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ABSTRACT: The great supply of glycerol as a byproduct of the production of biodiesel has motivated interest in its use in new
applications. In this study, we report the synthesis and properties of organic−inorganic hybrid materials based on glycerol.
Glycerol (Gly) was reacted with 3-isocyanatopropyltriethoxysilane (IPTES) in the presence of dibutyltin dilaurate (DBTDL) as a
catalyst, using a molar ratio (r = IPTES/Gly) between 0.75 and 3. The sol−gel polycondensation of the resulting precursors in
the presence of a formic acid solution led to transparent solid materials with a biphasic structure consisting of glycerol-rich
domains dispersed in the organic−inorganic hybrid matrix. An increase in the r value changed the hybrid materials from
hydrophilic to hydrophobic. The contact angle of water droplets varied from 43.6° for r = 0.75 to 95.1° for r = 3. Each of the
materials exhibited a broad glass-to-rubber transition, with the maximum of the damping peak located in the 54−70 °C range.
The relatively intense tan δ peaks of the hybrid materials suggest their possible use in devices requiring vibrational damping. The
maximum damping capacity corresponded to the hybrid with r = 1.5, which exhibited a loss area LA (area under the loss modulus
peak) of 13.5 GPa·K. High values of the rubbery modulus were observed, varying from 130 MPa for r = 0.75 to 720 MPa for r =
3. Values of the glassy modulus were also high, and the maximum value was observed for the hybrid with r = 1.5. The hybrid
materials could also be colored through the incorporation of a very small amount of functionalized gold nanoparticles.

1. INTRODUCTION
In recent years, the increasing low-cost supply of glycerol from
the production of biodiesel has led to interest in its use in new
applications. Examples are the use of glycerol as the carbon
source for fermentation processes1 or hydrogen generation;2,3

its transformation into products with added value through
chlorination4 and transesterification;5 and its conversion to
succinic acid,6 tertiary butyl ethers,7 polyhydric alcohols,8 and
new additives for diesel fuels.9,10 In addition, glycerol has been
employed for the development of advanced materials such as
hyperbranched polyglycerol derivatives11,12 and poly(glycerol
sebacate), which is used in biomedical applications.13−16

Another approach is to add value to traditional products
based on glycerol. For example, properties of conventional
glycerol-derived alkyd resins can be improved through the
addition of layered silicates.17

Glycerol can also be used to modify organic−inorganic
hybrid materials obtained by conventional sol−gel reactions.
Adding glycerol to tri- and tetraalkoxysilane precursors
produces covalent bonding in the hybrid network through
C−O−Si bonds. Depending on the amount of glycerol and the
reaction conditions, clusters of unreacted glycerol can be
present as dispersed domains in the resulting hybrid material.18

The fact that glycerol is a biocompatible molecule exhibiting
osmoprotective properties has promoted its incorporation as a
modifier of silica gels used in the encapsulation of living
cells.19−21 This reduces the inorganic network densification and
the mechanical constraints on the cells while simultaneously
providing a more biocompatible interface. Both effects increase
the fraction of encapsulated cells that remain alive in the hybrid
material.21

A different strategy for incorporating glycerol into organic−
inorganic hybrid materials is to react it with a stoichiometric
amount of an isocyanate containing alkoxysilane groups such as
3-isocyanatopropyltriethoxysilane (IPTES). This converts the
glycerol molecule into a triurethane containing nine ethox-
ysilane groups in its structure. This precursor can be
incorporated into an organic−inorganic hybrid network
through conventional sol−gel chemistry. Wilkes and co-
workers synthesized abrasion-resistant hybrid coatings using a
precursor derived from the reaction of glycerol with IPTES
blended with a variety of metal alkoxides.22,23 Unlike these
earlier reports that considered blends of different alkoxides to
generate the desired abrasion resistance, in this study, we
focused on the properties of hybrids derived from the sol−gel
polycondensation of the neat precursor obtained by reaction of
glycerol with IPTES. The variable of interest was the initial
molar ratio of the two components (r = IPTES/Gly), which
ranged between r = 0.75 and r = 3 (stoichiometric value). The
use of a deficit of IPTES with respect to glycerol enabled the
synthesis of hybrid materials with a set of properties that could
be useful for different applications.

2. EXPERIMENTAL METHODS
2.1. Synthesis of Precursors. Anhydrous glycerol (Gly,

ACS 98−100%, Cicarelli) was mixed with 3-isocyanatopropyl-
triethoxysilane (IPTES, >95%, Fluka) in molar ratios (r =
IPTES/Gly) of 0.75, 1, 1.5, or 3. Dibutyltin dilaurate (DBTDL,
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95%, Aldrich) was added as a catalyst in a proportion of 0.5 wt
% with respect to IPTES. The reaction was carried out in closed
flasks with stirring at 50 °C for 3 h.
2.2. Synthesis of Hybrid Networks. A formic acid

solution (pH 4) was added to the precursor in the necessary
amount to obtain a molar ratio of H2O/Si−OEt = 1. The
solution was vigorously stirred for 5 min and then transferred
to an open Teflon mold placed in an oven. The sol−gel
reaction was allowed to proceed for 24 h at 40 °C, for 24 h at
80 °C, and for 2 h at 110 °C.
2.3. Synthesis of Colored Hybrid Networks. Au

nanoparticles (NPs) with an average size of 1.5 nm, coated
with 6-mercapto-1-hexanol, were synthesized by the procedure
described by Tan et al.24 Terminal OH groups of the organic
ligands were reacted with a slight excess of IPTES, using a
mixed solvent composed of tetrahydrofuran (THF) and
dimethylformamide (DMF) (80:20 by volume). DBTDL was
used as a catalyst (0.5 wt % with respect to IPTES). The
reaction was carried out at room temperature for 3 h. NPs were
precipitated and washed three times with cyclohexane to
remove residual IPTES. They were stored as stable dispersions
in DMF.
The precursor synthesized with r = 1.5 was mixed with the

DMF solution of Si(OEt)3-functionalized Au NPs in a
proportion such that the concentration of Au NPs in the
precursor was 0.05 wt %. The hybrid network was synthesized
following the procedure described in the previous subsection,
except for the cure cycle, which was carried out at 50 °C for 72
h. The prolonged cure at 50 °C was employed to ensure the
elimination of volatiles in the absence of postcure steps at
higher temperatures.
2.4. Techniques. Fourier transform infrared (FTIR)

spectra of the precursors were obtained with a Mattson
Genesis II spectrometer employing coatings on NaCl windows.
FTIR spectra of the hybrid networks were obtained with a
Nicolet 6700 spectrometer in ATR (attenuated total
reflectance) mode using a smart Orbit ATR accessory with a
diamond crystal. Spectra of Si(OEt)3-functionalized Au NPs
were recorded with the Nicolet 6700 spectrometer in
transmission mode, including samples in pellets of spectro-
scopic-grade KBr. In all cases, the resolution was 2 cm−1, and
the spectra were averaged over 32 scans. Images of the
morphology of the hybrid networks were obtained with a video
camera (Leica DC 100) coupled to a transmission optical
microscope (Leica DMLB microscope), with and without
crossed polarizers. A contact angle goniometer (model 500
from Rame-́Hart Instruments with DROPimage Advanced
Software) was employed to determine the contact angles of
drops (5 μL) of twice-distilled water at room temperature by
the sessile drop method. Water drops were placed manually
with a micropipet, and contact angle measurements were
performed 30−60 s after placement of the drop using the circle
method included in the software of the instrument. At least four
drops were measured for each sample. Dynamic mechanical
spectra of hybrid networks were obtained with a Perkin-Elmer
DMA-7 instrument operating at 1 Hz in the three-point
bending mode. The temperature range was between −75 and
150 °C, and the heating rate was 10 °C/min. Specimens with
the following dimensions were used: length = 20 mm (span =
15 mm), width = 5 mm, and thickness = 1 mm.

3. RESULTS AND DISCUSSION

3.1. Precursors. Figure 1 shows the reaction of glycerol
with IPTES for r = 3 (stoichiometric ratio), leading to a

precursor with nine Si−OEt groups. The use of a deficit of
IPTES (r < 3) leads to a distribution of precursors with
different numbers of Si−OEt groups per molecule. The fraction
of unreacted OH groups at full conversion of IPTES is equal to
(1 − r/3). The fraction of unreacted glycerol can be estimated
by assuming equal reactivity of the three OH groups toward
IPTES. This gives a residual fraction of glycerol equal to (1 −
r/3)3. This fraction is obviously zero for the stoichiometric
formulation and reaches a value of 42.2% for the precursor
synthesized with r = 0.75.
The advance in the reaction of IPTES with glycerol was

followed by the intensity of the NCO peak at 2276 cm−1 in
FTIR spectra. Complete disappearance of this peak was
observed after 3 h at 50 °C for all of the precursors synthesized
with different values of the molar ratio (r). As an example,
Figure 2a shows the initial FTIR spectrum of the formulation
with r = 1.5. An intense peak characteristic of the NCO group is
observed at 2276 cm−1. In Figure 2b, this peak has completely
disappeared after 3 h reaction at 50 °C, whereas a characteristic

Figure 1. Precursor generated by reaction of glycerol with a
stoichiometric amount of IPTES (r = 3).

Figure 2. FTIR spectra recorded for the precursor synthesized with r =
1.5: (a) initial formulation showing the characteristic peak of
isocyanate at 2276 cm−1 and (b) precursor obtained after 3 h at 50
°C, showing the disappearance of the isocyanate peak and the
appearance of a characteristic peak of the urethane group. Spectra were
recorded at room temperature.
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peak of the generated urethane group appears in the spectrum.
(Spectra were recorded at room temperature.)
3.2. Hybrid Networks. A chemically cross-linked network

is produced by hydrolysis and condensation of Si−OEt groups
leading to Si−O−Si chemical bonds (sol−gel chemistry). A
variety of acid and basic catalysts can be used for this purpose.
In our case, we used a formic acid solution that leads to fast
hydrolysis and partial condensation, producing a network with
a fraction of uncondensed SiOH groups.25,26 The advantage of
using formic acid is that the residual catalyst and the volatiles
produced in the reaction (ethanol, ethyl formate) can be easily
eliminated. The fraction of uncondensed SiOH groups can be
varied by the thermal cycle used in the sol−gel reaction.
Figure 3 shows FTIR spectra of the precursor and the hybrid

material resulting from the sol−gel process for r = 1.5. The

characteristic Si−OEt peak at 958 cm−1,26 present in the
spectrum of the precursor, can not be observed in the spectrum
of the hybrid network, meaning that hydrolysis of Si−OEt
groups was almost complete. The broad band in the range
1000−1050 cm−1 is characteristic of Si−O−Si bonds, whereas
the small peak close to 920 cm−1 reveals the presence of
uncondensed SiOH groups.26

All hybrid materials were transparent (Figure 4). At room
temperature, the hybrid with r = 0.75 was a relatively soft
material, whereas those synthesized with r values in the range of
1−3 were glasses. The glass with r = 3 was rather brittle,
whereas those with r = 1 and 1.5 could be easily machined.
As discussed in section 3.1, materials obtained from

precursors synthesized with a stoichiometric ratio r < 3 include
a fraction of free glycerol. For a particular hybrid material, it
was reported that, at concentrations higher than 4%, glycerol
was present as dispersed domains.18 Based on this observation,
we examined the morphology of the hybrid materials by
transmission optical microscopy (TOM). Each hybrid material
with r < 3 showed a biphasic morphology. As an example,

Figure 5 shows TOM images of hybrids synthesized with r = 1
and r = 1.5. The dispersed domains are assigned to free glycerol
(eventually including low-molar-mass species not connected to
the hybrid network). The fraction of free glycerol in the

Figure 3. FTIR spectra of the hybrid network generated after the sol−
gel process (solid line) and the precursor (dashed line) for r = 1.5. The
characteristic band of the Si−OEt group at 958 cm−1 is not discernible
in the spectrum of the hybrid material. In turn, new bands that are
characteristic of Si(OH) groups, at about 920 cm−1, and Si−O−Si
bonds, in the 1000−1050 cm−1 region, appear in the spectrum of the
hybrid material.

Figure 4. Photographs of the hybrid materials synthesized using
different initial stoichiometries (r): r = (a) 0.75, (b) 1, (c) 1.5, and (d)
3.

Figure 5. Transmission optical microscopy (TOM) images of hybrids
synthesized with r = (a) 1 and (b) 1.5.
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precursors was estimated as 29.6% for r = 1 and 12.5% for r =
1.5 (see section 3.1). It is interesting to observe that the size of
the dispersed domains decreased when r was increased from 1
to 1.5 (Figure 5). Moreover, for r = 3, dispersed domains were
no longer observed. The transparency of the hybrid materials
despite their biphasic nature can be attributed to the matching
of the refractive indices of the two phases.
To assess possible applications of the hybrid materials,

different properties were determined. The results are
summarized in Table 1 and discussed in the remainder of

this section. Because of their transparency and smooth surface,
these materials could be used as coatings, in which case
characterization of their hydrophobic character is important.
Figure 6 shows images of water drops deposited on the surfaces

of hybrids with r = 0.75, 1, 1.5, and 3. A significant variation of
the contact angle with the stoichiometric ratio was observed
(Table 1). The contact angles varied from 43.6° for r = 0.75 to
95.1° for r = 3. Therefore, an increase in the r value changed
the hybrid materials from hydrophilic to hydrophobic. This is
obviously the consequence of decreasing the fraction of residual
OH groups as they were increasingly converted to urethane
moieties.
Dynamical mechanical characterization was also performed

for the set of hybrid materials. Figure 7 shows the storage
moduli and damping (tan δ) peaks of the different hybrids in
the temperature range extending from about −75 to 150 °C.
Each of the materials exhibited a broad glass-to-rubber
transition, with the maximum of the damping peak located in
the 54−70 °C range. The hybrid with r = 0.75 showed a second
damping peak at −43 °C, much sharper than that located at
higher temperatures. Characteristic values of the elastic
modulus in the glassy and rubbery states are reported in
Table 1. High values of the rubbery modulus were observed,
varying from 130 MPa for r = 0.75 to 720 MPa for r = 3. The
increase of the rubbery modulus with the stoichiometric ratio r
is explained by the corresponding increase in the cross-link
density of the hybrid materials. Values of the glassy modulus
were also high, but in this case, the maximum value was
observed for the hybrid with r = 1.5. This might be because the

matrix has a higher elastic modulus than the dispersed domains
(explaining the increase of the modulus from r = 0.75 to r =
1.5), but the cohesive energy density of the matrix decreases
with decreasing fraction of OH groups (explaining the decrease
of the modulus from r = 1.5 to r = 3). The cohesive energy
density and active subglass relaxations are the main factors
determining the value of the glass transition temperature of a
glassy polymer.27 For most cross-linked polymers, the elastic
modulus in the rubbery state is 100−1000 times smaller than
the modulus in the glassy state. Because of the high values of
the rubbery modulus, the glycerol-based hybrid materials
showed a much smaller decrease of the elastic modulus along
the glass transition. For the sample with r = 3, the elastic
modulus decreased by only a factor of 5.4 along the glass
transition.
The relatively intense tan δ peaks of the hybrid materials

suggest the possible use of these materials in devices requiring
vibrational damping.28,29 The damping capacity of a material
can be quantified in terms of the loss area (LA), defined as the
integral of the loss modulus as a function of temperature (area
under the loss modulus peak).30 Figure 8 shows the loss
modulus as a function of temperature for the hybrid with r =
1.5, and Table 1 lists the LA values for all samples. The
maximum damping capacity corresponded to the hybrid with r
= 1.5, which exhibited an LA value of 13.5 GPa·K. This is in the
range of values reported for acrylic-, methacrylic-, styrenic-, and
butadiene-based copolymers exhibiting damping properties.30

3.3. Colored Hybrid Networks. Coloring the hybrid
coatings might be useful for decorative purposes. Gold
nanoparticles (NPs) were used because of their high extinction
coefficients and the stability of the resulting composites. A first
attempt was performed with Au NPs coated with 6-mercapto-1-
hexanol, synthesized according to the procedure described by
Tan et al.23 The presence of a terminal OH group in the
organic ligands enabled the NPs to be correctly dispersed in the
precursor of the hybrid material. However, a polymerization-
induced phase separation (PIPS) of NPs took place in the
course of the sol−gel reaction, leading to the formation of
agglomerates of Au NPs. The PIPS of NPs initially dispersed in
monomers has been theoretically predicted.31 To avoid phase
separation of NPs, it is necessary to produce the covalent
bonding of the organic ligands to the polymeric matrix.32 For
this purpose, terminal OH groups were reacted with IPTES to
introduce Si(OEt)3 groups into the coating of Au NPs. Figure 9
shows an FTIR spectrum of the Au NPs coated with ligands
functionalized with Si(OEt)3 groups. The spectrum shows a
Si−O−C asymmetric stretching band at 1104 cm−1, the
characteristic Si−OEt band at 958 cm−1, and a CO stretching
band at 1633 cm−1, assigned to urethane groups. The presence
of a residual band at 3400 cm−1 reveals that only a partial
conversion of OH into urethane groups occurred. The absence
of the isocyanate peak at 2276 cm−1 indicates that unreacted
IPTES was effectively removed by washing with cyclohexane.
The functionalization of Au NPs with Si(OEt)3 groups

enabled their covalent bonding to the cross-linked network. In
this case, aggregates were not formed, and the NPs retained
their original size.32 Figure 10 compares photographs of films
(1-mm thickness) obtained from the hybrid material with r =
1.5, without Au NPs (Figure 10a) and with 0.05 wt % Au NPs
(Figure 10b). The presence of a very small amount of Au NPs
produced a reddish brown coloration of the material.

Table 1. Properties of Hybrid Materials Derived from
Precursors Synthesized with Different Molar Stoichiometric
Ratios (r = IPTES/Gly)

r = 0.75 r = 1 r = 1.5 r = 3

contact angle of water (deg) 43.6 67.0 92.7 95.1
elastic modulus at −65 °C (GPa) 2.80 5.11 5.68 3.89
elastic modulus at 120 °C (GPa) 0.13 0.35 0.68 0.72
area under loss modulus peak (GPa·K) 0.4 9.5 13.5 4.2

Figure 6. Images of water droplets deposited on the surface of hybrids
with r = (a) 0.75, (b) 1, (c) 1.5, and (d) 3.
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4. CONCLUSIONS
Organic−inorganic hybrid materials were obtained by the sol−
gel polycondensation of a precursor obtained by reaction of
glycerol (Gly) with 3-isocyanatopropyltriethoxysilane (IPTES).
The variable of interest was the initial molar ratio of the two
components (r = IPTES/Gly), which ranged between r = 0.75
and r = 3 (stoichiometric value). The use of a deficit of IPTES
with respect to glycerol enabled the synthesis of hybrid
materials with a broad set of useful properties for practical
applications. The materials were transparent, but they could
easily be colored using conveniently functionalized Au NPs. An
increase in the r value changed the materials from hydrophilic

to hydrophobic. The contact angle of water droplets varied
from 43.6° for r = 0.75 to 95.1° for r = 3. Each of the materials
exhibited a broad glass-to-rubber transition, with the maximum
of the damping peak located in the 54−70 °C range. The
relatively intense tan δ peaks of the hybrid materials suggest
their possible use in devices requiring vibrational damping. The
maximum damping capacity corresponded to the hybrid with r
= 1.5, which exhibited an LA value of 13.5 GPa·K. High values
of the rubbery modulus were observed, varying from 130 MPa
for r = 0.75 to 720 MPa for r = 3. Values of the glassy modulus

Figure 7. Storage modulus (E′) and damping peak (tan δ) for the set of hybrids with r = (a) 0.75, (b) 1, (c) 1.5, and (d) 3.

Figure 8. Loss modulus (E″) as a function of temperature for the
hybrid with r = 1.5.

Figure 9. FTIR spectrum of Au NPs functionalized with organic
ligands containing terminal Si(OEt)3 groups.
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were also high, and the maximum value was observed for the
hybrid with r = 1.5.
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