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ABSTRACT: The crystalline structure exhibited by terpolymers obtained through chem-
ical modification with benzoyl chloride from an ethylene-vinyl alcohol copolymer with
a molar fraction in vinyl alcohol of 68%, EVOHG68, has been studied by either wide
angle X-ray diffraction or small angle X ray scattering experiments and differential
scanning calorimetry. The type of crystal lattice developed has been found to be
strongly dependent on modification degree and thermal history. A highly-disordered
crystalline lattice with very small crystallites has been found for the quenched speci-
men with the highest benzoate content while the rest of fast cooled samples crystal-
lized into an orthorhombic lattice. On the other hand, a monoclinic crystal cell has
been observed in the slowly cooled specimens with low benzoate incorporation. At the
last given thermal treatment, this monoclinic lattice evolves and seems to be trans-
formed into an orthorhombic-like crystal for the terpolymer with the highest modifica-
tion ratio. ©2007 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 45: 1026-1036, 2007
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INTRODUCTION

Ethylene-vinyl alcohol copolymers (EVOHs), which
find useful applications' as barrier resins, adhe-
sives, compatibilizers, etc., are essentially random
copolymers and typical amphiphilic materials com-
posed of hydrophobic and hydrophilic segments,
where the properties are expected to vary widely
with the copolymer composition. The relationships
between the chemical composition and both crys-
talline structure and some physical properties
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have been previously investigated for series of
EVOH copolymers.>® These copolymers are crys-
talline irrespective of composition, this fact being
quite unusual. It was pointed out? long ago that
crystalline properties of poly(vinyl alcohol) (PVOH)
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 crystals.” Other
investigators,®™® employing thermal analysis, X-
ray diffraction and '*C-NMR, have argued for simi-
lar conclusions. The existence of three types of
crystalline systems depending on the composition
of EVOH copolymers have been proposed:* ortho-
rhombic for 0-20 mol % vinyl alcohol (VOH),
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pseudohexagonal in the composition range from 20
to 60 mol % VOH, and monoclinic for compositions
above 60 mol % VOH.

Both composition and cooling rate!® have
been found to determine the crystalline struc-
ture of these EVOH copolymers. Thus, for sam-
ples slowly crystallized from the melt, a mono-
clinic lattice has been obtained for copolymers
with compositions of 71 and 68 mol % VOH
(EVOH71 and EVOHG6S8, respectively) while a
pseudohexagonal lattice has been found for a co-
polymer with a content of 56 mol % VOH
(EVOH56). The effect of the cooling rate has
been also very important, since the aforemen-
tioned copolymers with the highest VOH con-
tents, EVOH71 and EVOHG68, lead to the pseu-
dohexagonal form when samples were quenched
from the melt. EVOH56 has been found to crys-
tallize into a pseudohexagonal lattice under all
the crystallization conditions studied.'®

The introduction of chemical groups into poly-
mers is a very useful and general method of
modifying their chemical and physical character-
istics.™ Several studies have described the
chemical modification of hydroxyl functions in
PVOH.'?>'* EVOH copolymers with high content
in the latter co-monomer could also be very use-
ful because, on one hand, chemical modification
may be used to graft numerous functions
through their hydroxyl groups and on the other
hand, they are less hydrophilic and more ther-
mally stable than PVOH. These modified poly-
meric materials prepared from EVOH could be
used for some applications other than those
aforementioned, such as materials for promoting
a favored and selective adsorption of biologically
active molecules and proteins and for biocide
release activity, among others as reported for
modified PVOH.'%® In this sense, different
studies have described the chemical modification
of hydroxyl groups in EVOH copolymers.!:19-22

Our research is currently focused on the de-
velopment of glycopolymers by lateral introduc-
tion of carbohydrates into EVOH copolymers
and on the study of properties shown for these
new polymeric materials compared with those
exhibited by the original EVOH copolymers. To
get a deep understanding, we have considered
as interesting to perform a previous study about
the partial chemical incorporation of benzoate
groups into EVOH copolymers as a route to
obtain model polymers that could explain the
effect of long substituents on the crystal struc-
ture of EVOH skeleton. Therefore, this article
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describes changes found in the crystalline struc-
ture of an EVOH chemically modified in homo-
geneous phase with benzoyl chloride at distinct
compositions. This comprehensive analysis has
been carried out by either wide angle X-ray dif-
fraction (WAXD) or small angle X ray scattering
(SAXS) and differential scanning calorimetry
(DSC).

EXPERIMENTAL

Materials

A commercially available random EVOH copoly-
mer (Kuraray) was used. The nominal composi-
tion in vinyl alcohol was 68 mol %, (EVOHG6S8).
Its density is 1.190 g cm ™2 and its melt flow
index 3.1 g per10 min. The polymer was dried to
constant weight under vacuum in the presence
of phosphorous pentoxide.

N-Methyl-2-pyrrolidone (NM2P) (Fluka) was
purified by distillation under vacuum and then
dried for a few days with a Merck 4 A molecular
sieve. Pyridine (Ferosa) was purified by a con-
ventional method.?® Benzoyl chloride (Ferosa)
was purified by distillation under reduced pres-
sure immediately before its use.

Modification of EVOH68 and Molecular
Characterization

EVOHS68 (30 g L ') was dissolved in NM2P at
90 °C, using a double-wall reactor that was
entirely isolated from the outside to avoid any
contact with humidity. The calculated equimo-
lecular amounts of pyridine and benzoyl chloride
were added while stirring at 15 °C. The reaction
was allowed to proceed for 20 h and the polymer
remained soluble throughout the process. The
modified copolymers were isolated by precipita-
tion using distilled water as precipitant. All the
samples were purified by reprecipitation using
dimethyl sulfoxide as solvent and distilled water
as precipitant. Then, they were dried to con-
stant weight under vacuum in the presence of
phosphorous pentoxide.

The modification extent was determined by
means of alkaline hydrolysis at 60 °C using a
standard solution of sodium hydroxide 0.1 M
and titrating back the unreacted base with
0.1 M hydrochloric acid in the presence of phe-
nolphthalein. The modification extent was also
determined by 'H-NMR analysis in dimethyl
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Table 1. Characteristics of EVOH Copolymers and Terpolymers
Modification

Sample extent (mol %)* VX0 L (A) A TLCC) TLCC) Tn(C) AH, gl fos¢
EVOH68-Q 0 0.47 144 67.7 46 58 182 88 0.56
EVOH68Bz1-Q 1 0.37 127 47.0 48 58 177 68 0.44
EVOH68Bz3-Q 3 0.32 123 394 47 58 168 64 0.41
EVOH68Bz8-Q 8 0.15 91 13.7 50 54 156 50 0.32
EVOHG68-S 0 0.55 153 84.2 55 - 183 88 0.56
EVOH68Bz1-S 1 0.50 147 73.5 50 - 178 70 0.45
EVOHG68Bz3-S 3 0.42 130 54.6 52 — 170 62 0.40
EVOH68Bz8-S 8 0.35 126 44.1 54 - 156 48 0.31

? Modification extent is estimated respect to the initial 68 mol % composition in vinyl alcohol.

b T, estimated from the first DSC heating run.
¢ Ty estimated from the second DSC heating run.

sulfoxide at 80 °C using a Bruker 300 MHz spec-
trometer. The results found using both methods
were in agreement.

The different terpolymers obtained have been
labeled taking the initial name of EVOH copoly-
mer used, EVOHG68, followed by Bz as abbrevia-
tion of benzoate groups and the degree of modifica-
tion. Therefore, the distinct prepared terpolymers
are: EVOH68Bz1, EVOH68Bz3, and EVOH68Bz8
in order of increasing modification extent in molar
percentage: 1, 3, and 8, respectively, as listed in
Table 1.

Films Preparation

Different specimens were obtained as films by
compression molding in a Collin press between
hot plates at a temperature 30 °C higher than
their corresponding melting points at a pressure
of 2 MPa for 4 min.

The copolymer EVOHG68 and each one of the
different terpolymers were crystallized under
two different conditions: Q and S. The first
treatment, Q, consisted of a fast cooling between
plates cooled with water after melting in the
press. The S specimens were slowly cooled from
the melt, allowing the press to cool down after
switching off the power. The corresponding cool-
ing rates were, ~100 °C min ! for the Q sam-
ples and 2 °C min ! for the S ones. Thickness of
such films ranged from 150 to 180 um.

Structural and Thermal Characterization

Thermal properties were determined with a Per-
kin—Elmer DSC-7 calorimeter connected to a
cooling system and calibrated with different

standards. The heating rate used was 10 °C
min'. For crystallinity determinations, a value
of 156.2 J g ! was taken as the enthalpy of
fusion of a perfectly PVOH crystalline material.>*

Wide- (WAXD) and small-angle X-ray (SAXS)
patterns were recorded in the transmission
mode in the beamline A2 at HASYLAB (Ham-
burg, Germany) employing synchrotron radia-
tion (with / = 0.150 nm). WAXD profiles for all
of specimens were acquired during heating
experiments at a running rate of 8 °C min ' in
time frames of 15 s, that is, with a temperature
resolution of 2 °C between frames. A two-dimen-
sional position-sensitive charge-coupled device
(CCD) was used at a distance of around 25 cm
from the sample. It was calibrated with the dif-
ferent diffractions of a crystalline poly(ethylene
terephthalate) (PET) sample, and it was found
to cover the spacing ranging from 0.3 to 0.9 nm.
The SAXS profiles were acquired for all of sam-
ples at room temperature and for EVOH68 in a
dynamic experiment at a running rate of 8 °C
min ' in time frames of 15 s. A CCD detector
was also used and was located at a distance of
around 265 cm from the sample. It was now
calibrated with the different orders of rat-tail
cornea (L = 65 nm), and it was found to cover a
spacing interval from 5.5 to 50 nm. The diffrac-
tion profiles were normalized to the beam inten-
sity and corrected related to an empty sample
background and also for the detector’s efficiency.

RESULTS AND DISCUSSION

Figure 1 shows the diffractograms at room tem-
perature corresponding to EVOH68 copolymer
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Figure 1. X-ray diffraction patterns at room tem-
perature for EVOHG68 prepared at different cooling
rates from the melt. From rear to front: 2, 10, 20, 40,
60, and 100 °C min~!. Profiles have been normalized
to the same total intensity of the different samples.

for both thermal treatments, Q and S, together
with some additional crystallization rates from
the melt.' The diffraction pattern for the
EVOHS68-S (crystallized at about 2 °C min 1) is

'Qsamples [\ 101

rel. int.

20
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similar to that presented by PVOH homopolymer
independently of its thermal treatment, that is,
corresponding to a monoclinic lattice.'® On the
contrary, the quenched specimen, EVOHG8-Q,
and that cooled down at 60 °C min !, lead to a
pattern characteristic of a pseudohexagonal lat-
tice (an orthorhombic one with a axis equal to
cV3 since the b axis is the fiber axis in the
EVOH copolymers; therefore, both terms will be
used without distinction from now along this
manuscript). On the other hand, the diffracto-
gram of the samples cooled at 40 and 20 °C
min ! represents an intermediate state between
the two modifications, where the two main dif-
fractions are beginning to collapse. This “transi-
tion” state is significantly dependent on VOH
composition and accordingly, the monoclinic to
orthorhombic transformation occurs at faster
cooling rates in copolymers with VOH contents
higher than EVOHG68 whereas the orthorhombic
form™ is exclusively obtained under usual crys-
tallization conditions if the content in VOH is
low enough (56 mol %).

The WAXD profiles at room temperature cor-
responding to the different Q@ and S specimens
here synthesized are depicted in Figure 2. At the
lowest modification extent, EVOH68Bz1 sample,
the two crystalline lattices, orthorhombic and
monoclinic, are observed for the quenched and
slowly cooled specimen, respectively, similar to
the initial EVOHG68. On the other hand, the in-
tensity of the different diffractions decreases and

S samples

rel. int.

20

Figure 2. X-ray diffraction patterns at room temperature, from top to bottom, for:
EVOH68, EVOH68Bz1, EVOH68Bz3 and EVOH68Bz8 quenched (left graph) and

slowly cooled from the melt (right graph).
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25 194°C

Figure 3. Real-time WAXD profiles, obtained with synchrotron radiation for
EVOHG68Bz8-Q, in a melting experiment at 8 °C min~'. In the inset, profiles at 27,

75, 125, and 193 °C are represented.

they are broadened and shifted to slightly lower
angles since, contrary to ethylene units that can
be incorporated into the PVOH crystal lattice as
defects, the benzoate groups are completely
excluded from crystalline domains because they
are much bulkier than ethylene co-monomer
and, moreover, they are joint as lateral branches
pendant from backbone. Consequently, benzoate
incorporation implies a substantial diminish-
ment in crystallinity and less perfect and thin-
ner crystallites (Table 1).

The decrease in intensity diffractions, their
broadness and their shift to lower angles are
more evident for the terpolymer with intermedi-
ate benzoate content, EVOH68Bz3, because the
average number of consecutive crystallizable
units becomes smaller. Accordingly, the (200) dif-
fraction is overlapped with the main (101) one
and appears as a broad shoulder for the
quenched specimen, EVOH68Bz3-Q, whereas in
EVOH68Bz3-S the (101) and (101) diffractions
become closer for one another analogously to the
WAXD profile of EVOH68 cooled at 10 °C min .
This effect is even deeper in the case of
EVOH68Bz8 with the highest benzoate content.
When its crystallization takes place at condi-
tions far from the equilibrium, EVOH68Bz8-Q,
the development of crystallites is very limited
leading to an apparently almost amorphous
specimen and, on the contrary, a practically
orthorhombic-like lattice is attained if crystalli-
tes perfection is allowed by a slow cooling,
EVOH68Bz8-S. Accordingly, these EVOHG68Bz
terpolymers exhibit polymorphism with thermal

treatment as initial EVOH68 copolymer and in
addition, with increasing modification extent as
a slow crystallization is applied.

However, a close evaluation of EVOH68Bz8-Q
profile, and its just mentioned “apparently almost
amorphous state,” indicates that its shape is not
perfectly Gaussian, suggesting a considerable,
but not complete, loss of ordering (see inset in
Fig. 3). The (200) reflection has disappeared and
the (101) diffraction peak becomes much broader
and less intense compared with that observed in
the profiles of the other Q specimens. It seems
that EVOH68Bz8-Q develops a much distorted
lattice with crystallites very thin and imperfect.
This pattern is rather similar to that reported in
paraffins®®?% and in some smectic liquid crystal-
line polymers.?’

A quite analogous structure has been previ-
ously found in EVOH copolymers after stretch-
ing?®?® identified as a strain-induce phase. In
these copolymers with majority in vinyl alcohol co-
monomer, the deformation process takes place
through necking formation up to temperatures
well above their glass transition®® and this strain-
induced phase change was observed if the initial
undrawn specimen exhibited either a monoclinic
or orthorhombic lattice.?® This strain-induced
phase modification was characterized by the
merge of the two main (101) and (101) diffractions
and the disappearance of the (200) reflection at
draw ratio higher than 3 in the specimens with
a monoclinic cell whereas a broadening and
overlapping of both (101) and (200) reflections
were observed in those initial Q samples. These

Journal of Polymer Science: Part B: Polymer Physics
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features were consistent with the damage of lat-
eral ordering just commented. A transformation
from the original undrawn lattice into a disor-
dered crystalline form of mesomorphic character
was suggested in the past for wuniaxially
oriented polypropylene®' and also for this type
of EVOH copolymers due to their common
features.?233

Figure 3 shows real-time WAXD results for the
EVOH68Bz8-Q specimen. The intensity of the
small characteristic peak in the initial structure is
kept constant within a short temperature interval
(around 20 °C) and after that, intensity gradually
increases: abruptly, at a first stage and in a
smoother way at a second one. At temperatures
higher than around 130 °C, a decrease of intensity
is observed because melting process starts to take
place, as represented in Figure 4(a). It has to be
mentioned that a fitting program has been used
to separate profiles into an amorphous component
(Gaussian curve) and crystalline diffraction
(Voigt function) and subsequently, to evaluate var-
iation of crystalline peak with temperature for
EVOH68Bz8-Q sample (Fig. 4). Crystallinity at
room temperature for the different terpolymers
analyzed, as will be discussed below, has been cal-
culated by subtraction of the EVOH68Bz8-Q
amorphous halo from the corresponding profiles.
The error in the crystallinity determinations,
when these are expressed as percentage in Table 1,
is estimated to be £4 units.

The inset of Figure 3 also indicates a change
in diffractogram shape, additionally to the inten-
sity variation, with increasing temperatures.
Profiles shape is practically the same up to,
~85 °C (curves at 27 and 75 °C) whereas a dis-
tinguishable diffraction at around 20° appears
from 85 to 130 °C due to the enhancement of
ordering with temperature (see curve at 125 °C
in the insert). At temperatures above, the pat-
tern starts to broaden because melting process
starts to occur. The reflection narrowness
ranged from 85 to 130 °C is indicative of an
increase of order within the crystalline arrange-
ment. The derivative of profile height provides
information about the phase transitions that
take place within specimen. To represent the
melting endotherm as a maximum, as in a DSC
experiment, EVOH68Bz8-Q derivative has been
normalized by —1 in Figure 4. At low tempera-
tures, a cold crystallization of macromolecular
segments that were not able to crystallize dur-
ing quenching occurs within the 40-85 °C tem-
perature range. In this temperature interval, a
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Figure 4. Temperature dependence of: (a) relative
profile intensity; (b) its derivative; (¢) /o**P and (d)
first heating DSC run, from top to bottom. Derivative
has been normalized by (—1) to place the endothermic
events similar to those in DSC.

slight increase in crystallinity from its initial
value of about 0.15 is observed, as depicted in Fig-
ure 4. Moreover, the melting process is clearly
visualized within the 125-165 °C range.

These two thermal transitions are also ob-
served from DSC measurements during the
EVOHG68Bz8-Q first heating run. At low tempera-
tures, the glass transition related to the amor-
phous regions occurs and is significantly over-
lapped with an enthalpic relaxation process (the
sharp endothermic peak located at about 50 °C).
This latter process is also merged with the cold
crystallization in its side of high temperature.
Once glass transition takes place, the mobility of
the small fraction of ordered entities is enough to
reorganize itself and some amorphous chains can
further crystallize. Therefore, intensity of crystal-
line peak and, obviously, crystallinity increase.
After cold crystallization is finished, intensity
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rel. int,

rel. int.

Figure 5. Real-time WAXD profiles for EVOH68 and EVOH68Bz1 at both thermal
treatments in a melting experiment at 8 °C min ™.

continues rising because of thickening of crystal-
lites. Finally, these crystals melt at the highest
temperature range. The agreement between loca-
tion of the distinct crystalline transitions found
for both WAXD and DSC experiments is very
good, as seen by comparison of the different plots
in Figure 4. The cold crystallization is more
clearly visualized by real-time WAXD measure-
ments because of the overlapping of this process
with the enthalpic relaxation along DSC first
heating running. The values of melting tempera-
ture obtained by these two techniques are in a
perfect agreement.

On the other hand, the degree of crystallinity
at room temperature has been directly deter-
mined for EVOH68 and its terpolymers under
both thermal treatments imposed, as aforemen-
tioned, subtracting the EVOHG68Bz8-Q amor-
phous halo, obtained by fitting of its imperfect
crystalline structure, from each diffractogram.
Crystallinity values thus obtained are reported
in Table 1. A decrease in crystallinity is observed
as benzoate content increases in the terpolymer,
as previously commented from the WAXD pro-
files at room temperature depicted in Figure 2.
In addition, slow crystallization is more amena-
ble to crystallites development and, therefore,
crystallinity degree is higher in the S sample
than in that one quenched from the melt for a
given specimen.

Better resolved diffractions suggest a higher
ordering, and, consequently, thicker crystallites.
Therefore, for a particular thermal treatment,

less perfect and smaller crystals are developed in
the specimens as content of benzoate groups
pendant from the EVOHG68 backbone is increased
because the regularity disruption that they cause
into the crystallizable units. This fact is con-
firmed by SAXS estimation at room temperature
of the crystallite size in the direction normal to
the lamellae, /., from the Lorentz-corrected long
spacing, L, and the total crystallinity of the sam-
ple by assuming a simple two-phase model. The
results for [, are listed in Table 1. Moreover, it
can be observed that crystallites are thinner for
the highest crystallization rate used since a fast
cooling limits development of the crystalline
entities.

Figure 5 shows real-time WAXD results for
EVOH68 and EVOH68Bz1 for both thermal
treatments. The melting of orthorhombic and
monoclinic lattices seems to occur at a given spec-
imen at approximately the same temperature in-
dependently of thermal history imposed during
its crystallization from the melt. This feature
is more clearly observed if crystalline variation
with temperature is evaluated from the relative
crystalline peak intensity of either the (101)
reflection in the orthorhombic lattice or the two
main (101) and (101) diffractions in monoclinic
cell. Figure 6 represents derivatives of these
intensities in those aforementioned crystalline
peaks. The melting temperatures estimated from
derivatives confirm again, as for EVOH68Bz8-Q,
good correlation attained by comparison of DSC
(Fig. 7) and WAXD data. As expected, at a given
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Figure 6. Derivative of WAXD intensity for diffrac-
tion (101) in quenched specimens (upper plot) and for
(101) and (101) reflections in slowly cooled sam-
ples (lower plot).

thermal treatment, T, is depressed as benzoate
groups content increases in the terpolymer due
to the diminishment in crystallinity and crystal-
lite thickness because they are very voluminous
and become a hindrance for crystallization pro-
cess. It is noticeable that T, decreases linearly
for the terpolymers with the two lowest modifica-
tion contents, EVOH68Bz1 and EVOH68Bz3 and
less significantly for the EVOH68Bz8. These calo-
rimetric results are in agreement with those
recently reported by Ferndndez and Fernandez,?
which showed a decrease of melting points in
the copolymers with an increase in the vinyl-3,5-
dinitrobenzoate molar fraction. They found in
their terpolymers that melting process is not lon-
ger observed above 10% of transformation.

The enthalpy values obtained at a particular
specimen for both thermal histories are almost
invariable similar to that constancy described
for T, values (Table 1). This feature is charac-
teristic of these EVOH copolymers® with high
composition in vinyl alcohol independently of
that they present exclusively the orthorhombic
lattice or orthorhombic and monoclinic cells as
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function of cooling rate applied during process-
ing. As previously commented, crystallites devel-
oped during the fast cooling are, on one hand,
less perfect and thinner and, on the other hand,
exhibit a broader size distribution than those
promoted from a slow crystallization. Therefore,
the enthalpy similarity found between the Q
and S samples might be ascribed to these com-
mented inherent characteristics in the Q crystal-
lites that lead to continuous melt and recrystal-
lization processes along the melting range while
the thicker and perfect S crystals with a slightly
narrower size distribution do wundergo these
melting-recrystallization-melting processes in a
less extension. This assumption can be reached
from Figure 8, where SAXS profiles, their invar-
iants and their corresponding derivative results
for EVOH68-Q and EVOHG68-S are displayed.
SAXS invariant® gives us idea about the macro-
scopic electron density fluctuations. Two different
fluctuation regions are observed in EVOH68: on
one hand, a clear increase of the invariant and,
therefore, a kind of maximum in derivative curves

7 T T 1 T 1 T
o | Q specimens 1
=
2
s
= 0.5 W/g
=
=
=
_ | Sspecimens |
20
z
: .
= IO.SW!g
§ b
= _J//L

1 i | L | L .
25 50 75 100 125 150 175 200
T (O
Figure 7. DSC first melting curves in Q and S
specimens under study, upper and lower plots, respec-
tively. From top to bottom: EVOH68, EVOH68Bz1,
EVOH68Bz3, and EVOH68Bz8.
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Figure 8. Temperature dependence of relative
SAXS invariants and real-time SAXS profiles (upper
plot and its insets) and SAXS invariant derivative
(lower plot) in fast and slow crystallized EVOH68
specimens during the melting experiments.

(around 156 °C for S sample and 167 °C for the Q
one) from room temperature to very high tempera-
tures, indicating that recrystallization processes
are involved and, on the other hand, a second
fluctuation region characterized by invariant
decrease associated with a narrow derivative min-
imum ascribed to the main melting peak. After
this, the curves become flat in the molten state.
This behavior found in EVOHG6S is extrapolated to
the other EVOH68Bz sets of terpolymers. The
higher degree of recrystallization and continuous
crystallites improvement found in Q specimens
seems to be, accordingly, the reason of this en-
thalpy similarity.

Calorimetric results also evidence some char-
acteristics of the amorphous regions. The motion
restrictions caused by crystallites within the
amorphous phase affect the facility of enthalpic
relaxation process that occurs overlapped to
glass transition.®® This endotherm located at the

top of the glass transition reflects the magnitude
of this process when a sample stays below Ty
during some certain time. Figure 7 shows that
enthalpy relaxation is inversely related to the
crystallinity of the sample. The magnitude of
this process is very little in EVOH68 and
increases as benzoate groups composition is
raised in the terpolymer because of its larger
extent and its faster nonequilibrium to equilib-
rium evolvement. At a given specimen, it is
more intense for those samples quenched from
the melt. This enthalpic relaxation is completely
absent during the second melting of all of the
different specimens.

The overlapping of glass transition with en-
thalpic relaxation makes T, determination diffi-
cult during the first running of calorimetric
experiments. A tentative assignment has been
performed from temperature at the midpoint of
the line drawn between the temperature of
intersection of the initial tangent with the tan-
gent drawn through the point of inflection of the
trace and the temperature of intersection of the
tangent drawn through the point of inflection
with the final tangent. Results obtained are
listed in Table 1 together with those estimated
from the second heating run. In the Q samples,
an increase of T, seems to take place while in
the S specimens, a decrease followed by an
increase is observed with raising modification
extent. However, for the second run, a constant
T, value is attained for EVOH68, EVOH68Bz1,
and EVOHG68Bz3 but cannot be observed for
EVOH68Bz8. These opposite characteristics
have a significant importance. On one hand, mo-
bility of amorphous regions is hindered by crys-
tallites (number and size) and by strong inter
and intramolecular interactions, both of them
being less as benzoate groups content increases
in the terpolymer. Consequently, a decrease of
T, would be expected. However, mobility of
amorphous regions is, on the other hand, pre-
vented by incorporation of benzoate groups
because of their higher volume compared to that
presented by nonmodified hydroxyl groups.
Accordingly, an increase of Ty could be predict-
able. The balance between these contrary effects
is the key for the found behavior, the most reli-
able values being those calculated from the
second heating run. T, is kept constant for low
benzoate contents because the decreases in crys-
tallinity and crystal size and fewer interactions
are compensated by the highest volume of these
groups. However, the much higher differences in
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crystallites and interaction weakness cannot be
balanced by the higher benzoate groups in
EVOHG68Bz8. Therefore, mobility in amorphous
regions is enlarged and T, is shifted to lower
temperatures.

CONCLUSIONS

The partial substitution of hydroxyl groups by ben-
zoate groups from an ethylene-vinyl alcohol copoly-
mer points out the existence of polymorphism de-
pendent on either thermal treatment or modifica-
tion extent in these new terpolymer systems here
synthesized. Therefore, for EVOH68Bz1 and
EVOHG68Bz3 (those terpolymers with the lower
degrees of modification), the polymorphic behavior
is similar to that shown in EVOHG68, that is, the
development of monoclinic or orthorhombic crys-
talline lattices for slowly or fast cooling rates,
respectively. The incorporation of benzoate groups
leads to a disruption of crystallizable sequences
and, accordingly, crystallinity is reduced and both
lattices, monoclinic and orthorhombic, become
rather imperfect as modification extent is raised.

The EVOH68Bz8 shows a completely different
picture for both thermal histories. A crystalline
structure highly disordered is developed for the
quenched specimen evolving to a more perfect
arrangement by effect of temperature whereas
an orthorhombic-like lattice is generated in the
S sample.

Crystallinity at room temperature signifi-
cantly changes with the thermal treatment at a
given specimen. However, either melting tem-
perature or enthalpy values are quite constant.
These features have been associated with the
higher extent of continuous melting-recrystalli-
zation-melting processes observed in the speci-
men EVOH68-Q by SAXS (and presumed for the
rest of quenched samples) compared with that
shown by slowly cooled specimen EVOHG68-S
due to its thicker and more perfect crystallites.
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