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ABSTRACT: Hybrid organic–inorganic nanocomposites
containing PEO segments linked to a methacrylate network
were prepared through a dual-curing process, which in-
volved photopolymerization and condensation of alkoxysi-
lane groups. A system based on an a,o-dimethacrylate PEO
oligomer (BEMA 1400) added with methacryloyl-oxypropyl-
trimethoxysilane (MEMO) and tetraethoxysilane (TEOS) was
used. The surface properties of the obtained films were
investigated through XPS analyses and contact angle meas-
urements. A selective enrichment of the MEMO additive
towards the outermost layers of the films was evidenced ei-
ther in the presence or in the absence of TEOS. SEM analyses

were performed on the cross section of the films coated on
PET substrates, determining the film composition at different
depth by EDS analysis. The Si content was found constant,
moving from the PET surface towards the air–surface of the
films. The barrier properties, with respect to oxygen, of the
hybrid films coated on a PET substrate were measured. A
decrease of the permeability and of the oxygen transmission
rate using hybrid coatings was observed. � 2006 Wiley Peri-
odicals, Inc. J Appl Polym Sci 103: 4107–4115, 2007
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INTRODUCTION

In the last few years the so-called hybrid materials or
ceramers have risen a great interest as new materials
because of their peculiar properties. They are charac-
terized by a biphasic morphology where an organic
phase is strictly interconnected with an inorganic one
at a nanometric level. These materials provide to com-
bine the high ductility and low temperature process-
ing conditions of polymers with the outstanding
properties of ceramics, such as high modulus and me-
chanical properties, thermal stability, and low coeffi-
cient of thermal expansion.1–6 Recently, they have been
proposed for packaging applications.7

Several hybrids based on SiO2, TiO2, ZrO2, CaCO3

have been proposed and investigated in the presence
of different polymeric matrices.8–11 The preferred way
for the synthesis of the inorganic phase is based on
the sol–gel process, which involves a two-step hydro-

lysis and condensation reaction, usually starting from
metal alkoxides or functionalized metal alkoxides.

Recently, we proposed the preparation of hybrid
organic–inorganic materials through a dual curing
process involving an UV curing reaction followed by
a thermal condensation of metal alkoxide groups.12

This process combines the advantages connected to
the UV-curing technique, such as a rapid and solvent-
free polymerization, with the sol–gel process flexibil-
ity. In this context, we have used as organic precursor
a PEO oligomer which ends by a,o methacrylic
groups. The oligomer was added with methacryloyl-
oxypropyl-trimethoxysilane (MEMO) as linking agent
of organic and inorganic phases and with tetraethoxy-
silane (TEOS) as inorganic precursor.

A similar technique was used by Cho et al.13 and
by Zou and Soucek,14 who described the preparation
of hybrid coatings having improved properties, such
as scratch-resistance, abrasion, heat, and radiation re-
sistance, together with improved mechanical, electri-
cal, and optical properties.

In this work, we investigated the surface properties
of the hybrid systems by means of XPS analysis and
contact angle measurements; moreover, the silicon
distribution in the bulk was examined by SEM mi-
croscopy. The obtained data were correlated to the
permeability of the hybrid films coated on a PET sub-
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strate towards oxygen, to check their barrier proper-
ties and their interest in packaging applications.7

EXPERIMENTAL

Materials

PEO oligomer is a bisphenol-A polyethoxylate (15 EO/
phenol) dimethacrylate (BEMA 1400, from Aldrich). The
structure of BEMA 1400 is shown in Figure 1; n is � 15.
Methacryloyl-oxypropyl-trimethoxysilane (MEMO), tet-
ramethoxysilane (TMOS), tetraethoxysilane (TEOS), hy-
drochloric acid, and dibuthyltin diacetate (condensation
catalyst) are Aldrich products and are used as received.

In the text the following names are used to indicate
the different mixtures:

BEMA 1400: pure methacrylate oligomer.
BEMA: mixture of BEMA 1400 oligomer with 20%

(w/w) MEMO.

As photoinitiator, 2-hydroxy-2-methyl-1-phenyl propan-
1-one (Darocur 1173 from Ciba Specialty Chemicals) was
employed.

PET films (3M products, thickness ¼ 36 mm, crystal-
linity ¼ 36.5%) were used as a substrate.

Preparation of the hybrid films

A typical UV-curable mixture was prepared by add-
ing MEMO (20% w/w) to BEMA 1400 oligomer. Then
TEOS was added in different amounts, up to 70%
(w/w). The obtained mixture was added with 4% of
Darocur 1173 as photoinitiator, of water (alkoxy/
water molar ratio ¼ 2), and of 2% of both dibutyltin
diacetate and HCl conc. solution. The adopted proce-
dure is reported elsewhere.12 The mixture was coated
on a PET substrate by using a wire wound applicator
(thickness of the coating, 1.2 6 0.1 mm) and subjected
to the dual-curing process. The photochemical curing
was performed by using a medium vapor pressure
Hg UV lamp (Helios Italquartz, Italy), with radiation
intensity on the surface of the sample of 20 mW/cm2,
working in N2 atmosphere.15 After the UV-curing, the
condensation reaction was performed by treating the
photocured films at 758C for 4 h, to obtain the com-
pletion of the condensation process. The sequence of
the reactions involved in the adopted dual-curing
process is shown in Figure 2; all the procedure is
reported elsewhere.12

Figure 1 Structure of BEMA 1400 oligomer.

Figure 2 Scheme of the sequence of the reactions involved in the dual-curing process.
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Analysis and characterization

Contact angle measurements were performed with a
Kruss DSA10 instrument, equipped with a video cam-
era; analyses were made at room temperature by means
of the sessile drop technique. Three to five measure-
ments were performed on every sample and the values
averaged. The measuring liquid was n-hexadecane.

XPS measurements were carried out on a VG
Instrument electron spectrometer using a Mg Ka,1,2 X-
ray source (1253.6 eV). The X-ray source in the stand-
ard conditions had been working at 100 W, 10 kV,
and 10 mA. The base pressure of the instrument was
5 � 10�10 Torr and an operating pressure of 2 � 10�8

Torr was adopted. A pass energy of 100, 50, and
20 eV was used for widescans, narrowscans, and
curve fitting, respectively. The semiquantitative sur-
face analyses were carried out by the determination
of the photoelectron peak areas obtained by multiply-
ing the experimental values with the appropriate sen-
sitivity factor. Three different take off angles (t.o.a.:
25, 45, and 808) were used to get some information
concerning the depth profiles: considering that the
relationship between the depth of the analyzed layer

(d) and the t.o.a. (y) is represented by the equation d
¼ 3l sin y, where l is the average free path of the
photoelectrons (for carbon l ¼ 14 Å), it is possible to
quantify the thickness of the film analyzed at the
three different t.o.a., which corresponds to about 20,
30, and 40 Å, respectively. The calculation of the areas
corresponding to the different photoelectron peaks
was performed using VGX900x software; the curve
fitting elaborations were done by means of PeakFit
software (version 4, from SPSS Inc.). Binding energy
were referred to the C��H level at 285 eV.

The film thickness was measured by means of a
Coating Thickness Gauge Quanix 7500 from DR.NIX
GmbH Koln (Germany).

SEM analyses were performed on the cross-section
of the films (thickness ¼ 10 mm), coated on PET sub-
strates, by using a JEOL mod. JSM6400 apparatus.
The film composition at different depth was deter-
mined by EDS analysis (EDS Oxford mod. 6506).

The adhesion of the coatings on PET films was
checked by crosshatching technique (DIN 5315), mak-
ing the crosscut incision with a ten-blade cutter, fol-
lowed by tape treatment (tape adhesion).

Figure 3 Scheme of the experimental apparatus for evaluating the transport properties.
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The evaluation of the barrier properties of the coat-
ings with respect to pure Oxygen (SIAD product,
Italy; purity ¼ 99.5%) was performed using the exper-
imental apparatus schematized in Figure 3, together
with the typical graphical output of the experiment.
The apparatus is a closed-volume manometric device
previously described.16 The film is placed in a stain-
less steel cell, leakage-proof tightened to maintain
vacuum in the downstream side, while the upstream
side is put in contact with a vessel containing the
pure oxygen at high pressure; the whole apparatus is
placed in an air-thermostated environment. The pres-
sure in the downstream vessel, pd, increases with time
because of gas permeation through the sample and is
recorded by the low-pressure manometer (No. 7 in
Fig. 3). At steady state, the amount of gas moles
passed in the unit time interval is constant, i.e., the
pressure pd increases linearly with time. The perme-
ability P is defined as:

P �DEF JSTl

Dp
¼ dpd

dt

8
>:

9
>;

t!1
V

RTA

l

Dp
(1)

where Dp is the pressure difference across the film, l
the film thickness, JST the steady state gas flux, i.e.,
the number of gas moles passed per unit time and
unit surface area of the film, at the steady state. As it
is expressed in the second part of eq. (1), JST can be
calculated, based on the ideal gas law, from the value
of the downstream volume V, the temperature T, the
area A of the film, and the slope of the straight line
representing the pd versus t plot in the steady state (t
? 1). In the apparatus, V is equal to 24 cm3 and the
film area A is equal to 9.6 cm2, while the Dp is main-
tained at 2 or 4 bar during experiments.

The intercept on the t axis of pd versus t plot in the
steady state is called time-lag (Wl) and it measures the
characteristic time of the permeation process. If pd is
negligible compared to the upstream pressure and
the film is initially gas-free, the time-lag value is
related to the diffusivity, D, of the gas in the material,
through the following equation:

Wl ¼ l2

6D
(2)

For homogeneous films, the permeability and diffu-
sivity calculated using eqs. (1) and (2) are physico-

chemical properties, that depend only on temperature
and on the gas and polymer nature, while for multi-
layer samples they are apparent quantities, depend-
ing on the geometry of the sample. A useful operative
information is given by the gas permeance through
the film, or transfer rate (TR), defined as follows:

TR �DEF JST
Dp

¼ P

l
(3)

The permeance is referred to the specific sample,
depending upon the film thickness.

The permeability of the hybrid coating, Pc, can be
evaluated from the permeance of the coated polymer,
(TR)cp, and the permeability of the pure substrate, Pp,
and the polymer and coating thickness values, lc and
lp:

1

ðTRÞcp
¼ lp

Pp
þ lc
Pc

(4)

To measure the oxygen transfer rate (OTR) and, as far
as the kinetics of the process is concerned, the time-
lag data, two different temperatures (35 and 658C)
were chosen. Moreover, the values of permeability
and diffusivity of oxygen in pure PET and in the
hybrid layer were evaluated.

RESULTS AND DISCUSSION

Bulk properties of the cured systems

In Table I some properties of the cured systems used
in this work are collected. The hybrid films containing
TEOS show an increase of Tg values: it can be attrib-
uted to the decrease of mobility of PEO segments in
the presence of silica as reported previously.12,17

XPS analyses

First of all films of BEMA1400/MEMO (80/20 w/w,
without TEOS) were considered. In Figure 4(A), a
typical widescan spectrum recorded at t.o.a. ¼ 258
is reported. The spectrum shows the presence of C
(� 285 eV), O (� 532 eV), and Si (� 102 eV).

TABLE I
Properties of the Cured Systems

Type of
coating

Tg

DSC (8C)
Tg

DMTA (8C)
Gel

content (%)
SiO2

contenta (%)

BEMA �32.0 �23.2 98 0
BEMA þ 30% w/w TEOS �18.0 �5.6 98 11
BEMA þ 50% w/w TEOS �8.0 14.0 99 22
BEMA þ 70% w/w TEOS �1.2 16.1 99 40

a Based on TEOS content.
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In Table II the atomic ratios, which were calculated
from the areas of the photoelectron peaks, are col-
lected, together with the theoretical values deter-
mined on the basis of the composition of the mixture.
The Si/O atomic ratio on the very surface of the films
is higher (more than three times) than that expected
on the basis of the bulk composition. The Si/O ratio

decreases by increasing the t.o.a., i.e., by increasing
the depth of surface analyzed. On the other hand, the
C/O ratio slightly increases by increasing the t.o.a.

It is important to note that the experimental C/O
ratio is influenced, as frequently observed in studying
polymer surfaces by XPS, by a variable amount of
hydrocarbon contamination18; for this reason it is not

Figure 4 (A) XPS widescan spectrum at t.o.a. ¼ 258 for BEMA/MEMO (80/20) film; (B) curve fitting of C1s envelope at
different toa for BEMA/MEMO (80/20) film.

TABLE II
Experimental Atomic Ratios, Calculated Hydrocarbon Contamination, and Corrected

Atomic Ratios at Different t.o.a. for BEMA UV-Cured Films

Take-off
angle (8)

Experimental
C/O

Experimental
Si/O

Calculated
hydrocarbon

contamination (%)
Corrected

C/O

25 3.57 0.13 55 2.30
45 3.12 0.10 28 2.44
80 2.78 0.11 11 2.50

Theoretical composition 2.50 0.04 0 2.50
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possible to get straight information from it. To evalu-
ate the hydrocarbon contamination and to determine
a semiquantitative composition of the outermost
layers, the curve fitting of C1s envelope was studied
at different take off angles.

On the basis of the feeding, the percentage abun-
dance of the four components, which form the whole
C1s envelope (a component centered at 285.0 eV due

to carbon atoms not bonded to oxygen (C��H, or
C��C); a component centered at about 286.5 eV aris-
ing from carbon atoms single bonded to oxygen; a
component centered at about 288 eV arising from car-
bon atoms double bonded to oxygen, and a compo-
nent centered at about 289 eV arising from carboxylic
functions), would have been 35%, 60.5%, 0.5%, and
4%, respectively.

TABLE III
Experimental Atomic Ratios and Corrected From Hydrocarbon Contamination Atomic

C/O Ratio at Different t.o.a. for BEMA þ 70% TEOS Hybrid Films

Take-off
angle (8)

Experimental
C/O

Experimental
Si/O

Calculated
hydrocarbon

contamination (%)
Corrected

C/O

25 2.72 0.39 125 1.09
45 1.90 0.37 68 1.14
80 1.60 0.35 33 1.21

Theoretical composition 1.25 0.27 0 1.25

Figure 5 (A) XPS widescan spectrum at t.o.a. ¼ 258 for hybrid film (70% w/w TEOS); (B) curve fitting of C1s envelope at
different toa for hybrid film (70% w/w TEOS).
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After the peak fitting elaboration was done [Fig. 4(B)],
the weight percentage of BEMA, MEMO, Darocur
1173, and hydrocarbon contamination were calculated
through an iteration process that resulted in crossfitting
the experimental atomic ratio with the obtained per-
centage abundance of the four components of C1s enve-
lope. The results are listed in Table II.

The data clearly indicate that MEMO shows a pref-
erential segregation on the outermost layers of the
film. These segregation phenomena can be attributed
to the low polarity of the oxypropyltrimethoxysilane
group present in MEMO. Similar Si enrichment was
measured for systems containing polysiloxanes added
to epoxy resins structures.19

The same aforementioned procedure was used for
investigating samples obtained from BEMA þ 70%
(w/w) of TEOS mixtures. In Table III, the C/O and
Si/O atomic ratios at different t.o.a. referred to these
hybrid systems, together with the hydrocarbon con-
tamination percentages, are collected. A typical wide-
scan spectrum recorded at t.o.a. ¼ 258 is reported in
Figure 5(A) and the result of the peak fitting elabora-
tions in Figure 5(B).

The data collected in Table III show an increase of
the Si/O ratio towards the surface with respect to
the bulk composition, while the corrected C/O ratio
slightly decreases. Taking into account the results of
Table II, the increase of the Si/O ratio and the decrease
of C/O at the very surface of the films can be attributed
to a selective segregation of MEMO on the surface.

Wettability measurements

The wettability properties of the cured films were
investigated through contact angle measurements
using n-hexadecane as measuring liquid. The results
are collected in Table IV.

As expected, the pure UV-cured BEMA 1400 resin
(sample No. 1), because of its polarity, gives rise to
a contact angle value of 08. In the presence of 50%
(w/w) of MEMO (sample No. 2), the surface tension
of the cured film decreases, thus the contact angle
with n-hexadecane increases (W ¼ 308). This value is
in agreement with the XPS measurements reported in

Table II, which indicate an enrichment of MEMO at
the surface. The contact angle value of sample No. 2
can be attributed to the presence of cured oxypropyl-
trimethoxysilane groups at the surface.

The mixtures containing the same amount of TEOS
(50% w/w) could not be examined, because of their
inhomogeneity. Using the same mixtures containing
TMOS (sample No. 3), a contact angle value of 08 was
observed. These results indicate that TMOS does not
change the wettability of the cured films in the
adopted conditions.

The hybrid systems (sample Nos. 4 and 5) contain-
ing MEMO and TMOS or TEOS show contact angle
values very close to sample No. 2, indicating the
migration of MEMO at the surface, according to the
XPS data (Table III).

SEM characterization and adhesion

To characterize the bulk structure of the hybrids, SEM
analyses were performed on the cross-section of the
films (thickness ¼ 10 mm) coated on PET substrates.
In Figure 6, a typical SEM micrograph related to the
cross section of a BEMA þ 70% TEOS hybrid film
coated on PET is reported. The Si content, determined
by EDS analysis at different depth, was found con-
stant, moving from the PET surface towards the air–
surface of the films, for all the spots investigated.
Moreover, Figure 6 indicates that a regular interface
between the coating and the PET film is obtained,
which allows to forecast a good adhesion. The results
of the adhesion measurements, performed by cross-
hatching technique, confirm that in any case the adhe-
sion is complete.

Evaluation of the barrier properties

To evaluate the barrier properties of the hybrid prod-
ucts, the oxygen flux through samples of PET, pure
and coated with a typical hybrid coating based on

TABLE IV
Contact Angle Values with n-Hexadecane

for Cured Films

Sample W (8)

1 BEMA 1400 0
2 BEMA 1400 þ 50% w/w MEMO 30
3 BEMA 1400 þ 50% w/w TMOS 0
4 BEMA 1400 þ 6% MEMO þ 70%

TMOS þ condensation catalystsa
20

5 BEMA 1400 þ 6% MEMO þ 70%
TEOS þ condensation catalystsa

22

a Hybrid films.

Figure 6 SEM image of a typical hybrid film (70% w/w
TEOS) coated on PET.
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BEMA and 70% (w/w) of TEOS, was measured. Its
performance was compared to pure UV-cured BEMA
coated PET film without TEOS.

In Table V, the oxygen transport properties in the
materials investigated, in terms of TR, time-lag, per-
meability, and diffusivity (only for the homogeneous
materials), at 35 and 658C are collected. The data are
the average values obtained from at least two perme-
ation experiments, and the errors represent the scat-
tering of the experimental data. The permeability of
the hybrid coating has been calculated with eq. (4):
the error on Pc represents the effect of a 60.1 mm error
on the value of lc.

The permeance of PET is reduced after addition of
the hybrid coating, by a factor of 18% at 358C and of
28% at 658C, while the addition of pure BEMA does
not determine a significant variation of the TR. The
hybrid coating also allows to slow down remarkably
the permeation process, as the time-lag value of the
hybrid coated material is 53 and 90% higher than that
of pure PET at 35 and 658C, respectively. The pure or-
ganic coating without TEOS does not yield any signif-
icant variation of the time-lag value with respect to
the pure PET sample.

As a comparison, in Table V the values of perme-
ability and diffusivity of oxygen in pure PET at 238C,
as reported by Hu et al.,20 and at 358C as reported by
Polyakova et al.,21 are also listed. They refer to an
amorphous sample of PET (crystallinity ¼ 1%) and to
a semi crystalline one (39%). A good agreement with
the data reported in this work for both the permeabil-
ity and the diffusivity values is achieved.

CONCLUSIONS

PET films were coated by hybrid organic–inorganic
nanocomposites containing PEO segments linked to a
methacrylate network and prepared through a dual-
curing process (condensation of alkoxysilane groups
subsequent to photopolymerization of methacrylic
functionalities).

The surface properties of the obtained films were
investigated through XPS analyses, which evidenced
a selective enrichment of MEMO towards the outer-
most layers of the films. Contact angle measurements
with n-hexadecane were in agreement with the XPS
results.

For all the spots investigated, SEM-EDS analyses,
performed on the cross-section of the hybrid films,
showed a constant Si content, moving from the PET
surface towards the air–surface of the films.

The hybrid materials coated on PET substrates evi-
denced a significant decrease of the permeability and
of the OTR with respect to pure PET. These results
can be attributed to the presence of silica nanophases,
which determine an increase of the length of the path
of the molecules through the film. They indicate the
interest of such hybrid systems in packaging applica-
tions.
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