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ABSTRACT: Binary blends formed by two types of eth-
ylene-co-vinyl acetate (EVA), which have different vinyl
acetate contents, and poly(vinyl acetate) (PVAc) were pre-
pared in a Haake Rheocord 9000 plastograph. A series of
samples were obtained varying the PVAc amount up to
50%. The studies were carried out employing solid-state
nuclear magnetic resonance spectroscopy (NMR) and
scanning electronic microscopy (SEM). The xenon-129

(**°Xe) and carbon-13 (*C) NMR response together with
the microscopy results showed that the systems are het-
erogeneous. Therefore, EVA with a higher vinyl acetate
content presented some interaction between the polymer
blend components. © 2002 Wiley Periodicals, Inc. ] Appl Polym
Sci 86: 116-124, 2002
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INTRODUCTION

The evaluation of the miscibility of binary blends formed
by ethylene-co-vinyl acetate and poly(vinyl acetate)
(EVA/PVACc), prepared in different proportions by melt-
ing in a Haake Rheocord plastograph, was investigated
by solid-state NMR.'~* The main purpose of this work
was to understand the blends” behavior with respect to
the structure-mobility—compatibility by characterizing
the domains and interaction at the molecular level. For
that, we chose solid-state NMR spectroscopy, because it
is constituted by several techniques that permit evalua-
tion of the blends” behavior. Changes in the line shapes
and/or frequency of the resonance signals in magic an-
gle spinning with cross polarization (CPMAS) *C-NMR
spectra of the blends, in comparison to those of the blend
components, have been used as evidence of the interac-
tion between blend components.” In addition, the proton
(THp) and carbon-13 (T$p) NMR spin-lattice relaxation
times in the rotating frame allow estimation of the scale
of miscibility of a polymer pair and, consequently, pro-
vide information on compatibility.®®

The cross-polarization experiment has been de-
scribed as a double rotating frame experiment. Both
the proton (abundant) and the carbon (rare) spins
need to be spin-locked in an appropriate radio-fre-
quency field, if they are ready to communicate. The
time constant for the loss of spin-lock polarization
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(T1p) can be measured in both spin systems.®® For
each spin system, T,p behaves differently. For the
proton, the relaxation parameter, Tflp, is sensitive to
motion at frequencies around the spin-locking radio-
frequency field. Furthermore, T{'p is subject to spin
diffusion. Since this relaxation time can be measured
through the carbon spin system, it is possible to detect
the heterogeneity of the sample; if different carbons
detect different groups of protons, they are not in
good communication with each other. Spin diffusion
does not operate effectively for carbon nuclei. Carbon
may relax directly in the lattice and be sensitive to
molecular motion or relax in the proton spin system
and sense the strength of the coupling to that system."’
Each carbon spin relaxes at a rate indicative of its own
special environment. So, the carbon relaxation time in
the rotating frame, Tlcp, is sensitive to motional fre-
quencies near the precession frequency about the ra-
dio-frequency field.

129Xe-NMR measurements were also carried out to
evaluate the domain formations,!! because the local
environment in polymer blends can be evaluated by
129Xe-NMR; the xenon chemical shift is highly sensi-
tive to the local environment, especially the free vol-
ume. Scanning electron microscopy (SEM) has already
been used to obtain information on blends” domains
and miscibility.'*'?

EXPERIMENTAL
Sample preparation

A commercial PVAc and two types of commercial
EVA copolymers were used to prepare the blends.
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TABLE 1
Materials Used in the Investigation
Sample Characteristics
EVA1 19% VA content; MFI = 1.03 g/10 min;
dps. = 0.921 g/cm?
EVA2 31% VA content; MFI = 3.27 g/10 min;
dps. = 0.930 g/cm?®
PVAc MFI = 1.25 g/10 min; dys. = 1.169 g/cm?

They were named EVA1 and EVA2 in relation to the
VA content. The characteristics of the materials used
are given in Table I. The VA content in EVA1 and
EVA2 was determined by solution ">*C-NMR in a pre-
vious work.!.

The blends were prepared in the melt state at 150°C
in a Haake Rheocord 9000 plastograph using a roller-
mix rotor, at 60 rpm, for 15 min. The mixed materials
were then pressed at 15,000 Ib/ft, for 15 min, at 150°C.
The blends were named EVA1/PVAc and EVA2/
PVAc, and the PVAc content varied from 10 to 50%
w/w.

NMR measurements

All solid-state NMR spectra were obtained on a VAR-
IAN INOVA 300 spectrometer operating at 299.9 and
754 MHz for 'H and 3C, respectively. All experi-
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Figure 1 CPMAS "C-NMR spectra of EVA1, PVAc, and
90/10, 70/30, and 60/40 proportions.

117

EVA1

EVA1/PVAC
T 90/10

) S S

I—-170.9
EVA1/PVAC
/ \ 70/30
l—171.9
EVA1/PVAC
/ \ 60/40
|—170.7
PVAC
T T T y T T T
200 180 160 140

PpPm

Figure 2 Carbonyl region of CPMAS ">C-NMR spectra of
EVA1, PVAc, and their blends (90/10, 70/30, and 60/40).

ments were performed at the probe ambient temper-
ature using gated high-power decoupling. A zirco-
nium oxide rotor of 7-mm diameter with a Kel-F end
cap was used to acquire the NMR spectra at rates of 6
kHz. The °C spectra were referenced to the chemical
shift of the methyl group carbons of hexamethylben-
zene (17.3 ppm). The "*C was carried out in the cross-
polarization mode with magic-angle spinning (CP-
MAS) with 2 s of delay. A variable contact-time ex-
periment was also recorded and the range of contact
time was established as 50-4000 us. The Ttp values
were determined from the intensity decay of the car-
bon-13 peaks with increasing contact time. The TSp
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Figure 3 CPMAS "*C-NMR spectra of EVA2, PVAc and
90/10, 70/30, and 60/40 proportions.

measurements were obtained using a spin-lock pulse
sequence, at room temperature, using the same con-
ditions for a better CPMAS spectrum (contact time 1
ms) and the range of 7 (spin-lock) varied from 200 to
4000 ps. For the '*Xe measurements, the samples
were pressurized at 100 psi and conditioned for 24 h.
The spectra were carried out in a Bruker AMX 500, at
138.26 MHz, with a 30° pulse.

Microscopy measurements

The fractured surface morphologies of compressed
samples of EVA2/PVAc were observed by SEM on a
JEOL JMS 5300 microscope at a 20-kV electron accel-
erating voltage.
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RESULTS AND DISCUSSION
CPMAS "*C analysis

Figure 1 shows the CPMAS C-NMR spectra of
EVA1, PVAc, and their blends (90/10, 70/30, and
60/40). These spectra can provide useful information.
For EVA1, a broad signal split into two peaks was
detected at 33.2 ppm (CH, for the rigid domain) and
31.2 ppm (CH, for the mobile domain). A small signal
at about 23 ppm (CH; from VA) was also assigned. As
the EVA has 19% of VA, the carbonyl group was not
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Figure 4 Carbonyl region of CPMAS "*C-NMR spectra of
EVA2, PVAc, and their blends (90/10, 70/30, and 60/40).
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Figure 5 CPMAS ">C-NMR spectra of EVA2/PVAc 50/50.

easily detected. In focusing on the carbonyl groups
(Fig. 2) in the blends, this group presents an increase
in the relative intensities as the PVAc content in-
creases, and their line widths become broad as well.
Knowing that, if an interaction of blend components

TABLE 11
3C Chemical Shifts of Carbonyl Carbon
Obtained by HETCOR

EVA2/PVAc 5 (ppm)
100/0 167.5
164.2
60/40 168.4
172.0
0/100 171.5
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TABLE III
T,"p and Chemical Shift Values of the Carbonyl
of EVA1, PVAc, and Their Blends

EVA1/PVAc 6 (ppm) THp (ms)
90/10 170.9 9.8
80/20 172.0 15.2
70/30 170.9 5.0
60/40 171.9 5.0
50/50 170.8 4.3
0/100 170.8 3.6

occurs, it can cause changes in the line widths and/or
the "*C chemical shift frequencies in the NMR spectra
of the blend components, in comparison to the spectra
of pure components. For the case in point, there is
some possibility of interaction between the carbonyl
from the PVAc and the hydrogen of the methane (CH)
that comes from the VA group of the EVA. So, in this
figure, a small change in the carbonyl resonance fre-
quency and line width occurred when the PVAc con-
tent increased, as a consequence of the interaction
or/and phase separation. In looking at the PV Ac spec-
trum, the signals located at 40 ppm (CH,), referred to
VA-VA linkage in the copolymer, 75 ppm (CHa), to
all types of linkage in the copolymer, and 120 ppm
(spinning side band, ssb) are decreased considerably
with increase in the EVA content, because these sig-
nals only come from the VA group in the copolymer,
and as the copolymer proportion decreases in the
blends, those intensity signals also decrease.

The CPMAS *C-NMR spectra of EVA2, PVAc, and
their blends (90/10, 70/30, and 60/40), recorded at the
same contact time (1 ms), are shown in Figure 3. EVA2
has 31% of VA. The assignment of EVA2 showed that
the CH, signal from the ethylene monomer comes
from the mobile domain, which is located at 31.2 ppm
with a shoulder at 33.2 ppm from the rigid domain.
Small changes in the carbonyl chemical shifts (Fig. 4)
were also detected for these blends. In focusing on the
60/40 composition, the carbonyl group was detected
at 172.2 ppm; this small shift (~1 ppm) in the carbonyl
absorption frequency of the PVAc sample can be de-
rived from the changes in the molecular dynamics of
EVA/PVAc, which probably is a consequence of
phase separation.

TABLE IV
T,"p Values for Carbonyl Carbons (170.7 ppm)
of EVA2/PVAc Blends

EVA2/PVAc THp (ms)
90/10 66.4
80/20 39.7
70/30 9.1
60/40 427
50/50 4738
0/100 36
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Figure 6 Carbonyl T{p decays of EVA1/PVAc blend systems.

When the amount of PVAc in blends was 50%, the
optimum contact time changed, which could be an
indication that a higher amount of PVAc promotes a
kind of plasticization in EVA2. The *>C spectrum for
the 50/50 composition showed two carbonyl groups,
one located at 170.7 ppm from a mobile domain and
the other at 177.7 ppm from a rigid domain (Fig. 5), as
a consequence of phase separation. In our opinion, the
second carbonyl (which is not a feature) can be attrib-
uted to the interface that presents some interaction
between both components.

The formation of an interfacial interaction can result in
a change of chemical shifts of the groups involved. In

particular, in exploiting the chemical shift of the carbonyl
carbon in the two-dimensional (2D) HETCOR,® some
evidence was found in relation to the formation of an
interfacial interaction between EVA2 and PVAc, due to
the detection of a third carbonyl group at 164.2 ppm
(Table II), which also showed that PVAc plasticized
EVA2 and confirmed that both components presented
an interaction at the molecular level.

T}!p analysis

According to the distribution form of the average sig-
nals of the '°C spectra, obtained by the variable con-
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Figure 7 Carbonyl T{p decays of EVA2/PVAc blend systems.



INTERACTION BEHAVIOR OF EVA/PVAC BLENDS

199,38

121

100 13

Figure 8 '*?Xe-NMR spectrum of EVA2 and PVAc.

tact-time experiment, one can observe the homogene-
ity and mobility of the sample. Rigid samples have
signal intensities concentrated on short contact times.
Flexible samples, on the other hand, need more time to
polarize, and, thus, they have their signals located at
long contact times. From the carbon-13 intensity de-
cays, it is possible to measure the Ti'p.>'*™*°

199,8

In analyzing the EVA1/PVAc blends, no changes in
the slope of the curves and in the Ti'p values for the
rigid domains for the blends up to 50/50 were ob-
served, because these domains did not take part in the
interaction process. So, it is clear that there was no
influence of PVAc in the rigid domains of EVAL.
Therefore, for the blends, as the PVAc content in-
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Figure 9 '*°Xe-NMR spectrum of EVA2/PVAc 60/40 blend.
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(h)

- SEM, of EVA2/PVACc (90/10), (x 1000)

Figure 10
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~ : s B 20
- SEM, of EVA2/PVACc (70/30), (x 350)

(a) SEM of EVA2/PVAc (90/10); (b) SEM of EVA2/PVAc (90/10), magnification 1000X; (c) SEM of EVA2/PVAc

(80/20), magnification 350X; (d) SEM of EVA2/PVAc (70/30), magnification 350%; (e) SEM of EVA2/PVAc (60/40),
magnification 350X; (f) SEM, of EVA2/PVAc (50/50), magnification 350X.

creased, an increase in the amorphous region mobility
occurred, indicating that PVAc could be acting as a
plasticizer. Therefore, the slop of the carbonyl curves
changed greatly compared with PVAc. In analyzing
the T}'p values for the carbonyl group listed in Table
III, a variation in the mobility of the EVA1/PVAc
90/10 blend could be considered. The increase in the

Ti'p values confirmed that PVAc was acting as a poly-
meric plasticizer to EVA and also that phase separa-
tion phenomena were occurring. However, for the
EVA1/PVAc 80/20 blend, an increase in both the
chemical shift and T}'p showed that a phase separation
occurred, but it could also indicate the formation of an
interfacial interaction. A deep decrease in the Tj'p or
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SEM, of EVA2/PVACc (50/50), (x 350)

Figure 10 (Continued from the previous page)

the 70/30 proportion confirmed the phase separation.
For EVA1/PVAc 60/40 and 50/50 blends, an incom-
patibility was clearly defined by the changes in the
chemical shift and Ti'p values, which might be a con-
sequence of the VA content in the EVA copolymer."

Table IV shows the Tj'p values of the carbonyl of
EVA2, PVAc, and the EVA2/PVAc blends. In analyz-
ing the values of this parameter, we can see that the
90/10 blend showed a particular behavior: The high-
est value of Ti'p for this composition confirmed the
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plasticization effect of PVAc and also showed some
interfacial interaction, because the chemical shift is the
same as for PVAc. For the EVA2/PVAc 80/20, there is
a deep decrease in the relaxation-time parameter,
which can be an indication of phase separation. In
looking at the 70/30 proportion, the value of T{'p is the
lowest. In our opinion, it is the limit of phase separa-
tion, but some interfacial interaction does exist. The
EVA2/PVAc 60/40 and 50/50 blends presented an-
other range of increase in the THp value, which is clear,
because of phase separation and increase in the PVAc
content.

TS$p measurements

Figures 6 and 7 show carbonyl TSp decays for EVA1/
PVAc and EVA2/PVAc, respectively. From these fig-
ures, it was observed that the T{p relaxation process
did not change when the PVAc content varied up to
20%, which suggested that, in both systems, EVA
dominated the relaxation process. Therefore, for
higher PVAc contents, from 30 to 50%, the carbonyl
TS p relaxation decays presented a similar behavior to
the PVAc, which indicated that, in those proportions,
PVAc controls the relaxation process. Hence, one
could conclude that these systems presented phase
separation.

129Xe-NMR

Knowing that **Xe-NMR is an important tool to re-
veal the local environment in polymer blends, we
chose to apply this technique to obtain further infor-
mation on the blends in our study. The '**Xe spectrum
obtained for the two pure polymers simultaneously,
not blended, is shown in Figure 8, with only one
resonance line, at the same chemical shift (199.8 ppm),
detected, showing that both polymers presented a
large amorphous domain, constituted by the VA
groups, which have the same molecular mobility. The
129% e spectrum for EVA2/PVAc 60/40 is presented in
Figure 9 and, again, one signal at 199.8 ppm was
detected, which could also be derived from the same
large domain, indicating that this blend has some
interaction at the molecular level, but, at the same
time, showed a phase separation as well.

Morphology

To obtain more information on the correlation among
structure-morphology—mobility of EVA2/PVAc blends,
SEM qualitative studies were done. The molded sam-
ples were cryogenically fractured and the SEM micro-
graphs of those blends are shown in Figure 10(a—f). In
the 90/10 blend, a homogeneous dispersion of the
PVAc phase in the EVA matrix as small spherical
domains can be seen. As the PVAc content increased,
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the size of the spherical morphology increased as well
the PVAc and did not disperse well in the EVA matrix.
Those blends present a typical morphology of partial
miscibility.

CONCLUSIONS

The CPMAS technique was effective in the studies
related to the influence of PVAc on EVA. According to
the relaxation data, one can conclude that EVA1/
PVAc did not present an interaction between the
blend components; in our opinion, this was attributed
to the lower VA content in the EVA1l copolymer.
Therefore, for the EVA2/PVAc system, an interfacial
interaction was detected. As for lower PVAc content
(up to 10%) in the EVA2/PVAc, a partial miscibility
was also detected. In comparing both systems, one can
see that EVA2/PVAc showed a better miscibility and
compatibility at the molecular level, as a consequence
of the high VA content in the EVA2 copolymer.

The authors would like to thank PETROBRAS/CENPES/
Geréncia de Quimica for the use of the NMR spectrometer,
POLITENO INDUSTRIA E COMERCIO S.A. for the EVA
samples, and CAPES and CNPq for financial support.

DE SOUZA AND TAVARES

REFERENCES
1. Souza, C. M. G.; Tavares, M. 1. B. ] Appl Polym Sci 1998, 70,
2457.
2. Souza, C. M. G.; Tavares, M. I. B. Polym Test 1998, 17, 531.

10.

11.

12.

13.

14.

15.

. Souza, C. M. G.; Pacheco, C. R.; Tavares, M. I. B. ] Appl Polym

Sci 1999, 73, 221.

. Souza, C. M. G.; Tavares, M. 1. B. In SLAP - 98, Chile.
. Masson, J. F.; Manley, R. St. ]. Macromolecules 1992, 25, 589.
. Stejskal, E. O.; Memory, J. D. High Resolution NMR in the Solid

State; Oxford University: New York, 1994.

. Bovey, F. A.; Mirau, P. A. NMR of Polymers; Academic: New

York, 1996.

. Simmons, A.; Natanshon, A. Macromolecules 1991, 24, 3651.
. Schaefer, J.; Stejskal, E. O.; Buchdhal, R. Macromolecules 1977,

10, 384.

Schaefer, J.; Sefcik, M. D.; Stejskal, E. O.; McKay, R. A. Macro-
molecules 1984, 17, 1118.

Walton, J. H.; Miller, J. B.; Roland, C. M. J Polym Sci Part B
Polym Phys 1992, 30, 527.

Amorin, M. C. V,; Oliveira, C. M. F.; Tavares, M. 1. B. ] Appl
Polym Sci 1996, 61, 2245.

Souza, C. M. G.; Tavares, M. L. B. ] Appl Polym Sci 1999, 74,
2990.

Silva, N. M.; Tavares, M. I. B.; Stejskal, E. O. Macromolecules
2000, 33, 115.

Stejskal, E. O.; Schaefer, J.; Sefcik, M. D.; McKay, R. A. Macro-
molecules 1981, 14, 275.



