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Abstract

In this work we successfully prepared sol–gel derived organic–inorganic hybrids by the incorporation of poly(2-hydroxyethyl methacrylate)
and 3-methacryloxypropyltrimethoxysilane into a silica matrix. The obtained samples were examined by Fourier transform infrared spectroscopy
(FTIR), thermogravimetry (TG), differential scanning calorimetry (DSC), Nitrogen adsorption tests, and Vickers microhardness measurements.
The incorporation of PHEMA and P(HEMA-co-MPS) into silica gave rise to samples with smaller specific surface areas and pore volumes when
compared to pure silica. It was observed that materials prepared with polymer additions above 40 wt% were virtually non-porous. These findings
may be related to the blockage of silica pores by polymer chains in the hybrid materials. It seems that the initial addition of either PHEMA or P
(HEMA-co-MPS) to silica caused a partial filling of its pore structure, leading to an increase of its microhardness. On the other hand, when these
polymers are incorporated at concentrations above 20 wt% it may occur a partial rupture of the silica framework, which decreases the
microhardness of the processed materials. In addition, the increase of the polymer loading led to large polymer domains in the prepared samples.
However, this behavior was less pronounced for hybrids modified with MPS.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Organic–inorganic hybrid materials have received great atten-
tion over the past years due to their outstanding properties, which
arise from the synergy between their organic and inorganic
components [1,2]. The possibility of incorporating the chemical
functionality of an organic component into a thermally and
mechanically reliable inorganic framework is of interest in many
fields [3]. The sol–gel process stands out among the synthesis
techniques generally used in the preparation of these materials.
This chemical route enables to obtain hybrid materials with
10.1016/j.ceramint.2015.10.145
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tailored properties, including composition, surface chemistry, and
pore structure [4]. Another convenient feature of this technology
is related to the fact that sol–gel samples can be obtained as bulks,
thin films or powders [5].
Silica-based organic–inorganic hybrids have been widely

used in a range of applications, including catalysis [6–8],
membranes [9–11], water treatment [12–14], and sensing [15–
17]. A variety of polymers have been used for obtaining these
materials, i.e. polyetherimide [18], polyurea [19], polymethyl-
siloxane [20], poly(tetramethylene oxide) [21], and poly(2-
hydroxyethyl methacrylate) (PHEMA) [22]. PHEMA is an
attractive choice because it exhibits a significant solubility in
water-alcohol mixtures commonly used in the sol–gel process.
In addition, PHEMA shows a significant biocompatibility
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[23–25]. Although several works deal with the use of PHEMA
for preparing silica-based hybrids, they rarely compare the
properties of materials obtained with and without the addition
of bonding agents. It is well established that the use of bonding
agents may inhibit the macrophase separation in hybrid
materials [26,27].

In this work we prepared sol–gel derived silica-PHEMA
hybrids. 3-methacryloxypropyltrimethoxysilane (MPS) was even-
tually used as bonding agent, which gave rise to silica-P(HEMA-
co-MPS) hybrids. The obtained samples were examined by
Fourier transform infrared spectroscopy (FTIR), thermogravime-
try (TG), differential scanning calorimetry (DSC), Nitrogen
adsorption tests, and Vickers microhardness measurements. On
the basis of the findings obtained in this study, we discuss the
effect of PHEMA and P(HEMA-co-MPS) on the properties of the
prepared organic–inorganic hybrids.

2. Experimental

2.1. Synthesis

PHEMA was obtained as follows. First, 2-hydroxyethyl
methacrylate (HEMA – Polysciences – 99% – MW¼200,000)
was dissolved at room temperature and under N2 flow in a
mixture of ethanol (EtOH – Merck – 99.8%) and 2,20-azobis
(isobutyronitrile) (AIBN – Polysciences – 98%). The concen-
tration of HEMA in the as-prepared solution was adjusted to
20 wt%, whereas the AIBN loading was kept at 0.5 wt% of the
HEMA amount. Subsequently, this solution was heated at
70 1C for 6 h. The obtained PHEMA solution was then
allowed to cool down to room temperature. Silica-PHEMA
hybrids were prepared by adding tetramethyl orthosilicate
(TMOS – Aldrich – 98%), deionized water, and EtOH to the
as-prepared PHEMA solution. The TMOS: PHEMA molar
ratio ranged from 50 to 1, which gave rise to samples with
PHEMA loadings from 5 to 93 wt%. The TMOS: water mass
ratio was kept at 2, which corresponds to a TMOS: water
molar ratio of about 0.24. After gelation the obtained solutions
were aged in air at room temperature for 4 days, and at 50 and
65 1C for additional 30 and 20 h, respectively. Next, they were
dried in air at 80 1C for 30 h.

PHEMA was also copolymerized with MPS (Polysciences –
99% – MW¼248) and the obtained copolymer was denoted as
P(HEMA-co-MPS). This copolymer was obtained by a proce-
dure slightly different from that used for preparing PHEMA.
Briefly, HEMA and MPS were dissolved at room temperature
and under N2 flow in a solution of EtOH, AIBN, and TMOS.
The MPS loading was kept at 20 wt% of the PHEMA
concentration. When this methodology is compared to that
used for preparing PHEMA, about 50 vol% of EtOH was
replaced by TMOS. This strategy was used in order to inhibit
the premature hydrolysis of MPS when in contact with EtOH.
Next, the as-prepared solution was heated at 70 1C for 6 h and
then allowed to cool down to room temperature. Silica-P
(HEMA-co-MPS) hybrids were prepared by adding TMOS
and H2O to the as-obtained P(HEMA-co-MPS) solution. EtOH
was subsequently added in amounts sufficient to promote the
dissolution of the reactants. The processed samples were then
aged and dried using procedure similar to that used for the
silica-PHEMA hybrids. Fig. 1 depicts the methodology used
for the preparation of hybrid materials in this work. SiO2-
PHEMA and SiO2-P(HEMA-co-MPS) hybrids were denoted
as SP and SPM, respectively.
A fraction of the obtained samples was subsequently heat

treated at 450 1C for 1 h for further examination. This step was
performed using a Lindberg Blue furnace at a heating rate of
10 1C min�1. The heat treated silica, SiO2-PHEMA, and SiO2-
P(HEMA-co-MPS) samples were denoted as HT-silica, HT-
SP, and HT-SPM, respectively.

2.2. Characterization

FTIR (Fourier transform infrared spectroscopy) was per-
formed using a PERKIN-ELMER Spectrum 1000 spectro-
meter. The spectra were taken from 4000 to 500 cm�1, with a
resolution of 4 cm�1 and 64 scans. Pure silica and organic–
inorganic hybrid samples were examined with a diffuse
reflectance attachment available in the spectrometer. PHEMA
and P(HEMA-co-MPS) were tested with an attenuated total
reflectance (ATR) accessory and using a zinc selenide (ZnSe)
crystal as reflection element. TG (thermogravimetry) and DSC
(differential scanning calorimetry) were conducted using
SHIMADZU TG-50 and DSC-50 apparatus, respectively.
These tests were carried out under N2 flow (20 ml min�1) at
a heating rate of 10 1C min�1. The glass transition temperature
of the prepared samples was evaluated by DSC. N2 sorption
tests were performed in a QUANTACHROME Autosorb
apparatus. Samples used in these tests were previously
degassed at 110 1C for at least 12 h under vacuum. Specific
surface areas and pore size distributions were assessed by the
BET (Brunauer–Emmett–Teller) and BJH (Barrett–Joyner–
Halenda) methods, respectively. The mean pore size (S) of
the prepared samples was evaluated by assuming a cylindrical
pore geometry and taking into account Eq. (1) [28]:

S¼ 2PV
SA

ð1Þ

where PV and SA represent the specific pore volume and
surface area, respectively. Vickers microhardness tests were
conducted with a FUTURE-TECH FM-1 apparatus using disk-
shaped samples with 1.2 cm in diameter and 2.5 cm thick.

3. Results and discussion

Fig. 2 shows the FTIR spectra of PHEMA, P(HEMA-co-
MPS), and hybrid materials prepared in this work. The spectrum
of a pure silica sample is also exhibited for comparison purposes.
The bands at 820 and 2840 cm�1 clearly observed in the
spectrum of P(HEMA-co-MPS) are ascribed to Si–C and C–H
bonds, respectively [28,29]. The feature at 1070 cm�1 has been
related to the Si-O-C bending mode [30]. The bands at 1450 and
2945 cm�1 are associated with CH2 groups, whereas the



Fig. 2. FTIR spectra of PHEMA, P(HEMA-co-MPS), and hybrid materials
prepared in this work. The values in parentheses represent the polymer
concentration in the examined sample.

Fig. 3. FTIR spectra of SP and SPM. The values in parentheses represent the
polymer loading in the examined sample.

Fig. 1. Schematic representation of the steps used in this work for the preparation of samples.
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prominent feature at 1715 cm�1 is ascribed to C¼O bonds
present in PHEMA and P(HEMA-co-MPS) [31–33]. The features
at 806 and 1080 cm�1 observed in the spectra of pure silica and
hybrid materials are related, respectively, to the asymmetric and
symmetric stretching modes of Si–O bonds [34,35]. The features
at 960 and 1630 cm�1 are ascribed to Si–OH groups and
physisorbed water [36]. The broad band centered at about
3400 cm�1 is attributed to OH groups [37]. From Fig. 3, it can
be observed that the higher the concentration of either PHEMA or
P(HEMA-co-MPS), the more pronounced are the bands related to
CH2 groups and C¼O bonds. In addition, the increase of this
concentration decreased the feature ascribed to physisorbed water.
One also notices that no significant differences are observed
between the spectra of materials obtained using similar concen-
trations of either PHEMA or P(HEMA-co-MPS).
Fig. 4 depicts the thermograms of PHEMA, P(HEMA-co-
MPS), and hybrids obtained in this study. The mass loss at
temperatures up to 200 1C has been ascribed to the removal of
HEMA oligomers and physisorbed water [38]. The thermal
event from about 200 to 450 1C is related to the polymer
degradation and elimination of non-hydrolized CH3 groups
[39]. It can be observed that P(HEMA-co-MPS) started to
decompose at temperatures lower than PHEMA. Hybrid
materials obtained using either PHEMA or P(HEMA-co-
MPS) at concentrations up to 34 wt% exhibited TG profiles
of similar shape. Nonetheless, they showed different behaviors
when polymer concentrations as high as 84 wt% were used in
their preparation. It was also observed that the higher the
polymer concentration, the more pronounced is the mass loss
assessed in the TG tests.



Fig. 4. TG profiles of PHEMA, P(HEMA-co-MPS), and hybrid materials
obtained in this study.

Fig. 5. Glass transition temperature (Tg) as a function of the polymer
concentration for hybrids obtained in this work. The values assessed for
PHEMA and P(HEMA-co-MPS) are also shown for reference purposes. Tg was
obtained on the basis of DSC tests.

Fig. 6. N2 adsorption isotherms of pure silica, SP, and SPM.

Fig. 7. Specific surface area and mean pore size of pure silica, SP, and SPM.
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Fig. 5 exhibits the glass transition temperature (Tg) as a
function of the polymer concentration for hybrids obtained in
this study. The values assessed for PHEMA and P(HEMA-co-
MPS) are also shown for reference purposes. It can be noticed
that P(HEMA-co-MPS) showed a Tg significantly lower than
PHEMA. This behavior is associated with the existence of Si
(OCH3)3 groups in the copolymer; it is well established that
they increase the spacing between adjacent polymer chains and
inhibit the formation of interchain hydrogen bonds [40]. This
scenario increases the mobility of the polymer chains and leads
to the decrease of Tg [41]. According to Hajji et al. [42], the
pendant hydroxyl groups of PHEMA favor the presence of
hydrogen bonds between adjacent polymer chains.
We noticed that the incorporation of either PHEMA or P
(HEMA-co-MPS) into the silica framework gave rise to
hybrids with Tgs (glass transition temperatures) higher than
the polymers used in their preparation. This behavior is related
to the inhibition of the mobility of polymer chains by the silica
matrix, leading to the increase of Tg [43]. The significant
difference observed for the Tgs of SP and SPM is associated
with the distinct methodologies used for preparing these
materials, which could lead to the macrophase separation in
these systems. It has been reported that this segregation can be
controlled by changing the synthesis conditions [26,27,38].
Fig. 6 displays the N2 adsorption isotherms of pure silica,

SP, and SPM, whereas Fig. 7 shows their specific surface area
and mean pore size. It was noticed that the hysteresis loop
ascribed to the capillary condensation of N2 in mesopores was
more pronounced in hybrid materials than in pure silica. In
addition, this hysteresis loop was more prominent for SP when
compared to SPM, and became wider when the polymer
loading was increased. An open hysteresis loop was observed
for hybrids obtained using polymer loadings as high as
34 wt%. This finding could be associated with the entrapment
of N2 molecules into the hybrid pores, which leads to the
observed difference between the adsorption and desorption



Fig. 9. Specific surface area and mean pore size of as-prepared and heat-
treated samples. Solid and open symbols are associated with samples in the as-
prepared and heat treated conditions, respectively.
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branches [44,45]. We observed that the increase of the polymer
concentration led to materials with smaller specific surface
areas. On the other hand, the mean pore size of the prepared
samples increased with increasing the concentration of
PHEMA or P(HEMA-co-MPS). This behavior is related to
the blockage of pores in the silica network by these polymers.
It was observed that hybrids with polymer additions above
40 wt% are virtually non-porous. Fig. 8 exhibits the pore size
distribution of silica, SP, and SPM. We observed that silica
showed a significant presence of pores with sizes about 2 nm.
However, this behavior was not noticed for SP and SPM.
Again, this observation is associated with the blockage of silica
pores by polymer chains.

It is well established that in the sol–gel process the
hydrolysis and condensation of alkoxides give rise to a
colloidal suspension where nanoparticles are dispersed in a
liquid medium. These primary particles subsequently agglom-
erate and cross-link each other, leading to a three-dimensional
inorganic network enclosed by a continuous liquid phase
[46,47]. For organic–inorganic hybrid systems such as those
prepared in this work, polymer chains and solvent molecules
are present in this liquid phase. The solvent molecules can be
removed from the material upon a post-synthesis treatment.
When the polymer concentration is increased, large polymer
domains may be formed in the system, which could lead in
turn to the segregation of phases. Moreover, in case the
polymer and solvent show a noticeable compatibility, large
pores may be observed in the prepared sample when the
solvent is removed from the silica matrix. Because of this
behavior the hysteresis loop observed in the N2 adsorption
isotherms became wider and the mean pore size of the obtained
materials increased when the polymer concentration was also
increased (Figs. 6 and 7). The wider hysteresis loop observed
for SP when compared to SPM suggests the existence of larger
polymer domains in the former. This hypothesis is also
supported by the larger mean pore size exhibited by materials
obtained using PHEMA instead of P(HEMA-co-MPS). As
already discussed, the use of bonding agents such as that
employed in this study (MPS) may inhibit the macrophase
separation in hybrid materials.
Fig. 8. Pore size distribution of silica, SP, and SPM. SP and SPM were
prepared using a 34 wt% polymer loading.
Fig. 9 depicts the specific surface area and mean pore size of
samples heat treated at 450 1C for 1 h. The values obtained for
as-prepared samples are also shown for comparison purposes.
We observed that the heat treatment of polymer-containing
materials led to samples with larger surface areas and smaller
pore sizes. This behavior is related to the removal of polymer
chains from silica pores during the calcination step. One
notices that this scenario is more pronounced the higher the
polymer loading, which is ascribed to the formation of the
aforementioned polymer domains. It was also observed that
silica showed a slight decrease of its surface area when heat
treated at 450 1C. This finding may be ascribed to a partial
closure of the silica pore structure upon calcination. Fig. 10
exhibits the N2 adsorption isotherms of as-prepared and heat-
treated materials. On one hand, the hysteresis loop showed a
slight decrease when silica was calcined. On the other hand, it
became wider when heat-treated hybrids are compared to the
as-prepared ones. Fig. 11 depicts the pore distribution of HT-
silica, HT-SP, and HT-SPM. It can be observed that HT-SP
and HT-SPM showed a higher concentration of pores with
sizes about 3.5 nm when compared to the as-prepared samples.
Again, this behavior is associated with the removal of polymer
chains from the silica pore structure during the heat
treatment step.
Fig. 12 shows the Vickers microhardness as a function of the

polymer concentration for materials obtained in this study. It can
be observed that an initial increase of the polymer loading from
0 to 20 wt% increased the hybrids microhardness, but further
additions caused a sharp decrease of this property. The initial
incorporation of polymers into silica led to a partial filling of its
pore structure by polymer chains, causing the observed increase
of the microhardness. Nonetheless, when the polymer is added at
concentrations above 20 wt% it may occur a partial rupture of
silica framework, which decreases the samples microhardness. As



Fig. 10. N2 adsorption isotherms of as-prepared and heat-treated samples.
Hybrids prepared using a 34 wt% polymer loading. The solid and open
symbols are associated with samples in the as-prepared and heat-treated
conditions, respectively.

Fig. 11. Pore size distribution of HT-silica, HT-SP, and HT-SPM. Hybrids
obtained with a 34 wt% polymer loading.

Fig. 12. Vickers microhardness as a function of the polymer concentration for
SP and SPM. The values obtained for pure silica and PHEMA are also shown
for reference purposes.
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evidenced in Fig. 12, PHEMA show a microhardness significantly
lower than silica. It is also worth highlighting the higher
microhardness of SP when compared to SPM. As shown in
Figs. 6–8, SP and SPM exhibit distinct N2 adsorption isotherms
and pore size distributions, which may account for the observed
difference in their microhardnesses. SEM (scanning electron
microscopy) tests (not shown in this work) revealed the presence
of a high concentration of cracks around the pyramidal imprint
formed on the silica surface after the Vickers microhardness tests.
However, a crack-free and smooth surface was formed around the
imprint observed on hybrids prepared with polymer loadings
below 20 wt%.
4. Conclusions

Absorption bands ascribed to PHEMA and P(HEMA-co-MPS)
were clearly observed in the FTIR spectra of the hybrids obtained
in this work. The increase of the concentration of these polymers
led to both an increase of the bands ascribed to CH2 groups and
C¼O bonds, and a decrease of the features related to physisorbed
water. Hybrid samples showed a Tg larger than the polymers used
in their preparation. This behavior is associated with the inhibition
of the mobility of polymer chains by the silica matrix. The
incorporation of PHEMA and P(HEMA-co-MPS) into the silica
framework gave rise to samples with smaller specific surface
areas and pore volumes when compared to pure silica. It was
observed that materials prepared with polymer additions above
40 wt% were virtually non-porous. These findings are related to
the blockage of pores in the silica structure by polymer chains.
The increase of the polymer loading led to large polymer domains
in the prepared samples. Nonetheless, this behavior was less
pronounced in hybrids modified with MPS.
Vickers microhardness tests revealed that an initial increase

of the polymer concentration from 0 to 20 wt% increased the
hybrids microhardness. However, further additions of either
PHEMA or P(HEMA-co-MPS) caused a sharp decrease of this
property. It appears that the initial addition of these polymers
to silica caused a partial filling of its pore structure, which
increases its microhardness. On the other hand, when polymers
are incorporated at concentrations above 20 wt% it may occur
a partial rupture of the silica framework, decreasing the
microhardness of the processed materials. The findings
described in this work point out that the properties of the
prepared organic–inorganic hybrids are strongly related to the
polymer loading in the silica matrix.
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