Improvement of Poly(vinyl alcohol) Properties by the
Addition of Magnesium Nitrate

Jun-ichi Kubo,1 Nelly Rahman, Nobuaki Takahashl, Takahiko Kawai,>* Go Matsuba,’ Koji

Nishida,” Toshiji Kanaya,> Masahide Yamamoto®

IAko Kasei Co., Ltd., 329 Sakoshi, Ako, Hyogo-ken 678-0193, Japan

Instztute for Chemical Research, Kyoto University, Uji, Kyoto-fu 611-0011, Japan

3Division of Materials and Life Science, ]-PARC Center, Naka, Ibaraki-ken 319 1195, Japan

*Division of Production Science and Technology, Graduate School of Engineering, Gunma University, Kiryu,

Gunma-ken 376-8515, Japan

®College of Science and Engineering, Ritsumeikan University, Kusatsu, Shiga-ken 525-8577, Japan

Received 10 August 2008; accepted 25 October 2008
DOI 10.1002/app.29561

Published online 9 February 2009 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Aiming at the improvement of mechanical
and dielectric properties of poly(vinyl alcohol) (PVA),
we prepared composites of PVA and magnesium nitrate
hexahydrate. It was found that the composites were
very soft and rubber-like, and the glass transition tem-
perature decreased with increasing the salt concentra-
tion. Wide-angle X-ray diffraction and small-angle X-ray

scattering revealed that the crystallites of PVA were
destroyed by the additive and it was the cause of the
softening. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 112:
1647-1652, 2009
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INTRODUCTION

Poly(vinyl alcohol) (PVA) is an interesting synthetic
polymer because it is water-soluble and biocompati-
ble, which are mainly due to hydrogen bonds
between hydroxyl groups on the chain and water
molecules or biomolecules." Another interesting
point is that it can crystallize even if the chain con-
figuration is atactic.” This is caused by strong hydro-
gen bonds between hydroxyl groups on the same
chain as well as other chains. Because of the
hydroxyl groups, PVA also crystallizes in some sol-
vents such as water,” mixture of dimethyl sulfoxide
and water,*® and other solvents,” leading to physi-
cal gels. These PVA gels are used in various indus-
trial products such as contact lens, disposable
diaper, and sewage treatment. It is also well known
that PVA reacts and/or interacts with other organic
and inorganic compounds because of the hydroxyl
groups.®'” For example, PVA chemical gels can be
obtained through chemical reactions with glutaralde-
hyde” and borax."" Color reaction with iodine is also
a famous reaction because of the charge transfer.'>*
Recently, Yamaura and Naito'® reported that it was
possible to prepare high-modulus fiber spun from a
PVA solution including sodium chloride. Thus, we
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can modify or improve the properties of PVA using
reactions/interactions of hydroxyl groups with other
chemical compounds.

In this work, we prepared composites of PVA and
an inorganic salt, magnesium nitrate hexahydrate,
Mg(NOs3),x6H,0, to improve the bulk mechanical
and dielectric properties. The composites studied in
this work include relatively large amount of
Mg(NO;),x6H,0O. As far as we know, no other
works are reported for PVA/salt bulk composites
with such high salt concentration. This is a distinct
feature of this study. We also investigated the struc-
tural changes of PVA because of the addition of
Mg(NO;),x6H,0 using wide-angle X-ray diffraction
(WAXD) and small-angle X-ray scattering (SAXS) to
reveal the origin of the property change.

EXPERIMENTAL
Materials

PVA used in this experiment has a number-average
molecular weight M, of 74,800, corresponding to a
degree of polymerization of 1700, and the molecular
weight distribution of M, /M,, = 2.02, where M,, is
weight-average molecular weight. The PVA was
mixed with Mg(NO3),x6H,O as follows. PVA was
dissolved in water at 100°C to give a 25 wt % solu-
tion, and then the given amount of Mg(NO3),x6H,O
was added to the aqueous solution during stirring.
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Figure 1 Weight change of the 100/100 composite after
the preparation for three different runs. RH = 40%, T =
23°C.

The homogeneous solution was kept in a relative
humidity (RH) of 40% at 23°C for 3 weeks to evapo-
rate the water. In these experiments, we prepared
PVA/Mg(NO;),x6H,O composites with weight
ratios of 100/20, 100/60, 100/150, and 100/200.
Hereafter, these composites are called, for example,
the 100/100 composites, and the concentration of
Mg(NOs3),x6H,0 is described as weight per 100 g of
PVA, Cun (g/100 g).

Measurements

Tensile storage modulus E’ and loss modulus E”
were measured at a frequency of 1 Hz in a tempera-
ture range of —50 to 120°C using a Rheometrix RSA-
2. Differential scanning calorimeter (DSC) measure-
ments were done using Perkin-Elmer Diamond DSC.
The DSC scans were performed under nitrogen envi-
ronment. Storage dielectric constant ¢ and loss
dielectric constant €” were measured at 25°C in a fre-
quency range from 10% to 10’ Hz using a Multi Fre-
quency LCRMeter 4274A/4275A, Hewlett-Packard.
WAXD measurements were carried out using X-ray
diffractometer RINT-2000, RIGAK}J. Wavelength, 2,
of the incident X-ray was 1.54 A. SAXS measure-
ments were performed using an apparatus installed
at a beam line BL-10C in the synchrotron radiation
facility, Photon Factory, KEK, Tsukuba, Japan.
Wavelength (L) of the incident X-ray was 1.54 A.
The range of length of scattering vector g in the
SAXS measurements was 0.008 to 0.15 A~', where g
is given by g = 4nsin(0)/A (20 being the scattering
angle).

Journal of Applied Polymer Science DOI 10.1002/app

KUBO ET AL.

RESULTS AND DISCUSSION
Stability and appearance

First of all, we examined the stability of the compo-
sites. After preparing the aqueous solution of PVA
and Mg(NOj3),x6H,0, we measured the weight as a
function of time in a RH of 40% at 23°C. The change
of weight of the 100/100 composite is shown in Fig-
ure 1 for three different runs. For the first 3 days,
large weight loss due to the evaporation of water
was observed, but the sample weight was very sta-
ble for 3 weeks after the first water loss, showing
the stability of the composite. The obtained compo-
sites are transparent and very soft (or rubber-like)
when compared with the original PVA without mag-
nesium nitrate, which is demonstrated in Figure 2
for the 100/100 composite.

Mechanical measurements

We performed mechanical measurements on the
100/0, 100/60, and 100/100 composites at a fre-
quency of 1 Hz in a temperature range of —50 to

Figure 2 Photographs of the 100/100 composite before
(a) and after (b) elongation by hand.
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Figure 3 Tensile storage modulus E’ (triangle), loss mod-
ulus E” (square), and loss tan(8) (diamond) for the 100/0,
100/60, and 100/100 composites at a frequency of 1 Hz.

120°C. The observed tensile storage modulus E’, loss
modulus E”, and tan(8) are plotted in Figure 3
against temperature. The tensile storage modulus E’
at 25 and 60°C and the peak temperature of tan(d)
are plotted against the salt concentration Cppy in
Figure 4. As the concentration, Cpy, of
Mg(NO;),x6H,0 increases, the peak temperature
decreases, suggesting that the glass transition tem-
perature T, decreases. It is very clear that the storage
modulus E’ decreases with increasing the salt con-
centration, and the salt concentration dependence is
almost identical between 25 and 60°C. In other
words, the addition of Mg(NO3),x6H,O makes PVA
very soft. It is noted that the tensile loss modulus E”
also decreases with increasing the salt concentration
while the dependence of the loss modulus E” is
weaker than that of the storage modulus E'.

Thermal measurements

To evaluate the thermal properties of the compo-
sites, we carried out DSC measurements on the com-
posites in a temperature range of —70 to 100°C
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Figure 4 Tensile storage modulus E' at 60°C and peak
temperature of tan(d) for the 100/0, 100/60, and 100/100
composites as a function of the salt concentration Cyy.

under nitrogen atmosphere. The heating rate was
10°C/min for all the measurements. An example of
heat flow is shown for the 100/100 composite in a
heating run in Figure 5. We observed the glass tran-
sition at around Ty = —40°C while a small hump
was also observed at Ty, = 68°C. The latter is rather
close to the glass transition temperature of pure
PVA without salt ((75°C). This can be understood as
follows. The lower glass transition temperature Ty
must be caused due to some interactions with the
salt and located at —40°C, which is lower than the
peak temperature of tan(d) because of the frequency
of 1 Hz. On the other hand, the higher glass transi-
tion temperature of PVA must be originated from
amorphous PVA chains without interactions with
the salt, and the value of Ty, = 68°C is close to T, of
pure PVA while it slightly shifts to lower tempera-
ture. These two glass transition temperatures are
plotted in Figure 6 as a function of the salt

Heat Flow(a.u.)

T 1
[ —
e
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Temperature(°C)
Figure 5 DSC curve of the 100/100 composite during
heating process from —70 to 120°C. Heating rate was
10°C/min.
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Figure 6 Glass transition temperatures Ty and T as
function of Mg(NO3), x 6H,O concentration Cyn.

o

concentration Cyn. It is clear that the lower glass
transition temperature Ty, decreases with increasing
the salt concentration. This is one of the causes for
the softening of the composites with the salt concen-
tration. The higher T, also decreases with increasing
the salt concentration, but the extent of the decrease
is very small when compared with Tg;.

Dielectric dispersion measurements

It is expected that the dielectric properties of the
PVA are modified by the addition of
Mg(NO;),x6H,0. Hence, we carried out dielectric
dispersion measurements on the 100/0, 100/20, 100/
60, 100/100, and 100/150 composites to examine the
dielectric properties. In Figure 7, the observed
dielectric loss tan(d) is plotted as a function of the
frequency. The peak of tan(5) of PVA without salt is
not observed in the present frequency range, sug-
gesting that it is below 1 x 10> Hz. For the compo-
sites, however, the peaks are observed in the present
frequency range. The peak frequency f, and the peak
intensity of tan(d) are plotted as a function of the
salt concentration Cyy in Figure 8. As the salt con-
centration Cyy increases, the peak frequency gradu-
ally increases and the value of tan(d) decreases,
whereas the tan(d) begins to increase above the 100/
100 composite (Cyy = 100 g/100 g). Note that the
peak frequency increases very sharply above Cyn =
100 g/100 g following the increase of tan(d). As the
salt concentration increases in the low salt concentra-
tion region (roughly below the 100/100 composite),
the mobility of the salt in PVA may increase because
the PVA crystallites are destroyed as will be shown
below, resulting in the high frequency shift in the
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Figure 7 Frequency dependence of dielectric tan(s) for
the 100/0 (), 100/20 (O), 100/60 (A), 100/100 (V/), and
100/150 (&) composites.

peak of tan(s). The value of tan(5) decreases with
increasing the salt concentration below the 100/100
composite as mentioned earlier. This result is hard
to understand at the moment. One possibility is that
there are two binding sites of the salt in the compos-
ite, but we have no final conclusions on it. Further
increase in the salt concentration produces free salts,
which are not bound to PVA, leading to the steep
increase in the peak frequency. As expected, the
results show that the composites have high-fre-
quency dielectric properties.

Wide-angle X-ray diffraction measurements

To investigate what structure changes occur in the

PVA/Mg(NO3),x6H,O composites as the salt
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Figure 8 Peak frequency f, and peak intensity of dielec-
tric tan(d) as a function of salt concentration Cy.
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Figure 9 WAXD curves for the 100/0, 100/60, and 100/
100 composites.

concentration increases, we performed WAXD meas-
urements. The WAXD curves are shown in Figure 9
for the 100/0, 100/60, and 100/100 composites. In
PVA (100/0), we clearly observed (101) and (101)
diffraction peaks at 20 = 19.5°, and other weak dif-
fraction peaks from (200), (002), and (111) planes
were observed at 22.7°, 32.4°, and 39.5°, respectively.
With increasing the salt concentration, the diffraction
peaks decrease in intensity and are slightly observed
in the 100/100 composite. It is clear that the addition
of the Mg(NOj3),x6H,O into PVA destroys the crys-
tallites of PVA. It is noted that we did not see any
Bragg peaks from the Mg(NO3),x6H,O salt in the
measurements, suggesting that the salt molecules are
dispersed in PVA at molecular level because the
interactions between Mg(NOj3),x6H,O and hydroxyl
groups in PVA are very strong. Magnesium salt is
hexaquomagnesium nitrate'® and it is assumed to be
nearly six dentate hydrogen bonder, that is, a hexa-
quomagnesium forms about hydrogen bonds with
six hydroxyl groups of PVA chains and breaks the
intermolecular hydrogen bond of PVA chains. In
other words, the interaction between hexaquohydra-
temagnesium with PVA chains reduces the degree
of crystallinity of PVA, resulting in an amorphous
sructure. This destruction may cause the decrease in
the glass transition temperature as shown earlier.
Using the WAXD curve of amorphous PVA,"” we
have separated the crystalline contribution and the
amorphous contributions in the WAXD curve of the
composites and evaluated the degree of crystallinity
and the crystallite size for the (101) direction using
Sherrer’s equation'® as a function of the salt concen-
tration Cyin. The results are shown in Figure 10. In
the 100/100 composite, the degree of crystallinity is
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Figure 10 Crystallite size along (101) direction, degree of
crystallinity, and long period L as a function of salt con-
centration Cyy.

very small (2 & 1%) and the size is only 20 £ 5 A.
The crystallite size as well as the degree of crystal-
linity decrease with increasing the salt concentration,
confirming that the addition of Mg(NO;),x6H,O
destroys the PVA crystallites.

Small-angle X-ray scattering measurements

We performed SAXS measurements on the 100/0,
100/60, 100/100, and 100/200 composites. The
observed SAXS curves are shown in Figure 11. In
the SAXS curves of pure PVA (100/0), we clearly
observed a broad peak at around g, = 0.067 AL
which is the so-called long period peak. The long
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Figure 11 SAXS curves for the 100/0 (circle), 100/60
(filled circle), 100/100 (cross), and 100/200 (diamond)
composites.
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period L can be calculated from an equation L = 2r/
gm, which is the spacing between the stacked lamella
crystals. In Figure 10, we plotted the long period L
as a function of the salt concentration. The long pe-
riod L increases with the salt concentration, corre-
sponding to the decrease in the number of
crystallites.

All the data presented here in this article suggests
that Mg(NO;),x6H,0 is dispersed in PVA at molec-
ular level and destroys the PVA crystallites because
of the strong interaction between the salt and
hydroxyl groups in PVA. In addition, it is expected
that the salt acts as the crosslinking point between
the PVA chains, resulting in a network of amor-
phous PVA chains. This is likely to be an origin of
the rubber-like properties of the composites.

CONCLUSION

In this work, we prepared composites of PVA and
Mg(NO;),x6H,0 with various ratios and examined
the mechanical, thermal, and dielectric properties.
The mechanical measurements showed that the
addition of the salt made the composite very soft
and rubber-like, and the DSC measurements sug-
gested that the softening must be due to the
decrease in the glass transition temperature, T,. The
dielectric tan(d) shifted to higher frequency with
increasing the salt concentration. The structure stud-
ies by means of WAXD and SAXS revealed that the
crystallites in the composites were destroyed by the
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addition of salt because of the strong interactions
between Mg(NO;),x6H,O and hydroxyl groups in
PVA, and it must be the structural origin of the soft-
ening and the decrease of the glass transition tem-
perature in the composites.
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