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Abstract: To enhance the thermal stability and barrier properties of pure poly(vinyl alcohol) (PVA), a series of
poly(vinyl alcohol)/vinyltrimethoxysilane (PVA/VTMS) hybrid films were prepared via a sol-gel process, and their
physical properties were investigated as a function of VTMS content. During the sol-gel process, simultaneous reac-
tions between hydroxyl groups of PVA and silanol groups of hydrolyzed VTMS and self-condensation of VTMS
occurred, inducing a cross-linked network structure and greatly enhanced thermal stability and oxygen barrier prop-
erties. The glass transition temperature and thermal decomposition temperature (T5%) of the PVA/VTMS hybrid
films increased from 72.6 to 84.3 oC and 273.6 to 342.2 oC, respectively, with increasing VTMS content from 0 to
20%. Oxygen transmission rates of the hybrid films decreased from 6.12 to 0.17 cm3/m2×day, and those of the hybrid
films incorporating 5%, 10%, and 20% VTMS were suppressed by 65.7%, 95.6%, and 97.2%, respectively, versus
a pure PVA film. These are dependent on the chemical structure and morphology of the films with differing initial
amounts of VTMS. The chemical affinity for water, intermolecular packing, and rigidity in polymer chains increased
with increasing cross-linking by VTMS, leading to enhanced oxygen barrier properties and thermal stability in the
PVA/VTMS hybrid films.

Keywords: poly(vinyl alcohol) (PVA), sol-gel process, vinyltrimethoxysilane (VTMS), hybrid films, chemical struc-
ture, morphology.

Introduction

Poly(vinyl alcohol) (PVA) is a water-soluble synthetic
polymer with high hydrophilicity and biocompatibility and
is nontoxic.1-5 Furthermore, PVA possesses not only excel-
lent transparency in the visible range but also good barrier
properties to oxygen.3 It also has excellent film-forming,
emulsifying, and adhesive properties, which makes it useful
in various industrial fields where it finds applications in paper-
coating agents, textile sizings, adhesives, carriers in drug deliv-
ery, and as a component of biomedical and flexible packag-
ing films.1 However, its poor resistance to water molecules,
originating from hydroxyl groups in the repeating unit of PVA,
restricts its use in many applications.1-4,6 Most recently, PVA-
based organic-inorganic hybrid films have been developed
to improve PVA’s properties and further explore its applica-
tions.1-7 Most PVA-based hybrid films are prepared by the
exfoliation and/or intercalation of clay,2,3 and by the sol-gel method
using silane-coupling agents such as Si(OR)4 or RSi(OR’)3

in the PVA matrix.4-7 These PVA/silica hybrid materials pre-

pared via a sol-gel method have yielded fascinating proper-
ties such as abrasion resistance, antistatic and antifogging
properties, barrier properties, and permselectivity; further,
they have been used as coating materials on polymeric substrates
and hybrid films in a wide variety of industrial areas.4-9 

However, the key issue for preparing organic-inorganic
hybrid films is preventing aggregation while uniformly dispers-
ing inorganic particles in a polymer matrix.2,4,5,8 Specifically,
the sol-gel process in a PVA matrix offers the possibility of
combining organic components with inorganic materials at
molecular or nanometer levels by covalent or hydrogen bond-
ing.4-9 This bonding between hydroxyl groups of PVA and
silanol groups of hydrolyzed Si(OR)4 or RSi(OR’)3 can effectively
produce new materials having the advantages of organic mate-
rials, such as light weight, flexibility, and good film formability,
as well as those of inorganic materials, such as high strength,
barrier properties and chemical resistance. It is well known
that the physical properties and applications of hybrid materials
are strongly dependent on changes in the chemical structure
and morphology, originating from the composition.2,4,10-13

To develop PVA/silica hybrid films with good thermal sta-
bility and enhanced gas barrier properties of the PVA, vinyltri-
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methoxysilane (VTMS) as a silane precursor was inserted
into the PVA matrix, resulting in the formation of poly(vinyl
alcohol)/vinyltrimethoxysilane (PVA/VTMS) hybrid films.
The chemical structure, morphology, and physical properties
of these films were characterized by Fourier transform infrared
(FTIR) spectroscopy, contact angle, wide-angle X-ray diffraction
(WAXD), scanning electron microscopy (SEM), thermogravi-
metric analysis (TGA), differential scanning calorimetry (DSC),
oxygen transmission rate (OTR) studies, and water resistance
pressure analysis.

Experimental

PVA/VTMS Hybrid Films. For the formation of the PVA/
VTMS hybrid films, fully hydrolyzed PVA F-17A (98.0-99.5%
degree of hydrolysis) was supplied by OCI Co., Ltd. (Incheon,
Korea). VTMS and hydrochloric acid (HCl) were purchased
from Aldrich Chemical Co. and were used without further
purification. First, PVA (2 g) was dissolved in deionized water
(50 g) with stirring at 90 oC for 5 h to give a PVA solution,
and then the solution was cooled to room temperature. VTMS
in various amounts of 0-20 wt% was added to the PVA solution
under stirring. HCl was added into the resulting solution fol-
lowed by additional stirring for 2 h. Then, each mixture solu-
tion was bar-coated onto a glass substrate using a bar-typed
automatic films coating apparatus (KIPAE E&T Co., Ltd.,
Hwasung, Korea) that can accurately control film thickness
and velocity. This provided the PVA/VTMS hybrid films with
uniform thickness on the glass substrate. The coated films
were dried in a vacuum oven at 80 oC for 24 h. The film thick-
ness was maintained at about 60±1 m to aid in evaluating
the physical properties.

Characterization. To characterize the chemical structure
of the PVA/VTMS hybrid films, FTIR spectra were recorded
on a Spectrum 65 FTIR spectrometer (Perkin Elmer Co. Ltd.,
Massachusetts, USA) from 400 to 4000 cm-1 using attenuated
total reflection (ATR) mode. UV-visible spectra of the hybrid
films were recorded with a single-beam OPTIZEN 2120UV
spectrometer (Mecasys Co., Daejeon, Korea) in the range of
200 to 800 nm, and a blank glass plate was employed as a
reference. To determine morphologies and topologies of the
hybrid films, WAXD and SEM analyses were used. To identify
the crystalline structure in the hybrid films and the dispersed
state over a fairly large sample volume, WAXD patterns were
collected on a D/MAX-2500H X-ray diffractometer (Rigaku
Co. Ltd., Tokyo, Japan) with a nickel-filtered CuK (=1.5406 Å)
radiation source. The radiation source was operated at 40 kV
and 45 mA, and data were collected in the 2 range from 2o

to 60o at 0.02o intervals with a scan speed of 1.0o/min.
The top and fractured surfaces of the PVA/VTMS hybrid

films were obtained using a Quanta 250 SEM (FEI Co. Ltd.,
Oregon, USA). The dispersion of silica particles on the exter-
nal surface of the PVA/VTMS hybrid films was observed using
a map scan spectrum of the energy dispersion of X-rays (EDX)

for the hybrid films, recorded in an Oxford EDX system.
The thermal properties of the PVA/VTMS hybrid films were

investigated using a TGA 4000 thermogravimetric analyzer
(Perkin Elmer Co. Ltd., Massachusetts, USA) and a Q10
differential scanning calorimeter (TA Instrument Co. Ltd.,
Delaware, USA). All of the thermal properties were measured
under a nitrogen atmosphere, and the heating rate was 10 oC/
min for TGA and 20 oC/min for DSC.

Oxygen transmission rates (OTRs) of the PVA/VTMS hybrid
films were measured with an OTR 8001 oxygen permeabil-
ity tester (Systech Instruments Co. Ltd., Illinois, USA) at 23 oC
and 0% relative humidity. The water-resistance pressure (mm)
tests of the PVA/VTMS hybrid films were carried out accord-
ing to a conventional method.14 Sample films were made in
a round shape with a diameter of 30 mm and then used to seal
the mouth of a long round tube with graduations in millime-
ters (tube diameter: 8 mm). After the tube mouth was sealed
with the film, it was filled drop-wise with deionized water.
As soon as the deionized water permeated through the film,
the height of the water column was recorded. 

Contact angles and surface energies of the PVA/VTMS
hybrid films were measured using a Phoenix 300 contact angle
goniometer (SEO Co. Ltd., Suwon, Korea). The sessile drop
method was used with deionized water and methylene iodide
as proving liquids. A droplet of each water and methylene
iodide was gently placed on the film and observed through
the eyepiece by applying the /2 method. The contact angles
of five drops were averaged, and surface energies by the har-
monic-mean equation were calculated using the contact angles
for water and methylene iodide on the PVA/VTMS hybrid
film.15,16

Results and Discussion

In preparing the hybrid films, VTMS was first hydrolyzed
in the presence of water and acid catalyst to produce transi-
tional VTMS silanols.4,5,7,9 Then, these unstable and highly
reactive silanol molecules were subjected to a condensation
reaction with the hydroxyl groups on the PVA chains to form
cross-linking bridges of Si-O-C, resulting in the formation
of the PVA/VTMS hybrid films. In addition, the silanol mole-
cules may simultaneously undergo a self-condensation reac-
tion to form Si-O-Si bonds.4,5,7,9 All of these will lead to the
formation of a cross-linking network in the PVA matrix, restricting
the mobility of PVA and altering the physical properties of
the hybrid films. The proposed reaction scheme is depicted
in Figure 1 and was confirmed via FTIR spectra.

Figure 2(a) and (b) shows the spectra of a pure PVA film
and the PVA/VTMS hybrid films containing 5 and 20 wt%
VTMS. The peak around 1595 cm-1 is characteristic of the
C=C groups of VTMS. Peaks at 971 cm-1 originated from
the stretching of Si-O-C bonds, confirming the formation of
a Si-O-C cross-linking network between the hydroxyl groups
of PVA chains and the silanol groups of hydrolyzed VTMS.5,9
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With increasing VTMS content, the peak at 1012 cm-1 asso-
ciated with the stretching of Si-O-Si bonds increased, indi-
cating the self-condensation reaction of silanol groups.5,7 A
characteristic strong and broad band appeared around 3300
cm-1 in the PVA spectra, corresponding to -OH stretching
vibrations of the hydroxyl groups; this peak slightly decreased
in intensity with increasing VTMS content. This indicates
that the hydrophobicity of PVA slightly increased both by
the condensation reaction between the -OH groups in PVA
and the silanol groups in hydrolyzed VTMS, and by the self-
condensation reaction in silanol groups of VTMS, both of which
form covalent cross-links between polymer segments.17 

Film Morphology. The morphology of the PVA/VTMS
hybrid films was characterized using WAXD, as shown in
Figure 3. Pure PVA showed a strong diffraction peak located
on the broad halo in the range of 2=15o-25o, which indicates
that PVA is a semi-crystalline polymer. For the pure PVA,
one diffraction peak for an orthorhombic lattice centered at
2=19.5o can be attributed to PVA (101) reflection, corre-
sponding to a mean intermolecular distance of 4.57 Å calcu-
lated using Bragg’s law.5,18 Another diffraction peak with low
intensity was found at about 2 =40.5o, indicating the pres-
ence of PVA (220) reflection. All of the PVA/VTMS hybrid
films showed similar patterns with PVA, and the peak inten-
sity of 2θ=19.5o decreased with the introduction of VTMS
into PVA.5,18,19 This indicates that the network structure formed
between VTMS and hydroxyl groups of PVA prevents the
formation of crystalline regions in the PVA matrix, leading
to a decrease in the degree of crystallinity in PVA. With increas-
ing VTMS content, however, a new peak at around 10o appeared
and appeared to increase with VTMS content. This indicates
the presence of new structural ordering with a spacing of
about 9.6 nm in the PVA/VTMS hybrid films by VTMS. This
structural ordering is attributed to the intermolecular spacing of
the silsesquioxane components with a mixture of cage and

ladder-like structures, which are produced by the self-con-
densation reaction of silanols in hydrolyzed VTMS.5,7,20 The
quantity of silsesquioxane components increased with increas-
ing VTMS content. This intermolecular ordering may lead
to enhancements in physical properties such as thermal stability
and barrier properties at a relatively high content of VTMS.

Figure 4 shows SEM images of the top and fractured sur-
faces of the PVA-VTMS hybrid films with different VTMS
content. The pure PVA exhibited a smooth and homogeneous
top surface, while the hybrid films with more than 5% VTMS
contained some particulates, which increased with increas-
ing VTMS content. For the fractured surfaces, pure PVA showed
a slightly uneven surface, while the hybrid films with rela-

Figure 1. Condensation reaction scheme for the PVA/VTMS
hybrid films.

Figure 2. (a) FTIR spectra of pure PVA film and PVA/VTMS
hybrid films. (b) FTIR spectra from 800 to 1800 cm-1 of pure
PVA film and PVA/VTMS hybrid film.
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tively high VTMS content had some cavities and a rough sur-
face. This SEM result indicates that the compatibility between
PVA and VTMS was quite good at relatively low VTMS con-

tent due to chemical bonds and strong chemical interactions
formed between PVA and VTMS. However, some particulates
formed on the surface, and some cavities in the inner matrix
of the hybrid films were observed at high VTMS content.
Most likely the self-condensation of VTMS silanols leads to
particulate formation at a high VTMS content.5,9 The EDX
mapping spectra presented in Figure 5 show the dispersion-
aggregation phenomenon of silica on the external surface of
PVA/VTMS hybrid films. The white color spots over the dark
background indicate the location of silicon (Si) atoms in the
PVA matrix. As expected, a PVA/VTMS 2% hybrid film showed
the lowest silica content and the largest average distance between
these spots. With increasing VTMS content, the number of
spots increased and the average distance decreased. EDX results
demonstrated uniform and homogeneous distribution of sili-
con atoms within the PVA matrix, regardless of the particu-
lates observed in SEM. 

Thermal Stability of the Hybrid Films. The strong interfa-
cial interaction and network structure obtained by introducing
inorganic VTMS into PVA increases the thermal stability of
pure PVA by preventing the segmental motions of the PVA
polymer chains.1,6,13 DSC and TGA analyses were performed
in a nitrogen atmosphere to investigate how the VTMS con-

Figure 3. WAXD curves of the PVA-VTMS hybrid films.

Figure 4. SEM images of the PVA-VTMS hybrid films: (a) pure PVA, (b) PVA/VTMS 2%, (c) PVA/VTMS 5%, (d) PVA/VTMS 10%,
and (e) PVA/VTMS 20%. 

Figure 5. EDX map scanning spectra of silicon (Si) for the PVA/VTMS hybrid films with different VTMS contents.



M. Lim et al.

1100  Macromol. Res., Vol. 22, No. 10, 2014

tent affects the thermal stability of the PVA/VTMS hybrid
films. Their thermograms are depicted in Figures 6 and 7,
respectively, and the results are summarized in Table I.

The DSC curve of pure PVA presents an endothermic peak

at 226 oC corresponding to the melting of the PVA crystal-
lites. This endothermic peak was shifted to lower temperature
and became smaller as the VTMS content increased. That
is, the enthalpy for melting (Hm) decreased from 71.2 to
36.9 J/g. These DSC results indicate that new crystalline phases
do not exist in the PVA/VTMS hybrid films, and the domain
size and amount of PVA crystallites decrease linearly with
VTMS amount.3 This is consistent with the WAXD results.
The Si-O-C bonds formed between the linear PVA chains
and VTMS play a role in preventing the formation of a crys-
talline region, thereby increasing the amorphous region in
the PVA matrix. Meanwhile, the pure PVA exhibits a glass
transition temperature (Tg) of 72.6 oC. As expected, the PVA/
VTMS hybrid films show Tg values of 78.0-84.3 oC, which
are higher than that of pure PVA. The Tg value of a polymer
represents the amorphous regions of a polymer and is there-
fore a useful technique to study changes in these regions.20

The strong interaction and chemical cross-linking between
VTMS and PVA lead to more compact packing of the molecules,
resulting in lower free volumes in the amorphous regions of
PVA.

As shown in Figure 7 and Table I, the TGA thermograms
show that the degradation pattern and thermal stability are
dependent upon the VTMS content. Before TGA analysis, an
inert state in the furnace of TGA was first established by purg-
ing the N2 gas, and the experimental sample was added. To
minimize the water and oxygen effects of samples, experi-
mental samples were dried by elevating the working temperature
from 30 to 120 oC at 10 oC/min in N2 atmosphere and main-
taining the working temperature at 120 oC for 30 min in an N2

atmosphere. PVA showed a three-step degradation process,
whereas all of the hybrid films showed a two-step process,
indicating that the introduction of VTMS influences the thermal
decomposition patterns of the PVA/VTMS hybrid films.
Furthermore, even small amounts of VTMS were very effective
in improving the thermal stability of PVA. PVA showed 5%
and 10% thermal decomposition temperatures (T5% and T10%,
respectively) of 273.6 and 288.1 oC, whereas PVA/VTMS
2% showed highly increased values of 342.2 and 356.7 oC,
which increased only slightly thereafter with increasing VTMS
content. Evidently, the thermal decomposition of the hybrid
films shifts toward a higher temperature range than that of
PVA, indicating an enhancement of thermal stability in the
PVA/VTMS hybrid films. This enhancement in the thermal
stability and change in the decomposition pattern were ascribed

Figure 6. DSC thermograms of the PVA/VTMS hybrid films.

Figure 7. TGA thermograms of the PVA/VTMS hybrid films.

Table I. Thermal Properties of the PVA/VTMS Hybrid Films

Sample Code
DSC TGA

Tg  (oC) Tm (oC) Hm (J/g) T5% (oC) T10% (oC) T50% (oC) Residue (%)

Pure PVA
PVA-VTMS 2%
PVA-VTMS 5%
PVA-VTMS 10%
PVA-VTMS 20%

72.5
78.0
79.2
79.7
84.3

226.0
220.5
219.8
210.9
208.0

71.2
67.2
52.9
46.0
36.9

273.6
342.2
343.1
347.6
350.8

288.1
356.7
358.0
359.8
368.1

362.1
404.9
408.3
422.6
433.5

1.4
4.9
5.9
9.7
12.7
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to the high heat resistance and structural change exerted by
the VTMS, which originated both from the condensation of
VTMS with hydroxyl groups of PVA and strong interfacial
interactions between VTMS and PVA. 

Oxygen Barrier and Water-Resistant Properties. Good
oxygen barrier properties are critical for achieving a long
protective life for packaging products.21,22 The reduction of
oxygen permeation can suppress internal damage and improve
long-term performance. Therefore, barrier films must prevent
or at least decrease the oxygen transfer between the product
and the surrounding atmosphere. PVA is well known to have
excellent barrier properties to various substances including
oxygen due to its crystallinity and strong intermolecular forces.6,21

However, PVA is very sensitive to moisture, which plasti-
cizes the polymer and reduces not only the mechanical strength
but also the gas barrier properties.15,21,23 Therefore, it is very
important to enhance both the gas barrier properties and the
resistance to water in PVA films for versatile applications.
For PVA/VTMS hybrid films incorporating VTMS prepared
by a sol-gel process, the oxygen transmission rate and water-
resistant pressure were investigated as functions of VTMS
content. The results are depicted in Figures 8 and 9.

As shown in Figure 8, the oxygen permeability of the PVA/
VTMS hybrid films was strongly dependent upon the amount
of VTMS. Pure PVA films showed an OTR value of 6.12
cm3/m2·day, and the PVA/VTMS hybrid films exhibited val-
ues in the range of 4.96 and 0.17 cm3/m2·day. The oxygen per-
meabilities of the hybrid films incorporating 5%, 10%, and
20% VTMS were suppressed by 65.7%, 95.6%, and 97.2%,
respectively, relative to the pure PVA film. OTR decreased
substantially to 10 wt% VTMS loading and then decreased
only slightly with further VTMS increase. This indicates that
the oxygen diffusion in pure PVA film is highly retarded by
the incorporation of VTMS into PVA, resulting in enhance-

ment in the oxygen barrier properties of PVA. Figure 9 shows
the relationship between the water-resistant pressure (mm)
of the PVA/VTMS hybrid films and the VTMS content. The
water-resistant pressure of the PVA/VTMS hybrid films
increased linearly, demonstrating that the water-resistance
of pure PVA was increased by introducing VTMS.

Overall, the oxygen barrier properties and water-resistant
pressure results revealed that the incorporation of VTMS
leads to a simultaneous reduction in the oxygen transmission
rate and enhancement in water resistance. Such findings indi-
cate a decrease in both the potential capacity of the PVA matrix
to absorb permeant molecules and the ability of those mole-
cules to diffuse through the polymeric material. These barrier
properties and water resistance may be attributable to variations
in the chemical structure and morphologies in films,2,4,10-13

which originate from the differences in the compositions of
PVA and VTMS and their chemical reactions, in this study.

According to the solution-diffusion mechanism, the amor-
phous region increases, which favors the diffusion of com-
ponents and results in an increase in permeation.19,24 As
described in the DSC and WAXD analyses, although the size
and amount of PVA crystallites decreased with increasing
VTMS content, the strong interaction of VTMS and PVA,
the chemical reaction of PVA and VTMS, and the self-con-
densation reaction of VTMS increase the cross-linking density
of the hybrid films and intermolecular chain ordering with
increasing VTMS content. These increases produce a more
compact packing structure in the amorphous regions of PVA
in the hybrid films, which results in reduced free volume of
the amorphous regions and increased film density.5,23 Fur-
thermore, films containing higher amounts of VTMS seem
to be much more rigid due to increased cross-linking den-
sity, which also contributes to a decrease in gas permeability
by hindering the ability of diffusing gas molecules to incor-

Figure 8. Oxygen transmission rates of the PVA/VTMS hybrid
films.

Figure 9. Water-resistance pressures of the PVA/VTMS hybrid
films.
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porate into polymer chains. This morphological change from
pure PVA to PVA/VTMS hybrid films will result in reduced
oxygen permeation in the hybrid films, with a simultaneous
increase in the resistance to water in the PVA film.

Contact Angle. The outermost surface characteristics of
the hybrid films with different VTMS contents were investi-
gated by water contact angle and surface energy analysis.
As shown in Figure 10, the contact angle changed from 20.0o

to 83.0o and appeared to increase linearly with increasing
VTMS content. This implies that the hydrophobicity of the
pure PVA film was greatly enhanced by increasing VTMS
content. For the PVA/VTMS hybrid films, the surface energies
were determined by means of the contact angle measurements
with the aid of a series of organic solvents with known sur-
face energies.15 The total surface energy of a solid is considered
to be equal to the sum of the dispersion and polar compo-
nents, and their values are shown in Figure 10. The surface
energy of pure PVA is 71.5 mJ/m2. All the other PVA/VTMS
hybrid films with VTMS had lower surface energies. With
increasing VTMS content, the polar energy decreased con-
siderably. It was expected that numerous hydroxyl groups
would form during the condensation reaction between PVA
and VTMS, which would induce relatively hydrophilic sur-
faces in the hybrid films. However, these contact angle results
did not follow this expectation. From the contact angle results, it
can be inferred that the hydroxyl groups formed by hydro-
lyzed VTMS were consumed by reaction with those of PVA
and their self-condensation reaction, resulting in hydropho-
bic surface characteristics. Based on both the chemical affinities
and the surface energies, the resistance to water increases
with increasing VTMS content. 

Optical Properties. For coating or film applications, the
transparency of the PVA/VTMS hybrid films is an important
property, and it was investigated by photographic images

and UV-visible spectroscopy of the hybrid films (thickness
=60±1 m), as shown in Figure 11(a) and (b), respectively.
Though all samples were somewhat transparent, the films
became darker with increasing VTMS content. Light trans-
mittance spectra in the visible light regions (200-800 nm)
were slightly affected by the low VTMS loading in the hybrid
films. However, the spectra of the hybrid films with high
contents of VTMS exhibited lower optical clarity, indicating
that there is strong light scattering and/or absorption by par-
ticulates formed during self-condensation, resulting in lower
transparency of the UV-visible light. 

Conclusions

Five different PVA/VTMS hybrid films were successfully
prepared via a sol-gel method, and their physical properties
were investigated as a function of the VTMS content. The
hybrid films were formed by reaction between hydroxyl groups
of PVA and silanol groups of hydrolyzed VTMS, and self-
condensation reaction of VTMS, resulting in a cross-linked
network structure and changes in the microstructure of the
films. Although the size and amount of PVA crystallites
decreased with increasing VTMS content, the cross-linking
density and intermolecular chain ordering of the hybrid films
increased with increasing VTMS content. The glass transition
temperature and thermal decomposition temperature (T5%)
of the PVA/VTMS hybrid films increased from 72.6 to 84.3 oC

Figure 10. Contact angles and surface energies of the PVA/VTMS
hybrid films. 

Figure 11. (a) Photographic images and (b) UV-visible spectra of
the PVA/VTMS hybrid films. 
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and 273.6 to 342.2 oC, respectively, when VTMS content was
increased from 0 to 20%. Oxygen diffusion in pure PVA film is
highly retarded by the incorporation of VTMS. The oxygen
permeability of the PVA/VTMS hybrid films was strongly
dependent upon the chemical structure and morphology of
the films originating from the amount of VTMS, and the OTR
decreased from 6.12 to 0.17 cm3/m2·day. From the point of
view of chemical structure, the chemical affinity to water
and surface energy decreased with increasing VTMS content.
Additionally, the intermolecular packing order and rigidity
in polymer chains increased with increasing cross-linking
by VTMS, inducing enhanced oxygen barrier properties and
thermal stability in the PVA/VTMS hybrid films. These proper-
ties of the PVA/VTMS hybrid films make them potential candi-
dates for versatile applications as coatings, films, and packaging
materials.

Acknowledgments. This research was supported by the
Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Edu-
cation (NRF-2013R1A1A2057674) and the Korea Foundation
for the Advancement of Science & Creativity (KOFAC),
and funded by the Korean Government (MOE). 

References

  (1) J. Wang, X. Wang, C. Xu, M. Zhang, and X. Shang, Polym.
Int., 60, 816 (2011).

  (2) J. Yeun, G. Bang, B. Park, S. Ham, and J. Chang, J. Appl.
Polym. Sci., 101, 591 (2006).

  (3) J. Gaume, C. Taviot-Gueho, S. Cros, A. Rivaton, S. Therias,
and J. L. Gardette, Sol. Enerergy Mater. Sol. Cells, 99, 240
(2012).

  (4) T. Uragami, K. Okazaki, H. Matsugi, and T. Miyata, Macro-
molecules 35, 9156 (2002).

  (5) W. H. Hu, Z. H. Zhan, Q. G. Zhang, Q. L. Liu, and A. M. Zhu,

J. Appl. Polym. Sci., 126, 778 (2012).
  (6) A. Bandyopadhyay, M. Sarkar, and A. K. Bhowmick, J. Mater.

Sci., 40, 5233 (2005).
  (7) Q. G. Zhang, Q. L. Liu, A. M. Zhu, Y. Xiong, and X. H. Zhang,

J. Phys. Chem. B, 112, 16559 (2008).
  (8) S. W. Kim, Korean J. Chem. Eng., 25, 1195 (2008).
  (9) Q. G. Zhang, Q. L. Liu, Q. G. Zhang, Q. L. Liu, X. J. Meng,

and I. Broadwell, J. Appl. Polym. Sci., 118, 1121 (2010).
(10) H. Kwon, D. Kim, J. Seo, and H. Han, Macromol. Res., 21,

987 (2013).
(11) D. Kim, M. Jang, J. Seo, K. Nam, H. Han, and S. B. Khan,

Compos. Sci. Technol., 75, 84 (2013).
(12) M. Lim, D. Kim, J. Seo, H. Han, and S. B. Khan, Polym.

Compos., DOI:10.1002/pc.22984 (2014).
(13) K. E. Strawhecker and E. Manias, Chem. Mater., 12, 2943

(2000).
(14) G. Zhu, F. Wang, S. Dong, K. Xu and Y. Liu, Polym. Plast.

Technol. Eng., 52, 422 (2013).
(15) S. T. Palakattukunnel, S. Thomas, P. A. Sreekumar, and S. Ban-

dyopadhyay, J. Polym. Res., 18, 1277 (2011).
(16) Y. Chen and J. O. Iroh, Chem. Mater., 11, 1218 (1999).
(17) Q. G. Zhang, Q. L. Liu, Z. Y. Jiang, and Y. Chen, J. Membr.

Sci., 287, 237 (2007).
(18) D. Kim, Y. Lee, J. Seo, H. Han, and S. B. Khan, Polym. Int.,

62, 257 (2013).
(19) V. Krishnakumar, G. Shanmugam, and R. Nagalakshimi, J.

Phys. D: Appl. Phys., 45, 1 (2012).
(20) F. Dong, W. Guo, S. S. Park, and C. S. Ha, J. Mater. Chem.,

21, 10744 (2011).
(21) S. E. M. Selke, J. D. Culter, and R. J. Hernandez, Plastics Pack-

aging; Properties, Processing, Applications and Regulations, 2nd
ed., Hanser Publishers, Munich, 2004.

(22) S. K. Bajpai, N. Chand, and V. Chaurasia, J. Appl. Polym. Sci.,
115, 674 (2010). 

(23) P. W. Labuschagne, W. A. Germishuizen, S. M. C. Verryn, and F.
S. Moolman, Eur. Polym. J., 44, 2146 (2008).

(24) Q. G. Zhang, Q. L. Liu, F. F. Shi, and Y. Xiong, J. Mater. Chem.,
18, 4646 (2008).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


