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In this study, silica-based organic—inorganic hybrid coating materials were prepared by the
sol-gel method. Tertaethoxysilane and polyvinyl alcohol were used as the inorganic and
organic compounds, respectively. The substrate polypropylene film surface was modified
by corona-plasma treatment to provide appropriate adhesion between the coating material
and the polymer base film. A silane-coupling agent of vinyltriethoxysilane was also used to
improve the adhesion between the base film and the coated layer. The effects of
vinyltriethoxysilane in the hybrid materials were investigated using Fourier transform
infrared analyses and X-ray diffraction. The vinyl group of vinyltriethoxysilane increased
the hydrophobicity of the hybrid materials. The polypropylene films coated with the hybrid
materials were characterized by examining their morphology, optical transparency and
oxygen permeability. The results showed that the formation of hydrogen bonds between
polyvinyl alcohol and the other compounds affected the microstructure of the coating
solution and the final oxygen permeation property. Further, although the presence of
vinyltriethoxysilane in the hybrid coating solution could improve adhesion between the
coated layer and the polymer base film, it deteriorates the effectiveness of the barrier to
prevent of oxygen permeation through the coated film. However, the coated film
maintained visible transparency and even enhanced the transmission of long wavelength
visible-light owing to refractive index matching. © 1999 Kluwer Academic Publishers

1. Introduction [4-8]. An ORMOSIL that possessed both rubbery me-
The sol-gel method has been applied for the prepachanical strength and glassy optical transparency was
ration of inorganic amorphous solids. By the use ofprepared successfully [4, 5]. One practically important
highly reactive precursors, the sol-gel process has sonapplication is the coating of an ORMOSIL solution onto
advantages of practical significance including low tem-a polymer film. Polymer films coated with organic—
perature reaction and the ability to control the final com-inorganic hybrid materials prepared with ORMOSIL
position with ease. Another merit of the sol-gel methodshowed an improved surface hardness in the Vickers
is its convenience for the formation of various shapeshardness test [6]. In addition, hybrid materials form-
such as solid particle dispersion, monoliths, fibres andng a thin coated layer on polymer films cut down both
thin films, since sol—gel reaction proceeds through thexygen and water vapour permeabilities [7, 8]. Most of
phase transition from a liquid sol to a solid gel statethese works have been done using polyethylene tereph-
[1, 2]. Furthermore, the sol-gel method also provideghalate (PET) or Nylon-6 as the substrate polymer film,
an easy way to produce a composite material. Simplsince these polymer molecules with polar functional
mixing of the inorganic precursor and the organic com-groups are, in themselves, compatible with the polar
pounds readily yields organic—inorganic hybrid mate-coating solutions.
rials. The organic functional groups incorporated into However, these polymer films are too expensive to
the inorganic silicate structure are the so-called organuse as commercial packaging film, so that it is nec-
ically modified ceramics (ORMOCER) or organically essary to replace these with rather low-cost substrate
modified silicates (ORMOSIL) [3]. The ORMOCER films such as polypropylene (PP) or polyethylene (PE).
exhibited intermediate properties between organic antleanwhile, these polyolefin films have a drawback
inorganic materials. arising from their “non-polar” hydrophobic nature,
Much interesting work has been done on organic-which gives rise to a troublesome problem in enhanc-
inorganic hybrid materials to determine their propertiesing adhesion between the coating layer and the substrate
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film. To overcome this problem, two types of resolution cess, the surface of the PP film was treated simulta-
strategies have been proposed: neously by corona plasma with an electronic energy of
60V and 4 A aatmospheric temperature. Thus, the total
1. Pretreatment of the polymer film surface either bytreatment energy consumed per unit length of substrate
plasma or primer treatment. Plasma treatment is novilm was 24 W min* m~*.
widely used in the manufacture of an inorganic material The organic—inorganic hybrid coating solution was
deposited film [9]. On the other hand, primer treatmentPrepared as follow: TEOS (Aldrich, 98%) and VTES
is not so popular for it needs another coating step. ~ (Shin Etsu Silicone Co.) were mixed in ethanol (EtOH;
2. The other strategy is to employ a silane-couplingGCR grade, Merck) with various molar ratios. The mix-
agent in the coating material to enhance the affinity beture was stirred with a magnetic stirrer for 3 min to
tween the inorganic material and the organic polymegnsure a homogenized state. Then, 3.6 ml of acidic wa-
material. The silicate compounds substituted by the orter at pH 0.28 was added to the mixture to proceed
ganic functional groups are called the silane-couplinghe sol—gel reaction. Hydrochloric acid (HC1, Junsei
agent and this has been used W|de|y in dye’ adhesivé:’hem.) was added into deionized water to control the
paint and so on. In fact, the Si|ane_coup|ing agent |5pH of the acidic water. The molar ratio of EtOH to the
a kind of ORMOSIL in itself. It is well known that TEOS-VTES mixture and that of water to the TEOS-
the organic functional group enhances the adhesion b&/TES mixture was maintained at 1 and 2, respectively.
tween the polar and non-polar layers [6]. However, fewAfter mixing the solution for 30 min, PVA (Aldrich:
efforts have been made to determine the overall prop80% hydrolysed; averagkl,, 9000-10000) and dis-
erties of the hybrid materials with the silane-couplingtilled water were added to produce a hybrid coating
agent, and their effects on the final properties of po|y.SO|Uti0n. The volume of the added water was 18 ml
mer films coated with hybrid materials have not beengnd a different amount of PVA was added to each coat-
fully understood yet. ing solution. The various compositions of the prepared
coating solutions are contained in Table I. For conve-

In the present work, an ORMOSIL coating solution nience, the coating solutions in Table | were classified
with a silane-coupling agent was prepared through th&//th Iabelfs; the coating sol_uﬁlons made of the binary
sol-gel method and layered on the PP film by spinLn'Xt#re 0 f.TEOS_VgEhS wit ?urt] PVA were qlenotedf
coating. The polyolefin PP film was pretreated with y the prefix TV, and t o?je ort (;eéernr?ry m|]§ture 0
corona-plasma to enhance phase adhesion. The pr}EOS_VgES_PVA Wire epote y the gri X TVP.
treated PP film surface was characterized by varioug '€ "UMbers next to the prefix represented the compo-
methods, such as contact angle measurement and X-r ion of the constituent substances. For exam_ple, the
photoelectron spectroscopy (XPS). \ﬁnyltriethoxysi-s F"IIO'e of TVdP?SS in Table II dfenoted a hybrid rlnaf
lane (VTES) was used as a silane-coupling agent an[.jarlaspr(redpare from O'Oﬁ' m(l) of TEOS, 002 mol o
tetraethoxysilane (TEOS) and polyvinyl alcohol (PVA) ¥ TES ard 5 g of PVA. Thesolution was mixed again
were used as an inorganic precursor and an organf r90 min apd then cogted on the substrate f|_Im_. Then,
compound, respectively. These substances were mixe e_coated f'lm_ was dried at 10.0: for 8-14 minina
together and underwent sol-gel reaction. After the rying oven. Finally, the dried film was kept in a petri
organic—inorganic hybrid sol solution was coated on theiSh at room temperature.
pretreated PP film, gelation and drying followed subse-
quently. To investigate characteristics of the hybrid ma- ok | Compositions of TEOS, VTES and PVA for the hybrid
terials prepared here, the coating solutions were chal ’

- . . ¢ Eoating materials
acterized by Fourier transform infrared (FTIR) analysis

and X-ray diffraction (XRD). The solid phase morphol- TEOS (mol) VTES (mol) PVA (g)
ogy in the sol solution was observed through trans~ gg 0.00 0.10 0.0
mission electron microscopy (TEM) before spin coat-Tvig 0.01 0.09 0.0
ing. The coated film surface and cross-sectional imagesv2s 0.02 0.08 0.0
were observed through scanning electron microscopTxié 8-82 g-gé 8-8
(SEM) and its pore size was measured through nitroge 0.06 0.04 0.0
adsorption with Brunaver—Emmett—Teller (BET) appa-tysg; 0.08 002 0.0
ratus. Finally, the oxygen permeability and the opticalteos 0.10 0.00 0.0
transparency as final properties of the coated film wer@vpP002 0.00 0.00 25
measured to examine the effects of VTES addition inlxg’ggf’ 8'8421 8-88 g-g
the hybrid materials. TVP805 0.08 0.00 50
TVP025 0.00 0.02 5.0
TVP045 0.00 0.04 5.0
. TVP085 0.00 0.08 5.0
2. Experimental procedure TVP145 0.01 004 50
A commercial grade PP film (Honam_ Petrochemicaltyposs 0.02 0.04 5.0
Co.) was used as the substrate. The film was prepare/p44s 0.04 0.04 5.0
by two consecutive steps. First, pellets of the base resifivP485 0.04 0.08 5.0
were melted at 230C. Then, the film was drawn at a Ix;’ﬁ? 8-8: 8-(1)2 g’g
speed of 10 m min' to an average thickness of about TVP446 0.04 0.04 65

70 um and a width of 29 cm. During the drawing pro-
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The substrate PP film was characterized by measur
ing the contact angle against distilled water and di-

iodomethane (CHl,), as proposed by Wu [10]. The VIES
contact angle measurement was performed seven time
through a microscope with a protractor eyepiece at Tvas

room temperature and the average value was takens
From the contact angles, the polar and the dispersior<.
surface tensions, and the surface polarity were calcu-§
lated. Oxygen and carbon peaks in the XPS 3 poc-8
tra were also detected on the PP film before and af-g | Tves
ter pretreatment to confirm the effect of corona-plasma
treatment.

The coating solution was gelled and dried at room
temperature over two weeks and characterized by var- Eoﬁlw/\/\/\/
ious methods, such as FTIR spectroscopy, XRD and
water vapour absorption testing. The dried gel of the
coating solution was pulverized, mixed with KBr and T
pelletized for infrared (i.r.) spectroscopy. Scanning was 2000 1500 1000 500
performed ten times in the range 400—4000¢énThe Wavenumber [cm™]

i.r. spectrogram was calibrated by setting up the base

line correction. In order to test water vapour absorptiorfigure 1 I.r. spectra of the binary hybrid gels TEOS-VTES with various
by the dried coating solution, the pulverized gels werg?ompositions.

dried at 60°C in a vacuum drying oven for 24 h and

placed in a vessel at a relative humidity correspondin% )
to a saturation value at 5. The weight increment termined to be 26.724 and 20.599 mN-nrespec-

of the dried gel was measured with elapsed time. XRO}Vely. Thus, the polarity of the pretreated substrate film
was taken over the range of 22-70 at a condi- Was 0.435, which was large compared with 0.167 for
tion of 40 V and 45 mA to investigate the effects of the untreated PP film. It is obvious from the present
TEOS and VTES on the crystal growth of PVA. The results that although corona pretreatment enhanced the
pore sizes with various VTES contents were detersSurface polarity, considerable amounts of the surface
mined through M adsorption isotherms measured by functional groups still remained non-polar. Therefore,
BET (ASAP2010). The surface and the cross-sectionaforona-plasma pretreatment alone was not sufficient to
morphologies of the coated film were observed througifréate & proper surface polarity on the virgin PP film,
an SEM (535M, Philips). In observing the SEM im- which was requwe_d for satlsfactor_y adhe3|on_ with the
ages, the samples were slanted 80view the surface Polar coating solution. Thus, the silane-coupling agent
morphology clearly. The oxygen permeability of the VTES was added in the preparation of the sol—gel pro-
coated film was measured at room temperature by §€SS to enhance ac_ihe3|on between the cogted layer and
commercial gas transmission rate tester (M-C3, Toydhe non-polar functional groups on the PP film surface.
Seiki Seisaku-Sho Co.), which complied with ASTM ~_ FTIR spectrograms of the pulverized and dried sam-
(D-1434-75M). Oxygen permeability was calculated byPles of TEOS-VTES hybrid gels with various molar
the measured gas transmission rate based on the higlios are shown in Fig. 1. The pure TEOS and VTES
vacuum time-lag technique, as proposed by Barrer [11[5@mples have typical peaks at 1060 and 1140%¢m
Finally, the light transparency of the coated film was ex-f€Spectively. It is also noteworthy that the VTES con-
amined by the transmission ratio measurement in thé&nt increases from 0 to 100 from 1060 to 1140 ¢m

these characteristic peaks were slightly broadened due
to chemical bonds between the constituent molecules.
A hybrid of these two compounds was also reported by

3. Results and discussion Iwamoto and Mackenzie [6]. In addition, typical vinyl
3.1. Characterization of substrate film and group peaks were detected at 584, 968 and 1604 cm
hybrid coating material These are due to the fact that after gelation the vinyl

To improve adhesion with the hybrid coating material,groups still remained unconverted without experienc-
the base film of PP was pretreated with corona-plasming any chemical reaction. The remaining vinyl groups
at a treatment energy of 24 W mihm=. The XPS influenced the junction of the network and induced hy-
result confirmed that corona-plasma treatment createdrophobicity in the coating layer [13, 14]. The peaks
on the PP film polar surface functional groups, suchat 1640 cmt, which appeared from the pure TEOS to

as carbonyl and carboxyl groups, and nitrogen oxideghe sample TV46, are indicative of the fact that water
compounds on the PP film [12]. To check the changesibsorption by the silicate oxide occurred for the sam-
in surface polarity of the pretreated PP film, the contacples with a VTES content less than 60 mol %. Thus,
angles versus water and diiodomethane {GHwere  the FTIR spectra clearly imply that the increment of
measured and shown to be 62.0 and 44&spectively. VTES contentimproved the hydrophobicity of the coat-
The dispersion and the polar surface tensions were déag layer.
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Figure 2 Relative weight of the adsorbed water in the binary gel TEOS—
VTES with various compositions. The relative weight was scaled with Figure 3 L.r. spectra of the ternary hybrid gels TEOS-VTES-PVA with
respect to the weight of dried gel. various TEOS contents.

The enhanced hydrophobicity can be deduced by
measuring the weight of the absorbed water vapour. Itence of the vinyl groups of VTES lessens the probabil-
Fig. 2, the weight per cent of the absorbed water vapouity of hydrogen bond formation between the hydrolysed
relative to the weight of the dried sample was plottedinorganic compounds and the PVA molecules owing to
as a function of time for various VTES contents. In- their intrinsic hydrophobicity. Thus, it is expected that
deed, water absorption was prohibited considerably byhe presence of VTES molecules will cause morpho-
the presence of the hydrophobic vinyl groups of VTES.logical changes and an alteration in the overall perfor-
The weight per cent of the absorbed water vapour at thenance of the coated film. In Fig. 4, TEM images of
saturated state was about 4 wt % for pure TEOS anthe coating solutions are reproduced for various com-
gradually decreased as the VTES content increased. positions. The samples were prepared by dilution of
particular, the saturated water absorption for the samthe coating solution with ethanol. As seen clearly from
ple with 80 mol % VTES was as low as 0.025 wt % for Fig. 4a for the TEOS-VTES sample, solid phases in
the pure VTES sample. Thus, the silane-coupling agernthe sol grew irregularly and phase separation occurred
VTES can be used as awaterproof substance, which h&etween the VTES solid particles and the liquid phase.
a barrier property against water vapour, as reported bfyhe non-uniformity in the binary system of TEOS—
Zhanget al. [15]. VTES became pronounced with time. In this case, the

Although the addition of VTES enhanced both thefilms were coated irregularly and were opaque with
adhesion and the resistance to water vapour, coated speor light transparency, as we shall see shortly. Mean-
lutions with high VTES contents exhibited phase sepawhile, the binary coating solution of TEOS-PVA in the
ration between solid and liquid in the sol. In this case, aabsence of VTES was homogeneous and exhibited a
non-uniform coating solution was obtained inevitably. well distributed networked structure in the sol solu-
In this study, PVA was added not only to overcometion, as shown in Fig. 4b. For the VTES—PVA binary
the non-uniformity of the hybrid coating material but system, the structure of the coating solution looks like
to improve the oxygen barrier property. In the sol-gelan intermediate state between the binary systems of
reaction in the presence of PVA, the hydrophobicity in-TEOS-VTES and TEOS-PVA. As noted from Fig. 4c,
duced by VTES would affect the chemical connectionalthough the binary system of VTES—-PVA possessed
between PVA and TEOS-VTES sol. The i.r. spectra ofa networked structure, the uniformity of the coating
TEOS-VTES-PVA samples for various compositionssolution was not so good as the TEOS—-PVA solution.
are shown in Fig. 3. As noted, the increment of TEOSIt can be readily seen from Fig. 4d that the addition
content (or equivalently the enhanced hydrophilicity)of PVA in the TEOS—VTES sol created a relatively
reduced the relative intensity of the peak at aroundiniform structure of solid phases compared with the
2800-3000 cm?, which was typical of PVA. In gen- TEOS-VTES sol solution. However, the ternary sys-
eral, a hydrogen bond is formed between the silicatéem TEOS-VTES—PVA did not exhibit phase structure
oxide surface and the hydroxyl groups of PVA [16]. so good as the binary system of TEOS—PVA. It is thus
Thus, itcan be inferred from the i.r. spectra that a chemebvious that the addition of VTES molecules inhibited
ical reaction or formation of a hydrogen bond occurredhomogeneous phase—structure formation between the
between TEOS and PVA. inorganic silicate phase network and PVA. This is be-

Let us now consider the phase uniformity and mor-cause the VTES molecules diminished the conjunction
phology of the coating. It is worthy of rate that the exis- between the inorganic network and the hydroxyl groups
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Figure 4 TEM images of the coating solutions at sol state for various compositions. (a) TV28, (b) TVP205, (c) TVP025, and (d) TVP145.

of PVA or prevented the PVA molecules from filling the in the PVA phase induced only little changes in the
inorganic gel pores. crystal growth of PVA. As seen from Fig. 5, the PVA
X-ray diffractograms of the hybrid materials con- peak in the VTES—PVA binary system was as sharp as
tained in Fig. 5 provided clear evidence for the effect ofthat of pure PVA, since the hydrogen bond or chemical
the VTES molecules on the crystallinity of PVA. As ex- reaction between VTES and PVA was negligible.
pected, a sharp characteristic peak appears at 29° Since a hydrogen bond plays the most important role
for pure PVA. The addition of TEOS into pure PVA informingthe connection between the inorganic sol and
broadens the PVA peak. This implies that TEOS re-the organic PVA, there is little possibility of a proper
tarded the crystal growth of PVA by the formation of a association between the inorganic VTES sol and PVA.
hydrogen bond or by reaction between these two comThus, it is obvious that phase separation or a segregated
ponents [17]. On the other hand, the presence of VTE®iicrodomain could be formed in the binary VTES and
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Figure 5 Changes in the XRD pattern by the addition of TEOS or VTES
to PVA.

interrupt effectively the crystal growth of PVA, as con- &%
firmed by XRD.

3.2. Properties of the coated PP film
Coated film morphologies were observed with an SE
and their microphotographs for various compositions (b)
were consistent with the results obtained from TEM
and XRD analyses for the hybrid coating solutions.
The SEM microphotographs for various compositions
are shown in Figs 6 and 7. The average thicknes:
of the coated layer is about 1,3m for the binary
TEOS-VTES system. It can be seen from Fig. 6a thal
the film coated with VTES alone possessed somewha
polymeric surface morphology. However, as the TEOS
content increased in the binary TEOS—VTES system
the coated film surface exhibited a glassy morphol-
ogy. When the TEOS content was above 30 mol %, the

|

coated films underwent severe cracking in the drying . {
process, as shown in Fig. 6¢. In Fig. 7, SEM micropho- / |
tographs of the binary system VTES-PVA are repro- _1...,..za_a KU 312E2 16319

duced. The average film thickness of the VTES—PVA
system was about am. Also included in Fig. 7a is (©)

gr\]ms\ EgAa![gq; %lemogm)ev\;!g] Scl’ﬂit(iﬂ \;Vlljt 2 aF;\éAn? (L?Sfel O ;I(-Jg‘; Figure 6 SEM images of film surfaces coated with the binary hybrid gel
Although the addition of VTES made the surface mor- TO> VTES () VTES, (B) TV28, and (0) TVSS.
phology rough, film adhesion between the coated layer

and the PP base film was satisfactory.

Let us now consider the effect of the coated layer orcut the oxygen permeability by about 30% from that of
the oxygen permeability of the PP film. In the presentthe bare PP film. These results were due to the formation
study, the permeability was measured at room tempemf micropores on the coated layer of TEOS-VTES. As
ature. In Fig. 8, the oxygen permeability of the PP film mentioned earlier, the vinyl groups of VTES in the bi-
coated with the TEOS-VTES hybrid solution is illus- nary system of TEOS-VTES played arole as a network
trated as a function of VTES content. The TEOS—VTESmodifier and interrupted the formation of a dense sili-
layer coated on the PP film made little effect on oxygencate network structure. In Fig. 9, the pore radius of the
permeation, considering that the oxygen permeabilityTEOS—VTES layer coated on the PP film was plotted
of the bare PP film was about5lx 107° cm® cm  versus VTES content. Indeed, the changes in pore ra-
cm2 st mmHg . Meanwhile, the pure VTES layer dius of the TEOS-VTES layer were consistent with the
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Figure 9 Average pore radius of the binary hybrid gel TEOS-VTES as
a function of VTES molar ratio.
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ranges from 0.8 nmto 1.8 nm, Knudsen flow is the dom-

e | e . .
01mm2060kU 312E2 7988-97 SE inant transport mechanism through the coated layer of
- TEOS-VTES. Although the pore radius for Knudsen
(c) flow is small enough to be predominant, the pore size
Figure 7 SEM images of film surfaces coated with the binary hybrid gel of the coated Iay.er Of TEOS-VTES ISltOO Iarge toretard
VTES—-PVA: (a) PVA, (b) TVP045, and (c) TVPO85. oxygen permeation. Thus, the organic component PVA

was added to improve the oxygen barrier property.

In Fig. 10, oxygen permeability of the PP film coated
oxygen permeability variations in Fig. 8. Thus, largerwith the ternary solution TEOS-VTES—PVA is illus-
pores were formed for higher VTES content. Howevertrated as a function of TEOS content. The samples
the pore radius was smallest for the pure VTES layerused in this plot contained 0.04 mol VTES and 5 g
which also agreed well with the permeability data. ~ PVA, both of which were fixed. Also shown in Fig. 11

Gas flow through a narrow channel is usually at-is oxygen permeability versus the PVA content for the
tributed to ordinary bulk diffusion, pressure driven vis- coating solution with TEOS and VTES, each of 0.04
cous flow and so-called Knudsen diffusion. However,mol. As clearly seen from Figs 10 and 11, the incre-
when the mean free path of the permeating gas is muciment in either TEOS or PVA content (or equivalently
larger than the pore size, Knudsen flow is the predomthe reduction of VTES content in the ternary solution)
inant transport mechanism. Since the mean free patbave rise to considerable reduction of oxygen perme-
of oxygen at 25C is about 73 nm and the pore radius ation through the coated film. For illustrative purposes,
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Figure 13 Oxygen permeability of the coated film as a function of VTES
Figure 11 Oxygen permeability of the coated film as a function of PVA content in the binary coating solution VTES-PVA. The samples con-
content in the ternary coating solution TEOS-VTES—PVA. The sampledained 5 g PVA.
contained TEOS and VTES, each of 0.04 mol.

added VTES enhanced adhesion to the hydrophobic
oxygen permeability versus VTES content is shown insubstrate film of PP, it increased oxygen permeation
Fig. 12 for the coating solution with 0.04 mol TEOS through the coated film.
and 5 g PVA.Indeed, the presence of VTES deterio- Finally, let us turn to the effect of the coated layer
rates the effectiveness of the barrier to prevent oxygewon light transmission through the coated PP film. In
permeation. This can be readily expected from the beFig. 14, relative light transmission is illustrated as a
haviour of the phase structure of the coating solutionsfunction of light wavelength for various compositions
as discussed previously in the sections on TEM anafthe hybrid coating solutions. As seen from the figure,
XRD analyses. The same trend was also preserved iight transmission through the film does not decrease
the binary system VTES—PVA, as indicated in Fig. 13and visual transparency of the film is maintained af-
in which oxygen permeability is plotted versus VTES ter coating. In the long visible wavelength limit, rela-
content for a coating solution vt g PVA.Compari- tive light transmission is even improved by the coated
son of Figs 12 and 13 shows that the deteriorating effedayer. On the other hand, light transmission is slightly
of VTES is pronounced in the absence of TEOS. It carreduced in the short visible wavelength limit. Trans-
be deduced from the oxygen permeation results thgtarency enhancement in the long visible wavelength
the VTES molecules created micropores in the inor+egion is due mainly to refractive index matching be-
ganic solid phase, and that their vinyl groups, whichtween the organic—inorganic hybrid coated layer and
possessed strong hydrophobicity, prohibited the PVAhe PP base film. Meanwhile, reduced transmission in
molecules from filling the pores. Thus, although thethe short visible wavelength region is caused by small
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tained from oxygen permeation through the coated film.
The addition of VTES increased oxygen permeability,
for its hydrophobic vinyl group retarded the formation
of a dense structure between the inorganic silicate and
the organic PVA phase. The oxygen permeability of the
coated PP film was reduced considerably by the addi-
tion of VTES in the ternary system TEOS-VTES-PVA.
Finally, transmission of long wavelength visible-light
through the coated PP film was increased at the expense
of the transmission of short wavelength visible-light,
compared with the bare PP film.
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