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Abstract—Using sol-gel method, poly(vinyl alcohol)/SiO, hybrid coating materials with an improved gas barrier prop-
erty could be produced. Phase compatibility between organic PVA segments and inorganic silicate network in the hy-
brid was evaluated by analyzing FT-IR spectra and investigating the crystallization behavior in terms of X-ray diffrac-
tion patterns for the hybrid gels. For the preparation of coating film with barrier property, the biaxially oriented poly-
propylene (BOPP) substrate was coated with the hybrid sols by a spin coating method. Morphological analysis for the
fractured surface of the hybrid gel and the surface of the coated film was performed not only to examine the micro-
structure of the hybrid, but also to propose evidence for the oxygen permeation behavior through the coated film. It
was revealed that an optimum amount of inorganic silicate precursor, TEOS, should be used to obtain high barrier PVA/
Si0, hybrid coating materials with enhanced micro-phase morphology and optical transparency. This homogeneous
morphology densified with nano-structured silicate, obtained at optimal conditions, was found to result in a significant
increase in the oxygen barrier property of film coated with PVA/SiO, hybrid by about 50 times relative to the pure BOPP
substrate. In addition, the effect of pretreatments of the BOPP substrate surface on the barrier property was also ex-

amined.
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INTRODUCTION

The sol-gel process has been recognized as a fascinating meth-
odology because it offers the possibility of combination of organic
component with inorganic ceramic materials at molecular scale to
produce organic-inorganic hybrid nano materials with high perfor-
mance [1-4]. In particular, the organic-inorganic hybrid materials,
which are obtained via sol-gel method, have been mainly used as
coating materials on the polymeric substrate in a wide variety of
industrial areas. These coating materials provide various surface
characteristics such as abrasion resistance, antistatic, antiadhesive,
antifogging properties, and so on through chemical functionaliza-
tion [5-7]. In addition, the barrier properties of the hybrid-coated
films can be improved remarkably due to the incorporated inor-
ganic component. Therefore, the researches of hybrid coating ma-
terials with high barrier property have been performed through sol-
gel method using silicon alkoxide as an inorganic precursor, and
organic polymer or organically modified trialkoxysilanes as the or-
ganic components [8-10]. The organic polymers such as poly(vinyl
alcohol), poly(vinylpyrrolidone), and poly(vinyl acetate) have been
incorporated into the inorganic silicate network not only to prevent
the crack formation of the coating layer during gelling process, but
also to endow the function of organic polymer itself [11,12].

The interfacial interaction between organic and inorganic phases
has been known as one of the significant factors affecting the final
hybrid products. It is expected that when strong interfacial adhe-
sion between two phases is formed, the hybrid materials exhibit
stable homogeneous microstructure without macro-phase separa-
tion and improved material properties. Hence, in order to enhance
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interfacial adhesion in hybrid materials, silane coupling agents, which
can result in physical or chemical covalent bonding between organic
and inorganic phases, have been employed during the sol-gel pro-
cess [13-17]. Interfacial adhesion may be also enhanced without
silane coupling agents by forming physical bonding such as hydro-
gen bonding between functional groups of organic segments and
silanol groups of the silicate network. In this respect, poly(vinyl-
alcohol) (PVA) resin having a large number of hydroxyl groups in
its segments appears to be an attractive organic component to pro-
duce high performance hybrid materials.

In this study, the organic-inorganic hybrid materials for the ap-
plication of gas barrier coating layers was prepared by using PVA
as the organic component and tetracthoxyothosilicate (TEOS) as
inorganic precursor. The oxygen barrier properties of the BOPP films,
that were spin coated with hybrid sols, were investigated with the
inorganic composition. In addition, the effect of pretreatments of
the polymer substrate surface on the barrier property was examined.
The phase interaction and micro-phase morphology of the hybrid
gels were analyzed by Fourier transform infrared (FT-IR) spectro-
meter, X-ray diffractometer, and field emission scanning electron
microscopy (FE-SEM). The optical transparency and surface topol-
ogy of the hybrid coated BOPP films were also observed with ultra-
violet-visible (UV-VIS) spectroscope and atomic force microscopy
(AFM).

EXPERIMENTAL

Tetraethoxysilane (TEOS) purchased from Acros Organics Com-
pany was used as an inorganic silicate precursor. PVA (86 mol%
hydrolyzed; average molecular weight 24,000-27,000; grade name
PA-05), obtained from Dong Yang Chemical Company, was used
as an organic polymer. A mixture of TEOS, distilled water, and ethyl
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alcohol was stirred for 1 h at room temperature to obtain partially
hydrolyzed TEOS sols under acid catalyst of hydrochloric acid. The
initial pH of TEOS solution was fixed at 1. The molar ratio of TESO :
water : EtOH was kept at 1 : 2 : 2. 2.0 grams of PVA powder resin
was thoroughly dissolved in a 20 ml distilled water. This PVA solu-
tion was mixed with partially hydrolyzed silica sol containing TEOS
content of 0.01, 0.02, 0.04, 0.07, 0.1 mol, and then the mixture was
stirred for 2 h at room temperature to produce PVA/SiO, hybrid co-
ating solutions with various compositions.

The biaxially oriented polypropylene (BOPP) films with thick-
ness of 40 um were coated by the obtained hybrid coating sols us-
ing a spin coater, which was operated under the conditions of
rotation speed 6,000 R.PM. and coating time 30 sec. Before spin-
coating with hybrid solution, the surface of the BOPP substrate was
pretreated by corona and water-borne polyurethane primer treat-
ment to enhance phase adhesion between hybrid coating layer and
base film. The hybrid coated films were dried at 60 °C for 24 hina
drying oven. In addition to preparation of coated films, the hybrid
gels were also obtained by casting the hybrid sols onto Petri-dishes
covered with polyimide film and drying for 15 days at room tem-
perature. The filter was covered on the gelling samples to prevent
contamination from impurities in the air. All of the dried samples
were kept in a dessicator to prevent the moisture influence prior to
performing the characterization. The experimental procedure for
the preparation of PVA/SiO, hybrid coated films and hybrid gels is
described in Fig. 1.

The oxygen permeability of the coated film was measured by
hand-made permeation apparatus, which was designed and made
according to the standard method of ASTM D3985. The detailed
descriptions of the apparatus and experimental measurements were
presented elsewhere [18,19]. Fourier transform infrared spectros-
copy (FT-IR; JASCO-430) and wide angle x-ray diffraction (WAXD;
Bruker) were used to identify the interfacial interaction between
organic polymers and silicate network. The morphologies of the
fractured surfaces of the hybrid gels were observed by using a field
emission scanning electron microscope (FE-SEM; JSM-6700A).
Light transmittance for the evaluation of optical transparency was
measured with an ultraviolet visual spectrometer (UV-Vis; 2120

Room

UV plus) in the wavelength range of 200-800 nm. The surface
topologies of the hybrid materials were examined by atomic force
microscope (AFM; Nanoscope 3100) in the contact mode. A root-
mean-square (RMS) roughness was calculated from the roughness
profile determined by AFM.

RESULTS AND DISCUSSION

For the preparation of the hybrid thin films with improved oxy-
gen barrier property and optical transparency, one of the significant
variables is to control phase compatibility between organic and inor-
ganic phases. Microstructure affecting the performance of depends
greatly on the interaction between two phases. The enhanced inter-
facial adhesion in the organic-inorganic materials is expected to in-
duce the stable and homogeneous microstructure without phase sep-
aration, ultimately resulting in high performance hybrid nano mate-
rials. As mentioned before, it can be expected that PVA resin used
as organic component in this study has the ability to form strong
hydrogen bonding with silanol groups of the silicate network due
to a large number of hydroxyl groups contained in its segments.
Hence, in order to examine the physical interaction between two
phases in the hybrid gels, an FT-IR analysis for the PVA/SiO, hy-
brid gels with various TEOS contents was performed. The meas-
ured FT-IR spectra are shown in Fig. 2. As shown in the figure, the
characteristic broad peak of hydroxyl group (Si-OH) of pure silica
gel appeared at 3,453 cm™. This peak was found to be shifted grad-
ually to the region of low wavenumber as the TEOS content in the
hybrid gel increased. This chemical shift may be attributable to the
formation of hydrogen bonding between hydroxyl groups of silicate
network and them in the segments of PVA resin added into hydro-
lyzed TEOS sols. Therefore, it is confirmed that the increase of TEOS
content at constant amount of PVA (in this study, 2 g) can cause
the increase of degree of physical interaction, resulting in hybrid
gels with enhanced phase compatibility.

X-ray diffraction patterns of the PVA/SiO, hybrid gels shown in
Fig. 3 exhibited obvious evidence for the effects of the interfacial
interaction between PVA polymer and silicate network on the crys-
tallization behavior of PVA. A characteristic peak appeared at 26=
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Fig. 1. Experimental procedure for the preparation of PVA/SiO, hybrid gel and coated film.
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Fig. 2. FT-IR spectra of the hybrid gels with various TEOS con-
tents; (a) pure silica gel, (b) 0.01 mol, (c) 0.04 mol, and (d)
0.10 mol.
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Fig. 3. X-ray diffraction patterns of PVA/SiO, hybrid gel for the
various TEOS contents; (a) pure PVA, (b) 0.02 mol, and (c)
0.04 mol.

19.7° for pure PVA. However, this peak disappeared when the TEOS
more than 0.02 mol was added into pure PVA solution to produce
hybrid materials, meaning that the crystal growth of PVA was thor-
oughly prevented due to physical restriction provided by inorganic
silicate phase dispersed in the PVA matrix. This physical restric-
tion retarding the crystallization of semi-crystalline polymer can be
caused by high degree of interfacial interaction between two phases.
Consequently, it was also confirmed that strong hydrogen bond was
formed between PVA segments and silicate network.

In addition, the microphase compatibility has a great influence
on the morphology of the hybrid materials, which is expected to

have an association with barrier, optical, mechanical, and thermal
properties. In order to examine the distribution of silica particles
produced via sol-gel reaction and microstructure of the PVA/SiO,
hybrid, the morphology of the fractured surfaces was observed by
FE-SEM. Fig. 4 shows the morphologies of the pure silica gel and
PVA/SIO, hybrids produced with addition of 0.04 mol and 0.10 mol
of TEOS content, respectively. As shown in the micrograph, a dense
microstructure, in which an individual silica particle could not be

el

100nm

Fig. 4. Phase morphology of PVA/SiO, hybrid gel with various
TEOS contents; (a) pure silica gel, (b) 0.04 mol, and (c) 0.10
mol.
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distinguished, was observed for pure silica gel. In the case of hybrid
gel prepared with 0.04 mol of TEOS, on the other hand, distinguished
silica particles with average size less than 50 nm were uniformly
dispersed in the PVA polymer matrix. It can be deduced that the
formation of strong interfacial interaction between two phases pre-
vented the microphase separation, resulting in hybrid with homo-
geneous morphology. However, when an excess amount of TEOS
precursor (0.1 mol) was added, the microphase separation was ob-
served on the surface of hybrid gel in spite of the formation of strong
interaction between two phases. This may be attributed to the for-
mation of silica clusters with large domain size over 100 nm, result-
ing from physical coalescence among silica particles or chemical
condensation between residual silanols on the silica surface. In phase
separation phenomena, the effect of inorganic cluster, that can be
easily formed under higher contents of inorganic particles, seems
to be dominant over that of degree of physical interaction between
two phases. It was revealed from this result that without addition of
silane coupling agent, PVA/SiO, hybrid system with stable homo-
geneous microphase morphology could be obtained by controlling
the composition of inorganic silicate phase.

Fig. 5 shows the optical transmittance of the hybrid coating films
with different TEOS molar content. Light transmittance increased
with increasing of TEOS content up to 0.04 mol in all visible light
range of 400-800 nm. In particular, at 0.04 mol TEOS content, a
coating film with enhanced optical transparency could be obtained.
This result may be explained by the fact that the addition of TEOS
precursor up to some level of content results in more homogeneous
and finer microstructure in the hybrids due to increased interfacial
attraction between two phases. However, in the case of hybrid co-
ating films with addition of 0.07 mol and 0.10 mol TEOS, the optical
transparency was reduced, compared with the coating film with the
addition of 0.04 mol TEOS. It can be believed that at above 0.04 mol
TEOS content, the decrease in light transmittance with the increase
of TEOS content may result from formation of silica clusters dur-
ing gelation of the hybrids, followed from occurrence of micro-phase
separation between organic and inorganic phase, which can be seen
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Fig. 5. Light transmittance of PVA/SiO, hybrid coating film pre-
pared with various TEOS contents.
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Fig. 6. Surface morphology hybrid coating film with various TEOS
contents; (a) pure silica, (b) 0.1 mol, (c) 0.07 mol, and (d)
0.04 mol.

in the SEM micrograph of Fig. 4. Furthermore, when a large amount
of inorganic silica is involved in the hybrid, micro-cracks can be
easily formed on the surface of coating film due to reduced flexi-
bility, so these defects increase light scattering on the film surface.
This can be evidenced by surface morphology, which was observed
by SEM, for coating films with various TEOS contents as shown
in Fig. 6. It should be noted that there existed no microcrack on the
surface of the hybrid coating film obtained from the addition of 0.04
mol TEOS content; on the other hand, at above 0.04 mol TEOS
content, the degree of microcrack formation increased with increase
of TEOS content. From these results, the optimal content of inor-
ganic silica precursor, TEOS, was found to be 0.04 mol to produce
PVA/SiO, hybrids with enhanced microstructure and optical trans-
parency.

In general, optical transparency of the film depends on its sur-
face morphology because the extent of light scattering on the film
surface can be varied by the surface roughness. Fig. 7 shows the
AFM images of the surface for the pure BOPP substrate and film
coated by PVA/SiO, hybrid (TEOS content: 0.04 mol). The BOPP
substrate exhibited an RMS (root mean square) value of 3.412 nm,
representing the roughness for the film surface. On the other hand,
the hybrid-coated film has very smooth surface with RMS value of
0.136 nm. This enhanced surface morphology of the coated film
may be attributable to the efficient packing into micro-pores or chan-
nels present on the surface of pure BOPP substrate by the hybrid
sols containing silica particles with nano size.

The PVA/SIO, hybrid sols prepared through sol-gel method were
used to produce single-layer coated BOPP film with gas barrier char-
acteristic. The effect of the composition of hybrid sols and surface
pretreatment of base BOPP film on the oxygen permeation through
the coated films was investigated. In Fig. 8, the measured oxygen
permeabilities of the hybrid coated film as a function of TEOS con-
tents are presented. The permeability unit (cc-mm/m’-24 h-atm)
means the oxygen gas volume (cc) permeated through the coated
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(a) BOPP substrate (RMS=3.412nm)

(b) hybrid coating film (RMS=0.136nm)

Fig. 7. AFM images of the surface of (a) BOPP substrate and (b) hybrid coated film.
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Fig. 8. Oxygen permeabilities of PVA/SiO, hybrid coating films as
a function of TEOS contents.

film with effective area of m” and thickness of mm for 24 h under
the pressure difference of 1 atm. The BOPP substrate, of which the
surface was pretreated by two kinds of methods such as corona and
polyurethane primer, was used as a base film. As shown in the figure,
in the range of TEOS content from 0.01 to 0.04 mol, the oxygen
permeability is moderately reduced with increasing of TEOS con-
tent, which is due to the increase of the amount in inorganic silica
particle with high barrier property, formed in the hybrids through
sol-gel reaction. Especially, at 0.04 mole of TEOS content, hybrid-
coated film with high barrier property could be obtained, exhibiting
low values of oxygen permeability (1.23 & 2.40 cc-mm/n’*-24 h-atm),
corresponding to the surface pretreatment method. This improved
barrier property may be due to stable homogeneous microstructure
without microphase separation in the hybrids including 70.5 wt%
of inorganic silica content, which was confirmed from SEM obser-
vation. Whereas, poor barrier properties were obtained at high levels
of TEOS content. As observed in previous SEM microphotographs,
the incorporation of inorganic silica component at high level of con-
tent (TEOS 0.10 mol) resulted in microphase separation within the

hybrids and microcrack formation on the surface of the coated film
due to reduced flexibility, and hence high permeability was measured
because the oxygen molecules could easily permeate through these
micropores formed on the surface. In addition, the reduction in in-
terfacial adhesion between coating layer and substrate, which may
be resulting from the occurrence of phase inversion that the inor-
ganic silica component becomes the continuous phase in the hy-
brids, can be considered as a major factor in the decrease of barrier
property. Meanwhile, the effect of pretreatment method applied upon
the surface of BOPP substrate on the barrier property was exam-
ined. At below 0.04 mol of TEOS content, the difference among
two methods in barrier effect was not obvious. On the other hand,
in the case of addition of TEOS precursor above 0.04 mol of con-
tent, the permeability of the film coated on the BOPP substrate pre-
treated with polyurethane primer was found to be even lower than
that of coating film with corona pretreated substrate. This result in-
dicates that polyurethane pretreatment layer positioned as a middle
layer in three layer coating film including substrate could efficiently
restrain the micro-crack formation on the film surface by acting as
a impact-absorbing buffer layer against capillary stress generated
during drying process.

In our previous work, we reported that biaxially stretched PP/
EVOH blend film, which was produced at optimal conditions using
laminar morphology technology, exhibited an oxygen permeability
value of 9.3 cc-mm/m’-24 h-atm [18]. In the present study, how-
ever, by using sol-gel coating technology, a remarkable improve-
ment in barrier property could be accomplished about 30-50 times
relative to the pure BOPP film (permeability: 68.0 cc:mm/m’-24 h-
atm) alone. This is a significant improvement in barrier property as
compared with our previous result on the blend system with lami-
nar morphology.

CONCLUSIONS

In this study, PVA/SiO, hybrid nano coating materials with gas
barrier characteristic were prepared by using the sol-gel method.
By analyzing FT-IR spectra and investigating the crystallization
behavior based on X-ray diffraction patterns for the hybrid gels, it
was confirmed that there existed strong physical interaction in terms
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of hydrogen bonding between silicate network and PVA segments.
In addition, PVA/SiO, hybrid materials with a stable homogeneous
nano-structured morphology could be produced by only control-
ling the composition of the hybrids without employing the silane
coupling agent. Micro-phase separation was observed in the hybrid
gel prepared with an addition of excess amount of TEOS. It was
also revealed that there existed an optimum content of inorganic
silicate precursor (in this study, 0.04 mol) to obtain high barrier PVA/
SiO, hybrid coating materials with enhanced microstructure and
optical transparency. The oxygen permeation of film coated with
nano-structured hybrid materials, which was obtained under opti-
mal conditions by incorporating inorganic silicate particle with PVA
polymer matrix, could be considerably suppressed by a factor of
about 98% compared with pure BOPP film. The effect of the sur-
face pretreatment on the permeation behavior through the coated
film was found to be dependent on the amount of inorganic silicate
component added into hybrids.
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