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In this work, we developed and optimised a synthetic route which enables to produce by spray-coating
hard, transparent and stable inorganic–organic hybrid coatings for a wide variety of different substrates
(e.g. stone, stainless steel, polymethylmethacrylate, polyethylene, wood, anodized aluminum). Chemi-
cally and thermally stable acrylate-based hybrid materials embedding the zirconium oxocluster
Zr4O2(OMc)12, OMc](CH2]C(CH3)C(O)O) were prepared and UV-cured.
The coatings of different compositions on different substrates were characterized by numerous
analytical and spectroscopic methods such as FT-IR spectroscopy, Angle Resolved-XPS (AR-XPS),
Secondary Ion Mass Spectrometry (SIMS), X-ray Absorption Spectroscopy (XAS), Environmental Scan-
ning Electron Microscopy (ESEM) and Energy Dispersive X-ray analysis (EDX). Bulk samples were also
prepared for additional characterizations. The bulk samples were analysed by FT-IR, whereas the cross-
linking degree was qualitatively evaluated by swelling experiments. As far as the mechanical properties
are concerned, the shear storage modulus (G0) and loss modulus (G00) were measured by Dynamical
Mechanical Thermal Analysis (DMTA) technique. Moreover, the best conditions for the curing and cross-
linking processes of the hybrid materials were studied up to 200 �C by using Differential Scanning
Calorimetry (DSC). The thermal stability of the hybrid samples was evaluated by Thermogravimetric
Analysis (TGA).

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Inorganic–organic hybrid materials in the form of thin or thick
layers have attracted considerable attention in recent years due to
improvements achieved in various coating properties, including
resistance to scratch, abrasion, heat stability, as well as other
mechanical properties [1–9].

The properties of hybrid materials are determined by the
chemical nature of the individual organic and inorganic compo-
nents, as well as by their interaction at the interphase. In particular,
molecular level intermixing can be achieved through the formation
of strong covalent chemical bonds among the inorganic and organic
building blocks [2,3,7].
x: þ39 049 8275161.

All rights reserved.
To this aim, the use of organically functionalised oxoclusters,
which can be grafted to the forming polymer matrix through
formation of covalent bonds, has been proven to be a suitable
approach to achieve a better control of the dispersion of the
inorganic building blocks into the organic backbone [7,8]. Several
acrylate- and methacrylate-substituted oxometallate clusters
(based on Ti, Zr, Hf, Ta, Nb, Y, Mn, mixed Ba–Ti, Ti–Hf, Zr–Ti) were
prepared by Schubert et al. [6,7,10–24] by reacting the alkoxide
with an excess of methacrylic or acrylic acid. More recently,
the preparation of oxoclusters functionalised with other groups
such as norbornene [25] or thiols [26] has also been successfully
addressed. Inorganic–organic hybrid materials have been
prepared by cross-linking suitable organic monomers (such as
styrene, methylmethacrylate, ethylacrylate, polyethyleneglycol
diacrylate etc.) with these inorganic functionalised oxoclusters
through free radical polymerisation process [2,3,6,7,11,14,18,20,
21,25–41].
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Furthermore, inorganic–organic hybrids based on nanoparticles
of zirconia covalently linked to the organic polymer network have
also been prepared by the radical polymerisation of 2-hydroxyethyl
methacrylate (HEMA) modified by Zr(OR)4 and acetylacetone. In this
case, the polymerisation was initiated by dibenzoyl peroxide and
occurred at room temperature without any heating, so that zirco-
nium ions have been proposed to catalyze the formation of radicals
[42]. Instead, in the absence of dibenzoyl peroxide as initiator, the
polymerisation occurs by a different ionic mechanism [43].

The preparation of these hybrid materials has been mainly
addressed by using thermo-activated free radical polymerisation
[7,10,14,19–21,25,28–30,32,34–40,42].

Recently, Schubert et al. [25,38,39,68] reported on the investi-
gation of the thermal and mechanical properties of inorganic–
organic hybrid materials produced by thermal-activated copoly-
merisation of zirconium oxocluster with styrene.

In this work, the UV-activated photopolymerisation was instead
adopted to photopolymerise the methacrylate-functionalised
zirconium oxocluster Zr4O2(OMc)12, OMc](CH2]C(CH3)C(O)O)
with methylmethacrylate. Experimental parameters such as the
amount of the clusters and the polymerisation conditions were
selectively changed to investigate their effect on the properties of
the hybrid materials. The general properties of the UV-cured
nanostructured hybrid acrylic coatings based on the methacrylate-
modified zirconium oxocluster were therefore checked by
analysing their morphology, composition and short-range structure
as well as their thermal and mechanical properties.

The UV curing method was chosen since it induces the polymer
formation with a fast transformation of the liquid monomer into
a solid film with tailored physico-chemical and mechanical prop-
erties. Since UV curing, in many cases, is a solvent free process, it is
usually carried out at room temperature and, due to its higher
efficiency and shorter processing times, it has a lower energy
consumption with respect to themal-driven processes, it can be
considered more environmental friendly than other curing
methods [44]. These are some of the main reasons why it began to
be widely exploited in the coatings technology [45].

In the past, we have already used photopolymerisation to
prepare inorganic–organic hybrid layers to be used as dielectric
layers and we investigated their dielectric properties [29,32,35,46].
Recently we have also studied the thermomechanical properties of
coatings produced by copolymerisation of the zirconium oxocluster
Zr4O2(OMc)12 with the resin polyethyleneglycol diacrylate [41].

In the present work we present a further progress in this field. In
particular, a polymerisation procedure was set and optimised; it is
based on the spray-coating deposition and simultaneous photo-
polymerisation of a suitable formulation of monomer, cluster and
initiator on a substrate.

This method, based on simultaneous deposition and curing,
allows obtaining transparent and homogeneous layers. Moreover,
the large number of analytical methods applied to investigate the
synthesized samples permitted to elucidate the physical, chemical
and structural properties of the coatings and to assert the opti-
mised process parameters.

To investigate the mechanical properties of the materials, bulk
samples were also prepared by using the same experimental
parameters applied to prepare the coatings.

2. Experimental

2.1. Materials

The zirconium oxocluster Zr4O2(OMc)12 (Zr4) bearing twelve
methacrylic functionalities was synthesized according to the
previously reported procedure [14] starting from zirconium but-
oxide and methacrylic acid in butoxide:acid 1:7 molar ratio, as
reported in the quoted reference. Zirconium butoxide (Zr(OBu)4)
80 wt% in butanol, was purchased from Aldrich. Methacrylic acid
99%, purchased from Aldrich, was distilled under reduced pressure.
All the chemicals were stored under argon, while the solvents were
additionally stored on molecular sieves. All operations for the
synthesis of the cluster were performed under argon using stan-
dard Schlenk techniques.

IRGACURE 819 (phenyl-bis-(2,4,6-trimethylbenzoyl)phosphine
oxide), kindly gifted by Ciba Speciality Chemicals Inc. (Basel,
Switzerland) was employed as photoinitiator at 4.2 wt% concen-
tration with respect to the monomer.

2.2. Sample preparation

The used substrates were wood, anodized aluminium, stone,
stainless steel, polymethylmethacrylate, polyethylene. The hybrid
coatings were also deposited on silicon wafer (Si (100) p-type,
boron-doped) to investigate them by IR spectroscopy.

Before deposition, the substrates were cleaned and rinsed both
in detergent, doubly distilled water, and 2-propanol. This proce-
dure was repeated several times to remove organic residuals at the
surface thus favouring the best adhesion between coating and
substrate. The substrates were finally dried in air at room temper-
ature. For wood and stones, the treatment with solvent was
replaced by a thermal treatment at 120 �C for 1 h.

To prepare the deposition formulation, the zirconium oxocluster
Zr4 was dispersed in the liquid methylmethacrylate monomer in
a Zr4:MMA monomer molar ratio of 1:50, 1:100, 1:200.

Irgacure 819 photoinitiator (4.2 wt% with respect to the mono-
mer) was added to the obtained mixtures. Selected experiments
were also carried out with a half and a two-fold amounts of initiator
(i.e. 2.1 and 8.4 wt%, respectively).

The liquid formulation was spray-coated onto the different
substrates using an air-brush Paasch Model VLS. The operating
pressure was 700 mbar. The films were photopolymerised during
deposition under a UV lamp (Helios Italquarz s.r.l. 125 W, 230 V
and an emission range of 250–450 nm) for 10 min, a time opti-
mised on the basis of the time-resolved IR measurements (vide
infra). The distance between the lamp and the substrate was set to
19 cm.

Bulk samples for thermal and mechanical characterization were
also prepared by polymerisation in a cylindrical PE flask (30�
8 mm), whereas self-supporting films were yielded in a Petri glass.
The samples were photopolymerised for 1 h. Selected samples were
photopolymerised for 2 h. The UV absorption of the cylindrical PE
flask was determined by UV–vis spectra (data not shown)
evidencing no remarkable absorption of the flask in the spectral
range of emission of the lamp.

2.3. Sample characterization

The surface composition of the films was investigated by XPS.
XPS spectra were run on a Perkin-Elmer F 5600ci spectrometer
using standard Al-Ka radiation (1486.6 eV) operating at 350 W. The
working pressure was <5�10�8 Pa. The spectrometer was cali-
brated by assuming the binding energy (BE) of the Au4f7/2 line at
83.9 eV with respect to the Fermi level. The standard deviation for
the BE values was 0.15 eV. The reported BE were corrected for the
charging effects, assigning to the C1s line of carbon the BE value of
284.6 eV [47]. Survey scans (187.85 pass energy, 1 eV/step, 25 ms
per step) were obtained in the 0–1350 eV range. Detailed scans
(58.7 eV pass energy, 0.1 eV/step, 100 ms per step) were recorded
for the O1s, C1s, Zr3p, Zr3d regions. The atomic composition was
evaluated after a Shirley type background subtraction [48], using
sensitivity factors supplied by Perkin–Elmer [49]. Charge effects
were partially compensated by using a charge neutralizer (flood
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gun). The assignments of the peaks were carried out by using the
values reported in Refs. [47,49–52].

In order to analyse the in-depth composition of selected film
samples and to check the in-depth distribution of the zirconium
oxocluster in the polymer matrix, AR-XPS measurements (carried
out at different take-off angles, i.e. 30�, 45� and 60� with respect to
the analyser) and SIMS analyses were performed.

SIMS measurements were carried out on selected film samples
by means of an IMS 4f mass spectrometer (Cameca, Padova, Italy)
using a 10 kV Csþ primary beam and by negative secondary ion
detection (the sample potential was fixed at �4.5 kV) with a final
impact energy of 14.5 keV. The SIMS spectra were carried out in
Ultra High Vacuum conditions at a primary beam intensity equal to
70 nA and rastering over a nominally 125�125 mm2 area. Beam
blanking mode was used to improve the depth resolution, inter-
rupting the sputtering process during magnet stabilization periods.
The charge build-up occurring in insulating samples during the in-
depth profiling was compensated by an electron gun without any
need to cover the surface with a metal film. The erosion speed was
evaluated by measuring the depth of the erosion crater at the end of
each analysis by means of a Tencor Alpha Step profilometer with
a maximum uncertainty of few nanometers. The dependence of the
erosion speed on the matrix composition was taken into account
for each sample by recording various spectra at different depths in
each sample.

As far as the polymerisation kinetics of the coatings are con-
cerned, FT-IR spectroscopy was exploited: the IR spectra were
acquired with a Nexus 870 FTIR spectrometer (Nicolet) in the range
from 400 to 4000 cm�1, with a resolution of 4 cm�1, by averaging
64 scans.

XAS measurements were performed on the coating samples at
the GILDA beam line (BM08) of the European Synchrotron Radia-
tion Facility (ESRF) in Grenoble, France. XAS measurements were
performed at the Zirconium K-edge (17.998 keV); the absorption
spectra were collected in the fluorescence mode using a dynami-
cally sagitally focusing Si(311) monochromator and a 13-elements
hyperpure Ge detector. Digital electronics were used to read out the
fluorescence detector. To avoid mistakes in the XANES region due to
small changes in the energy calibration between two measure-
ments, all spectra were corrected to the edge position of a zirco-
nium foil, which was measured parallel to the samples between the
second and third ionisation chambers. Several spectra were aver-
aged to achieve a better signal to noise ratio. The data analysis was
carried out using the procedure reported [53–56], in particular by
choosing the Hanning window function of DR¼ 2.6 Å (1.2–3.8 Å)
and carrying out the data analysis in k-space (Dk¼ 12 Å�1) on
Fourier filtered data to remove noise and multiple scattering
contributions. The filtered range was chosen according to the range
of significant data and it is given in Table 2 together with the results
of the fitting procedure. According to the used data range, the
number of independent points is Nind¼ (2DkDR/p)¼ 19 in all
spectra. The maximum number of adjusted parameters was 13;
therefore a high degree of overdetermacy could be achieved. It
gives the ratio of the number of independent points to the number
of actually fitted parameters. Adjustment of the common theoret-
ical EXAFS expression was carried out according to the curved wave
formalism of the EXCURV98 program with XALPHA phase and
amplitude functions [56]. The mean free path of the scattered
electrons was calculated from the imaginary part of the potential
(VPI set to �4.00 eV). Since XALPHA phases and amplitudes were
used, an amplitude reduction factor S2

0 was necessary to account for
inelastic processes [57]. It was determined experimentally for
monoclinic ZrO2 to be 0.8� 0.1 by setting the coordination
numbers to the crystallographic values. Therefore S2

0 ¼ 0:8 was
used for all samples although this assumption introduces the rather
large uncertainties in the coordination numbers and Debye–Waller
like factors s. An inner potential correction Ef was introduced when
fitting experimental data with theoretical models that accounts for
an overall phase shift between the experimental and calculated
spectra. Finally the quality of fit is given in terms of the well known
R-factor according to the literature Ref. [58].

In order to investigate the thermal stability of the bulk hybrid
samples, thermal analyses were performed using a Labsys Setaram
instrument. For TGA-HT/DSC, a DSC platinum probe was attached
to the balance to perform simultaneous TGA (thermogravimetry)
and DSC (Differential Scanning Calorimeter) analysis of the same
sample. TG and HT-DSC were recorded in the range 20–1000 �C
both in air and helium flow (100 ml min�1) with a heating rate of
10 �C min�1.

Moreover, Dynamical Mechanical Thermal Analysis (DMTA) was
performed on the bulk samples in shear mode on cured prism
having planar and parallel faces with an area of 12 mm2 and
3.5 mm thick. Two subsequent scans were run up to 200 �C, with
a heating rate of 10 �C min�1. Shear storage (G0) and loss (G00)
modulus were measured by using a Seiko DMS 6100 instrument
(Polymer Laboratories) at a frequency of 1 Hz, with a displacement
0.005 mm along the diameter direction. The values of Tg were read
off as the temperatures of the peak of loss modulus.

In this study, the swelling behaviour of the bulk hybrid polymers
was investigated by leaving carefully weighted normalized samples
of polymers in ethylacetate and water for 3 and 30 days. Then the
percentage weight increase of all the samples was determined and
the swelling index (Isw) could be calculated according to [9,59]:

Isw ¼ ðwet weight� dry weightÞ=dry weight

The degrees of swelling as a function of the increasing ratio
monomer/cluster are reported in Table 4.

Finally the morphology of the coatings was explored by ESEM
(Environmental Scanning Electron Microscopy) (Philips XL30
ESEM-TMP).

The Energy Dispersive X-ray Spectra (EDXS) were acquired
through the FALCON X-ray detector for preparing chemical
composition maps of selected regions of the samples.

UV spectra were acquired on bulk samples by using a Cary 5000
spectrophotometer, in the spectral range 200–500 nm, with
a bandwidth of 1 nm and an acquisition time of 0.1 s/step. Nano-
indentation was used to determine the mechanical properties of
the films using a Nanotest 600 instrument from Micromaterials Ltd
with a Berkovich (three-sided pyramidal) diamond indenter. The
indentations were performed at maximum load of 3 mN and
repeated 10 times on different regions of the sample surface apart
200 mm. The hardness and the elastic recovery of the coatings were
determined from the obtained indentation curves as previously
described [60].
3. Results and discussion

3.1. Optimisation of the curing time

In order to optimise the time for UV curing of the hybrid coat-
ings, the kinetics of the photopolymerisation in the films was
determined by FT-IR spectroscopy. The liquid formulations were
coated onto a silicon (100) wafer and the polymerisation process
was monitored by recording the intensity variation of the C]C
band at 1640 cm�1, with respect to the C]O band (1725 cm�1)
adopted as internal standard (data not shown). In particular, the
ratios of the areas of the two bands should decrease upon poly-
merisation, since C]C bond are consumed, whereas the C]O
remain unchanged. After each curing steps of 5, 10 and 20 min a FT-
IR spectrum was recorded as shown in Fig. 1. The ratio of the peak
areas was plotted as a function of time and it was evidenced that for
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Fig. 1. Normalised IR spectra of Zr4:MMA 1:100 after 5, 10 and 20 min of
photopolymerisation.
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two samples, characterised by Zr4:MMA molar ratios of 1:50
and 1:100, respectively, a 10 min curing is sufficient to obtain
completely polymerised films (strong decrease of C]C bands,
which are consumed upon polymerisation). On the basis of these
results, the curing time was set at 10 min. Similar results had
already been obtained in the case of the copolymerisation of the Zr
oxocluster with the methacrylate-functionalised silane [61].

3.2. Surface and in-depth composition of the coatings

The surface composition of two selected film samples (Zr4:MMA
1:100 photoinitiator 4.2 wt%, Zr4:MMA 1:100 photoinitiator
8.4 wt%) was analysed by XPS providing information also on the
oxidation state and chemical environment of the species. In the
survey of the sample Zr4:MMA 1:100 deposited on poly-
methylmethacrylate (data not shown), all the species of interest
(Zr, O, C) could be detected.

XPS analysis was carried out on different points of the surface of
the coating deposited on PMMA and by using different take-off
angles (30�, 45� and 60�) to evaluate the lateral and in-depth
composition of the samples, at least in the first layers beneath the
surface. In this framework, the use of AR-XPS to analyse different
depths of the coating was mandatory. In fact, in the case of poly-
meric-based coatings, ion sputtering can not be applied for in-depth
profiling, since it would cause degradation of the organic backbone.

In Table 1, the atomic percentages of the samples Zr4:MMA
1:100 deposited on PMMA taken at two different points and with
Table 1
Atomic percentages and BE values of sample Zr4:MMA 1:100 on poly-
methylmethacrylate as determined by XPS

Sample Composition %O %Zr %C BE Zr3d
(eV)

BE O1s
(eV)

Zr4_point A Zr4:MMA 1:100,
Init. 4.2 wt% point A

22.1 0.8 77.1 182.8 532.6

Zr4_point B Zr4:MMA 1:100,
Init. 4.2 wt%, point B

25.5 0.7 73.8 183.0 532.2

Zr4_angle 45� Zr4:MMA 1:100,
Init. 4.2 wt%, AR¼ 45�

22.5 2.3 75.2 182.7 532.2

Zr4_angle 60� Zr4:MMA 1:100,
Init. 4.2 wt%, AR¼ 60�

22.1 2.5 75.4 182.6 532.2

Zr4_angle 30� Zr4:MMA 1:100,
Init. 4.2 wt%, AR¼ 30�

21.4 2.2 76.4 183.2 532.4

Zr4_point_A Zr4:MMA 1:100,
Init. 8.4 wt%, point A

25.4 1.9 72.7 183.0 532.0

Zr4_point_A0 Zr4 MMA 1:100,
Init. 8.4 wt%, point A0

(after X-rays irradiation)

25.4 1.8 72.8 183.6 533.2
different take-off angles are reported, which show similar atomic
percentages for different analysed points, thus evidencing a good
lateral and vertical compositional homogeneity.

As far as the chemical state of the species is concerned, the
binding energies (BE) of the oxygen O1s region, once corrected for
charging effects, are in the range 530.9–531.3 eV, values typical of
oxygen in polyacrylates [51,52]. The BE of Zr3d region ranges in the
interval 182.6–183.0 eV, which are values typical of zirconium in an
oxidic environment. This is reasonable since the zirconium in the
cluster is surrounded by the oxygen bonds of the Zr–O–Zr bridges
and by the oxygen of the chelating and bridging carboxylates. The
binding energy values of the species in the hybrid polymers are
comparable with those measured for the pure cluster, but this can
not be assumed as a proof that the cluster structure was retained,
since XPS only provides information on chemical state (e.g.
oxidation state) and on the environment of an atom, as well as on
the chemical nature (e.g. electronegativity, etc.) of its first neigh-
bours. At this regard, as described in the following, EXAFS is
providing more information.

In order to check for degradation of the polymer matrix possibly
induced by X-ray irradiation [47], the samples were analysed twice
under the same conditions but with a delay time of 60 min. The two
C1s spectra acquired immediately and after 60 min (data not
shown) are practically identical.

Furthermore also the atomic percentages of the elements are
identical before and after X-ray irradiation (see Table 1) and the C1s
region does not show any broadening or further component with
respect to the sample analysed before irradiation, which would
suggest the presence of different chemical environments caused by
the degradation of the organic polymer. These findings were also
confirmed by IR spectra (data not shown).

As it can be seen, as mentioned above, the detected atomic
percentages are very similar on two different points spaced by
about 2 cm of the surface, thus indicating a good lateral homoge-
neity of the samples. Also the atomic percentages recorded at
different depths are very similar, thus indicating that the zirconium
oxocluster is evenly distributed along the layer. This latter finding
was confirmed by SIMS analyses (vide infra), which were carried
out on two different samples, Zr4:MMA 1:100 and Zr4:MMA 1:50
deposited on PMMA.

3.3. Surface morphology and coating thickness

The films are homogeneous, transparent and well adherent to
the substrate, despite of the nature of the underlying material, the
only exception being the depositions on aluminum. Nano-
indentation tests were carried out on the coatings on different
substrates (data not shown) to study their surface mechanical
properties. In particular, in order to get a more representative view,
10 different analyses on 10 different points spaced about 200 mm
were performed at a maximum load of 3 mN.

By plotting the different curves load vs. displacement acquired
for each sample (data not shown), a good overlapping of the
different experimental curves was evidenced, thus showing iden-
tical mechanical properties at different points of the analysed
surfaces. This holds for all substrates, except than for aluminum, for
which the poorer result can be traced back to the very scarce
adhesion between the aluminum substrate and the polymer-based
coating. Conversely, the best overlap (i.e. the most uniform
mechanical properties) were achieved for the coatings deposited
on polymethylmethacrylate that show the higher hardness and
elastic recovery values (0.43� 0.04 GPa and 20% respectively). In
this case, the identical chemical nature of substrate was proven to
play a pivotal role in enhancing the lateral homogeneity of the
coatings. Analogously, the presence of the zirconium oxocluster,
increasing the cross-linking of the polymer, was also strongly
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contributing to the uniformity of the coatings. Similar coatings
prepared without cluster were in fact characterised by very poor
homogeneity and scarce adhesion. On the contrary, the relative
amounts of cluster and of the photoinitiator were not proved to
remarkably influence the quality of the coatings.

Furthermore, the coatings are stable and still adherent also after
several weeks. As far as the adhesion is concerned, previous
experiments carried out on similar samples, have shown that the
best results, in terms of adhesion to the substrate, evaluated by
home-made pull-off tests, were obtained in the case of the higher
compatibility between substrate and film, i.e. in the case of poly-
ethylene and PMMA as substrates, in agreement with nano-
indentation data.

The film thickness was determined by considering the Zr signal
(thickness at full width at half maximum). The error in the thick-
ness determination is strongly influenced by the surface roughness.
In the produced films, the thicknesses range from 2 to 10 mm
according to the deposition parameters. The coatings obtained with
a ratio 1:100 show a uniform distribution of Zr across the film
deposited on both the PMMA substrate and the stainless steel, as
shown in Fig. 2. The interface film–substrate is quite sharp (close to
200 nm thick) for the film deposited on PMMA substrate. This
finding is mainly due to the different surface roughness of these
two substrates. Moreover a carbon segregation peak could be
observed in the PMMA substrate, while in the stainless steel one it
is not detectable.

The coating with 1:50 ratio deposited on PMMA substrate,
instead, shows a strong variation in the element distribution with
a broadened interface (the film roughness is close to 1–1.5 mm
depending on the analysed point).

As already discussed above, regardless of the substrate on which
they were deposited, the obtained coatings are homogeneous and
transparent. This was also confirmed by the optical microscopy
investigations. To get a better insight on the surface morphology of
the hybrid samples, Zr4:MMA 1:100 deposited on poly-
methylmethacrylate, aluminium and stainless steel, respectively,
they were investigated by ESEM. In the ESEM of sample Zr4:MMA
1:100 on aluminium (data not shown), the surface appears
homogeneous and crack-free on the 20 mm lateral scale. However,
fractures appear on a larger scale, which can be ascribed to a
shrinkage of the hybrid during UV curing, which in turn decreases
the adhesion of the coating to the underlying substrate.

As discussed in the following Section 3.5, the oxocluster induces
a shrinkage of the polymer matrix and a slight greater glassy
behaviour, which leads to cracks formation.
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3.4. X-ray absorption spectroscopy

Since the properties of hybrid materials depend also on the
interaction at the interphase and, in particular, on molecular level
intermixing through the formation of strong chemical bonds
among the inorganic and organic building blocks, the analysis of
the local environment of Zr and the determination of the actual
bond lengths are extremely useful in order to understand the
process mechanisms and to determine the optimized preparation
conditions. To this aim, in order to investigate the chemical envi-
ronment around the zirconium ions, the chemical bond lengths,
and to study the effect of thermal treatments and swelling in water
on the prepared coatings, seven bulk samples, listed in Table 2,
were analysed by X-ray absorption spectroscopy (XAS), yielding
coordination numbers and bond distances.

Fig. 3 shows the XANES spectra of bulk samples of Zr4 in poly-
methylmethacrylate matrix 1:50 produced by 4.2 wt% photo-
initiator, after thermal treatment in the range 100–250 �C, and after
swelling in H2O. For comparison the spectra of Zr4:MMA 1:100
without post-treatment is also shown.

Rather subtle features of the absorption edges are more signif-
icant in the derivative spectra, which are also shown. All samples
show a shoulder in the XANES region before the edge jump
(marked with an oval in Fig. 3, bottom left), which is indicative of
a distortion from centrosymmetry [62]. This shoulder is also
significant in the derivative spectra, and its corresponding feature is
enlarged in Fig. 3 (bottom right). Since the intensity of this feature
is comparable for all samples, their degree of distortion should be
also quite similar.

The shape of the first resonance after the edge jump (white line)
itself can be used to distinguish different coordination geometries
at the zirconium center. Octahedral coordination sites show
a splitting of the white line (s / p-transition), while a broad single
band is observed for seven- and eight-fold coordination sites
[63,64]. According to Fig. 3, the samples can be divided into two
groups by using this criterion. In the first derivative, the splitting
becomes more pronounced with a signal at around 18.025 keV.

Four samples (Zr4:MMA 1:100 without thermal treatment,
Zr4:MMA 1:50 treated at 200 and 250 �C, and after swelling in
water) show an obvious signal at 18.025 keV, from which an
average oxygen coordination number of around six can be deduced.
Nevertheless the intensity of this signal is significantly higher in the
last two samples and the geometry of the 6-fold coordination
should be different in comparison to the first two. This result is
further confirmed by the EXAFS analyses in the second part of this
Section. Since the samples Zr4:MMA 1:50 without thermal treat-
ment, and treated at 100 and 150 �C do not show such a signal at
18.025 keV, a 7- or 8-fold oxygen coordination of similar geometry
is expected in these samples.

It is noteworthy that the isosbestic points in the absorption and
derivative spectra of the Zr4:MMA 1:50 row (highlighted with
rectangles) prove that the zirconium content of the different
measured samples were the same and the observed spectral
changes are only due to a change in the coordination details of the
samples, i.e. they are not caused by changes in the zirconium
concentration. The different Zr4:MMA ratio of the Zr4:MMA 1:100
sample is therefore the reason for which it does not cross the iso-
sbestic points.

As far as the analysis of the EXAFS part of the absorption spectra
is concerned, the results of fitting the experimental spectra with
theoretical models are reported in Table 2. The according experi-
mental k3$c(k) spectra and their corresponding Fourier trans-
formed functions are shown in Fig. 4.

All samples show an oxidic nearest neighbour coordination, in
agreement with the XPS results. As it can be seen from the table, the
obtained total oxygen coordination numbers agree very well with



Table 2
Numeric results from fitting the experimental EXAFS spectra with theoretical models

Sample Abs–Bsa Nb (Bs) Rc (Å) sd (Å) R-factor Ef (eV)

Zr4O2(OMc)12 (XRD) Zr–O 4.5 2.14
Zr–O 3.0 2.23
Zr–Zr 2.5 3.59

Zr4:MMA 1:100 Zr–O 4.9� 0.3 2.09� 0.02 0.067� 0.004 17.22 9.22
Zr–O 1.7� 0.1 2.23� 0.02 0.032� 0.002
Zr–C 4.9� 1.0 2.80� 0.03 0.112� 0.022
Zr–Zr 1.1� 0.2 3.33� 0.03 0.102� 0.020

Zr4:MMA 1:50 Zr–O 1.5� 0.1 2.07� 0.02 0.059� 0.003 21.18 8.97
Zr–O 5.9� 0.3 2.19� 0.02 0.092� 0.005
Zr–C 4.4� 0.9 2.79� 0.03 0.112� 0.022

Zr4:MMA 1:50 100 �C Zr–O 1.2� 0.1 2.05� 0.02 0.055� 0.003 17.88 7.85
Zr–O 6.2� 0.3 2.19� 0.02 0.087� 0.005
Zr–C 3.0� 0.6 2.81� 0.03 0.112� 0.022
Zr–Zr 0.2� 0.0 3.50� 0.04 0.022� 0.004

Zr4:MMA 1:50 150 �C Zr–O 1.6� 0.1 2.07� 0.02 0.055� 0.003 29.96 7.25
Zr–O 5.6� 0.3 2.20� 0.02 0.087� 0.005
Zr–C 2.7� 0.6 2.80� 0.03 0.112� 0.022
Zr–Zr 0.2� 0.0 3.51� 0.04 0.022� 0.004

Zr4:MMA 1:50 200 �C Zr–O 2.9� 0.1 2.05� 0.02 0.032� 0.002 24.25 9.48
Zr–O 3.5� 0.2 2.20� 0.02 0.032� 0.002
Zr–C 4.3� 0.9 2.78� 0.03 0.097� 0.020
Zr–Zr 0.2� 0.0 3.52� 0.04 0.059� 0.012

Zr4:MMA 1:50 250 �C Zr–O 5.9� 0.3 2.10� 0.02 0.081� 0.004 13.35 8.60
Zr–C 5.1� 1.0 2.72� 0.03 0.112� 0.022
Zr–Zr 0.6� 0.1 3.34� 0.04 0.063� 0.013

Zr4:MMA 1:50 after swelling Zr–O 6.5� 0.3 2.08� 0.02 0.087� 0.005 16.16 13.15
Zr–C 6.8� 1.4 2.69� 0.03 0.112� 0.022
Zr–Zr 0.6� 0.1 3.32� 0.04 0.112� 0.022

a Abs¼X-ray absorbing atom, Bs¼ backscatterer.
b Coordination number.
c Interatomic distance Abs–Bs.
d Debye–Waller like factor.

Fig. 3. X-ray absorption spectra (left) of samples Zr4:MMA 1:100 without thermal treatment (solid line), Zr4:MMA 1:50 without thermal treatment (dotted line), Zr4:MMA 1:50
with thermal treatment at 100 �C (short dashed line), at 150 �C (double dotted dashed line), at 200 �C (long dashed line), at 250 �C (dotted dashed line) and without thermal
treatment with swelling in water (medium dashed line). The differential spectra are shown on the right. On top the spectra were shifted on the ordinate for better individual
representation. Marked areas and enlarged features are explained in the text.
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Fig. 4. Fourier filtered k3$c(k) functions (top) of samples Zr4:MMA 1:100 without
thermal treatment (solid line), Zr4:MMA 1:50 without thermal treatment (dotted line),
Zr4:MMA 1:50 with thermal treatment at 100 �C (short dashed line), at 150 �C (double
dotted dashed line), at 200 �C (long dashed line), at 250 �C (dotted dashed line) and
without thermal treatment with swelling in water (medium dashed line) and their
corresponding back transformed functions (bottom). For clarity, the spectra were
shifted on the ordinate.
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the results from the XANES analysis. Nevertheless, the number of
subshells, and the distribution of atoms in these shells suggest
a fine sub-division of the samples characterised into three groups.
As a matter of fact, the samples Zr4:MMA 1:50 without thermal
treatment, and the same sample treated at 100 and 150 �C show
two separate oxygen shells of average 1.4 and 5.9 atoms at
a distance of around 2.06 and 2.19 Å, thus leading to a total Zr–O
coordination number of around 7.3. This means that the chemical
environment and the structure of the inorganic building block,
present in the starting material, is retained also after annealing up
to 150 �C. In contrast, thermal treatment at higher temperature
(>150 �C) induces some change: after treatment at 200 �C, in fact,
still two oxygen shells can be found in the samples Zr4:MMA 1:50,
although the oxygen coordination number is reduced to 6.5. A
similar chemical environment was also detected for Zr4:MMA
1:100 without thermal treatment, although the distribution of
these atoms over the two shells is different for both samples. The
third group includes the sample Zr4:MMA 1:50 after treatment at
250 �C and after swelling. Although the total oxygen coordination
number is similar to Zr4:MMA 1:50 treated at 200 �C, which is in
accordance to the XANES interpretation, only one oxygen shell with
5.9 and 6.5 atoms, respectively, could be adjusted. This can be
ascribed to a further degradation of the initial structure of the
inorganic building block upon these harsh handlings.

An overview of all the shells and the contained number of atoms
is given in Fig. 5 top, while in the bottom of this figure, the total
number of oxygen backscatterers is correlated to the white line
shape. The results agree well with data previously reported in
literature [63,64]. The changes in the oxygen shell induced by
increasing temperature and also after the swelling in water indicate
a rearrangement process of the ligands and a change in the aggre-
gation degree, which will be considered in the following discussion
of the zirconium shells. Since the sample Zr4:MMA 1:100 without
thermal treatment is the only one with this particular cluster to
monomer ratio, it will be discussed first.

Although the metal concentration in Zr4:MMA 1:100 is less than
that in the other samples, it shows the highest aggregation degree
of the metal centers, since approximately one Zr neighbour is
found, which can be interpreted by the presence of dimers. Also, it
is only this sample, for which a remaining structural relation to the
initial Zr4-cluster can be observed by comparison with the XRD-
data of the crystalline cluster in Table 2 [14]. But the significantly
reduced coordination numbers indicate a large degree of degra-
dation of the Zr4-cluster. This is supported by the reduced distances
in the first oxygen and zirconium shell, which are enabled by an
overall reduction of the coordinating atoms.

In contrast, the sample Zr4:MMA 1:50, for which twice the Zr4
concentration of Zr4:MMA 1:100 was used, shows no Zr–Zr
neighbours at all. Despite the increased metal content, no dimeric
but only monomeric zirconium centers can thus be found, which
exhibit also a completely different oxygen coordination than the
dimers in Zr4:MMA 1:100. It can be therefore concluded that the
cluster to monomer ratio is strongly affecting the formed structures.

In summary the XANES and EXAFS analyses show that, in the
experimental conditions used, the cluster undergoes a certain degree
of degradation, which can be possibly ascribed to the nonanaerobic
conditions used during photopolymerisation/deposition of the layers.

The effect of temperature on the structure of the inorganic
building blocks inside the materials, already evidenced by XANES
results, can be further specified by EXAFS data analysis. With
increasing temperature a maximum of 20% dimers can be deduced
from the Zr–Zr coordination number of 0.2. The distance of the
zirconium shell is 0.2 Å larger than for Zr4:MMA 1:100, which can
be assigned to a reapproachment of the zirconium centers, which
were probably taken separated by the decomposition of the Zr4-
cluster during polymerisation. At 200 �C significant changes in the
oxygen shells can also be observed in the Fourier transformation,
where both shells are almost equally populated, while the Zr–Zr
coordination remains constant. The onset of burning of the
hydrocarbon residues is suggested as possible explanation, since it
would allow rearrangements in the oxygen coordination. This is
supported by the results of the sample, which was treated at
250 �C. The increased Zr–Zr coordination number of 0.6, from
which a fraction of w50% dimers can be deduced, can be explained
by removal of bulky organic groups that allow the zirconia centers
to reduce their distance. Since also only a single oxygen shell is
present at this temperature, the formation of pre-ZrO2 structures
can be concluded. The same is found for the samples treated with
water. Here, hydrolysis and condensation processes can cause the
formation of pre-ZrO2 structures. The reduction of the Zr–Zr
distance is supporting this conclusion, since it can also be found for
the first Zr–Zr shell in monoclinic ZrO2 [65], as well as in zirconia–
silica xerogels with low zirconium content [66]. It should be
stressed again, however that only pre-ZrO2 structures can be
formed, since the presence of carbon excludes purely oxidic
structures. Although the increased number of carbon atoms at
higher treatment temperatures is somewhat contradictory, it
should be noted that the properties of carbon as light backscatterer,



Fig. 5. Graphical overview of the fit results (top): first oxygen shell at 2.05–2.10 Å (black bars), second oxygen shell at around 2.20 Å (light grey bars) and zirconium shell (dark grey
bars). The total oxygen coordination number of all samples compared to the white line shape in the bottom.
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limit the reliability of the obtained C-coordination numbers: the
Zr–C distances are, instead, in accordance with that found for
similar systems [64].

3.5. Thermal investigation and dynamic-mechanical investigation

Although the properties of thin polymer films are expected to be
different from those of the bulk state (the Tg value of the polymer in
form of thin film is greater or lower than the corresponding bulk
value, according to the higher or lower interfacial energy, respec-
tively), we used bulk samples (prepared by using the same formu-
lations used for the coatings) for studying the effect of oxoclusters’
incorporation.

In particular, in order to evaluate the effect of the cluster
incorporation on the thermal behaviour of the UV-photo-
polymerised materials, thermal analyses were carried out on
different bulk materials. As far as the thermal stability is concerned,
interesting information were gained by TGA. In Fig. 6 the TGA data
of neat PMMA and of three hybrid samples are plotted. Whereas
PMMA shows the main mass loss with an onset temperature of
thermal degradation at 240 �C, the thermal degradation of the
hybrid materials reinforced with the cluster is shifted of about
110 �C. Among the different hybrids, no noticeable differences were
pointed out. The residual weights are in agreement with those
calculated by assuming a complete conversion of the hybrid
materials into zirconium dioxide.

In Fig. 7 the heat flow curves vs. temperature of neat PMMA (a)
and hybrid Zr4:MMA 1:200 (b) are shown. The curve of PMMA
shows a continuous release of volatile species from 200 up to 400 �C
due to depolymerisation, which is reported to occur at 330 �C for
pristine PMMA [14,59,67,69]. The hybrid material evidences a first
mass loss (in thermal range 200–300 �C), which corresponds to
evaporation of low molecular weight species, followed by a second
larger mass loss at 385 �C, corresponding to the depolymerisation
of the organic polymeric chains. At higher temperature, about
430 �C, a third mass loss was observed and attributed to the
combustion of the remaining organic parts, which leaves only ZrO2

as inorganic residue. On account of these results, it can be stated
that the hybrid materials display a higher thermal stability with
respect to the pristine PMMA, as already reported for similar hybrid
systems prepared by thermal polymerisation [14,25,38,39].

In order to analyse the mechanical behaviour of the hybrid
samples and to compare it with that of neat PMMA, dynamic-
mechanical tests were performed on different bulk samples in the
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Fig. 7. TG and heat flow curves of neat PMMA (a) and of Zr4:MMA 1:200 (b).
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range 25–200 �C, i.e. before the beginning of depolymerisation,
reported to occur at 330 �C [67]. Actually, it was assessed that the
thermal behaviour of UV-photopolymerized PMMA-based material
depends on the preparation conditions, especially on sample
thickness and curing time.

In fact, DSC of neat PMMA in the range of 25–200 �C, (data not
shown), evidences a lower glass transiton (85 �C), followed by
a higher one at 104�1 �C. This suggests that two fractions are
present, probably due to two different photopolymerisation
kinetics, in the inner and outer parts of the bulk polymer, which can
in turn be ascribed to the different penetration depth of the UV
light in the bulk sample. Actually, UV spectra acquired on the bulk
sample show a noteworthy absorption of UV from the sample itself,
which in turn hinders a complete polymerisation of the deeper
regions. Accordingly, this phenomenon was instead not observed in
the thin films, where a complete polymerisation occurred along the
whole thickness, as also shown by IR data. As a matter of fact, bulk
pristine PMMA foams during analysis, whereas in the second scan
only the highest temperature glass transition is present, according
to the previous hypothesis. The presence of a fraction having
a lower Tg value, though less pronounced, was also observed in the
DSC curves of hybrid samples. As a consequence, to complete the
polymerisation, all the samples, before DMTA analysis, underwent
a thermal treatment at 80 �C.

In Table 3, the Tg and storage moduli before and after glass
transition of all the bulk samples are reported.

Whereas neat PMMA was degradated after the first scan, all the
hybrid bulk samples underwent repeated DMTA scans and they
show an increase in the Tg. The evidenced trend is that the storage
moduli at 30 �C of the hybrid materials are slightly greater than that
of neat PMMA, resulting to be 230 MPa. Furthermore, these values
become remarkably higher at temperatures higher than the Tg. It
should be moreover highlighted that also the high temperature
behaviour is noticeably different going from the pure viscous flow
of PMMA to the rubbery plateau of the hybrids polymers. This is
a clear indication of the cross-linking induced by the zirconium
oxocluster, which leads to a highly interconnected network after
thermal treatment. Furthermore, it has to be pointed out that the
observed improvement in the thermal stability could also be
ascribed by the role played by the cluster as inorganic filler. It has in
fact already pointed out [39] that the improvement in the thermal
stability can be ascribed both to the crosslinking of the cluster and
its effect as filler.

The cross-linking increase (C) is a key factor in order to evaluate
the effect of the oxocluster concentration as well as the homoge-
neity of their distribution. This parameter can be defined as:

C ¼ G0a
G0b � G0a

where G0b and G0a denote the storage moduli before and after the
glass transition, respectively, calculated at the same temperature
[68–70]. The G0b, G0a and C values for all the samples and after
repeated scans are reported in Table 3. It can be observed that C
increases by increasing the number of scans, whereas the correla-
tion with the oxocluster concentration is not really clear. Indeed, C
shows the highest values for Zr4:MMA 1:100.

These results are also in agreement with those of the swelling
experiments in water and ethylacetate, which are reported in
Table 4.

Indeed, the derived hybrids absorb slightly more solvent than
the neat polymer after 3 days. However, taking into account the
swelling index, it was observed that this swelling index that is the
amount of retained solvent, is doubled after 30 days. Accordingly,
PMMA, being a linear polymer, is soluble in ethylacetate, whereas
the hybrids swell. This behaviour is in agreement with that
observed for similar hybrid materials produced by thermal poly-
merisation [14,29] and has been ascribed to the cross-linking
induced by the organically modified oxocluster. As a consequence
of the solvent uptake, the hybrid materials increase mass, volume
and become rubbery. Moreover, in both solvents, the Zr4:MMA
1:100 sample shows a lower swelling degree after longer times. To
explain this finding, the density could be taken into account. Indeed
this sample shows the highest value of density, higher than PMMA,
as the result of a higher cross-linking. Although in previous studies



Table 3
Tg, G0 at 30 and 140 �C, C of PMMA, Zr4:MMA 1:200, Zr4:MMA 1:100 and Zr4:MMA
1:50

Tg [�C]* G0b (30 �C)
(MPa)

G0a (140 �C)
(MPa)

C (defined
in the text)

PMMA 104.0 230 0.0012 0.00053
Zr:MMA 1:200
1 94.5 320 1.20 0.38
2 92.9 530 1.40 0.42
3 104.8 390 2.20 0.57
4 102.4 360 2.20 0.63
5 105.5 590 3.20 0.54
6 108.3 540 3.40 0.64
7 106.1 340 3.60 1.08
8 107.1 330 4.00 1.23
Zr:MMA 1:100
1 89.4 380 6.20 1.69
2 85.8 540 7.20 1.35
3 95.4 500 9.20 1.86
4 97.3 330 10.00 3.18
5 102.9 370 13.00 3.60
6 104.7 290 14.00 4.88
7 106.9 410 16.00 4.10
8 104.8 210 12.00 6.21
Zr:MMA 1:50
1 91.8 590 0.99 0.17
2 97.4 320 0.56 0.18
3 99.7 570 0.32 0.39
4 102.2 470 2.20 0.47
5 104.0 520 2.80 0.55
6 104.7 630 3.00 0.48
7 107.8 430 3.30 0.77
8 107.7 390 3.40 0.87

* The glass transition temperature (Tg) is defined as the maximum of the loss
modulus curve.

Table 4
Density of PMMA, Zr4:MMA 1:200, Zr4:MMA 1:100, Zr4:MMA 1:50 and swelling
index of the same samples, measured after 3 and 30 days

%H2O %H2O %Ethylacetate %Ethylacetate Density
[g/cm3]

3 days 30 days 3 days 30 days

PMMA 0.65 1.65 Soluble – 1.060
Zr:MMA 1:200 1.22 2.51 147 188 1.183
Zr:MMA 1:100 1.42 2.16 64 80 1.199
Zr:MMA 1:50 3.00 2.45 51 202 1.190

Fig. 8. Plot of G0 (above) and tan d (below) curves vs. temperature of all the samples.
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it has been proven that the lower the oxocluster concentration, the
lower the cross-linking is [14,29], it can in this case be assumed
that, in the presence of high concentration of oxoclusters, steric
hindrance of the clusters themselves occurs, which in turn leads to
a lower cross-linking.

The glass transition temperature (Tg) is defined as the maximum
of the loss modulus curve, and the experimental values are repor-
ted in Table 3. During the first scan, the Tg of the hybrid polymers is
lower than that of neat PMMA. Accordingly, the oxoclusters induce
a plasticizing effect because the distance among the methacrylate
polymeric chains is greater. The bulky oxocluster units force the
chains apart over their whole length, thus creating permanent
voids. The oxocluster behaves like a spacer between organic chains
into the polymer, and, consequently, the mesh of the network
increases: the chain motion starts at lower temperature. However,
when temperature increases the presence of oxoclusters avoids the
sliding of polymeric chains, thus determining a great increase of G0b
(Table 3).

In Fig. 8, the tan d vs. temperature of all the samples is reported,
where temperatures of the maxima of the curves are observed to
increase with Zr4 concentration, whereas the intensities decrease.

This is consistent with the hypothesis that the oxoclusters
hinder the segmental motions and the viscous flow of the
polymeric chains at high temperature (and in organic solvent)
(Table 3). Furthermore, the cross-linking, Tg and the maximum of
tan d, which are low after photopolymerisation, increase with the
thermal curing; which induces a higher cross-linking of the whole
structure, supported by the presence of the oxoclusters.

Meanwhile, the material gets a stable configuration, which
maximizes the density and the polymer grafting. In Fig. 9, the size
and the mass loss for each scan are reported: both decrease with
number of scans, and the slope of the curve decreases too, thus
suggesting that the material shrinks attaining a stable configura-
tion and density.
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Actually, the UV–vis absorption spectrum of one of the cylin-
drical hybrid samples (Zr4:MMA 1:100) shows a noticeable
absorption, thus evidencing that the sample itself absorbs a rele-
vant amount of the radiation, thus explaining the observed
incomplete curing. How and to which extent the oxocluster amount
affects the final properties is one of the aspect which results more
difficult to be explained. Indeed, if it was evidenced that within
a 1 mol% of oxocluster (Zr4: MMA 1:100), the main effect is the
increase of Tg and cross-linking, whereas the effect is less clear
when the amount of the oxocluster is higher than 1 mol%. It was
evidenced by Schubert et al. [68] that at higher concentration the
oxoclusters are randomly aggregated, forming clusters of clusters
ranging from about 5 to 100 nm.

Although this effect was not taken into account in this study, the
aggregation of clusters is surely present also in our samples, thus
affecting the final properties to an extent not exactly neither
experimentally evaluable.

4. Conclusions

UV-photopolymerisation (in the case of coatings carried out
during simultaneous spray-coating deposition) was successfully
applied to prepare zirconium-oxoclusters reinforced inorganic–
organic hybrid materials, both as bulk specimens and as coatings on
different substrates.

The composition of the films was analysed by XPS and SIMS,
evidencing a good lateral and vertical distribution of the zirconium
cluster in the materials. X-ray absorption spectroscopy was
successfully applied to elucidate the local structure around the
zirconium centers. A combination of XANES and EXAFS analysis
provided a detailed picture of the oxygen and zirconium coordi-
nation, by which the effect of different post-synthesis treatments
could be identified.

The thermal and mechanical behaviour of the bulk hybrid
samples with respect to neat PMMA was elucidated by the results of
Dynamical Mechanical Thermal Analysis. Indeed, the hybrid
samples behave as a cross-linked polymer, showing a quite
remarkable value of storage modulus after glass transition, which
allows the specimens to retain their shape, whereas the neat
polymer flows during glass transition. The cross-linking degree
increases with thermal treatments. However, due to the presence
of the oxocluster, the complete and homogeneous polymerisation
could not be completely attained and this can affect the results and
the recorded values of Tg. The oxocluster restrains the movement of
the polymeric chains and extends the distance among adjacent
polymeric chains. As a consequence, the free volume of the hybrid
samples is higher than that of the neat polymer, regardless of the
oxocluster content. On the contrary, the highest increase of cross-
linking (calculated as the ratio between the difference of storage
modulus before and after Tg and the storage modulus before Tg) was
shown from the sample having a medium oxocluster content.

The thermal cycling affords materials which are highly reliable
from a thermal point of view, and which retain their features
without any further shape and mass loss. According to these results,
it can be concluded that the oxocluster noticeably improves the
thermal properties of the polymer, backbone which retains trans-
parencies, shape and size after glass transition temperature up to
300 �C.

Furthermore, for the hybrid materials, a gradual improvement of
the mechanical properties was observed with increasing number of
scans, which can be ascribed to an increasing curing of the polymer.
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