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Abstract Multi-scale hybrid nanocomposites containing
both ∼ 15 nm silica colloids and ∼ 2 nm oligosiloxanes
in a methacryl polymer matrix were newly designed and
fabricated. Colloidal silica sols were dispersed in methacryl
oligosiloxanes nano-hybrid resins synthesized by sol-gel reaction of methacryloxypropylmethoxysilane and diphenylsilanediol. On the basis of TEM and SANS analyses, it was
confirmed that the silica colloids were compatibly dispersed
and different sizes of colloidal silica and oligosiloxanes coexist in the solutions. Multi-scale hybrid nanocomposites
fabricated by UV and thermal curing with incorporation of
silica colloids in the nano-hybrid materials show enhanced
mechanical and thermal characteristics.
Keywords Multi-scale hybrid nanocomposites .
Nano-hybrid . Sol-gel . Silica colloid . Dispersion . Small
angle neutron scattering (SANS)

1 Introduction
With the current boom in nanotechnology, nanocomposites
and nano-hybrids have received considerable attention as a
new class of nanoscale materials [1–10]. The main goals of
studying nanocomposites and nano-hybrids are to overcome
the mechanical and thermal disadvantages of organic
materials and the mechanical drawbacks of inorganic
materials along with the realization of unique properties
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that either material cannot provide alone. In the general
scheme of nanocomposites or nano-hybrids, a nano-sized
organic or inorganic phase is embedded or dispersed in
a silica or polymer matrix. Since the nano-phase/matrix
interface is continuous and homogeneous, favorable optical
and electrical properties as well as mechanical and thermal
properties can be generated without loss of transparency.
In the classification system for organic-inorganic hybrid
nanocomposites proposed by Sanchez et al. [11, 12], class
I comprises nanocomposites with weak bonding between
the organic and inorganic phases (van der Waals, hydrogen
electrostatic bonding, hydrophilic-hydrophobic forces) fabricated by ex-situ physical mixing of the components. Class
II comprises nano-hybrids with strong covalent or ionocovalent bonding between the two phases synthesized by
in-situ chemical routes using organo-metal compounds [13].
Examples of nanocomposites (class I) include sol-gel matrices embedded with organic dye and polymer matrices dispersed with nano-sized inorganic colloids or particles. For
the polymer nanocomposites, pre-fabricated nano-sized (below 100 nm) colloids or particles are dispersed as a filler in
the polymer matrix. These polymer nanocomposites show
improved thermal and mechanical characteristics compared
to matrix polymers. In the fabrication of these nanocomposites, dispersion of inorganic nano particles in the polymer
resin is critical with respect to achieving the desired enhancement of thermal and mechanical characteristics. Agglomeration of inorganic nano particles in the polymer resin results
in poor polymer-filler interaction and leads to degraded characteristics relative to those of the matrix polymer. Thus, to
obtain effective dispersion of inorganic nano particles in the
polymer resin, inorganic nano particle surfaces have been
grafted with compatible organics with the matrix polymer or
modified with dispersion agents in order to create electrostatic or steric forces [14].
Springer
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A sol-gel process using organo-alkoxysilane precursors is
the simplest method to fabricate nano-hybrids (class II). Solgel reaction of organo-alkoxysilanes leads to the formation
of nano-sized oligosiloxane clusters that can be grafted by
polymerizable organics such as methacryl groups.[15–17]
This simultaneous formation of organo-oligosiloxane provides a more reliable process for fabrication of nano-hybrids
compared to nanocomposites. Following polymerization of
organics, nano-hybrids are fabricated, wherein nano-sized
(below 5 nm) oligosiloxanes are covalently bonded with
the polymer matrix. Improvement and reproducibility of
the nano-hybrids can be achieved through precise control
of component species and amounts. The nano-hybrid is expected to be superior to the aforementioned nanocomposite
since it is more homogeneous and has a continuous interface
between the inorganic phase and organic matrix. However,
the size of the oligosiloxanes synthesized by sol-gel reaction in the nano-hybrids is limited below 5 nm, and consequently significant enhancement of the characteristics is not
obtained.
In order to realize a better design of hybrid nanocomposites with improved characteristics, a new type of multi-scale
inorganic-organic hybrid nanocomposite integrating the
concepts of nanocomposites and nano-hybrids is introduced
here. Larger nano-sized (tens nm) particles are dispersed
in nano-hybrid resins with smaller nano-sized (few nm)
oligosiloxanes to fabricate multi-scale (tens and few nm
sizes) hybrid nanocomposites. These multi-scale hybrid
nanocomposites are expected to show considerably improved characteristics due to the compact assembly of silica
particles and the capacity to control the sizes and dispersion
of nano particles in the nano-hybrid resin.
Dispersion of nano particles in nano-hybrid resins is critical with respect to fabricating improved hybrid nanocomposites. In this study, we investigate the dispersion behavior of
nano silica colloids in methacryl oligosiloxanes resin in the
fabrication of methacryl hybrid nanocomposites containing
multi-scale nano-sized silica phases ( ∼ 15 nm silica particles
and ∼ 2 nm oligosiloxanes), as shown in Scheme 1. In previous studies, we synthesized nano-sized methacryl oligosiloxane resins using a solvent-free sol-gel reaction for fabrication of photo-curable methacryl nano-hybrids (Scheme 1(a))
[16–19]. Using small angle neutron scattering (SANS), it was
found that the size of the synthesized methacryl oligosiloxanes is around 2 nm. We used colloidal methyl ethyl ketone
(MEK)-based silica sol (MEKST, ∼ 15 nm, Nissan Chemical Ind.) to disperse it in the methacryl nano-hybrid resins
(Scheme 1 (b)). In the MEKST, the surface of the colloidal
silica was hydrophobically modified with the CH3 group for
better dispersion in the organic matrix.[20, 21] Based on
the dispersion of MEKST in methacryl nano-hybrid resins,
transparent methacryl hybrid nanocomposites were fabricated by curing nano hybrid resins dispersed with silica nano
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Scheme 1 (a) Synthesis of methacryl oligosiloxanes by condensation
reaction of 3-methacryloxypropylmethoxysilane and diphenylsilanediol. (b) Dispersion of silica nano particles in methacryl nano-hybrid
resin. (c) Fabrication of methacryl hybrid nanocomposites by curing of
silica nano particle dispersed nano-hybrid resin

particles (Scheme 1(c)). The thermal properties of the fabricated methacryl hybrid nanocomposites were then characterized.

2 Experimental
2.1 Materials
2.1.1 Synthesis of methacryl nano-hybrid resin (Methacryl
oligosiloxane, MD)
Methacryl-oligosiloxane was synthesized employing commercially available 3-methacryloxypropylmethoxysilane
(H2 C=C(CH3 )CO2 (CH2 )3 Si(OCH3 )3 , MPTS, Aldrich) and
diphenylsilanediol ((C6 H5 )2 Si(OH)2 , DPSD, TCI) as starting
precursors and barium hydroxide monohydrate (Ba(OH)2 ·
H2 O, Aldrich) as a catalyst to promote the condensation reaction among the precursors. No solvents such as methanol or
water were employed as the synthesis proceeds by a solventfree sol-gel method. MPTS and barium hydroxide mono-
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hydrate powder were mixed and DPSD was subsequently
added step by step for 2 hours to prevent self-condensation
of DPSD and phase separation. The sol was stirred in a N2
atmospheric vessel at 80◦ C for 2 hours followed by the total addition of DPSD. Hence, the proportion of MPTS and
DPSD was a 1:1 molar ratio and the catalyst was added in
an amount of 0.1 mol% of total silicon atoms in the sol. The
specific contents of materials were MPTS (13.78 g), DPSD
(12 g), and catalyst (0.02g), respectively. After being filtered
by a 0.45µm syringe filter, the methacryl nano hybrid resin
(MD) was prepared.
2.1.2 Dispersion of colloidal silica nano particles
in nano-hybrid resin (MS)
The prepared methacryl-oligosiloxane (MD) and methyl
ethyl ketone (CH3 COC2 H5 , MEK) based colloidal silica
sol (MEKST, Nissan Chemical Industries, 15nm, 30 wt%
in MEK) were stirred in a flask at room temperature for 2
hours without further treatment. The amount of MEKST in
the nano-hybrid resin was varied in order to compare the
effect of colloidal silica particles. MS 10 and MS 20 were
fabricated by adding 1g and 2g of MEKST to 10g of prepared MD, respectively. The total contents of silica in MS 10
and MS 20 were 0.3g (in total 11g) and 0.6g (in total 12g),
respectively, over the hybrid nanocomposite.
2.1.3 Fabrication of multi-scale methacryl hybrid
nanocomposite (MS hybrimer)
Multi-scale nano hybrid composite (MS hybrimer) coating films and bulks were respectively fabricated from
the MS dispersion by UV-polymerization of methacryl
groups
using
2,2-Dimethoxy-2-phenyl-acetophenone
(C6 H5 COC(OCH3 )2 C6 H5 , BDK, Aldrich) as a photoinitiator. The concentration of BDK was 1 wt% of
methacryl-oligosiloxane (MD) and UV (500 W Hg Lamp,
∼ 365 nm, Oriel97453) doses were 860 mJ/cm2 under
nitrogen atmosphere. After UV-polymerization, the films
and bulks were cured thermally at 180◦ C for 4 h.
2.2 Characterization
The particle and dispersion behavior of silica in methacryloligosiloxane (MS solution) was measured using Small Angle Neutron Scattering (SANS, HANARO at KAERI in Korea) [22]. The SANS measurement conditions were as follows: dilution with Acetone-d6 (CD3 COCD3 , Aldrich) in
a 2 mm quartz cell; a 5.08 Å monochromatized neutron
beam; and 2 and 3 m sample-to-detector distance to cover
a Q range from 0.01 to 0.4 Å−1 . Q is the magnitude of the
scattering vector and Q = (4π /λ)sin(θ /2), where λ is the
neutron wavelength and θ is the scattering angle. The scat-
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tering was isotropic; therefore, the primary two-dimensional
spectra were circularly averaged. All the correcting procedures were done with an IGOR program [23]. Transmission
Electron Microscopy (TEM, JEM 3010 of JEOL, LaB6 filament, 300 kV, 0.17 nm point resolution) and Dynamic Light
Scattering (DLS, Brookhaven Instruments 90-plus, dilution
with MEK, 658 nm, 90 degrees) were also employed for the
particle dispersion analysis. Due to the compatibility of the
solvent, the MS solution was blended with MEK.
The chemical structure change of the MS hybrimer was
examined by FT-IR (JASCO FT-IR 680 plus, 4 cm−1 resolution), before and after UV irradiation. Thermo-Gravimetric
Analysis (TGA, SETRAM Setsys 16/18) of the MS hybrimer was performed under nitrogen flow at a heating rate of
5◦ C/min. Thermal mechanical properties of the MS hybrimer
were tested via a Thermo-Mechanical Analysis (TMA, Seiko
Instrument TMA/SS6000) under nitrogen flow at a heating
rate of 5◦ C/min. Mechanical properties of the MS hybrimer
coating such as hardness and elastic modulus were evaluated
using a nano indenter (MTS Nano Indenter XP)

3 Results and discussion
3.1 Dispersion of colloidal silica particles
in nano-hybrid resin
Methacryl-oligosiloxane is formed by a simple condensation reaction between the silanol group of DPSD and
the methoxy group of MPTS. It was previously confirmed
that methacryl-oligosiloxane is formed to fabricate a photocurable methacryl nano-hybrid resin in an earlier study.[16]
It was found that the molecular sizes of the synthesized
oligosiloxanes varied around 2 nm through SANS and the
MALDI-TOF analyses. The fabricated methacryl nano hybrid (MD) resin, which has a viscosity of about 500 cps, is
stable in air and at room temperature. The resin was mixed
with a commercially available colloidal silica sol (MEKST),
whose size is around 15 nm, in MEK solvent for fabrication
of a multi-scale hybrid nanocomposite (MS) solution. According to the manufacturer, the surface of the colloidal silica is modified with a hydrophobic CH3 group. MEKST was
mixed with MD resin at 10 and 20 wt% (MS10 and MS20,
respectively) to fabricate multi-scale hybrid nanocomposites containing different colloidal silica contents. MS10 and
MS20 hold 2.7 and 5.0 wt% colloidal silica over the total
MS solution, respectively.
Figure 1 shows TEM images of MS10 and MS20 solutions indicating homogeneous dispersion of 15 nm colloidal
silica in the solution. Silica colloids are not agglomerated
and phase-separated even upon exposure of a high energy
electron beam, i.e., 200 kV TEM. The MS20 solution has
higher silica colloid density than the MS10 solution. We also
Springer
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Fig. 1 TEM images of Multi-scale hybrid nanocomposite solution
(MS solution), (a) MS 10 and (b) MS 20

mixed water and alcohol based colloidal silica sols with MD
resin. However, the sols were not immiscible and the silica
colloids were not dispersed, but instead agglomerated in
the MD resin due to the resin’s hydrophobic nature. On the
other hand, MEKST is compatible with MD resin due to the
hydrophobicity of MEK solvent. Hydrophobic CH3 radicals
grafted on the silica colloid surface lend a steric effect that
prevents agglomeration in the methacryl environment of the
MD resin. Thus, the silica colloids were well dispersed in the
mixture of MEKST solution and MD resin, as shown in Fig.
1. Although the silica colloids are dispersed in the MS solution, oligosiloxanes cannot be observed in the TEM image.
For fabrication of multi-scale hybrid nanocomposites using a
MS solution, the co-existence of ∼ 15 nm silica colloids and
∼ 2 nm oligosiloxanes in MS solution should be verified.
Thus, Small Angle Neutron Scattering (SANS) measurement, a very useful technique to characterize nano-sized
moieties in materials, was carried out to confirm the
molecular sizes of silica and siloxane in the MS solution.
SANS measurements of MS10 and MS20 were made and
compared with those of MEKST solution and MD resin. Fig.
2 presents whole plots of the scattered intensities obtained
from the SANS data of the MS10 and MS20 solutions
compared with those of MEKST solution and MD resin.
The plots show double linear Guinier slopes in both low and
high Q regions, revealing the particle size to be uniform.
The slight variations in the entire regions in the 4 plots are
caused by different sample-to-detector setups for the SANS
experiment depending on the samples. The plots are curve
fitted by simulation data using the program IGOR [23]
to calculate the molecular sizes of the silica colloids and
oligosiloxanes. The simulation data correspond well with
the measurement data, as shown in Fig. 2. The simulations
give the molecular sizes of the silica and oligosiloxanes in
the solutions and resins, as presented in Table 1. As expected
on the basis of a previous study and information, MD
resin and MEKST solution contain homogeneous ∼ 2.5nm
oligosiloxanes and ∼ 14.7 nm silica colloids, respectively,
Springer

Fig. 2 Results of SANS experiment on the MS dispersion and results
of curve fitting thereof

with low polydispersity. On the other hand, two distinct
linear regions are found in the plots of the MS solutions,
indicating the presence of two different sizes of particles.
Scattering in the low Q region below 0.05 Å−1 in the plots
indicates the presence of large sized particles corresponding
to silica colloids in the solution. This region provides
information on the volume ratio of the silica colloids to the
solvent as well as their size.
Comparing the plots of MEKST solution, MS solutions
show a similar tendency in terms of scattered data. This
reflects only a change in colloid content and no size variation.
Each extrapolated intensity at Q = 0 in plots indicates that
the silica volumic content is abundant with high intensity
value. On the other hand, the absence of size variation of
Table 1 Simulated particle size in multi-scale nano hybrid composite
solution (MS solution)
Polyhardsphere
Radius (Å)
Size (nm)
Polydispersity
Hardsphere

MD

MEKST

12.3 ± 0.4
2.5 ± 0.1
0.17

73.7 ± 0.9
14.7 ± 0.1
0.29

MS 10

MS 20

Low Q
(silica)

Radius (Å)
size (nm)

93.2 ± 1.9
18.6 ± 0.2

93.8 ± 0.9
18.7 ± 0.2

High Q
(oligosiloxane)

Radius (Å)
size (nm)

10.4 ± 0.1
2.1 ± 0.1

11.8 ± 0.1
2.4 ± 0.1
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Fig. 3 Mass particle size distribution of multi-scale hybrid nanocomposite solution ((a) MS 10 and (b) MS 20) measured by DLS

silica particle results from the similar slope of the Guinier
region, including the Q range corresponding to QRg = 1
(Rg is the radius of gyration). These Guinier regions have
only a few points such that their slopes cannot be measured
directly, but instead are simulated indirectly from the whole
curve. No size variation and the change in colloid content
were confirmed by TEM image observations, as shown in
Fig. 1. Another linear scattering region in the high Q region
in the plots is formed by small sized particles corresponding
to oligosiloxanes and the incoherent scattering factor of silica
colloids. However, the incoherent factor of silica is negligible
as compared with the plot of MD resin. Thus, this region
dictates the size of the oligosiloxanes. Simulations of curve
fitting were performed in separate linear regions of high
Q and low Q areas in the MS solutions. Considering the
volume ratio of MEKST solution to MD resin, the plots of the
MS solutions are composed by combining plots of MEKST
solution and MD resin. In Table 1, the simulated sizes of
silica colloids and oligosiloxanes in MS solutions are listed
and compared with those in MEKST solution and MD resin.
The simulated values (18.6 nm and 18.7 nm) of silica colloid
sizes in the MS solutions are larger than the values estimated
from TEM and SANS. This is because the low Q region
is affected by scattering of larger content oligosiloxanes in
the high Q region. On the other hand, the simulated values
of oligosiloxanes in the MS solutions are almost identical
to those in MD resin. Therefore, it is ascertained that both
large sized silica colloids and small sized oligosiloxanes
exist together in the MS solutions, leading to the fabrication
multi-scale hybrid nanocomposites.

253

Fig. 4 C = C double bond change of methacryl group in multi-scale
hybrid nanocomposite solution ((a) MS 10 and (b) MS 20) before and
after UV irradiation.

Dynamic Light Scattering (DLS) was also employed to
characterize the dispersion of the silica colloids in the solutions. Fig. 3 shows the mass particle size distributions of the
MS solutions. Contrary to expectations formed on the basis
of TEM images and SANS data, the dispersion of concurrently motioned particles in the MS solutions has a roughly
100 nm – 400 nm size distribution, regardless of silica colloid content. This may be due to the dynamic behavior of
pseudo-clusters formed by interactions of silica colloids with
oligosiloxanes in the solutions. Methyl grafted in silica colloids can bind with methacryl oligosiloxanes by hydrophobic
interaction or van der Waals force to dynamically act as a
pseudo-cluster [24–26]. It was found that dynamic light scattering is affected by the organic function of oligosiloxanes
in hybrid nanocomposite solutions, causing different interaction with silica colloids [26]. Thus, DLS is not an appropriate
method to characterize the size distribution of silica colloids
and oligosiloxanes in hybrid nanocomposites solutions.
3.2 Fabrication of multi-scale hybrid nanocomposite by
UV polymerization
MS solutions consisting of silica colloids in methacryl
oligosiloxanes resin can be cured by UV polymerization of
methacryl oligosiloxanes. Thus, the fabricated multi-scale
hybrid nanocomposites show dispersed silica colloids and
oligosiloxanes in methacryl polymer. UV polymerization of
the methacryl group can be monitored by reduction of the
FT-IR peak of the C=C double bond. Fig. 4 presents FT-IR
spectra of MS10 and MS20 coated films on Si substrates as a
function of UV dose. For both compositions, FT-IR peak inSpringer
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Fig. 5 Conversion degree of multi-scale hybrid nanocomposite solution (MS solution) with UV dose

tensity at 1720 cm−1 corresponding to the C = C double bond
in the methacryl group decreases with increasing UV dose,
finally vanishing after thermal curing at 180◦ C. The conversion degree of the C = C double bond in the methacryl group
in comparison with the unvaried FT-IR peak at 1590 cm−1
of the C = C double bond in phenyl group was calculated
depending on UV dose, as shown in Fig. 5. It is shown that
MS10 has a faster and slightly higher conversion degree than
MS20. This is because more silica colloids screen the polymerization of methacryl radicals in the solution. However,
the conversion degree, which indicates the extent of polymerization, reaches almost 75% for the solutions, a level high
enough to cure both compositions. Despite the presence of
silica colloids, the multi-scale hybrid nanocomposites were
successfully fabricated by UV and thermal curing.
3.3 Characterization of multi-scale hybrid nanocomposites
First, the fabricated multi-scale hybrid nanocomposites are
optically transparent despite incorporation of silica colloids.
The hardness and elastic modulus of the fabricated multiscale hybrid nanocomposites coated films (MS10 and MS20)
were measured via nano-indentation and compared with a
base methacryl oligosiloxanes nano-hybrid (MD) without

Fig. 7 TMA curves of methacryl-ogligosilxane (MD) and multi-scale
hybrid nanocomposite (MS hybrimer) and calculated coefficient of thermal expansion thereof

silica colloids, as presented in Table 2. The coating hardness
Hc was defined by the ratio of the maximum load and the
contact area. The coating elastic modulus Ec was calculated
on the basis of the initial slope of the unloading curve [27].
In this calculation, Poisson’s ratio of samples was assumed
as 0.18 of silica. Both the hardness and elastic modulus of
the multi-scale nanocomposites films are raised with increasing silica colloid content and are almost twice higher than
those of nano-hybrid film for the same curing conditions.
This suggests that the multi-scale hybrid nanocomposites
with incorporation of silica colloids in the nano-hybrid offer
improved mechanical characteristics, as expected. In addition, no cracking or chipping was observed during nanoindentation despite that the nanocomposites contain a large
quantity of silica colloids.
Thermal characteristics of the fabricated multi-scale
hybrid nanocomposites were also examined and compared
with those of the base nano-hybrid. Fig. 6 presents thermal
decomposition curves measured by TGA. The multi-scale
hybrid nanocomposites show a 5 wt% weight loss temperature of roughly 350◦ C, exceeding that (310◦ C) of the
base nano-hybrid at the same curing conditions. As found
in general composites, embedment of silica colloids in a
Table 2 Nano-indentation hardness and elastic modulus of multiscale hybrid nanocomposite (MS hybrimer)

Fig. 6 TGA curves of methacryl-oligosiloxane (MD) and multi-scale
hybrid nano composite (MS hybrimer)
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MD
MS 10
MS 20

Hardness (Hc , MPa)

Elastic modulus (Ec , GPa)

64 ± 5
194 ± 16
189 ± 10

2.3 ± 0.04
3.9 ± 0.23
4.0 ± 0.10
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nano-hybrid plays a role of grabbing organic methacryl
group, which results in a higher decomposition temperature.
Also, although specimen preparation was difficult, thermal
expansion of the samples was measured using TMA. Fig.
7 shows TMA curves of the fabricated multi-scale hybrid
nanocomposites and that of the base nano-hybrid as well as
their coefficients of thermal expansion (CTE). As expected
in other composites, the CTE of the multi-scale hybrid nanocomposite is smaller than that of the base nano-hybrid and
decreases with increasing silica colloid content. This is due
to the addition of low thermal expansion silica colloids. Consequently, the mechanical and thermal characteristics were
improved by incorporation of silica colloids in the nanohybrid, as intended in the design of the multi-scale hybrid
nanocomposites.

4 Conclusions
Colloidal silica sol in MEK solvent was dispersed in
methacryl nano-hybrid resin to fabricate multi-scale hybrid nanocomposites. The size of the silica colloid is about
15nm and methacryl nano-hybrid resin synthesized by solgel reaction of MPTS and DPSD contains approximately
2nm oligosiloxanes. Thus, multi-scale hybrid nanocomposites consisting of silica colloids and oligosiloxanes together
were successfully fabricated. Using TEM, it was confirmed
that silica colloids were dispersed in the methacryl nanohybrid resin. It was found that different sizes of silica colloids and oligosiloxanes co-exist in the dispersion solutions,
as investigated by SANS. Thus, multi-scale hybrid nanocomposites having different size silica colloids and oligosiloxanes in a methacryl polymer matrix were fabricated by UV
polymerization of the dispersion solution. It was found that
the fabricated multi-scale nanocomposites have better mechanical properties, and higher thermal stability and lower
CTE than a base nano-hybrid that does not incorporate silica
colloids.
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