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Abstract Organic—inorganic hybrid materials have been
used as fillers to reinforce dental resin composites, which
require strengthening to improve their performance in large
stress-bearing applications such as crowns and multiple-
unit restorations. Homogeneous organic—inorganic hybrid
materials with high performance were prepared by mixing
3-methacryloxypropyltrimethoxysilane (MPTS) and tetra-
ethylorthosilicate (TEOS) synthesized by the sol-gel route.
The matrix was prepared by hydrolyzing and condensing
the TEOS and MPTS, using basic catalysis and excess
water. The resulting xerogel was treated at 50, 100, 150,
and 200 °C for 4 h, and the structure was analyzed by
thermogravimetry (TG/DTA), photoluminescence (PL),
nuclear magnetic resonance (NMR 2Si and 13C), trans-
mission electron microscopy (TEM), infrared spectroscopy
(IR), and Raman spectroscopy. The PL spectra displayed
the Eu®* lines characteristic of 5D0 - 7FJ J=0.1,2 3 4
ions, and the blue emission was ascribed to the silica ma-
trix. TG, MNR and infrared spectroscopy analyses indi-
cated the hybrid silica was stable, with the organic part
present up to 150 °C. Increasing the temperature of the
heat treatment was found to increase the degree of hydro-
lysis. The size and morphology of the silica particles were
identified by TEM.
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1 Introduction

Photo-activated dental resin composites, which first ap-
peared in the early 1970s, have been highly successful
thanks to their natural color and easy, unrestricted handling
time. Based on organic polymers and inorganic materials
(fillers), the earliest formulations of these composites pre-
sented low resistance due to the shape and size of the filler
particles. Whereas organic polymers are flexible and
lightweight, with good impact resistance and processabil-
ity, inorganic materials have high mechanical strength and
good chemical resistance, thermal stability, and optical
properties [1]. Hybrid materials obtained by the sol-gel
route combine the advantages of both organic and inor-
ganic properties. Several kinds of precursors of organo-
functional alkoxysilanes have been studied in the
preparation of silicon nanoparticles. These precursors
present bifunctional properties in resin composites with
dual characteristics, such as aminoalkoxysilane [2, 3],
chloroalkoxysilane [4], methacrylatealkoxysilane [5],
glycidylalkoxysilane [3], polydimethylsiloxanes [6], and
others [7-10].

Inorganic fillers have little affinity for organic polymers
due to the hydrophilic nature of these polymers. However,
these materials can interact when crosslinking agents are
used at the surface of the inorganic layer. Alkoxysilane can
be used to confer this characteristic, serving as an interface
between organic and inorganic phases by forming hydro-
gen bonds, electrostatic interactions, and covalent bonds
[11]. This is an important point because, due to their
physical properties, organofunctional silanes such as 3-
methacryiloxypropyltrimethoxysilane (MPTS) are used on
an industrial scale as adhesion promoters, surface-modi-
fying agents, crosslinking agents, and as mechanical rein-
forcements for ceramic surfaces [3, 12].
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The sol-gel process is based on the hydrolysis and
condensation of metal or silicon alkoxides and is used to
obtain a variety of high purity inorganic oxides that are
simple to prepare [13, 14]. This process can be employed to
obtain and prepare functionalized silica with controlled
particle size and shape [2—4, 15, 16].

In this work, high performance homogeneous organic—
inorganic hybrid materials were prepared by mixing 3-
methacryloxypropyltrimethoxysilane (MPTS) and tetraeth-
ylorthosilicate (TEOS) synthesized by the sol-gel route. The
matrix was prepared by the hydrolysis and condensation of
TEOS and MPTS, using basic catalysis and excess water.
The resulting xerogel structure was analyzed by thermo-
gravimetry (TG/DTA), photoluminescence (PL), magnetic
nuclear resonance (NMR 2°Si and '*C), transmission elec-
tron microscopy (TEM), and infrared spectroscopy.

2 Experimental

The material was synthesized by the sol-gel route. The
sample was prepared in a molar ratio of 1:1 tetraethyl-
orthosilicate (TEOS): 3-methacryloxypropyltrimethoxysi-
lane (MPTS). 1.00 mL of TEOS and 1.06 mL of MPTS in
0.5 mL of dry ethanol was added to the solution under
magnetic stirring at room temperature, and a saturated
ethanol ammonium solution was used as catalyst. After
40 min of stirring, the solvent was evaporated at room
temperature for 1 week. The resulting material was heat-
treated at 50, 100, 150, and 200 °C for 4 h.

Thermal Analysis (TG/DTA/DSC) was carried out in a
thermal analyzer (TA Instruments, SDT Q600, Simulta-
neous DTA-TG) under a nitrogen atmosphere and at a
heating rate of 20 °C minﬁl, from 25 °C to 1,500 °C.

The luminescence data was obtained with a Spex Flu-
orolog II spectrofluorometer at room temperature. The
emission was collected at 22.5° (front face) from the
excitation beam.

29Si and *C were subjected to NMR (59.5 MHz) with
an INOVA 300 Varian spectrophotometer, using silicon
nitride as reference.

The morphology of the system was investigated by
transmission electron microscopy (TEM) of a drop of
suspension deposited on a copper grid. The TEM analysis
was performed with a 200 kV Philips CM 200 microscope.

Infrared spectra from KBr pellets were obtained with a
Nicolet Protege 460 spectrophotometer.

3 Results and discussion
Figure 1 shows the thermogravimetric curve (TG) and

derivate (DTG) of the samples containing a 1:1 molar ratio
of TEOS and MPTS, dried at room temperature (~25 °C).
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Fig. 1 TG and DTG curves of the sample dried at room temperature

The curve presents four distinct weight losses. The first,
which occurs between 100 °C and 300 °C, can be ascribed
to water and solvent molecules while the second and third,
which take place between 300 °C and 700 °C, may be due
to the methacrylate group. The fourth appears between
800 °C and 1,000 °C, and can be ascribed to structural
changes and loss of residual organic molecules.

The silica was prepared in a molar ratio of 1:1
TEOS:MPTS. The theoretical calculations and experi-
mental data showed a complete convergence, indicating
that organic molecules comprised 49% of the hybrid or-
ganic—inorganic mass. Our TG analysis indicated that the
maximum temperature of thermal stability was 300 °C, and
the samples were treated at temperatures of 50, 100, 150,
and 200 °C. Table 1 shows the percentage of mass loss as a
function of temperature.

The TG curve of the samples treated at 25, 50, and
100 °C showed a similar behavior, which was ascribed to
the methacrylate groups. Treating the samples at 150 °C
and 200 °C caused a change in behavior, possibly due to
the onset of the decomposition of the organic group. Xiong
et al. [1] reported that the maximum decomposition tem-
perature of the organic group in MPTS was 401 °C;
however, in our study, the maximum temperature for this
decomposition was 439 °C, without titanium particles.

Table 1 Percentage of mass loss as a function of treatment temper-
ature

Sample (°C) Organic molecules (%)

25 49.8
50 49.8
100 49.3
150 524
200 48.8
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Fig. 2 29Si NMR spectrum of the sample dried at: (a) 25 °C, (b)
100 °C, (c) 150 °C, and (d) 200 °C

NMR of ?°Si allows for the analysis of the chemical
environment of silicon atoms in samples. The Si-atoms,
which are bound to four oxygen atoms, can be represented
by a tetrahedron whose corners link to other tetrahedra.
The Q" notation serves to describe the substitution pattern
around a specific silicon atom, with Q representing a sili-
con atom surrounded by four oxygen atoms and " indi-
cating the connectivity. In this study, *Si NMR was used
to analyze hybrid materials produced by condensation of
alkyltrialkoxysilanes. The notation (T"), the signal corre-
sponding to the respective T" sites, shifts approximately
40 ppm down field for every alkoxy substituent that is
replaced by an alkyl group [17]. Figure 2 presents the
NMR spectrum of the samples dried at room temperature
(25 °C), 100, 150, and 200 °C.

The material presented peaks corresponding to the Q*,
Q3, and Q2 sites at —110, —102, and —90 ppm, respectively
and T3, Tz, and T' sites at -67, —-58, and —51 ppm,
respectively. Table 2 presents the sample’s silicon sites and
chemical shifts.

We found that the degree of hydrolysis was temperature-
dependent, since the sample treated at 200 °C presented
only T* and Q*, indicating total hydrolysis of the alkoxide

Table 2 Silicon sites in the samples containing TEOS and MPTS
treated at different temperatures

Samples’c) T T T Q Q@ Q@ ¢

25 51 -58 -66 - -90 -101  -I111
100 51 58 67 - -90 -102 -I11
150 - -58 -68 - - 103 -110
200 - - =70 - - - -115

groups. The T° site indicated the presence of the organic
group in the hybrid materials.

The integrity of the organic group can be assessed by
NMR '3C prior to heat treatment. The NMR '*C spectra
presented several chemical shifts due to different carbon
species. The chemical shifts at 10 ppm were ascribed to
carbon bound to silicon atoms, whose peak appeared in all
the spectra. New peaks at 45 ppm and 54 ppm appeared in
the samples treated at 150 °C and 200 °C, indicating the
formation of new species originating during decomposition
of the organic matter. The samples treated at 25 °C and
100 °C showed chemical shifts at 126 ppm and 137 ppm,
which are peaks are characteristic of alkenes [18, 19].
These peaks were absent from the samples treated at
150 °C and 200 °C due to breakdown of the double bond.

TEM can give structural information about materials,
such as particle shape and size. Figure 3a and b shows
TEM images of the samples treated at 25 °C and 200 °C.

These TEM images revealed the formation of spherical
particles with an average size of 3 um. The material be-
tween the silica particles was ascribed to the organic
groups, which appeared in both images but increased at
25 °C due to partially hydrolyzed precursors. Energy-dis-
persive X-ray spectroscopy (EDX) analyses confirmed the
presence of carbon atoms in these materials.

The sample treated at 200 °C presented particles not
totally spherical and 10% smaller than those of the samples
dried at room temperature, probably due to loss of solvent
and water molecules.

The IR spectra of the samples treated at several tem-
peratures are shown in Fig. 4.

In the literature, the bands in the infrared (IR) region
that are attributed to chemically bound water appear at
3,740 cm™! of the spectrum, while stretching vibrations of
the Si—OH group appear at 3,650 cm™' for neighboring or
interacting silanols (wide band), and adsorbed water ap-
pears at 3,400 cm™! [20, 21]. Peaks at 2,980 cm™! and
2,930 cm™" correspond to C-H symmetric stretching
vibrations, while peaks at 1,710 cm™! and 1,690 cm!
correspond to the C=0 and C=C stretching vibration,
respectively. The wide band between 1,070-1,020 cm™!
and 1,150-1,110 cm™ corresponds to Si—O-Si and Si—-O-C
stretching vibrations, respectively. The Si—O vibration
band of TEOS appears at 955 cm™' [19, 22].

The spectra in Fig. 4 show peaks at 3,752, 3,440, 2,954,
2,893, 1,727, 1,638, 1,200-990, and 937 cm™'. Among
these, the peaks at 3,752 cm ™! and 3,440 cm™! correspond
to O-H of the water and ethanol (solvent) stretching
vibrations. The peaks at 2,954 cm ! and 2,893 cm™! were
ascribed to symmetric C—H of the methacrylate group,
present in all the samples. The peaks at 1,727 cm™' and
1,638 cm™' correspond to C=0 and C=C stretching vibra-
tions, respectively. The peak at 937 cm™' appeared only in
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Fig. 3 TEM images of the
samples treated at 25 °C (a) and
200 °C (b)
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Fig. 4 IR spectra of the samples treated at: (a) room temperature
(25 °C), (b) 50 °C, (c) 100 °C, (d) 150 °C, and (e) 200 °C

samples treated at 25, 50, and 100 °C, disappearing at
higher temperatures due to the increased degree of hydro-
lysis as a function of temperature, as evidenced by the
NMR results.

Figure 5 shows the excitation spectra of the Eu III ion
doped in silica matrix and obtained with TEOS and MPTS
alkoxides. The maximum emission was found to occur at
612 nm °Dy — ’F,). The band ascribed from 'F, (fun-
damental level) to °Lg (excitation level) was observed in
only three samples treated at 25, 50, and 100 °C. The
samples treated at 150 °C and 200 °C showed a wide band
at 340 nm.

Figure 6 shows the emission spectra of Eu III ions
doped in the matrix, where the excitation wavelength was
in the charge transfer band (CTB).
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Fig. 5 Excitation spectra of the Eu III ion doped in silica matrix
treated at different temperatures; (a) 25 °C, (b) 50 °C, (c) 100 °C, (d)
150 °C, and (e) 200 °C

The emission spectra presented transitions arising from
5Do to 7Fj J=0,1,2,3, and 4) manifolds, and a wide band
in the blue region of the electromagnetic spectra when the
samples were at maximum excitation. The Eu III emission
bands in these spectra are characterized by non-homoge-
nous distributions of the ion in the silica matrix [23-25].
The band corresponding to D, — ’F, transitions at
579 nm is due to sites without inversion centers occupied
by Eu III ions.

Figures 7 and 8 depict the emission spectra of the
samples excited at the Le (393 nm) and °D, (420 nm)
levels, respectively.

The emission spectra of the samples excited at 393 nm
show bands corresponding to the transition of excited states
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Fig. 6 Emission spectra of the Eu III ion doped in silica matrix
treated at different temperatures; (a) 25 °C; Aexe. = 317 nm, (b)
50 °C; Jexe. = 320 nm, (¢) 100 °C; Zeye. = 320 nm, (d) 150 °C;
Jexe. = 344 nm, and (e) 200 °C; Aexe. = 347 nm
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Fig. 7 Emission spectra of the Eu III ion doped in silica matrix
treated at different temperatures; (a) 25 °C, (b) 50 °C, (c) 100 °C, (d)
150 °C, (e) 200 °C. Jexe. = 393 nm

(Do) to fundamental states ('Fy) J =0, 1, 2, 3, and 4).
When the samples were excited at 420 nm, the Eu III
emission disappeared, possibly indicating an energy
transfer from Eu III to the matrix, resulting in the matrix
emission. The wide band in the blue region of the elec-
tromagnetic spectrum was ascribed to inorganic silica [23].
The maximum of the wide band may depend on the exci-
tation wavelength, which is characteristic of matrix emis-
sion [26, 27]. Tables 3 and 4 show the emission maxima of
the wide band when excited at 393 nm and 420 nm,
respectively.

Intensity (a.u.)

r r I r I r I r I r
450 500 550 600 650 700 750
Wavelength (nm)

Fig. 8 Emission spectra of the Eu III ion doped in silica matrix

treated at different temperatures; (a) 25 °C, (b) 50 °C, (c) 100 °C, (d)
150 °C, (e) 200 °C. Aeye. = 420 nm

Table 3 Emission maxima of the wide band when excited at 393 nm

50 °C 100 °C 150 °C 200 °C

Sample 25 °C

A (nm) 472 476 478 480 486

Table 4 Emission maxima of the wide band when excited at 420 nm

50 °C 200 °C

Sample 25 °C 100 °C 150 °C

Maximum (nm) 469 470 474 480 496

The increase in wavelength is an indication of a major
incorporation of the ion into the matrix lattice [27].

4 Conclusions

The thermal analysis in this study revealed the stability of
organic molecules bound to the matrix at 150 °C. Modified
hybrid organic—inorganic materials have a potential for use
in several applications, depending on the precursors used in
their preparation. In this case, the stability of the methac-
rylate group is very important for its application as dental
resin. The presence of the —OH group in the silica matrix
can lead to incomplete polymerization of the resin. The
degree of hydrolysis of the silica matrix obtained by the
sol—gel route can be controlled. In this case, we found that
the degree of hydrolysis increased with temperature, al-
though the methacrylate group was not affected. Another
important aspect is the shape of particles. In this study we
obtained almost spherical particles, which favor the for-
mation of dense materials.
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The technique used in this investigation indicates that
the sol-gel process is an efficient method to obtain dif-
ferent materials based on an inorganic matrix with modi-
fied organic molecules.
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