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ABSTRACT: For the first time, high-percentage molybdo-
silicic acid fiber mats (20-80% H,SiMo,,0,,) were prepared
using the electrospinning technique. The fiber mats were
characterized by IR, XRD, and DSC. The results indicated
that poly(vinyl alcohol) was changed from a semicrystalline
to an amorphous state with an increasing molybdosilicic
acid content. The results from scanning electron microscopy
(SEM) showed that the average diameter of the fibers was
about 285-600 nm. The effects of the viscosity and conduc-

tivity of the H,SiMo,,0,,/poly(vinyl alcohol) solution on
the morphologies of the fiber mats were investigated. The
swelling properties of the fiber mats in water were also
studied. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 89:
1573-1578, 2003
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INTRODUCTION

Hybrid inorganic—-organic materials have received in-
creasing attention over the last few years as a result of
their specific properties." These new materials have
the possibility of becoming very useful, having both
the advantages of organic materials such as light
weight, flexibility, and good moldability and of inor-
ganic materials such as high strength, heat stability,
and chemical resistance.’

The electrospinning technique has been known
since the 1930s.® This technique involves a simple,
rapid, inexpensive, electrostaticc, nonmechanical
method and has been recently rediscovered for appli-
cations such as in high-performance filters,* biomedi-
cine,” and fiber templates for the preparation of func-
tional nanotubes.® These thin fibers of hybrid inorga-
nic—organic materials have many novel properties and
applications, such as opacity because of the refractive
index difference between the fiber and the matrix.”
Another excellent application is thin fiber for scaffolds
in tissue engineering® that utilize the unique charac-
teristics of the high surface area provided by the fi-
bers.” Obviously, it is important to make specific ma-
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terials combined with the advantages of inorganic-
organic hybrids and thin fibers together.

Polyoxometalate is an inorganic metal oxygen clus-
ter anion, from a class of inorganic compounds that
shows an unmatched applied perspective in terms of
synthetic chemistry, analytical chemistry, biology,
medicine, and materials science.'® Although the first
polyoxometalate was reported over 170 years ago,'"
polyoxometalate as an inorganic—organic hybrid mate-
rial has received considerable attention only recently.'*'?
It has been found to be an extremely versatile inorganic
building block for the construction of functional solid
materials.'* So, to design and synthesize a polyoxometa-
late-based nanocomposite is significant in exploring the
novel functional properties and morphology of this type
of hybrid.

In the present work, we report H,SiMo,,0,, fiber
mats prepared with a poly(vinyl alcohol) (PVA) addi-
tive using the electrospinning technique. The fiber
mats were characterized by infrared (IR), X-ray dif-
fraction (XRD), and differential scanning calorimetry
(DSC). The swelling properties of the fiber mats were
investigated.

EXPERIMENTAL
Materials and equipment

All the chemicals used were of analytical grade. FTIR
studies were carried out on an Impact 410 FTIR spec-
trophotometer in the range of 400-4000 cm ™' on the
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Figure 1 Schematic of the electrospinning process.

fiber mats. The DSC thermal properties of the fibers
were determined with a DuPont Model 2100 DSC
instrument in a nitrogen atmosphere. The scan was
carried out at a heating rate of 10°C/min from 50 to
250°C. For the scanning electron microscope (SEM)
investigation, an Amray 3000 SEM was used. X-ray
patterns were recorded using a Philips diffractometer
with a Geiger counter connected to a computer. Scans
were made from 1° to 30° (26) at a rate of 3°/min;
Ni-filtered CuKa radiation was used. The viscosity of
the H,SiMo,,0,,/PVA solution was measured by a
Brookfield Programmable DV-III+ rheometer. The
conductivity of the solution was obtained with a CM-
40G EC meter. For testing of the degree of swelling of
each sample, the gravimetric method was used. The
test pieces were immersed in water for a given time,
wiped thoroughly, and reweighted. It was found that
the equilibrium degree of swelling was attained after
an immersion time of 24 h. The degree of swelling was
calculated according to the relation Q = (m — mg)/my,
where my is the weight of the unswelled sample, and
m, its weight after swelling in water.

Sample preparation

H,S5iMo,,0,, was supplied by the Fluka Co., Inc. (Ja-
pan). PVA had an M,, of 86,000 (96% hydrolyzed) and
was supplied by the DC Chemical Co., Ltd. (South
Korea).

Twenty grams of an aqueous PVA solution of 10 wt
% was added to a certain amount of H,SiMo,,0,, (0.5,
2, and 8 g, respectively) with stirring for 24 h at
ambient temperature. The electrospinning apparatus
is shown in Figure 1. The H,SiMo,,0,,/PVA solution
was contained in a plastic capillary tube. The capillary
tube was then clamped to a ring stand that was above
a grounded tubular layer. The tubular layer was cov-
ered by a piece of aluminum foil. A copper pin con-
nected to a high-voltage generator was placed in the
solution, and the solution was kept in the capillary by
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Figure 2 FTIR spectra of various H,SiMo,,0,,/PVA fiber
mats with different H,SiMo;,0,, content: (a) SiMo,,; (b)
PVA; (c) 20 wt %; (d) 50 wt %; (e) 80 wt %.

adjusting the angle between the capillary and the alu-
minum foil. The distance from tip to collector was 10
cm. A voltage of 18 kV was applied to the solution and
a dense web of fibers was collected on the aluminum
foil. These H,SiMo,,0,,/PVA fiber mats were dried
under a vacuum for 12 h at 70°C.

RESULTS AND DISCUSSION
IR spectra

Figure 2 shows IR of the fiber mats with different
compositions. The O—H stretching vibration at about
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Figure 3 XRD of various H,SiMo0,,0,,/PVA fiber mats
with different H,SiMo,,0,, content.
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Figure 4 DSC thermogram of various H,SiMo,,0,,/PVA
fiber mats with different H,SiMo,,0,, content: (a) PVA; (b)
20 wt %; (c) 50 wt %; (d) 80 wt %.

3350 cm ™' became a broader band with an increasing
H,5iMo,,0,, content. This indicated the presence of
intermolecular bonding."® H,SiMo;,0,, with a Keggin
structure consisted of one SiO, tetrahedron sur-
rounded by four Mo;O,; sets formed by three-edge-
sharing octahedra. There were four kinds of oxygen
atoms in the H,SiMo,,0,, that is, O, (oxygen in S5iO,
tetrahedron), O,, (corner-sharing oxygen between dif-
ferent Mo3;O,; sets), O, (edge-sharing oxygen bridge
within Mo;O,; sets), and O, (terminal oxygen atom).
There were four characteristic bands: 988 cm™},
v,.(Mo—0,); 890 cm !, v,,(Mo—0O,—Mo); 796 cm !,
1,,(5i—0,); and 767 cm !, v, .((Mo—O,—Mo), in the IR
spectra.'® Compared with the intensity of the charac-
teristic bands of H,SiMo,,0,,, the intensity of the
carbonyl(C=0) stretching band at 1733 cm ™' for PVA
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decreased with an increasing H,SiMo,,0,, content. As
a result of intermolecular H-bonding between H;O™"
of H,SiMo,,0,, and the residual carbonyl, moieties of
the support polymer PVA were formed."” As shown in
Figure 2, four characteristic bands appeared in the IR
spectra of the H,S5iMo,,0,,/PVA fiber mats. The in-
tensity of the four characteristic bands increased with
an increasing H,SiMo,,0,, content, indicating that the
PVA had been doped with H,SiMo0,,0,,.

XRD spectra

Figure 3 gives the XRD pattern for different
H,S5iMo,,0,,/PVA fiber mats. For pure PVA fiber
mats, as is known, there is a peak around 26 = 20°,
which corresponds to the (101) plane of semicrystal-
line PVA.? Here, the crystallinity is high due to the
hydroxyl groups in the side chain. However, as shown
in Figure 3, the peak almost disappears with an in-
creasing H,SiMo,,0,, content. These results illustrate
that the crystal growth of PVA was extremely inhib-
ited by the H,SiMo,,0,9 and PVA became an amor-
phous state. The appearance of a special peak at 26
< 10° was observed for the fiber mats containing
H,5iMo,,0,. The peak appeared, shifted toward high
26, and became sharp with an increasing H,SiMo,,0,
content. As shown in Figure 3, there was no peak for
the 20 wt % H,SiMo0,,0,4, fiber mats. One peak ap-
peared at 20 = 5.7° and d = 15.48 A for the 50 wt %
H,S5iMo,,0,, fiber mats and one peak appeared at 26
=7.6°and d = 11.62 A for the 80 wt % H,SiMo,,0,,
fiber mats. Polymer doped with simple inorganic ac-
ids led to a more ordered structure with relatively
distinct Bragg reflections.’® Obviously, the appearance
of the peak at 26 < 10° indicates that the molecules of
the fiber mats are in order, with a short interlayer

Figure 5 SEM of various H,SiMo,,0,,/PVA fiber mats with different H,SiMo,,0,, content: (a) 20 wt %; (b) 50 wt %; (c) 80

wt %.
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Figure 6 Frequency distribution of H,SiMo,,0,,/PVA fi-
ber mats with different H,SiMo,,0,, content: (a) 20 wt %; (b)
50 wt %; (c) 80 wt %.
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distance."” The shift of the peak from 20 = 5.7° d
= 1548 A to 20 = 7.6° d = 11.62 A indicates that the
repeat distance of the polymer decreases with an in-
creasing H,SiMo,,0,4, content. The peak was moved
closer to the characteristic peak of polyoxometalate
with an increasing H,SiMo,,0,, content.*® No peaks
from any crystalline form of H,SiMo,,0,, could be
observed, indicating that H,5iMo,,0,, was inserted
into the PVA matrix.?!

DSC

The DSC thermograms of the H,S5iMo,,0,,/PVA fiber
mats are shown in Figure 4. The endothermic curve of
pure PVA showed a peak at about 200°C. The melting
temperature of the H,SiMo,,0,,/PVA fiber mats
shifted toward the low temperature with an increasing
H,SiMo,,0,, content. The last melting temperature
was about 155°C when the H,SiMo,,0,, content was
80 wt %. This indicated that the ordered association of
the PVA molecules was decreased by the presence of
H,SiMo0,,0,40.** A special situation was obtained as
shown in Figure 4: The endothermic peak became a
broader peak for the 20 wt % H,SiMo,,0,,/PVA fiber
mats. The broadening of the endothermic peak sup-
ports the above-mentioned view. However, the endo-
thermic peak became sharper with an increasing
H,SiMo,,0,, content. This suggested that the mole-
cule layer order of the fiber mats increased with a
further increase in the H,SiMo,,0,, content.

SEM

Figure 5 gives SEM photographs of various fiber mats.
Fiber mats with different H,SiMo,,0,, content had a
regular morphology with variations in the diameter.
The diameter distributions as a function of concentra-
tion are shown in Figure 6. As observed in Figures 5
and 6, the diameter of the fibers increases as the con-
centration increases. The average diameter of the fi-
bers changed from 285 to 600 nm with an increase in
H,SiMo0;,0,, content from 20 to 80 wt %. Another
interesting observation was that the fiber junctions
decreased with an increasing H,SiMo,,0,, content in
the PVA solution. We deduced that these apparent
junctions were formed by an overlap of the fibers
because of the viscosity behavior of the PVA solution.
These results indicate that the addition of
H,S5iMo,,0, to the PVA solution might produce a
homogeneous species formed by interaction between
the PVA and H,SiMo,,0,, molecules. Thus, fiber mats
with regular morphologies can be prepared. As a re-
sult, higher H,S5iMo,,0,, contents produce wider di-
ameter fibers and fewer fiber junctions, influencing the
morphologies.



PREPARATION OF H,SiMo,,0,,/PVA FIBER MATS

Effect of viscosity and conductivity of the solutions
on diameter of the fibers

Table I shows the viscosity and conductivity of differ-
ent H,S5iMo0,,0,,/PVA solutions and the diameter of
the fibers. The viscosity decreased and the conductiv-
ity increased with an increasing H,SiMo,,0,, content.
At the same time, the diameter of the fibers increased
with an increasing H,SiMo,,0,, content. Usually, the
fiber diameter was affected by the viscosity and con-
ductivity of the solution. As the viscosity of the solu-
tion was increased, the fiber diameter became larger;
as the net charge density was increased, the fiber
diameter became smaller.”® However, the present re-
sults are inverse here. The experiment showed that the
diameter of the fibers increased with a decreasing
viscosity of the solutions and increasing conductivity
of the solutions. We deduce that the inverse result
comes from the higher H,SiMo,,0,, content and
higher ion charge. This does, however, need to be
further investigated.

Swelling in water

The ability to imbibe large quantities of water has
made PVA useful for many superabsorbent applica-
tions.* Figure 7 shows the swelling curve of water
uptake of H,SiMo0,,0,,/PVA fiber mats. The
H,SiMo0,,0,,/PVA fiber mats were treated at 70 and
at 125°C for 12 h. The results of the experiment
showed that the degree of swelling decreased with an
increasing H,SiMo,,0,, content and heat-treatment
temperature. As we know, PVA was soluble in water.
It became insoluble in water for a sufficiently large
degree of crosslinking. Usually, the degree of
crosslinking was affected by the heat treatment. In a
range of treatment temperature, the degree of
crosslinking increased with an increasing treatment
temperature.” Figure 7 shows that the water content
in the fiber mats decreased with an increasing temper-
ature for the fiber mats treated. Here, the water uptake
of pure PVA fiber mats treated at 125°C for 12 h was
also checked. The water uptake of the pure PVA fiber
mats was 20.2 g/g. At the same condition, the water
uptake of the fiber mats with a 20 wt % H,SiMo,,0,
content was 2.8 g/g. The PVA content changed only

TABLE I
Data of Viscosity and Conductivity of the Solutions and
Diameter of the Fibers

Content of Viscosity Conductivity Diameter of

H,SiMo,,0,, (cp) (s/m) fibers (nm)
20 wt % 512.7 1.04 285
50 wt % 140.0 3.78 550
80 wt % 1104 11.51 600

1577

—m—70°Cfor12h

—%—125°Cfor12h

3.0+
25

2.0

Water up-take per gram of PVA fibers (g)

T T T T T T T T T T T T T
20 30 40 50 €0 70 80

Weight percentage of HPA (wt%)

Figure 7 Water uptake per gram of the PVA fiber mats with
different heat-treatment temperatures and H,SiMo,,0,, con-
tent.

from 100 to 80 wt %; however, the change of the water
uptake attained was 17.4. Obviously, H,5iMo,,0,, re-
sulted in the crosslinking of the PVA. All this indicates
that the higher the H,5iMo,,0,, content and the heat-
treatment temperature the higher is the crosslinking
density of the PVA fibers and the less is the swelling in
water. These results show that PVA having a higher
H,S5iMo,,0,, content and treated at higher tempera-
ture was more stable and swelled less.

CONCLUSIONS

For the first time, fiber mats of H,SiMo0,,0,,/PVA
were successfully prepared by the electrospinning
technique. XRD and DSC indicated that PVA fiber
became amorphous with an increasing H,SiMo,,0,44
content. However, the molecules of the fibers were in
order with a short interlayer distance with an increas-
ing H,SiMo,,0,4, content. SEM showed that the aver-
age diameter of the fibers was about 285-600 nm. The
diameter of the fiber mats increased with an increas-
ing H,5iMo,,0,, content and conductivity of the so-
lution and decreasing viscosity of the solution. The
degree of swelling decreased with an increasing
H,5iMo,,0,, content and heat-treatment temperature.

This work was supported by a grant of the Post-Doctoral
Program, Chonbuk National University (2001-2002), South
Korea.
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