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Formation of a High Melting Crystal in a Thermotropic Aromatic 
Copolyester 
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ABSTRACT The formation of a high melting crystal during melt annealing is observed for a thermotropic 
liquid crystalline polymer (LCP), VECTRA A900 of Celanese Corp. When the polymer is heated to 290 "C, 
i.e. just above ita nominal DSC melting temperature of about 280 "C, it melts rapidly, displaying a low complex 
modulus of about lo3 Pa. However, during annealing at this same temperature, the nematic melt slowly 
crystallizes and undergoes a liquid/solid transition, as shown by a gradual increase in the complex modulus 
by 3 orders of magnitude in 200 min. For DSC and X-ray studies, a discrete set of samples were prepared 
with increasing time of annealing at 290 "C and subsequent cooling to room temperature. Wide-angle X-ray 
scattering patterns of these samples shows an additional reflection ring with d = 3.8 A. In the DSC fmt heating 
scan, the annealed samples display two separated endothermic peaks. The first peak is about 280 "C; the 
second peak is 2C-30 K above the annealing temperature. The unannealed samples have only the first peak. 
As the annealing time increases, the first peak decays and the second peak grows and moves from 305 to 315 
"C. The growth of the complex modulus is found to be proportional to the area under the second endothermic 
peak. All these observations indicate a gradual formation of a high melting crystal with a higher degree of 
order. The formation of the high melting crystal is thermoreversible. After being heated to a temperature 
above the DSC second endothermic peak, the annealed samples return to their initial state before annealing, 
displaying once again low complex modulus and a single endothermic peak. The rate of the crystallization 
depends on annealing temperature and on mechanical and thermal histories of the samples. Higher annealing 
temperature leads to slower crystallization. At 290 "C, stretched samples exhibit accelerated crystallization. 
It is interesting to note that samples which have been subjected to a prior heating to 320 "C do not show 
significant crystallization at 290 "C. This indicates that the crystallization is a nucleation and growth process 
and that the nuclei melt during the preheating to 320 "C. 

Introduction 
The crystallization behavior of liquid crystalline poly- 

mers (LCPs) has been the subject of several recent pub- 
1ications.l4 It is well-known that for flexible polymers the 
crystallization process can be quite because the 
flexible molecular chains can readily adjust their sequences 
into a growing crystalline structure. However, it is much 
more difficult for the rigid molecular chains of LCPs to 
diffuse appropriate sequences into a crystal growing lo- 
cation.' In the nematic melt state, rigid molecular chains 
arrange into a polydomain texture with high local order 
and long-range random orientation.*16 The local order 
determines the crystallization process. The crystals have 
little long-range 0rder.l A matter worthy of note is that 
thermal and mechanical treatments can alter the local 
orderS*6J2-15 and hence can change the ability of crystal- 
lization of LCPs. These characteristics of LCPs complicate 
the phase behavior and the rheology in a wide temperature 
range. 

Severe time dependence of rheological properties in the 
nematic melt state has been recently reported for co- 
polymers of 73 mol 70 4-hydroxybenzoic acid and 27 mol 
% 6-hydroxy-2-naphthoic acid in capillary flow3 and for 
a quaterpolymer of chalorhydroquinone, 4,4'-dihydroxy- 
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diphenyl, terephthalic acid, and resorcinol in a mole ratio 
of 40 f 10 f 35/15 in dynamic mechanical measurements.2 In 
both cases, DSC curves of the annealed samples showed 
a second endothermic peak a t  a temperature above the 
annealing temperatures. It is expected that these changes 
of rheology resulted from formation of some high melting 
crystalline structure. 

Recently, a commercial liquid crystalline aromatic po- 
lyester (VECTRA A900, Celanese Corp.) has been exten- 
sively studied in our l a b ~ r a t o r y . ~ ~ ~  When this polymer is 
kept under isothermal conditions slightly above the 
melting temperature, its rheological stability depends 
strongly on prior thermal treatment. After preheating to 
320 "C, the polymer melt shows relatively stable rheological 
properties throughout several hours.6 However, if the 
sample is just melted and kept a t  290 O C ,  without prior 
heating to an elevated temperature, the polymer melt 
displays a severe increase in the complex modulus. In the 
present work, these experimental observations are related 
to a gradual formation of a high melting crystal. 
Experimental Section 

The liquid crystalline polymer studied, VECTRA A900 (Ce- 
lanese Corp.), is a random copolymer containing 73 mol % 4- 
hydroxybenzoic acid (HBA) and 27 mol % 6-hydroxy-2-naphthoic 
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Figure 1. Evolution of apparent storage modulus, G', and ap- 
parent loss modulus, G", at the indicated annealing temperatures. 
The time sweep started as soon as the sample was heated to the 
desired temperature, at a frequency of 1 rad/s and a strain am- 
plitude of YR = 0.005. 

acid (HNA). The nominal DSC melting temperature is about 280 
"C, above which the polymer is in a nematic state. The clearing 
temperature is well above the thermal decomposition temperature. 

The received polymer pellets were ground into powder and then 
dried under vacuum at 120 "C for 20 h. Two kinds of samples 
were prepared for the study: A fiit set of samples with no obvious 
molecular orientation were vacuum molded at 320 "C into disks 
(d = 25 mm, h = 1 mm) and quiescently cooled to room tem- 
perature. A second set of samples with planar molecular orien- 
tation were prepared by using the lubricated squeezing techni- 
que5J7J8 on a linear rheometer (Rheometrics RDS-LA). Molded 
samples with initial thickness of 3.2 mm were quickly heated to 
310 OC and then cooled with a rate of about -20 K/min under 
nitrogen. While cooling, the samples were rapidly stretched at 
270 "C to the final thickness of 1.0 mm. 

Rheological measurements during isothermal annealing were 
performed on a Rheometrics dynamic spectrometer (RDS). Placed 
between two parallel plates of the rheometer, a sample was heated 
to the desired temperature (285, 290, 295, or 300 "C) and held 
there for isothermal annealing. The apparent storage modulus 
G' and apparent loss modulus G" were measured at constant 
frequency (1 rad/s) and a strain amplitude of YR = 0.005. After 
having annealed for a prescribed time, the sample was cooled (-20 
K/min) to room temperature and then taken out from between 
the plates for X-ray and DSC analyses. 

Wide-angle X-ray scattering was made at room temperature, 
using Cu K a  radiation and a Ni-filtered statton camera. The 
sample to film distance was 53 mm. 

Differential scanning calorimetry was carried out on a Per- 
kin-Elmer calorimeter with Model 3500 data station. The scanning 
rate was 20 K/min, and the sample weight was about 20 mg. 

Results and Discussion 
The apparent storage modulus G'and the apparent loss 

modulus G " of molded samples increased substantially 
during isothermal annealing (Figure 1). When a sample 
was annealed a t  290 "C, G'and G"increased by 3 orders 
of magnitude in 200 min. As the annealing temperature 
increased, the sample showed slower increase in the 
moduli. In each case, G'increased faster than G"; i.e., there 
was an increase in the relative elasticity. This phenomenon 
has also been observed when the super-cooled melt of the 
same polymer was annealed at a constant temperature 
below the melting temperature.6 It could indicate the 
phase transition into the solid state. At 285 "C, the initial 
moduli were unusually high, indicating that the sample had 
not been completely melted. 
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Figure 2, Evolution of apparent storage modulus, G', and ap- 
parent loss modulus, G", during isothermal annealing at 290 OC: 
(a) molded sample; (b) stretched sample; (c) sample had been 
subjected to prior heating to 320 "C. 

The dynamic mechanical measurement has no effect on 
the modulus growth during annealing. Samples that were 
annealed under continuous shear oscillation at small strain 
amplitude ( y R  = 0.005) showed the same growth rate as 
samples that were quiscently annealed. 

The growth rate of the moduli depends not only on 
annealing temperature but also on the mechanical and 
thermal histories. At 290 "C, a stretched sample, in which 
lubricated squeezing had induced planar molecular ori- 
entation: showed faster increase in the moduli than the 
molded sample (Figure 2). However, the effect of me- 
chanical history notably abated as the annealing temper- 
ature increased. At temperatures above 300 O C ,  the effect 
of mechanical history was rather negligible. This phe- 
nomenon can be attributed to the fact that the molecular 
orientation present in a stretched sample relaxes quickly 
a t  high temperatures. 

The effect of prior heating to an elevated temperature 
is also shown in Figure 2. In the rheometer, a sample was 
first heated to 320 "C, held there for 1 min, and then 
cooled to 290 "C for isothermal annealing. This sample 
exhibited only slight increase in the moduli in 200 min. 
In this experiment, molded samples and stretched samples 
displayed the same behavior, indicating that prior heating 
to an elevated temperature can erase the effect of me- 
chanical history and result in a relatively stable nematic 
melt state of the polymer. 

The modulus growth which occurs during isothermal 
annealing is thermoreversible. As shown in Figure 3, a 
molded sample was annealed a t  290 O C  for 100 min, then 
heated to 320 "C, and cooled back to 290 "C for the next 
100 min. The moduli G'and G"of the sample increased 
by about 2 orders of magnitude in the first 100 min and 
then dropped to the initial values upon heating. When the 
temperature restabilized at 290 "C, the moduli grew slowly, 
as is the case for a sample which had been initially pre- 
heated to an elevated temperature (compare with curve 
c of Figure 2). However, after heating to 320 "C in the end 
of the first 100 min, if the sample was cooled to a tem- 
perature low enough for rapid solidification (e.g. 220 "C) 
and then heated back to 290 "C for the second time of 
annealing, it behaved like a fresh sample, displaying a 
rapid increase in the moduli. This observed thermorev- 
ersibility suggests that the modulus growth results from 
a physical change rather than from a chemical change. 
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Figure 3. Evolution of apparent storage modulus, G', and ap- 
parent loss modulus, G", of a molded sample annealed a t  290 "C. 
In the end of the first 100 min, the sample was rapidly heated 
to 320 "C and then cooled back to 290 "C. 

a 

b 
Figure 4. Wide-angle X-ray scattering patterns of (a) molded 
sample before annealing and (b) molded sample after 200 min 
isothermal annealing a t  290 "C. 

In the wide-angle X-ray scattering patterns, the unan- 
nealed samples had reflections at  d = 6.8,4.6, 3.3, and 2.1 
A (Figure 4a), conforming with the data reported in the 
literature for this However, the annealed 
sample showed an additional reflection ring at  d = 3.8 A 
(Figure 4b). This observation indicates that perfection of 
crystalline structure occurred during annealing. 

Figure 5 shows the DSC curves of the first heating scan 
on the molded samples that had been annealed at  the 
indicated temperatures for 200 min. The annealed samples 
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Figure 5. DSC curves of molded samples which had been an- 
nealed a t  the indicated temperature for 200 min and then cooled. 
The scanning rate was 20 K/min. 

displayed two separate endothermic peaks. The first peak 
is a t  about 280 "C, corresponding the initial melting tem- 
perature of the polymer. The second peak a t  about 315 
"C is believed to be due to the melting of the structure- 
improved crystal that was formed during annealing. It can 
be seen that the formation of the high melting crystal 
depends on annealing temperature. Higher annealing 
temperature results in a lower rate of the crystallization. 
A matter worthy of note is that the high melting crystal 
has a melting point much higher than the annealing tem- 
peratures; i.e., a crystalline solid was formed during the 
isothermal annealing of the nematic melt. 

The effect of annealing time on the formation of high 
melting crystal shows in the DSC curves of Figure 6. As 
the annealing time increased, the disappearance of the 
initial structure (melting peak T, x 280 "C) and the ap- 
pearance of the higher ordered structure (melting peak T, 
x 315 "C) is clearly seen. The effect is more pronounced 
with stretched samples (Figure 6b) than with molded 
samples (Figure 6a). The area under the DSC second peak 
increased linearly during the first 150 min of annealing 
(Figure 7). 

The effect of prior heating to a high temperature has 
been also shown by DSC. After preheating to 320 "C, the 
followed isothermal annealing a t  290 "C did not give rise 
to significant crystallization; i.e., the second endothermic 
peak did not appear in the DSC curves of the first heating 
scan. This result confirms the rheological measurement 
(see curve c of Figure 2). 

The dynamic modulus is a sensitive measure to follow 
structural changes. However, by itself it does not give any 
indication about the type of structural change. Figure 8 
compares the increasing modulus with the increasing 
melting heat of the high melting crystal. Two linear re- 
gimes are found in the semilogarithmic plot. Both molded 
samples and stretched samples show the same relations 
between the moduli G'and G"and the melting heat AH2 
This suggests that when the polymer is annealed at  a 
temperature slightly above its initial melting point, the rate 
of modulus growth are mainly determined by the rate of 
crystallization. 

Conclusions 
After preheating to 320 "C, the melt of VECTRA A900 

shows relatively stable rheological properties over long time 
at  temperatures above the melting temperature. This is 
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Figure 6. DSC curves of (a) molded samples and (b) stretched 
samples. Parameter is the isothermal annealing time at 290 "C. 
The scan rate was 20 K/min. 
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Figure 7. Melting heat of the new crystal, AH2, is plotted as a 
function of annealing time at 290 "C: (a) molded samples; (b) 
stretched samples. 

in good agreement with our earlier work.6 However, when 
the same polymer is annealed at  a temperature slightly 
above the melting point without prior heating to an ele- 
vated temperature, it displays a notable growth of the 
complex modulus and relative elasticity. This decrease in 

0. 0 2. 0 4. 0 

A H 2  ( 3 / g )  

Figure 8. Apparent storage modulus, G', and apparent loss 
modulus, G", are plotted as a function of the melting heat of the 
new crystal. The samples were annealed at 290 "C. The circled 
points present the data from stretched samples. 

molecular mobility resulta from a gradual formation of high 
melting crystals with improved order, as confirmed by an 
additional reflection ring at d = 3.8 A in the wide-angle 
X-ray scattering patterns and by an increased second en- 
dothermic peak in the DSC curves. The rate of this 
crystallization depends on annealing temperature and 
mechanical history. Higher annealing temperature leads 
to a slower crystallization. Stretched samples exhibit an 
accelerated crystallization. The effect of mechanical his- 
tory is believed to be due to flow-induced molecular ori- 
entation, as we found earlier that flow-induced molecular 
orientation can notably accelerate crystallization in the 
super-cooled melt of the same polymeras 

The type of higher order in the polymer is not yet 
known. It can be hypothesized that similar block se- 
quences in chains associate between molecules' or the 
molecules pack into a structure of higher order. 

LCPs exhibit a melting temperature range due to the 
various degrees of local order. We attribute the stabilizing 
effect of preheating to 320 "C to the melting of all residual 
crystallites which otherwise would play the role of nuclei 
of the crystallization above melting temperature. It is 
expected that the crystallization occurs in two steps, nu- 
cleation and growth. The nucleation rate is much lower 
than the growth rate. After preheating to 320 OC, the 
crystallization is suppressed due to lack of nuclei. The 
effect of residual crystallites on the rheological stability 
of LCPs will be studied further in our laboratory. 

It is expected that during annealing at a certain tem- 
perature range above the initial melting point, the for- 
mation of high melting crystalline structure could occur 
in a wide variety of LCPs. Further study in this phe- 
nomenon will help us to improve the understanding of the 
unusual rheological behavior of LCPs and to get materials 
with increased thermal resistance. 
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State of Aggregation and Surface Chemical Composition of 
Composite Thin Films Composed of Poly(viny1 alcohol) and 
Fluorocarbon Amphiphile 
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ABSTRACT: Structural characterization of composite thin films composed of poly(viny1 alcohol) and a 
fluorocarbon amphiphile has been carried out. The wide-angle X-ray diffraction study revealed that the 
fluorocarbon amphiphile in the composite thin film forms bimolecular lamellae. The bimolecular lamellae 
were oriented parallel to  the surface of the composite thin films. X-ray photoelectron spectroscopy showed 
enrichment of fluorocarbon groups on the surface of the composite thin film owing to the lower surface free 
energy of fluorocarbon groups compared with that of PVA. The surface of the composite film is completely 
covered with fluorocarbon amphiphilic molecules even when the weight fraction of fluorocarbon amphiphile 
is very small. 

Introduction 
Organic compounds containing fluorocarbon compo- 

nents show unique properties due to the low surface free 
energy of CF2 and CF3 groups. Some fluorocarbons have 
been used as artificial blood since they dissolve molecular 
oxygen very One of the authors succeeded in 
preparing an oxygen enrichment membrane composed of 
polymer, liquid crystal, and fluorocarbon  monomer^.^,^ 
One of the most important industrial application of organic 
compounds containing fluorine is the surface treatment 
of textiles and plastics by utilizing the surface-active effect 
of fluorocarbon  group^.^ As adhesion between a fluoro- 
carbon surface and other compounds is very weak, such 
surfaces show nonadhesive properties. Therefore, the 
characteristic property for preventing contamination of 
surfaces is obtained by adding a small amount of surfactant 
containing fluorocarbon  group^.^ 

A series of amphiphiles containing fluorocarbon have 
been synthesized by Kunitake and c o - w ~ r k e r s . ~ ~ ~  Fluoro- 
carbon amphiphiles form a bilayer structure in water and 
exhibit phase transition behavior similar to that observed 
for biological lipids or other artificial hydrocarbon am- 
phiphiles."l0 The fluorocarbon amphiphiles can be im- 
mobilized by casting a water solution of amphiphile with 
aqueous poly(viny1 alcohol). A gas permeation experiment 

* Author to whom correspondence should be addressed. 
t Departments of Applied Chemistry and Organic Synthesis. 

through this immobilized film revealed that the permeation 
rate of oxygen was 2.4-2.7 times as fast as that of nitro- 
gen.ll This oxygen-enriching property was observed even 
when the weight content of fluorocarbon amphiphile was 
less than 10%. 

In this paper, the surface chemical composition of the 
composite thin film composed of poly(viny1 alcohol) and 
fluorocarbon amphiphile has been studied by X-ray pho- 
toelectron spectroscopy. Also, the state of aggregation of 
the components was investigated on the basis of X-ray 
diffraction studies and morphological observation. 

Experimental Section 
1. Sample Preparation. The fluorocarbon amphiphile and 

polymer used in this study are shown in Figure 1. The amphiphile 
containing fluorine was prepared by the Qtandard proced~re.~. '  
The fluorocarbon amphiphile forms a $able bilayer membrane 
in water. The fluorocarbon amphiphile was dispersed in water 
by sonication and the dispersion was mixed with a water solution 
of poly(viny1 alcohol) (PVA) (MW = 154000). The composite 
thin film was prepared by casting a water solution of PVA with 
the fluorocarbon amphiphile on a clean glass plate a t  room tem- 
perature; the cast film was then extensively dried in vacuo. The 
weight fraction of the fluorocarbon amphiphile in the composite 
thin film was varied from 19 to 83 w t  %. 

2. Measurements. In order to  characterize the state of ag- 
gregation of PVA and the fluorocarbon amphiphile in the com- 
posite thin films, scanning electron micrograph (SEM) observation 
and X-ray diffraction study were carried out. The morphological 
observation of the composite thin film was carried out by using 
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