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ABSTRACT: The influence of the composition and thermal history on the type of lattice developed has
been studied by wide-angle X-ray diffraction measurements in three vinyl alcohol—ethylene, VAE,
copolymers with different compositions, which were crystallized from the melt at various cooling rates.
The results are compared with those of the corresponding homopolymers, poly(vinyl alcohol) and low-
density polyethylene. Both the composition and the cooling rate have been found to determine the
crystalline structure of these VAE copolymers. Thus, for the samples slowly crystallized from the melt,
a monoclinic lattice is obtained for copolymers VAE71 and VAE6G8 (with compositions of 71 and 68 mol
% VA, respectively) while an orthorhombic lattice has been found for copolymer VAE56 (56 mol % VA).
The effect of the cooling rate is very important, since copolymers VAE71 and VAEG68 lead to the
orthorhombic form when the samples are quenched from the melt. Copolymer VAES6 has been found to
crystallize in an orthorhombic lattice under all the crystallization conditions here studied. The
polymorphism exhibited by these copolymers is not the usual case for two different unit cells with well-
defined lattice parameters: VAE71 and VAEG8 show, by the influence of the cooling rate, a continuous
change of some of the lattice constants. For instance, the angle g of the monoclinic lattice decreases
smoothly from an “equilibrium” value of about 92.2° in the slowly crystallized samples to a final value in
the quenched samples of 90° (orthorhombic unit cell). The degree of crystallinity determined from the
X-ray diffraction patterns has been found to be in the quenched specimens considerably smaller than
that in the slowly crystallized samples, standing in contrast to the constancy of the enthalpy of melting.
Moreover, it seems that there are no differences in the melting temperatures between the two crystalline
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modifications.

Introduction

Vinyl alcohol—ethylene (VAE) copolymers, which find
useful applications! as barrier resins, adhesives, com-
patibilizers, etc., are essentially random copolymers and
typical amphoteric materials composed of hydrophobic
and hydrophillic segments, where the properties are
expected to vary widely with the copolymer composition.
The relationships between the chemical composition and
both crystalline structure and some physical properties
have been previously investigated for a series of VAE
copolymers.2=8 These copolymers are crystalline irre-
spectively of composition, this fact being quite unusual.
It was pointed out? long time ago that crystalline
properties of poly(vinyl alcohol) (PVA) were unchanged
when a small amount of ethylene was introduced by
copolymerization. It was reported later® that both
ethylene and vinyl alcohol residues were incorporated
into the crystalline regions, thus forming “mixed crys-
tals”. Other investigators,*~2 employing thermal analy-
sis, X-ray diffraction, and 13C NMR, have argued for
similar conclusions. The existence of three types of
crystalline systems depending on the composition of
VAE copolymers have been proposed:5¢ orthorhombic
for 0—20 mol % vinyl alcohol, pseudohexagonal in the
composition range from 20 to 60 mol % vinyl alcohol,
and monoclinic for compositions above 60 mol % vinyl
alcohol (evidently, the pseudohexagonal form is also an
orthorhombic lattice).

X-ray diffraction of polymers is used not only for the
determination of the crystalline structure but also for
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Table 1. Molar Fraction in Vinyl Alcohol, fya, of VAE
Copolymers

fva
copolymer nominal IH NMR 13C NMR
VAE71 0.71 0.76 0.77
VAEG8 0.68 0.73 0.72
VAES56 0.56 0.61 0.62

estimation of the degree of crystallinity. The separation
of amorphous and crystalline contributions is a neces-
sary step in the study of the structure of the less-ordered
regions and in the calculation of crystallinity of a
semicrystalline polymer. The diffraction pattern of a
polymer with a high degree of crystalline order can be
fitted with easily resolvable crystalline peaks, and the
intensity not attributable to the crystalline peaks can
be regarded as amorphous scattering.1°

In the present work, X-ray diffraction studies will be
presented concerning the phase behavior of three VAE
copolymers, and the results will be compared with those
for the parent homopolymers (PVA and low-density
polyethylene, LDPE). The type of crystalline structure
developed for these VAE copolymers is analyzed as a
function of composition and thermal history.

Experimental Section

Three commercially available VAE copolymers, VAE71,
VAE®68, and VAE56 (from Solvay, Kuraray and DuPont,
respectively), were used. Table 1 shows the composition in
vinyl alcohol, VA, determined by using *H and *C NMR
spectroscopies. Sheet specimens were obtained as films by
compression moulding in a Collin press between hot plates
(210 °C), and at a pressure of 2.5 MPa for 5 min.

The parent homopolymers were commercial grades, and for
LDPE, the grade was that used for the production of the VAE
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Table 2. X-ray Crystallinity, f., of the Different Sample
Preparations

specimen cooling rate (°C/min) fe (%)
VAE71-S ~2.5 48
VAE71-10 10 50
VAE71-20 20 51
VAE71-40 40 49
VAE71-60 60 45
VAET71-Q ~100 35
VAEG68-S ~2.5 49
VAE68—-10 10 50
VAE68—20 20 45
VAE68—40 40 44
VAE68—60 60 44
VAEG8-Q ~100 35
VAE56—1 1 50
VAE56-S ~2.5 51
VAE56—20 20 43
VAES56-Q ~100 30
PVA-S ~2.5 60
PVA-Q ~100 38
LDPE-S ~2.5 48
LDPE-Q ~100 46

copolymers studied. The two PVA homopolymer specimens
were obtained by melt compression under the same conditions
as those for the VAE copolymers. On the other hand, LDPE
films were obtained by melt compression at 140 °C.

Each one of the VAE samples was crystallized under two
different conditions: Q and S. The first treatment, Q, con-
sisted of fast cooling between plates cooled with water after
melting in press. The S specimens were slowly cooled from
the melt, allowing the press to cool after switching off the
power. The corresponding cooling rates are, approximately,
100 °C/min for the Q samples and 2.5 °C/min for the S ones.

Further thermal treatments were applied to the VAE
copolymers. For that purpose, film samples were placed in a
Mettler FP82HT hot stage and crystallized from the melt at
different cooling rates. The various preparations can be
observed in Table 2.

Wide-angle X-ray diffraction patterns were recorded in the
reflection mode at room temperature by using a Philips
diffractometer with a Geiger counter, connected to a computer.
Ni-filtered Cu Ka radiation was used. The diffraction scans
were collected over a period of 20 min between 26 values from
3 to 43°, using a sampling rate of 1 Hz. The goniometer was
calibrated with a standard of silicon.

The crystalline diffractions and the amorphous component
have been separated with a fitting program which allows to
estimate the crystallinity of the samples and to determine the
spacings corresponding to the diffraction peaks. Considering
the relatively high noise level of the diffractograms, the
baseline has been taken just as a straight line in the 26 range
from 8 to 36°, and no further correction has been applied. The
amorphous peak of the different samples was found to be
centered at 20 = 20.1 + 0.3°, the lower limit for LDPE and
the upper one for PVA. The error in the crystallinity deter-
minations, when these are expressed as percentage, is esti-
mated to be £5 units.

Calorimetric analyses were carried out in a Perkin-Elmer
DSC7 calorimeter, connected to a cooling system, and cali-
brated with different standards. The sample weights ranged
from 5 to 7.5 mg, and the heating rate was 10 °C/min.

Results and Discussion

Figure 1 shows the X-ray diffraction patterns of the
two homopolymer samples crystallized under the two
crystallization conditions. It can be observed that there
are no significant differences with thermal history for
LDPE, and it crystallizes under the typical orthorhom-
bic lattice. The degrees of crystallinity are also very
similar (see Table 2). In the case of PVA, however, the
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Figure 1. X-ray diffraction patterns, normalized to the same
total intensity, for the two homopolymers: PVA (lower) and
LDPE (upper), both quenched (continuous lines) and slowly
crystallized (dashed lines) from the melt.
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Figure 2. X-ray diffraction patterns, normalized to the same
total intensity, of the different sample preparations corre-
sponding to copolymer VAE71. The cooling rates are, from top
to bottom, 100, 60, 40, 20, 10, and 2.5 °C/min.

diffractions are appreciably sharper and better resolved
for the S specimen, suggesting better ordering (longer
crystallites). Moreover, the crystallinity is much smaller
for the Q specimen (Table 2). The two diffractograms
correspond to the monoclinic lattice of PVA.5 Therefore,
there is no change of crystalline lattice for the two
homopolymers in the studied crystallization conditions.

The situation is different for the copolymers. Thus,
Figure 2 shows the diffractograms corresponding to
sample VAE71 for different thermal histories. It can
be seen that the diffraction pattern for the S specimen
(crystallized at about 2.5 °C/min) is similar to those of
PVA, i.e., corresponding to a monoclinic lattice. On the
contrary, the quenched sample leads to a pattern
characteristic of an orthorhombic lattice, while the
diffractogram of the sample cooled at 60 °C/min repre-
sents an intermediate state between the two modifica-
tions, where the two main diffractions are beginning to
collapse.
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Figure 3. X-ray diffraction patterns, normalized to the same
total intensity, of the different sample preparations corre-
sponding to copolymer VAEG8. The cooling rates are, from top
to bottom, 100, 60, 40, 20, 10, and 2.5 °C/min.
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Figure 4. X-ray diffraction patterns, normalized to the same
total intensity, of the different sample preparations corre-
sponding to copolymer VAES6. The cooling rates are, from top
to bottom, 100, 2.5, and 1 °C/min.

In the case of copolymer VAE®68, Figure 3 shows that
the monoclinic lattice is also produced in the S specimen
and the Q sample leads to an orthorhombic unit cell.
However, the “intermediate” state is obtained at slower
cooling rates than in the case of VAE71, since ap-
proximately similar diffractograms are obtained for
VAE71 at 60 °C/min and VAEG68 at only 10 °C/min.

Finally, Figure 4 shows the diffraction patterns
corresponding to VAES56. Now, the orthorhombic form
is obtained under all the crystallization conditions used.

The conclusion from all these experiments is that both
the composition and the thermal history are determin-
ing the crystalline structure in these VAE copolymers.
Thus, previously reported maps of crystalline lattice vs
composition,>® showing that the pseudohexagonal (ortho-
rhombic) lattice is obtained for compositions between
20 and 60 mol % VA and that the crystalline regions
are isomorphous to PVA (monoclinic lattice) above 60
mol % VA, are only valid for slowly crystallized samples,
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Figure 5. Variation with the composition in VA of the
different diffraction spacings, for the S-coded samples (slowly
crystallized from the melt).

and those limits will change for other crystallization
conditions. Another important factor for the phase
behavior may be the influence of pressure, taking into
account that polyethylene, under high pressure, crystal-
lizes from the melt first to a hexagonal phase and later
to the normal orthorhombic phase.11-13

The deconvolution of the diffractograms in the amor-
phous component and the crystalline diffractions al-
lowed us to estimate the degree of crystallinity and to
determine the diffraction spacings. The degrees of
crystallinity, listed in Table 2, are very similar for the
three copolymers when the thermal history is the same.
In general, it can be observed that the degree of
crystallinity decreases considerably when the cooling
rate increases, although the results are very similar,
and is inside the experimental error, for the lower
cooling rates. Since the variation of the crystallinity
with the cooling rate for copolymer VAES56 is very
similar to that for VAE71 and VAEG8 and if we consider
that VAES6 leads to the orthorhombic lattice under all
the studied conditions, the conclusion is that the cooling
rate seems to affect very much to the degree of crystal-
linity determined from the diffractograms, but the
crystalline modification is not an important factor.

The changes in crystalline lattice are, of course,
reflected on the variation of the different spacings as a
function of both comonomer composition and thermal
history. Figure 5 shows the variation of the different
resolvable spacings as a function of the composition in
VA for the S samples. The results are very similar to
those previously reported,>® showing the collapse of the
two more intense reflections for samples with composi-
tion below about 60 mol % VA, representing the change
from the monoclinic to the orthorhombic lattice. It is
interesting to note that some spacings decrease with the
comonomer content while others increase.

A similar change can be monitored in samples VAE71
and VAEG68, produced by the change of the cooling rate.
Thus, Figure 6 shows the variation of the three more
intense diffractions as a function of the cooling rate (the
cooling rate has been represented with increasing values
from right to left in order to get the same perspective
than that in Figure 5). The collapsing of the two main
diffractions is clearly faster for VAEG8, in such a way
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Figure 6. Variation of the spacings corresponding to the three
main diffractions as a function of the cooling rate for copoly-
mers VAE71 (filled symbols) and VAEG8 (open symbols). The
cooling rate increases from right to left in order to get the same
perspective than that for Figure 5.

that a continuous decrease is observed for the (101) peak
of this copolymer while the decrease for VAE71 is
observed only for cooling rates above 40 °C/min.

The behavior of the (101) diffraction is similar for the
two copolymers, and the two curves showing the varia-
tion of the spacing for that diffraction lie rather parallel
(with a small shift due to the different comonomer
content, as happens with the (200) diffraction, and with
the remaining ones not shown in Figure 6).

It may be deduced from the previous results that the
two modifications (monoclinic and orthorhombic) can be
produced in VAE copolymers (at least in those with high
VA content) just by changing the cooling rate (or,
alternatively, by isothermally crystallizing at different
undercoolings). However, judging from Figures 5 and
6, a small variation in the comonomer content is
reflected very much in the conditions necessary to obtain
a certain crystalline lattice. In principle, therefore, the
monoclinic modification might be obtained also in
sample VAES56 at very slow cooling rates, while the
orthorhombic one would be produced in PVA homopoly-
mer under very fast quenching conditions. We have not
been able to prove this point under the present experi-
mental conditions, since PVA leads to a monoclinic
lattice even for the quenched sample (see Figure 1) and
VAED56 is orthorhombic even at a cooling rate of only 1
°C/min (Figure 4). Nevertheless, the differences be-
tween the diffractograms of samples PVA-S and PVA-Q
seem to go in the expected direction. Moreover, an
orthorhombic lattice has been reported for a quenched
sample of PVA and a hexagonal one for a single crystal
of this polymer.14

The lattice constants, determined from the previous
spacings, show a clear dependence with both the vinyl
alcohol content and the cooling rate. The variation of
the lattice constants with the cooling rate is shown in
Figure 7. It can be observed that, in the case of the
copolymers, the a axis increases with the cooling rate
while the ¢ axis does not change significantly. The
density of the corresponding crystal can be determined,
provided that the dimension of the b axis and the value
of the angle g (in the case of the monoclinic lattice) are
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Figure 7. Variation of the lattice constants (a and c axes,
density of the crystal, d, and angle, ) as a function of the
cooling rate: (O) PVA; (O) VAET1, (a) VAEGS; (V) VAE56. The
b axis (fiber axis) has been taken as 2.53 A in all cases.’ The
cooling rate increases from right to left in order to get the same
perspective as that for Figures 5 and 6.

known. Considering a value5 of 2.53 A for the b axis
(fiber axis) and the results obtained for the angle
(upper part of Figure 7), a very small decrease of the
density of the crystal with the cooling rate is observed
for the copolymers, since the increase in the a axis is
partially compensated with the decrease in the angle

B.

For a given cooling rate, it can be observed that when
the vinyl alcohol content increases, the a axis decreases
while the ¢ axis increases. The density of the crystal
shows also a significant decrease as the vinyl alcohol
content diminishes.

The variation of the lattice angle j is rather interest-
ing. The upper part of Figure 7 shows that this angle
takes the value of 90° for all the preparations of
copolymer VAES6 (as corresponds to an orthorhombic
unit cell). On the contrary, the other two copolymers
(and PVA) show an “equilibrium” value of  around
92.2° for the specimens slowly crystallized from the
melt. For VAE71 and VAEGS, this angle is decreasing
rather smoothly as the cooling rate is increased, and a
value of 90° is obtained for the quenched specimens.
However, the values corresponding to VAEG68 decrease
more rapidly than those for copolymer VAE71.

In the case of PVA homopolymer, the difference in
the lattice constants between the specimens slowly
crystallized and quenched is inside the experimental
error, and only the value of the angle  seems to be
slightly smaller in the case of the quenched sample.

It can be deduced from these results that a small
variation in the composition affects very much the
ability of producing the orthorhombic or the monoclinic
unit cell in VAE copolymers in such a way that when
the VA content is around 70 mol % it is rather easy to
change from one modification to the other. However, if
the content deviates significantly from that value, it
would be rather difficult to obtain the monoclinic
modification in the case of lower contents or the ortho-
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Figure 8. DSC melting curves corresponding to copolymer
VAEG68 crystallized from the melt at the indicated cooling
rates.

rhombic lattice for high contents (and for PVA itself),
although, in principle, this seems to be a matter of just
increasing or decreasing the cooling rate (or changing
the crystallization conditions in general). If this is true
in the case of PVA, precise determinations of its unit
cell parameters need to report the actual crystallization
conditions, as happens with copolymers VAE71 and
VAEGS.

Another aspect can be derived from Figure 7. One
orthorhombic unit cell becomes pseudohexagonal when

the a axis equals to bv/3 (cv/3 in our case, since the b
axis is the fiber axis). In other words, for an orthor-

hombic unit cell the value r = /3 c¢/a, which will be
unity for a real pseudohexagonal lattice, gives an idea
of how far away we are from this kind of lattice. For
the three copolymers here studied, the quantity r takes
the values of 1.15, 1.13, and 1.10 for VAE71, VAEG8S,
and VAEDS56, respectively, in the case of the quenched
specimens where an orthorhombic cell is obtained.
Thus, the value of r is decreasing with the VA content,
but it is relatively far from unity even in the case of
VAES6. In fact, if the values of r are determined from
the results given in ref 5, a minimum value of 1.03 is
obtained for a copolymer which is 28 mol % in VA.
Therefore, a pseudohexagonal lattice is really ap-
proached for VA contents around 20—30 mol %, specially
if we consider that a further decrease of r is expected if
the samples are quenched (in our case of copolymer
VAES56 the value of r changes from 1.12 for the sample
slowly crystallized to 1.10 for the quenched specimen).

A pseudohexagonal lattice has been also reported in
the case of ethylene—propylene copolymers with a
content of 25 mol % in propylene.'®

We have studied possible differences in the melting
temperatures of the two crystalline lattices. For that
purpose, we have analyzed copolymers VAE71 and
VAEG8 by DSC. Figure 8 shows the melting patterns
for copolymer VAEG68 crystallized from the melt at
different cooling rates. All these endotherms display
peak melting temperatures in the range 183.0 + 0.2 °C.
Moreover, the same value of the enthalpy of melting,
inside the experimental error, is obtained in all the
cases. Similar conclusions apply for copolymer VAE71.
Thus, there are no appreciable differences in the melting
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points (and in the enthalpies of melting) between the
monoclinic and orthorhombic modifications, provided
that the two crystal lattices are obtained in the calo-
rimeter at approximately the same rates as in the
specimens prepared for the X-ray analysis. This seems
to be true, since the DSC melting curves corresponding
to two pieces of the X-ray films of samples VAE-Q and
VAE-S are practically the same as those displayed in
Figure 8 for the specimens prepared at 100 and 2.5 °C/
min, respectively.

The constancy of the melting temperatures might be
just a consequence of a transformation, on melting, from
the orthorhombic to the monoclinic lattice. This trans-
formation will imply the corresponding changes on the
lattice parameters, which are rather subtle in all the
cases, as we have seen above. Therefore, it is expected
that the thermodynamic parameters of the two modi-
fications will be very similar. Moreover, from the
results in Figure 7 it is reasonable to expect that if this
transformation would occur, there will be a smooth
change of the lattice parameters. We plan to perform
real-time variable-temperature diffraction experiments
using synchrotron radiation to see if the orthorhombic
modification is converted into the monoclinic form on
melting.

The only appreciable difference in the melting endot-
herms of Figure 8 is the presence of a shoulder in the
low-temperature side, with increasing intensity as the
cooling rate decreases. Since the monoclinic form is
produced under crystallization conditions closer to equi-
librium and its packing is somewhat more efficient
(slightly higher density), it is expected that if there were
appreciable differences in the melting temperature, the
melting of the monoclinic modification would occur at
slightly higher temperatures. Therefore, the obtention
of a more prominent shoulder in the low-temperature
part of the endotherm in the case of slowly crystallized
samples is contrary to expectations based on differences
in melting temperatures between the two modifications.

The appearance of that shoulder is, however, a
general feature in olefin copolymers, and it has been
attributed to the fact that polymeric chains with higher
comonomer content than the average are able to crys-
tallize at these slower rates.’6'” Therefore that shoul-
der presents higher relative intensities in the case of
copolymers with more heterogeneous chemical composi-
tion. In fact, the relative intensity of this shoulder is
very different for the three copolymers here studied, as
it was reported previously.18

The constancy of the enthalpy of melting with the
cooling rate for VAE68 stands in contrast to the
relatively big differences in the degree of crystallinity
determined from the X-ray diffractograms. One of the
reasons for this behavior is the progressive decrease of
the crystal thickness as the cooling rate increases,
leading to wider diffraction peaks and making more
difficult the deconvolution between crystalline and
amorphous components.1® An additional reason is the
relative importance of the interfacial regions,2%21 which
may change in the different sample preparations and
may be accounted for in a different manner when
determining the X-ray crystallinity.

Conclusions

Both the composition and the cooling rate have been
found to determine the crystalline structure of these
VAE copolymers. Thus, for the samples slowly crystal-
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lized from the melt, a monoclinic lattice is obtained for
copolymers VAE71 and VAEG68 (with compositions of 71
and 68 mol % VA, respectively) while an orthorhombic
lattice has been found for copolymer VAE56 (56 mol %
VA). The effect of the cooling rate is very important,
since copolymers VAE71 and VAEG8 lead to the orthor-
hombic form when the samples are quenched from the
melt. Copolymer VAES6 has been found to crystallize
in an orthorhombic lattice under all the crystallization
conditions here studied.

The polymorphism exhibited by these copolymers is
not the usual case of two different unit cells with well-
defined lattice parameters: VAE71 and VAEG68 show,
by the influence of the cooling rate, a continuous change
of some of the lattice constants. For instance, the angle
B of the monoclinic lattice decreases smoothly from an
“equilibrium” value of about 92.2° in the slowly crystal-
lized samples to a final value in the quenched samples
of 90° (orthorhombic unit cell).

The degree of crystallinity determined from the X-ray
diffraction patterns has been found to be considerably
smaller in the quenched specimens than in the slowly
crystallized samples, standing in contrast to the con-
stancy of the enthalpy of melting. Moreover, it seems
that there are no differences in the melting tempera-
tures between the two crystalline modifications.
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