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ABSTRACT: The proton nuclear magnetic resonance (‘H
NMR) image patterns of (ethylene—vinyl alcohol) copolymer
(EVOH)/dimethylsulfoxide (DMSO) gels with various eth-
ylene contents were measured to elucidate the process of
solvent exchange between DMSO and water in the gels
soaked in water. The results of these experiments indicate
that the rate of solvent exchange between DMSO and water

in the gels increased with an increase in the ethylene content
of EVOH copolymers. © 2002 Wiley Periodicals, Inc. ] Appl
Polym Sci 86: 504-508, 2002
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INTRODUCTION

It is known that poly(vinyl alcohol) (PVA) in aqueous
solution,! in dimethylsulfoxide (DMSO) solution,” and
in water/DMSO mixtures® forms gel by undergoing
freeze—thaw cycles that lead to formation of hydrogen
bonds between the PVA interchains." From high-res-
olution solid-state ">*C NMR experiments on PVA
gels,6'7 it has been elucidated that there exist two kinds
of regions in the gel with different molecular motion,
and that the CH carbon signal in the slow motion
region splits into three peaks like solid PVA.*® The
latter peaks come from the CH carbon with two hy-
drogen bonds, one hydrogen bond, and no hydrogen
bond. Furthermore, in addition to these studies, the
structure and dynamics of PVA gel system have been
elucidated in detail by 'H pulse NMR, high-resolution
solid-state '*C NMR, and dynamic viscoelasticity
methods.'* 12

In previous works, on the basis of knowledge of the
structure and dynamics of (ethylene—vinyl alcohol)
copolymer (EVOH) in the solution state'® and in the
solid state,'*™® the structure and dynamics of solid
EVOH" and EVOH gel'” copolymers with a wide
range of ethylene contents have been studied by high-
resolution solid-state '>*C NMR. It has been shown that
the copolymers are mainly composed of two kinds of
regions with relatively fast and slow molecular mo-
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tions that come from the mobile and immobile re-
gions, respectively. Furthermore, from the solid-state
13C NMR experimental results, it was found that the
formation of hydrogen bonds between the hydroxyl
groups in the vinyl alcohol parts of EVOH copolymers
with high vinyl alcohol fraction and the formation of
hydrophobic interactions between the methylene
groups in the CH, parts of EVOH copolymers with
high ethylene fraction contribute to its gel formation.
Also, EVOH forms a gel when dissolving in a mixture
of DMSO and H,O. However, EVOH cannot form in
water by undergoing freeze-thaw cycles because only
a small amount of EVOH is dissolved. This phenom-
enon may be due to difference between DMSO-EVOH
network and H,O-EVOH network intermolecular in-
teractions. It is very important to clarify intermolecu-
lar interactions between solvents and the polymer net-
work. "H NMR imaging experiments in real time are
expected to be useful as a method for approaching this
problem.

In previous studies,'® ™' to clarify changes of mac-
roscopic structure and dynamics of water molecules in
a polymer gel by the application of an external stim-
ulus, such as stress and electric field, by observation of
microscopic information at the molecular level, the H
NMR imaging patterns with information about the
spatial distribution of the 'H spin density and the 'H
spin—spin relaxation time T, of water molecules in the
polymer gel have been measured. From these experi-
mental results, it has been demonstrated that 'H NMR
imaging is a useful means for elucidating the stress—
strain process and the shrinkage process by the appli-
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Figure 1 A diagram of a transverse slice section of a gel
with a diameter of 5 mm and a length of 20 mm to be
observed by 'H NMR imaging.

cation of an electric field to a polymer gel, as well as
'H NMR imaging works in polymer materials.”* >

In this study, from such a background, we aim to
elucidate three-dimensionally the solvent exchange
process between DMSO and H,O in EVOH gels by the
'H NMR imaging experiments in real time.

EXPERIMENTAL SECTION
Materials

EVOH copolymers with ethylene contents of 5%
[EVOH(5%)] and 48% [EVOH(48%)] were used in this
work and were obtained from Kuraray Company Ltd.
The microstructure of these EVOH copolymers was
already characterized by solution *C NMR and re-
ported previously."?

The gel was prepared from EVOH/dimethylsulfox-
ide (DMSO) or deuterated DMSO(d-DMSO) solution
by repeating the freeze-thaw cycle (freezing at —20 °C
for 20 h and then melting at 20 °C for 4 h) three times.
The EVOH gel sample was prepared in a cylindrical
Teflon tube with a diameter of 5.0 mm, as shown in
Figure 1.

Measurements

The '"H NMR imaging measurements were carried out
with a JEOL GSX-270 NMR spectrometer operating at
270 MHz and equipped with a JEOL NM-GIM270
imaging system at 296K. In these experiments, the 'H
spin density and the 'H T, weighted images of water
molecules in the gel were observed. As reported pre-
viously,'®! this imaging pulse sequence is based on
the spin—echo pulse sequence of Hahn.*® The data
processing for a two-dimensional image pattern were
performed by the Fourier imaging method. In the 'H
NMR imaging experiments, the gradient strengths
used for the slice selection, phase-encoding, and read-
out are 220, 220, and 220 mT/m, respectively, and the
slice thickness is 1.0 mm.

The gel sample was placed at the middle of a cylin-
drical sealed glass cell that was filled with saturated

H,O or D,O solution to analyze solvent exchange
between two kinds of DMSO in the gel and water or
D,0 solvents placed on the top of the gel, as shown in
Figure 2. DMSO in the EVOH/DMSO gels was ex-
changed by D,O, and 4-DMSO in EVOH/d-DMSO
gels were exchanged by H,0. Some '"H NMR image
patterns of composite EVOH gels were measured as a
function of the elapsed time after the addition of H,O
or D,O solution. The images obtained were analyzed
with a GXDIMG image analysis system(LSIC Com-
pany Ltd.) to get a profile of the 'H spin density
images.

RESULTS AND DISCUSSION

If an EVOH(48%)/DMSO gel disk with the diameter
of 30 mm and thickness of 2 mm was placed in water,
the gel was promptly shrunk and was changed from a
transparent state to a nebulous state. At the elapsed
time (T,) of 24 h, it became a disk with a diameter of
25 mm. On the other hand, when an EVOH(5%)/
DMSO disk with the diameter of 30 mm was placed in
water, the gel was extremely changed within the
elapsed time. At T, = 24 h, it became a disk with the
diameter of 29 mm. At T, = 168 h, it became a disk
with the diameter of 27 mm. It still was transparent.
The 'H spin density images of an EVOH/DMSO gel
(DMSO) are measured, as shown in Figure 3, where
the magnitude of the 'H spin density is differentiated
by 256 steps between the lowest and highest spin
densities and then observed 'H spin density image is
represented by colors from black, representing the
lowest density, to white, representing the highest den-
sity. The intensity scale indicated by colors is shown in
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Figure2 A diagram of a gel sample placed in a Teflon tube.
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Figure 3 The elapsed-time dependence of '"H NMR images for the 'H spin density of an EVOH/DMSO gel with an addition
of D,O. In EVOH copolymers, (a) ethylene content = 5% and (b) ethylene content = 48%.

Figure 4, where the color scale indicates the relative
value of the 'H spin density.

In the solvent exchange process of a EVOH(5%)/
DMSO gel placed in D,0, it is expected that DMSO
solvent gets out from the gel within the elapsed time.
The 'H spin density image begins to change from the
top of the gel with the elapsed time as seen from the
image changes: white—red—orange—yellow—olive
green—light blue—blue (Figure 3a). At T, = 0 h the
cross-section area of the gel is occupied as a whole by
the white region, corresponding to a high 'H spin
density area. At T, = 6 h ,the cross-section area of
the gel is occupied as a whole by the white region,
which is the high 'H spin density region. At T,
= 10.1 h, the 'H spin density changes as indicated by
white—red—orange—yellow—olive green. After T,
= 20.1 h, the olive green and light blue regions corre-
sponding to the intermediate 'H spin density region
expand. At T, = 60.2 h, the whole region is occupied
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Figure 4 The intensity scale indicates by the relative value
of the 'H spin density with colors.

by the blue region, corresponding to the low 'H spin
density region.

On the other hand, in the solvent exchange process of
a EVOH(48%)/DMSO gel placed in D,0O, the image of
the 'H spin density begins to change from the top of the
gel with the elapsed time, as seen from the following
image changes: white—red—orange—yellow—olive
green—light blue—blue (Figure 3b). It is shown that at
T. = 0 h, the image is occupied as a whole by the white
region corresponding to the high 'H spin density region.
At T, = 3 h, more than half of the whole image is
occupied by the red region, corresponding to the high 'H
spin density region. At T, = 6 h, the image is occupied as
a whole by the olive green region, corresponding to the
low 'H spin density region. At T, = 20.1 h, the whole
region is occupied by the blue region, corresponding to
the low 'H spin density area. From these experimental
results, it is seen that at 20.1 h, the blue region from both
of the right and left sides of the low 'H spin density
image comes from changes of DMSO signal. Thus, it can
be said that the DMSQO solvent comes out from the inside
of the gel to the outside.

It is seen from Figure 5 that the intensity of the 'H
spin density of the solvent in EVOH gel of ethylene
content 48 % decreased more quickly than that of the
EVOH gel of ethylene content 5 %. This result is
because the difference in penetration speed of the
outside solvent into a gel between an EVOH gel of
ethylene content 48 % and an EVOH gel of ethylene
content 5 % is very large (Figure 8, shown below).

The 'H spin density image for an EVOH(48%)/d-
DMSO gel is indicated in Figure 6. In the solvent ex-
change process between 4-DMSO and H,O in the EVOH
gel, the 'H spin density image changes from the top to
the low "H spin density regions with the elapsed time as
light blue—olive green—yellow—orange—red. At T,
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Figure 5 Intensity of the 'H spin density image of DMSO
solvent in an EVOH gel against the elapsed time at a depth
of 5 mm from the surface of a gel. In EVOH copolymers, ¢ :
ethylene content = 5% and [I: ethylene content = 48%.

= 0 h, most of the image is occupied by the light blue
region, corresponding to the low 'H spin density area.
And, at T, = 6 h, the image is changed as yellow—olive
green region, corresponding to the intermediate 'H spin
density region. At T, = 60.2 h, the red region corre-
sponding to the high 'H spin density region is increased.
Thus, it can be said that the increase of the high 'H spin
density region corresponding to the white and the red
regions on both the right and left sides of the image
comes from penetration of H,O solvent from the outside
of the gel. From the 'H spin density images of
EVOH(5%) and EVOH(48%) gels as a function of the
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Figure 7 Intensity of the 'H spin density of H,O solvent in
an EVOH gel against the elapsed time at depth of 5 mm from
the cylindrical surface of the gel. In EVOH copolymers, ¢:
ethylene content = 5% and [I: ethylene content = 48%.

elapsed time, the rates of increase of the high 'H spin
density region corresponding to the red region of the
image for these gels are almost same (Figure 7).

To clarify the solvent exchange process between
d-DMSO and H,O in the EVOH gels, we measure the
penetration time of H,O from the outside of the gel to
the inside by 'H NMR imaging. The plots of the pen-
etration depth d of H,O placed on the top of a cylin-
drical gel as measured by 'H NMR imaging against
the elapsed time t are shown in Figure 8. From the
mean-squares fits, we obtained the following equa-
tion:

elapsed time / hour

Figure 6 The elapsed time dependence of the "H spin density image of a EVOH/d-DMSO gel with the addition of H,O. In
EVOH copolymers, (a) ethylene content = 5% and (b) ethylene content = 48%
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Figure 8 Arrived depth profile of D,O solvent in an EVOH
gel against the elapsed time In EVOH copolymers, 4 : eth-
ylene content = 5% and [: ethylene content = 48%.

d= —at>+b

where for EVOH(5%) gel, the values of a and b are
0.0798 and 1.65, respectively, and for EVOH(48%) gel,
these values are 0.0575 and 1.87, respectively.

From these experimental results on EVOH(5%) and
EVOH(48%) gels, it is seen that the penetration speed
of water through EVOH(48%) gel is much faster than
that through EVOH(5%) gel. This result may be be-
cause the network of EVOH(48%) has strong hydro-
phobic interaction and weak hydrophilic interaction
compared with EVOH(5%) gel, and the affinity of the
network and DMSO in the gel is weak.

Finally, from these experimental results, we con-
clude the following: The rate of solvent exchange be-
tween DMSO and water in the gels increases with an
increase in the ethylene content of EVOH copolymers.
Furthermore, the NMR imaging method is a useful

KANEKIYO ET AL.

means for elucidating the solvent exchange process in
gels.
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