
location of the exothermic peaks is reported as
~

Fig. 3. DSC curves from 230° to 370°C recorded at the
following heating rates: a) 10, b) 20 ¢) 50 and d) 80 °C/min.
The heat flow scale is 30 mW

function of the cooling rate. The position of the-
lower-temperature peak is not influenced by the
cooling rate, while that of the second one is slight-
ly influenced in that the peak temperature tends
to decrease on decreasing the cooling rate. Figure
4B shows the DSC curves obtained heating (at
10°C/min) the samples cooled at different scann-
ing rates. The variation of the cooling rate affects
the shape of the curve as well as the peak temper-
atures and the heat of transition. In fact, for the
“quenched” sample (cooled from the nematic state
at 200°C/min) a very small melting peak at
297°C and a large one at 325 °C are observed. On
reheating samples cooled at lower scanning rates
the first of the two peaks increases (and also its
temperature moves towards higher values) and
after heating the samples cooled at 3 and
1.5°C/min only one melting peak is present.

In order to better investigate the crystallization
process, the samples were submitted to isothermal
annealing in the range from 200° to 300 °C, for
times going from 1 to 360 min. In Fig. 6 the DSC
curves recorded on reheating at 10°C/min the
annealed samples are reported in the cases of
T, = 270 and 280 °C. Two endothermic peaks are
always present, nevertheless, the first one, which
is very small for lower annealing temperatures
and/or times, strongly develops on annealing.
Prolonged and/or higher-temperature annealings
cause this peak to become more intensive and
shifted to higher temperatures. In Fig 7 the
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Fig. 4. A) DSC curves recorded on cooling the nematic phase at the following scanning rates: a) 20 °C/min; b) 10 °C/min; c)
3°C/min; d) 1.5 °C/min. The heat flow scale is 20 mW for a) and b), and 5 mW for ¢) and d). B) DSC curves recorded on
reheating at 10°C/min the samples cooled at the following scanning rates: a) 200°C/min (“quenched”); b) 20 °C/min; c)
10°C/min; d) 3 °C/min; €) 1.5 °C/min. The heat flow scale is 10 mW for a), b} and c), and 5 mW for d) and e)

heat of transition associated with the whole pro-
cess A,H, and the heats of transition associated
with the lower and higher temperature peaks,
AH{ and 4H,, respectively, are reported as func-
tion of the logarithm of the annealing time, t,, for
samples annealed at different temperatures. 4, H
and AH, increase in a non-linear manner, without
any leveling-off tendency. In contrast, 4H, tends
to decrease versus the logarithm of z,: the decrease

is more rapid at higher annealing temperatures.

As far as the peak temperatures are concerned it is
worthy noting that 7, strongly increases as t,
increases, in a non-linear manner, while 7, is
about constant. Both T'; and T, are always higher
than T,.

In order to shed further light on the crystalliza-
tion behavior, standard Avrami analysis according
to In[ —In(l — 4H/AH®)] = Ink + nlnt, [13]
(where 4H° is the heat of fusion of a 100% crystal-
line sample, k is constant and n is the Avrami
exponent) was performed on the kinetic data rela-
tive to the peak at 7.

Figure 8 presents the linear Avrami plots ob-
tained at 7, = 200°, 270°, 280°, 290° and 300°C.
The values of the kinetic data calculated by the
Avrami analysis are reported in Table I and are
calculated on the basis of AH® = 30 J/g, the value
reported in the literature for the crystal -nematic
transition of polyesters [7-9]. The evaluation
is just indicative as this value corresponds to
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polyesters with different chemical structure. How-
ever, AH® =30J/g is the value used for the
Avrami analysis of other liquid-crystalline
copolyesters [11] and, on the other side, n and
k are not particularly sensitive to the choice of
AH?® value. The values of n are very low, always
less than 0.5. The trend of k as a function of the
temperature shows that the temperature of max-
imum crystallization rate is 290°C.
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Fig. 5. Location of the exothermic peaks as function of the
cooling rate. 7., (A) and T,, (M) indicate the transition
temperatures of the lower and the higher temperature peaks,
respectively
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Discussion

The most important features stemming from
the described calorimetric study are the reduction
of the higher temperature peak and the corres-
ponding increase of the lower temperature one
occurring: a) on reheating samples cooled at de-
creasing cooling rates, b) on reheating samples
submitted to prolonged annealing and/or to high-
er temperature annealing, ¢) on heating samples at
increasing scanning rates. All these results may
be interpreted on the basis of what occurs for
the melting of polyethylene- and polytetra-
methyleneterephtalate [13], ie., only the lower
temperature melting peak corresponds to the
melting of crystals actually present in the sample
before the analysis, while the higher temperature
melting peak is relative to the melting of more
perfect crystals formed during the heating. The
observed increase of the lower temperature
melting peak and the reduction of the higher one
in the previously described conditions may be
tentatively explained by admitting that more de-
fectous crystals (i.e., crystals obtained on anneal-
ing at lower 7, and/or t,) during the subsequent
heating are able to experience a recrystallization
process. Instead, more perfect crystals (i.e., those
obtained on annealing at higher T, and/or t,) are
not able to further perfect during the subsequent
heating. In the same way the behavior observed
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Fig. 6. DSC curves recorded on heating at 10 °C/min the samples annealed at A) 270 °C and B) 280 °C for ta = 1 (a); 30 (b); 60

(c) and 180 (d) minutes. Peaks 1 and 2 are shown.
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Fig. 7. Total heat of transition AtH, heats of transition asso-
ciated to peak 1 4H, and to peak 2 AH, as a function of the
annealing time for different annealing temperatures.
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300°C (x))

on reheating samples cooled at decreasing scann-
ing rates and on heating samples at increasing
scanning rates can be explained.

Our results are, however, also interpretable by
admitting that, during the annealing, the initially

crystals, the formation of which follows the char-
acteristic behavior of a crystallization occurring
during the annealing.

Our results do not seem to be interpretable on
the basis of the two-step mechanism proposed by
Butzbach [10]. In fact, the trends of 4,H vs logt,
does not suggest the occurrence of a two-step
mechanism. Moreover, the higher temperature
peak in our case is not independent from the
annealing conditions, as required in the mechan-
ism proposed by Butzbach.
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Lastly, we want to remind that the Avrami
exponents obtained from the analysis of the kin-
etic data of the lower temperature peak are very
low, ranging from approx. 0.2 to 0.5. This suggests
the occurrence of a highly restricted, one-dimen-
sional crystal growth, as expected on the basis of
the rigid-rod character of the molecules in the
nematic mesophase [11, 13].

Acknowledgements

Financial support from Consiglio Nazionale delle
Ricerche (Italy) is gratefully acknowledged.

References

1. Blumstein A (1978) In: Liquid Crystalline Order in Poly-
mers. Academic Press; New York

2. Ciferri A, Krigbaum WR, Meyer RB (eds) (1982) Aca-
demic Press, New York

3. Adv. Polym. Sci., vol. 59-61 “Liquid Crystals Polymers I,
II, 111", Springer Verlag, Berlin 1984

4. Blumstein A (ed) (1985) “Polymeric Liquid Crystals”,
Plenum Press, New York

5. Jin JI, Anton S, Ober C, Lenz RW (1980) Brit Polym
J12:131
. Jackson WJ Jr (1980) Brit Polym J 12:154
. Blundell DJ (1982) Polymer 23:359
. Martin PG, Stupps SI (1987) Polymer 28:897
. Blumstein A, Thomas A (1982) Macromolecules 15:1264
. Butzbach GD, Wendorff JH, Zimmermann HJ (1986)
Polymer 27:1337
11. Hedmark PG, Werner P-E, Westdahl M, Gedde UW
(1989) Polymer 30:2968
12. Chen G, Lenz RW (1984) J Polym Sci Polym Phys
22:3189
13. Wunderlich B (1976) “Macromolecular Physics: Crystal
Nucleation, Growth, Annealing”, vol. 2, Academic Press,
New York

—_
OO O

Received November 15, 1993;
accepted March 3, 1994

Authors’ address:

Rachele Pucciariello
Dipartimento di Chimica
Universita’ della Basilicata
Via N. Sauro, 85

85100 Potenza, Italy



