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Abstract : The miscibility of poly{ethylene-co-vinyl alcohol)(EVOH) with poly(N-vinyl-2-pyrrolidone)
(PVP) was studied by means of differential scanning calorimetry and Fourier transform infrared
spectroscopy. When the content of vinyl alcohol repeating unit in EVOH was 57 or 45 mol%, the
EVOH/PVP blends had the miscibility showing single T,. In these miscible blends, the hydrogen bonds
of both hydroxyl and carbonyl band were enhanced upon blending. However, when the content of
vinyl alcohol repeating unit in EVOH was 18 or 10 mol%, the EVOH/PVP blends showed phase
separation behavior, and the degree of hydrogen bond of hydroxyl group was reduced upon blending.

Introduction

For the thermodynamic miscibility in polymer
blends, it is usually necessary to have some kind
of favorable interaction between segments of the
component polymers. It has been shown that
large exothermic heat of mixing due to hydrogen
bond between proton-donor and proton-acceptor
groups can promote the miscibility of polymers
with somewhat different natures by overcoming
the otherwise unfavorable intermolecular interac-
tions.!

Poly(ethylene-co-vinyl alcohol) (EVOH) has
hydroxyl group that can be hydrogen bonded
with proton-acceptor groups. However, articles
about the miscibility of EVOH blends are not so
common.”®

Because poly(N-vinyl-2-pyrrolidone)(PVP) has
a tertiary amide group, it has good miscibility
with many polymers having proton-donor groups.”*

Since EVOH has hydroxyl group and PVP has
proton-acceptor group of tertiary amide, good
miscibility between EVOH and PVP can be an-
ticipated. However, to the knowledge of authors,
no article has been reported on EVOH/PVP blend.

So, in this paper, we report some results on the
miscibility of EVOH/PVP blend studied by means
of differential scanning calorimetry (DSC) and
Fourier transform infrared {FTIR) spectroscopy.
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Experimental

Materials. The characteristics of the poly-
mers used in this study are shown in Table I. 1,1,
1,3,3,3-Hexafluoro-2-propanol  (from  Aldrich),
toluene (HPLC grade from Baxter), and methanol
(HPLC grade from Baxter) were used as received.

Preparation of Blends. The binary PVP
blends with EVOH-45 or EVOH-57 were
prepared by casting from 10 wt% solution of 1,1,
1,3,3,3-hexafluoro-2-propanol. Toluene/methanol
{80/20 by volume) mixture was used as a
solvent for the casting of PVP binary blends with
EVOH-10 or EVOH-18. The films were dried in
a vacuum oven at 70°C for 1 day. For FTIR
studies, thin films were cast onto KBr windows
and completely dried.

Measurements. Thermal properties
measured by differential scanning calorimetry
(TA Instruments DSC-2100). The weight of
sample was approximately 5 mg. Because the
glass transition temperature (T,) of PVP is
sensitive to moisture, the samples were first
heated to 260°C and kept at that temperature
for 10 min®? The melt crystallization tem-
perature (T,.) and the heat of melt crystallization
(AH,.) were measured on subsequent cooling at
a rate of 20°C/min. After cooling to -150°C, T,
melting temperature (T.), and heat of fusion

were
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Table 1. Characteristics of the Polymers Used

Designation Supplier Vinyl aleohol  Intrinsic Viscosity Average . Solubility Pa;rilmeterb
Content (mol %) (dL/g) Molecular Weight (J/cm®)
EVOH-10 Polysciences Inc. 10 0.46° - 16.8
EVOH-18 Polysciences Inc. 18 0.98° - 17.2
EVOH-45 Polysciences Inc. 45 1.22° - 185
EVOH-57 Polysciences Inc. 57 1.45° - 19.1
PVP Aldrich Chemical Co. - - 40,000 225
°Measured at 30 °C in phenol/1,1,2,2-tetrachloroethane (70/30(v/v)) mixture.
® Determined by group contribution method.™
(AH,) were measured on heating to 260°C at a
rate of 20 °C/min. “
All FTIR spectra were recorded on a Nicolet S
FTIR spectrometer Model 730 at room tem- \_——_——*_—//m
perature. A total 64 scans at a resolution of 4 cm? S —

were signal-averaged and stored on a disk. All
films used in this study were sufficiently thin to
be within an absorbance range where the Beer-
Lambert law is obeyed.

Results and Discussion

Differential Scanning Calorimetry. To
observe the miscibility of EVOH/PVP blends,
thermal properties were measured by DSC, and
the results are shown in Table II. Both EVOH-57/
PVP and EVOH-45/PVP blends show single T,s
at whole compositions, indicating miscibility in
molecular level between two polymers. Typical
DSC thermograms of EVOH-57/PVP blends are
shown in Figure 1, where the thermograms of
blends show single T, at the temperature range
between those of pure polymers. The T,
composition data of miscible polymer blends can
be represented by the following Gordon-Taylor
equation:

wilatkw, T,

Ty= wit+kw, (1)

where T, is the T, of the miscible blend and T,
and Te, w; and w, are the T, values and weight
fractions of the component polymers, and k is an
adjustable parameter related to the degree of
departure from simple additive values. The k
parameter often provides a semiquantitative
measurement of polymer-polymer interaction in
blend: with a higher k value for a stronger
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Figure 1. DSC thermograms of EVOH-57/PVP blends. (a)
10/0, (b) 7/3, (c) 5/5, (d) 3/7, (e} 0/10 by weight.

intermolecular interaction.”*"* In the polymer

blends of PVP and hydroxyl group containing
polymer, large k values around 1.0 were com-
monly observed.'*'® Relatively smaller values of k
(Table II) in our EVOH/PVP blends seem to be a
consequence of the fact that EVOH molecules
are strongly self-associated.® That is, T, increase
due to the hydrogen bond between hydroxyl and
tertiary amide group seems to be compensated
by the T, decrease due to the dissociation of self-
associated hydroxyl groups. Somewhat larger
values of k at EVOH-rich compositions compared
with those of PVP-rich compositions (Table II)
suggest stronger intermolecular interaction
between EVOH and PVP at EVOH-rich com-
positions.  Sufficient amount of hydroxyl group
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Table II. Thermal Properties and k Values of EVOH/PVP Blends

Composition by T, T Te AH,, AH,,. K
Weight c) (°C) {C) (J/g'EVOH)  (J/g-EVOH)
EVOH-57/PVP:
10/0 63 181 156 64.8 496 -
9/1 72 180 154 48.1 428 0.76
7/3 86 173 142 27.2 208 0.58
5/5 90 168 - 12 - 0.30
3/7 114 - - - - 0.34
1/9 160 - - - - 0.57
0/10 179 - - - - -
EVOH-45/PVP: 46.6 ~
10/0 49 162 141 53.3 64 110
9/1 63 161 139 514 210 048
7/3 71 154 129 26.7 : .
5/5 83 149 - 1.0 - 0.35
- 0.38
3/7 110 - - -
1/9 158 - - - - 0.58
EVOH-18/PVP:
10/0 ND 108 73 91.7 74.5 -
9/1 ND 103 59 67.4 56.8 -
7/3 37 93 - 12.3 - -~
5/5 56 - - - - -
3/7 -40 99 - - - - -
1/9 -46 171 - - - - -
EVOH-10/PVP:
10/0 ND 99 73 103.6 96.0 -
9/1 ND 184 98 67 89.3 96.1 -
7/3 ND 177 98 61 84.1 773 -
5/5 ND 182 97 58 66.0 59.4 ~
3/7 ND 177 92 59 33.7 30.7 -~

ND: Not determined by DSC.

that can make hydrogen bond with tertiary
amide group of PVP at EVOH-rich compositions
seems to be the cause of these results. In Table II,
we can see that EVOH-18/PVP blends have
single T, at EVOH-rich compositions and have
two separate T,s at PVP-rich compositions.
These results show that EVOH-18/PVP blends
are miscible at EVOH-rich compositions and
phase separated at PVP-rich compositions. As in
PVP blends with EVOH-57 or EVOH-45,
sufficient amount of hydroxyl group at EVOH-
rich compositions seems to be the cause of
enhanced miscibility at EVOH-rich compositions.
In EVOH-10/PVP blends (Figure 2), we could
not observe the T, of EVOH-rich domain by DSC,
probably due to the crystallization of EVOH.
However, T, of PVP-rich domain, whose heat
capacity change at T, varies in proportion to the
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Figure 2. DSC thermograms of EVOH-10/PVP blends. (a)
10/0, (b) 5/5, (c) 0/10 by weight.
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amount of PVP, was clearly observed at the
temperature range near the T, of pure PVP.
These results show that EVOH-10/PVP blends
are phase separated. Coleman et al. reported that
in the polymer blend of strong intermolecular
interaction between constituent polymers, the
solubility parameter difference of about 6.1(J/cm®)*
can be tolerated to get miscible blend." Based on
this report and the calculated solubility
parameters shown in Table I, all the EVOH/PVP
blends should be miscible, somewhat differently
from the results of experiment. Strong self-
association of EVOH molecules seems to be a
cause of this difference, reduced miscibility in
EVOH/PVP blends.

Table II shows, in miscible PVP blends with
EVOH-45 or EVOH-57, T.., T... AH., and AH..
of EVOH generally decrease and the degree of
supercooling for crystallization (T,-T..) generally
increases as the amount of PVP in blend increases.
These results show that the crystallization of
EVOH is hindered by PVP molecules in these
miscible blends."” However, much reduced change
of these thermal properties can be observed in
phase separated EVOH-10/PVP blends (Table 1I),
suggesting ineffective hindrance in the crys-
tallization of EVOH-10 by PVP molecules in
these phase separated blends, compared with
previous blends. However some decreases in T,
AH,, and AH.. of EVOH-10 in blends with PVP
indicate partial miscibility.

Fourier Transform Infrared Spectroscopy.

It was demonstrated that hydrogen bonding
interactions between two polymers could be
observed in the FTIR spectra from the frequency
shifts in the regions of the hydroxyl and carbonyl
groups. Figure 3 shows the infrared spectra of
EVOH-57/PVP blends in the carbonyl stretching
region. The carbonyl stretching vibration of pure
PVP occurs at 1679 cm™. This band is a mixed
mode containing contributions from carbonyl
stretching and N-C stretching vibrations.”™*® Upon
blending PVP with EVOH-57, a second band is
developed at 1655 cm™, which can be assigned
to the hydrogen-bonded carbonyl group. The
relative intensity (compared with that of the band
at 1679 cm’) of this band increases, as the
content of EVOH-57 in blend increases, at the
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Figure 3. FTIR spectra at carbonyl stretching region of

EVOH-57/PVP blends. (a) 0/10, (b) 1/9, {c) 3/7, (d) 5/5, (e)

7/3, (f) 9/1, {g) 10/0 by weight.
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Figure 4. FTIR spectra at carbonyl stretching region of
EVOH-45/PVP blends. (a) 0/10, {b) 1/9, (¢} 3/7, (d)} 5/5, (e)
7/3, {£) 9/1, (g) 10/0 by weight.

expense of non-hydrogen-bonded carbonyl group
band. The infrared spectra of EVOH-45/PVP
blends, shown in Figure 4, also exhibit similar
variation of carbonyl stretching band as the
composition of the blend is changed. However, in
the Figure 5 of EVOH-18/PVP blends, the
intensity increase of hydrogen-bonded carbonyl
band is not so evident compared with Figure 3 or
Figure 4. This shows that the hydrogen bond
between hydroxyl group and tertiary amide
group in phase separated EVOH-18/PVP blend

Korea Polym. J., Vol. 6, No. 5, 1998
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Figure 5. FTIR spectra at carbonyl stretching region of
EVOH-18/PVP blends. (a) 0/10, (b) 1/9, (c) 3/7, (d) 5/5, (e)
7/3, (f) 9/1, (g) 10/0 by weight.

is not so much compared with those of miscible
PVP blends with EVOH-57 or EVOH-45. Quan-
titative determination of the fraction of hydrogen-
bonded carbonyl groups, fs, was obtained using
the spectral subtraction method and expressed in
Table Ill, together with half height width of the
bands. Typical result of curve fitting, which splits

Table HOI. Curve Fitting Results of EVOH/PVP Blends

Width

Composition

Free Carbonyl Hydrogen-bonded

Wsizht Band atA1 Carbonyl Bar.11d
1679 cm at 1655 cm

EVOH-57/PVP:

9/1 12 30 0.99

7/3 20 38 0.89

5/5 27 29 0.75

3/7 27 28 0.75

1/9 29 25 0.19
EVOH-45/PVP:

9/1 26 30 0.92

7/3 26 27 0.83

5/5 26 27 0.68

3/7 30 27 0.55

1/9 29 27 0.14
EVOH-18/PVP:

9/1 28 33 0.57

7/3 27 31 0.53

5/5 27 31 042

317 30 29 0.21

1/9 35 30 0.05
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Figure 6. Curve resolved spectra at carbonyl stretching re-
gion of EVOH-57/PVP (3/7 by weight) blend.

the carbonyl band of EVOH-57/PVP blend into
free (1679 ¢cm?) and hydrogen-bonded (1655 c¢m™)
carbonyl bands is shown in Figure 6. The fraction
of hydrogen-bonded carbonyl, fs, was calculated
by the following equation (2), where Ar and
Ag are the areas of free and hydrogen-bonded
carbony! bands."®

2rp,

fo=—E 2)

a,
Ap+—Ap
ag

The procedure requires the ratio of molar
absorption coefficients of free and hydrogen-
bonded carbonyl bands, ar/as. Because this ratio
of our system was not available, we used ar/as of
1.3 which was reported for other amide carbonyl
group.’® Compared with other miscible blends of
PVP, the increase of fs values upon adding
EVOH is more evident.”**"® This seems to be
due to the fact that the main chain of EVOH
with flexible aliphatic hydrocarbon can change its
conformation easily in the procedure of hydrogen
bonding.

Figure 7 shows the infrared spectra of EVOH-
57/PVP blends in the hydroxyl stretching region.
Pure EVOH-57 has a maximum intensity at 3349
cm™. This shows the strong self-association of
EVOH, because the hydrogen bonded hydroxyl
group has broad band centered at approximately
3350 cm™?® The broad band reflects the dis-
tribution of hydrogen bonds at different distances
and geometries. Upon adding PVP, the peak
moves to lower wavenumber, and this shows that
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Figure 7. FTIR spectra at hydroxyl stretching region of

EVOH-57/PVP blends. (a) 10/0, (b) 9/1, (c) 7/3, (d) 5/5, {e)

3/7, () 1/9, (g) 0/10 by weight.

hydrogen bond between hydroxyl group of
EVOH and tertiary amide group of PVP is
stronger than the average hydrogen bond
strength of self-associated hydroxyl groups.
However, in EVOH-18/PVP blends of Figure 8,
the peak of hydroxyl band moves to higher
wavenumber upon adding PVP. This shows that
hydrogen bond of hydroxyl group is destroyed or
weakened by the added PVP. The reduced
probability that amide group will meet hydroxyl

Absorbance

(e)
(f)

B0 3500 MO WO VM0 300
Wavenumber (ca™')
Figure 8. FTIR spectra at hydroxyl stretching region of
EVOH-18/PVP blends. (a) 10/0, (b) 9/1, (¢} 7/3, (d) 5/5, (e)
3/7, (f) 1/9, (g) 0/10 by weight.
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group with better conformation for stronger
hydrogen bond, at limited amount of hydroxyl
group, might be suggested as a cause of this
weakened hydrogen bond of hydroxyl group.
However, further studies will be necessary for
exact explanation. Similar variation of hydroxyl
band was also observed in EVOH-10 blends with
PVP. These results show that the reduction or
weakening of hydrogen bond of hydroxyl groups
in blend is a cause of phase separation.

Conclusions

The FTIR spectra showed that the miscibility of
PVP with EVOH-57 or EVOH-45 was caused by
the enhanced hydrogen bond of both carbonyl
and hydroxyl groups in blends. However, the
FTIR peak of hydroxyl band of EVOH-18 or
EVOH-10 moved to higher wavenumber in blends
with PVP. This suggests that the reduced or
weakened hydrogen bond of hydroxyl group
upon blending with PVP is a cause of phase
separation behavior of these blends.
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