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ABSTRACT: Two novel nanomaterials based on hybrid organic-inorganic polymers have been prepared
via free radical polymerization of (I) dimethacrylate oligomers and (II) 2-hydroxyethyl methacrylate
(HEMA) in the presence of different contents of organically modified titanium-oxo-clusters Ti16O16(OEt)24-
(OC2H4Mc)8 (OMc ) methacrylate). Investigations, combining small-angle X-ray scattering (SAXS),
transmission electron microscopy (TEM), and energy-filtering transmission electron microscopy (EFTEM)
lead to consistent structural and morphological characteristics for both grades of hybrid materials.
Structural features, such as the subunit size and fractal dimensions are extracted from SAXS profiles.
For the first grade of nanomaterials, i.e., for different content of titanium-oxo-clusters (2.5, 5 and 7.5 wt
%) incorporated into a dimethacrylate-based matrix, aggregates with ramified mass fractal structures
were found. Semiquantitative studies of TEM and EFTEM images revealed the presence of a uniform
size distribution in the case of 2.5 wt % titanium cluster content with a typical size of 30 nm. A larger
size distribution has been found for the 5 wt % and 7.5 wt % between 30 and 180 nm. For the second
grade of nanomaterials, i.e., the 19.2 wt % of organically modified titanium clusters incorporated into
poly(HEMA), compact and highly dense aggregates with a size distribution from a few nm up to 50 nm
were found from TEM and EFTEM images. A significant increase of the storage modulus for the first
grade of nanomaterials was revealed by dynamic mechanical analysis (DMA). The incorporation of Ti
nanoclusters in the matrix lead to a significant alteration of the system’s hardness as indicated through
nano-indentation measurements. Thermogravimetric analysis also indicated a significant enhancement
of the thermal stability compared to the neat matrix, probably because of the antioxidant effect of the
titanium-oxo-clusters.

1. Introduction

Hybrid organic-inorganic materials offer great po-
tential for high value-added applications (see ref 1 and
references therein). Numerous hybrid organic-inor-
ganic materials have been developed2-6 using sol-gel
chemistry, which enables the tailoring of the nanostruc-
ture of the inorganic component into a single hybrid
nanocomposite.7,8 The development of such multifunc-
tional advanced materials has a major impact on future
applications in diverse fields such as optics, electronics,
ionic, mechanics, membranes, catalysis sensors, and
biology. Existing hybrid materials have shown tuneable
mechanical properties and improved optical and cata-
lytic or membrane-based properties.1,9 Phase segrega-
tion occurs during the preparation of nanocomposites
because of the difficulty in controlling the reaction
conditions, which define the size, shape, and monodis-
persity of the fillers inside the organic medium. The
presence of covalent bonds or strong intermolecular
interactions, e.g., hydrogen bonding, is a successful
strategy to tackle the phase separation effect. A suitable
approach to achieve a better control of the inorganic
phase is to elaborate hybrids by assembling well-defined

nano-building blocks (NBBs)10-12 that maintain their
integrity in the final material. NBBs (i.e., clusters,
organically pre- or postfunctionalized nanoparticles and
nanocore shells or layered compounds), which are
properly functionalized, can be assembled without any
damage into various types of structure to create new
hybrid materials. It has been shown that the incorpora-
tion of organically modified silica particles or polyhedral
oligomeric silsesquioxane (POSS) into dimethacrylate-
based matrixes lead to an enhancement of mechanical
properties such as fracture toughness,13 as well as
compressive and flexural strength.14

The oxo-alcoxo-cluster Ti16O16(OEt)32 presents a shell
of partially labile ethoxy groups that can be selectively
transalcoholized with the preservation of the titanium
oxocore, leading to new oxo-alcoxo-clusters Ti16O16-
(OEt)32-x(OR)x (R: alkyl, phenyl, methacrylate, styrene,
etc.). The reactivity of the Ti16O16(OEt)32 cluster toward
aliphatic and aromatic alcohols was recently reported.
The reaction kinetics and the number of substituted
titanium atoms depend strongly on the alcohol type and
on the stoichiometric ratio used.15 In the present study,
the clusters are postfunctionalized with polymerizable
ligands to connect them with the organic matrix through
copolymerization. The transalcoholysis reaction was
carried out by treatment of the oxo-cluster in a toluene
solution with a strong excess of an aliphatic alcohol, the
2-hydroxylethyl-methacrylate (H2CdC(CH3)CO2CH2-
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CH2OH ) HEMA). The modification with HEMA en-
ables us to introduce eight methacrylate groups, leading
to an octafunctional methacrylate cluster (Ti16O16(OEt)24-
(OC2H4Mc)8).15,16 The functionalized clusters have been
incorporated into two different grades of matrixes: (I)
a dimethacrylate matrix and (II) poly(HEMA). The
structure and morphology of the resulted nanohybrids
as a function of the titanium cluster content, as well as
the structural differences of titanium cluster aggregates
formed in both types of matrixes, are discussed in the
present article. The dynamic thermomechanical proper-
ties as well as thermal stability of type (I) hybrids
depend on the titanium content incorporated inside the
dimethacrylate matrix. Additionally, for hybrids based
on the HEMA matrix, the influence of the UV curing
process on the aggregate structure has also been
investigated.

2. Experimental Section

2.1. Materials. Dimethacryloxy-tetraethoxylated
bisphenol A (Figure 1a), denoted CD540, was purchased
from Sartomer. 2-Hydroxyethyl methacrylate, denoted
as HEMA 99% (Figure 1b) and azo-bis-isobutyronitrile,
denoted as AIBN, were purchased from Sigma Aldrich.
UV polymerization initiator Darocur 1173 was pur-
chased from CIBA Vision. Tetraethoxyorthotitanate Ti-
(OEt)4 was purchased from Fluka. All purchased ma-
terials have been used as received. The synthesis of the
hybrid polymers proceeded in three steps. First, tita-
nium clusters Ti16O16(OEt)32 (Figure 1c) have been
synthesized and functionalized with methacrylate
ligands, producing an octafunctional titanium-oxo-
cluster Ti16O16(OEt)24(OC2H4Mc)8 that was used for the
preparation of the hybrid materials as described in
details elswhere.15 Three grades of hybrids were pre-
pared, that differ from each other only in the following
step.

(1) A set of samples was prepared by free radical
polymerization of a CD540/HEMA mixture with a
weight ratio of 2:1 in the presence of the nanoclusters.
The comonomers, i.e., CD540 and HEMA, were first
degassed under vacuum for at least 2 h and then mixed
with three different solutions corresponding to 2.5, 5,
and 7.5 wt % of clusters. After adding 4 wt % of Darocur
1173 under nitrogen atmosphere, the mixtures were
brought into a 1 mm thick mould, and were subse-
quently UV-cured for 108 s in total, and in 9 passages
under the UV lamp. Specimens termed as UV•Ti2.5,

UV•Ti5, and UV•Ti7.5, with dimensions 30 × 5 × 1
mm3 were obtained (Table 1). Additionally, one sample,
termed as UV•CDHEMA, with only the neat organic
matrix CD540/HEMA, has been prepared under similar
conditions.

(2) One sample, termed as UV•Ti19.2, has been
prepared by bulk free radical polymerization of 2-hy-
droxyethyl methacylate (HEMA) in the presence of 19.2
wt % clusters. Additionally, the neat organic matrix
poly(HEMA), termed UV•HEMA, has been also syn-
thesized (Table 2). Both samples were prepared using
the same UV curing process described above.

3) One solution, termed as Sol•Ti19.2, that contained
19.2 wt % of HEMA-modified nanoclusters incorporated
simply in a solution of HEMA, has also been prepared
(Table 2).

The HEMA monomer used in the present work may
play a double role: (a) as organic ligands to functionalize
the clusters and (b) as a reactive solvent to reduce the
viscosity of the dimethacrylate monomer, thus facilitat-
ing the dispersion of the nanoclusters in the matrix.
However, the incorporation of a high content of clusters
(19.2 wt % in our case) could not lead to good level of
dispersion for the mixture CD540/HEMA with a weight
ratio of 2:1. Therefore, 19.2 wt % of HEMA-modified
clusters have been incorporated only inside a neat
matrix of poly(HEMA).

2.2. Experimental and Data Analyses. 2.2.1. Small-
Angle X-ray Scattering (SAXS). Experimental Pro-
cedure. Small-angle X-ray scattering measurements
were performed in transmission geometry using a
homemade three-pinhole collimation system equipped

Table 1. Chemical Composition of Titanium-Based Materials Obtained from Titanium Clusters Incorporated into the
Organic Matrix CD540/HEMA with a Weight Ratio of 2:1 and UV Cured for 108 s in Total in 9 Passages

initiator

sample name
CD540 g

(wt %)
HEMA g

(wt %) type
g

(wt %)
Ti cluster g

(wt %)

UV•CDHEMA neat matrix 2.56 (62.0) 1.28 (31.0) Darocur 0.16 (4.0)
UV•Ti2.5 2.49 (62.3) 1.25 (31.2) Darocur 0.16 (4.0) 0.10 (2.5)
UV•Ti5.0 2.43 (60.7) 1.21 (30.3) Darocur 0.16 (4.0) 0.20 (5.0)
UV•Ti7.5 2.36 (59.0) 1.18 (29.5) Darocur 0.16 (4.0) 0.30 (7.5)

Table 2. Chemical Composition of Titanium-Based Materials with High Concentration of Titanium Clusters
Incorporated into Pure HEMA in Liquid State and UV Cured for 108 s in Total in 9 Passages

initiator

sample
name

CD540 g
(wt %)

HEMA g
(wt %) type g (wt %)

Ti cluster g
(wt %)

Sol•Ti19.2 0.00 (0.0) 3.07 (80.75) 0.77 (19.2)
UV•HEMA 0.00 (0.0) 3.84 (96.0) Darocur 0.16 (4.0)
UV•Ti19.2 0.00 (0.0) 3.07 (76.8) Darocur 0.16 (4.0) 0.77 (19.2)

Figure 1. Representation of inorganic nano-building-block
and organic monomers: (a) dimethacryloxy-diethoxy-bisphenol
A (CD-540), (b) 2-hydroxyethyl methacrylate 99+% (HEMA),
and (c) unmodified Ti16O16(OEt)32 cluster.
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with an Osmic multilayer mirror for higher photon flux
at smaller beam spots, a Rigaku rotating anode genera-
tor (Cu KR radiation λ ) 1.542 Å, operating at 4.2 kW),
and a HiStar 2D area detector (Bruker AXS). The
scattering intensity has been recorded at two different
sample-to-detector distances to cover a large scattering
wave vector range (q ) 0.007-0.8 Å-1).

SAXS patterns were recorded for UV•CDHEMA,
UV•Ti2.5, UV•Ti5, and UV•Ti7.5. All scattering pat-
terns were first radially averaged to obtain the function
I(q) and then corrected for background scattering, X-ray
absorption, and sample thickness variations. The scat-
tering intensity I(q) corresponding to the neat matrix
(CD540/HEMA) has also been subtracted to determine
the net scattering intensity of the titanium clusters
shown in Figure 2. It should be noted that this correc-
tion does not alter the influence of the organic matrix
on the structure of titanium cluster aggregates.

SAXS profiles have been recorded for Sol•Ti19.2 and
UV•Ti19.2 samples. The same correction procedure
mentioned above has been applied. However, the scat-
tering profiles of pure HEMA in liquid state and of poly-
(HEMA) after UV curing (UV•HEMA) have been
subtracted (Figure 3).

Data Analysis. Figures 2 and 3 show the scattering
curves I(q) in a log-log plot for both sets of samples
{UV•Ti2.5, UV•Ti5, UV•Ti7.5} and {UV•Ti19.2,
Sol•Ti19.2}, respectively. For two wave vector ranges
0.007 Å-1 < q < 0.015 Å-1 and 0.6 Å-1< q < 0.8 Å-1,
the scattering intensity exhibits a power law decay. This
power law decay has been argued to be linked to the
fractal nature of scattering objects in the literature.17-19

Fractals have been found to be very useful in describing
many diverse phenomena in various fields of physical
sciences.20 However, as shown in Figure 2, these power
law regimes display a structural limit, which appears
as a sort of a plateau in the scattering profiles for the
wave vector range 0.05 Å-1 < q < 0.6 Å-1. A unified
equation for the scattering intensity I(q) has been
proposed by Beaucage17-19 to describe simultaneously
the two mentioned regimes in the SAXS profiles (i.e.,
the power law decay and the plateau). In his model, one
structural level pertains to a Guinier-like regime,
describing an average structural size in terms of radius
of gyration, and a structurally limited power law regime
describing the mass, or surface fractal scaling for that
level structure. It should be noted that the polydisper-
sity effects have been neglected in this model. The
Beaucage model is given in the following equations, and
a full discussion of the model is be found in the
literature.18

Figure 2. (a) Experimental SAXS profile I(q) (open circle) and
fitting curve (solid line) using the Beaucage model for the
UV•Ti7.5 sample. The four contributions are represented by
1A (dashed), 1B (dotted line), 1C (short dash-dot), and 1D
(dash-dot-dot). (b) Experimental SAXS profiles I(q) of the
UV•Ti2.5, UV•Ti5, and UV•Ti7.5 samples. The profiles are
shifted vertically for clarity. I(q) is the scattering intensity
after normalization and subtraction of scattering contribution
of the neat matrix UV•CDHEMA (cf. Section 2.2.1).

Figure 3. Experimental SAXS profiles I(q) (open circle) and
fitting curves (solid line) using the Beaucage model for (a)
Sol•Ti19.2 and (b) UV•Ti19.2 samples. I(q) is the scattering
intensity after normalization and subtraction of scattering
contribution of the neat UV•HEMA (cf. Section 2.2.1).

I(q) ) G1 exp(-
q2Rg1

2

3 ) (1A)

+ B1 exp(-
q2Rg2

2

3 )[(erf(qRg1/x6))3

q ]p1

(1B)

+ G2 exp(-
q2Rg2

2

3 )S(q) (1C)

+ B2[(erf(qRg2/x6))3

q ]p2

S(q) (1D)
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where G1 and G2 are the Guinier pre-factors, Rg1 and
Rg2 are the gyration radii, B1 and B2 the pre-factors of
the fractal domains, erf(x) the error function. The indices
1 and 2 refer to a large-scale structure length and the
titanium cluster as a subunit length scale, respectively.
P1 and P2 are referred to as the Porod exponents.21 To
reduce the number of free parameters in eq 4, a relation
between the power law factor B1 and the Guinier pre-
factor G1, termed “polymeric constraint”, has been used
for the case of an arbitrary polymeric mass fractal:19

where df1 ) P1 e 3 is the fractal dimension of the mass
fractal, Γ(x) is the gamma function and Rg1 is the radius
of gyration. Generally, the power law exponent for a
mass fractal lies between 1 e P e 3 and for a surface
fractal between 3 e P e 4. The fractal dimension for a
mass fractal structure corresponds to the power law
exponent df ) P, while for a surface fractal, the surface
fractal dimension dfs ) 6 - P.17,22 Beaucage et al.23 also
proposed a function for the structure factor S(q) to
account for particle-particle interference on the basis
of the Born-Green theory24 to describe the correlation
of spherical colloidal particles or domains in terms of a
correlation distance d and a packing factor k as:

where θ(q) is the form factor for structural correlations
between particles:

where d corresponds to the average particle distance.
The structure factor S(q) (i.e., interference factor) was
determined on the assumption of the interaction poten-
tial of hard-core spheres.25-27 The set of eqs 1-4 was
used to fit the experimental SAXS curves in the present
study. All data fitting in the present study was carried
out using the Mathematica 4.2 software package.

2.2.2. Transmission Electron Microscopy (TEM)
and Energy-Filtering Transmission Electron Mi-
croscopy (EFTEM). Bright field TEM micrographs,
both conventional and with energy-filtering, were taken
from ultramicrotomed thin sections of UV•Ti2.5,
UV•Ti5, UV•Ti7.5, and UV•Ti19.2 samples using an
electron microscope EM 912 (Zeiss, Germany) operating
at 120 kV. The slices of about 100 nm thickness were
mounted on amorphous carbon-coated copper TEM
grids. Energy-filtered images were recorded at an
energy loss of ∆E ) 250 eV above the adsorption edge

of titanium (Ti-M2,3, 40 eV) and below that of carbon
(C-K, 284 eV) optimized for the titanium contrast.

2.2.3. Nano-indentation for Hardness Assessment.
Nano-indentation was carried out on UV•CDHEMA
and UV•Ti2.5 samples with the AFM mentioned above.
A Berkovich indenter probe, consisting of a diamond tip
with a radius below 25 nm, mounted to a metal foil
cantilever was used to indent the surface. To compare
only qualitatively the hardness of the pure matrix with
the matrix containing 2.5 wt % of clusters, an identical
trigger threshold of 2.5 V was applied for both samples.
We recall here that the trigger threshold is the canti-
lever deflection at which the controller stops pushing
the tip into the surface. It is a measure also of the force
applied on the sample during indentation. An array of
four indents equidistant by 500 nm was carried out at
four different places in both samples, with the same
trigger threshold value and under the same indentation
parameters. Height images of indents were recorded
using the same diamond tip in tapping mode for
UV•CDHEMA and UV•Ti2.5. To compare easily be-
tween the indents of UV•CDHEMA and UV•Ti2.5, we
show only the height images of one indent for each
material with comparable scan size of 507 × 507 nm2

(Figure 7).
2.2.4. Dynamic Mechanical Thermal and Ther-

mogravimetric Analyses. Dynamic mechanical ther-
mal analysis (DMTA) was performed using a DMA 2980,
TA Instruments (USA), in a single cantilever-deforma-
tion mode. Viscoelastic properties were determined on
thin films with dimensions of 10 × 8 × 2 mm3, applying
a fixed amplitude deformation of 20 µm at a frequency
of 1 Hz. Temperature scans from -100 °C to +200 °C
with a heating rate of 2 K/min were applied.

Thermogravimetric analysis (TGA) was conducted
with a Q500, TA Instruments (USA), under nitrogen
and air atmospheres from room temperature up to 700
°C. The employed heating rate was 10 K/min.

3. Results and Discussion

3.1. Structure Characterization of Hybrid Na-
nomaterials. 3.1.1. Description of SAXS Profiles of
Titanium Cluster with the Beaucage Model. Figure
2a shows the experimental scattering profile for the
UV•Ti7.5 sample over the wave vector range 0.007 Å-1

< q < 0.8 Å-1 as a typical example of the data fitting.
The Beaucage model is used with a breakdown of the
different profiles corresponding to the four terms ex-
pressed by eqs 1A, 1B, 1C, and 1D and the complete
fitted curve of the model (solid line) is shown. All
parameters derived from the fitting of the different
samples are summarized in Table 3. The experimental
scattering data was limited to the wave vector range
0.007 Å-1 < q < 0.8 Å-1. Because of the minimum wave
vector qmin imposed by the beam stop, there were not
sufficient data points for an accurate determination of

Table 3. Fitting Parameters of SAXS Profiles for Different Titanium Cluster Samplesa

sample name
power law exponent

large structure P1

gyration radius
Rg2 [Å]

power law exponent
small structure P2

packing
factor k

correlation distance
d [Å]

UV•Ti2.5 2.17 6.50 4.00 0.74 17.5
UV•Ti5.0 2.42 6.88 4.00 0.80 18.0
UV•Ti7.5 2.10 7.13 4.00 0.98 18.2
UV•Ti19.2 3.26 5.31 4.00 2.84 16.5
Sol•Ti19.2 3.90 5.18 4.00 2.13 13.8
error bar (0.05 (0.2 (0.05 (0.1 (0.5

a The general semiempirical model of Beaucage was applied for two structural levels and weakly correlated system given by eq 4.

B1 ) (G1df1

Rg1f1
d )Γ(df1/2) (2)

S(q) ) 1
1 + kθ(q)

(3)

θ(q) ) 3
sin(qd) - qd cos(qd)

(qd)3
(4)
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the scattering profile of the large structures (i.e., low
q), described by expression (1A), and hence, these results
from the model were chosen to not be considered for the
determination of the gyration radius Rg1 (dashed line
in Figure 2a). Therefore, we discuss here only the role
of the contributions (1B), (1C), and (1D). The large-scale
structures, described by expression (1B), are composed
by small-scale structures captured by the terms (1C) and
(1D).

For the wave vector range 0.007 Å-1 < q < 0.015 Å-1,
the contribution of (1B) dominates (dotted line in Figure
2a). It describes the power law decay of the scattering
intensity I(q) due to large structures defined by Rg1. This
decay depends on the morphology of the large structure
(P1, Rg1) and on the size of the small structure Rg2.
Therefore, for two interrelated structural levels, the
power law decay (-P1) cannot be accurately determined
simply from the slope of the log-log plot, as already
pointed out in a previous study by Beaucage.18 The
curves (1B) in Figures 2 and 3 describe well the
scattering intensity decay for all cluster concentrations.

The expression (1C) is the predominant contribution
in the wave vector range 0.07 Å-1 < q < 0.4 Å-1. It
describes the plateau like behavior and also the subunit-
subunit interference effects that lead to a correlation
peak (weak and almost unnoticeable for the low content
of Ti systems, but strong and well-defined for the high
Ti content hybrids) in the scattering profile (short dash-
dot line in Figures 2 and 3). This curve represents also
the cutoff of the power law given by (1B), which arises
from a morphology transition from the large-scale to the
small-scale structure of subunit particles with a gyra-
tion radius Rg2. We found correlation effects between
the subunits of the formed aggregates, even for the
lowest titanium cluster content of 2.5 wt % (Table 3),
after fitting the Beaucage model on the experimental
data. Correlation phenomena and related parameters
(k, d) for the different titanium contents will be dis-
cussed in detail in Sections 3.1.3 and 3.1.4.

The second power law exponent P2 and the gyration
radius Rg2 were determined in the wave vector range
0.4 Å-1< q < 0.8 Å-1 from the curve defined by
expression (1D) (dash-dot-dot line in Figure 2a). It also
covers partially the correlation broad peak in the wave
vector range 0.4 Å-1< q < 0.6 Å-1. P2 was found to be
4, indicating the presence of subunits with smooth
surfaces and sharp interfaces with their surroundings,
following the well-known Porod law28 (Table 3). On the
basis of the discussed data above, one may conclude that
the Beaucage model is well-suited to describe the
experimental SAXS scattering patterns over the whole
wave vector range in our systems (Figures 2, 3). The
interpretation of the structural parameters extracted
from the fitting procedure is discussed in the following
section.

3.1.2. Growth Process of Titanium Cluster Ag-
gregates in Dimethacrylate-Based Matrixes. The
power law exponent of the large structure P1 ) 2.1,
determined from the SAXS data, indicates that the
titanium clusters are mass fractals. The fractal dimen-
sion df1 of these aggregates is given by df1 ) P1 ) 2.1.
It has been found that there exists a slight fluctuation
(albeit statistically significant) on the order of 0.3 in the
fractal dimension values by increasing the titanium
content (Table 3). Computer simulations of fractal
aggregates, such as the one reported by Schaefer,22 may
turn out to be very useful to obtain a better insight into

the internal structure and to describe the aggregation
growth processes. Such simulations make use of as-
sumptions concerning transport phenomena, such as
diffusion and accretion. The possibilities for accretion
include monomer-to-monomer (MM), monomer-to-clus-
ter (MC), and cluster-to-cluster (CC) aggregation. The
transport phenomena on the other hand, can be either
diffusion or reaction collision limited aggregation. The
fractal dimension df1 ) 2.1 of the titanium cluster
aggregates derived from the data fits in the present
study (Table 3) corresponds to a fractal dimension
determined by simulations for reaction limited cluster-
cluster (CC) aggregation (RLCA) that was carried out
by Lin et al.29 On the basis of the study of Lin et al.
and the SAXS experimental data, the growth process
(i.e., the aggregation process) of the titanium clusters
in our system proceeds through collisions that take place
because of cluster Brownian motion and result in the
formation of larger aggregates of clusters after a large
number of collisions. The formed clusters themselves
continue to diffuse, collide, and form even larger clus-
ters. The underlying growth process plays a very crucial
role for the final value of the fractal dimension. Fur-
thermore, following monomer-monomer (MM) and
monomer-cluster (MC) aggregation processes, the re-
sulting aggregates display fractal dimensions df > 2.5.22

The formation of aggregates proceeds through the
diffusion of single particles, while the growing ag-
gregates remain stationary. Our SAXS experiments for
the different titanium contents (2.5, 5, and 7.5 wt %)
suggest that large aggregates having ramified and
“open” structures are formed. The power law exponent
P2 ) 4 indicates the presence of subunits with sharp
interfaces. Assuming that these subunits are spherical,
their radius is given by R0 ) x5/3Rg2, and thus their
size (diameter) varies from 16.9 to 18.5 Å as the
titanium content increases from 2.5 to 7.5 wt %. Each
subunit corresponds probably to a single titanium
cluster of dimension 12 × 17 Å2, as has already been
measured by Mosset et al.30 by means of crystallography
for the nonmodified titanium clusters.

3.1.3 Effect of Increasing the Titanium Content
in Dimethacrylate-Based Matrixes. The degree of
correlation occurring between the subunits of the tita-
nium cluster aggregate is mainly defined by two pa-
rameters: (i) the average correlation distance denoted
d, which is approximately two times the radius of the
subunits (d ≈ 2R0 ≈ 18 Å), and (ii) the packing factor k
) 8v0/v1, where v0 ) (4π/3)Rg2

3 is the volume of a
primary cluster or subunit, assumed to be a sphere, and
v1 ) V/N is the average volume provided to each
subunit, with V being the total volume provided to N
particles.

As seen in Table 3, Rg2 and consequently v0 of the
subunit remains practically constant with the increase
of the titanium content from 2.5 to 7.5 wt %, while the
packing factor increases only slightly from 0.74 to 0.98.
The variation of the packing factor can be explained by
a simultaneous increase of the total volume V and the
number N of subunits per aggregate, while the ratio V/N
remains almost unchanged. Furthermore, fractal di-
mensions determined for UV•Ti2.5, UV•Ti5, and
UV•Ti7.5 samples (df ) P1 < 2.5) confirm that titanium
clusters are present as aggregates with ramified struc-
ture rather than being compact.

3.1.4. Structure of Titanium Clusters in HEMA-
Based Matrixes. Compared to the previous nanoma-
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terials, in which the organic phase, i.e., the matrix based
on dimethacrylate monomer, is a highly cross-linked
polymer,31,32 in this part, the organic phase poly(HEMA)
forms a slightly cross-linked polymer matrix because of
the presence of a small percentage of ethylene glygol
dimethacrylate (EGDMA). If one compares the scatter-
ing profiles of hybrids based on HEMA in the presence
of 19.2 wt % titanium clusters before (Sol•Ti19.2,
Figure 3a) and after the curing process (UV•Ti19.2,
Figure 3b), one may see a remarkable change in the
titanium cluster structure that occurred after curing.
A power law exponent of P1 ) 3.9 for the aggregates
formed in Sol•Ti19.2 sample has been found, indicating
the presence of compact aggregates with small fracta-
lity. On the other hand, in the fully cured nanomateri-
als, compact aggregates with a much higher fractality
formed (P1 ) 3.26).17 Moreover, after curing interference
effects between the subunits of the aggregates are more
accentuated, leading to a visible correlation peak in
SAXS profile (Figures 3b), and resulting in an increase
of the packing factor from k ) 2.12 for Sol•Ti19.2 to k
) 2.84 for UV•Ti19.2. In other words, the gelation and
immobilization of the HEMA polymer chains at fixed
positions lead also to a firm placement of the titanium
clusters at specific positions in the network. This implies
an increase in the short-range order in terms of the
correlation distance from d ) 13.8 Å for Sol•Ti19.2 to
d ) 16.5 Å for UV•Ti19.2.

3.1.5. Small-angle Scattering of the Neat Ma-
trixes. Because the matrix itself can be considered as
one structural level, P has been derived simply from the
slope of I(q) in the log-log plot. Amorphous random
polymer structures are usually classified as mass fractal
structures through SAXS experiments with a fractal
dimension of the order of df ) 2.33 Surprisingly, the
scattering intensity in the wave vector range 0.007 Å-1

< q < 0.015 Å-1 of dimethacrylate-based matrix
UV•CDHEMA display a power law decay of P ) -4.16
(Figure 4a) and of P ) -4.28 for the poly(HEMA)
UV•HEMA (Figure 4b). These values indicate that
these organic matrixes behave as systems of “particles”
having a diffuse interface with the rest of the system.
Indeed, such nanostructure has been previously re-
ported by Rey et al.34,35 for cross-linked networks of
dimethacrylate matrixes (CD540) through dynamic light
scattering (DLS) experiments, and attributed to the
formation of domains with high cross-link density in
comparison to the rest of the matrix. Dusek et al.36 have
also observed a nodular structure by scanning electron
microscopy (SEM) on fractured surfaces of un-cross-
linked polymers, such as poly(methyl methacrylate),
which could probably be attributed in the formation of
a heterogeneous network of physical cross-links, though
the exact explanation of the phenomenon is still not well
established. The SAXS analysis of both matrixes used
in the present study does not reveal any difference in
the scattering behavior, apart from the differences in
the power law decay. Both materials display a hetero-
geneous structure, consisting of phases (probably of
nodular structure) having a diffuse interface.

It should be noted that the growth process of the tita-
nium aggregates depends strongly on the influence of
the nature of the initial monomer and/or microstructure
of the final polymer (UV•CDHEMA and UV•HEMA),
i.e., the interactions between the inorganic and organic
components. Compared to the HEMA-based matrix, the
vitrification of the polymer matrix occurs more rapidly

during the polymerization process of UV•CDHEMA,
leading not only to a high cross-link density, but also
to a more heterogeneous system. It is the interplay
between these parameters that control and influence the
mechanism of aggregation in the two systems, and since
the UV•CDHEMA matrix reaches the vitrification state
at a much faster rate, the phase segregation of the
nanoclusters is severely disrupted, hence, leading to
more ramified and open structures than in the case of
the UV•HEMA matrix where the reaction proceeds at
a much lower speed.

3.2. Size and Distribution of Modified Titanium
Clusters in Hybrid Nanomaterials. Conventional
bright field TEM and energy-filtered images have been
performed for UV•Ti2.5, UV•Ti5, UV•Ti7.5, and
UV•Ti19.2. To obtain higher spatial resolution and
sharp contrast, an energy filter value of 250 eV was
chosen as follows: an electron energy loss spectrum
(EELS) was measured only for the UV•Ti19.2 sample.
The characteristic adsorption edges of the sample were
the C-K edge (284 eV), the Ti-M2,3 edge (40 eV), and
the Ti-L2,3 edge (455 eV). Elemental mapping images
recorded at the Ti-L edge and the energy filtered image
at different values of energy loss (at Ti-M edge, above
the Ti-M edge and far below the C-K edge) revealed
the same features. The brighter regions visible in the
energy-filtered images consist only of titanium-rich
domains because no other element with a characteristic
energy loss in this range is present in the system.
Furthermore, for an energy filter value of 250 eV, the
additional undesirable contrast due to sample thickness
variations could be successfully minimized. As an
example, Figures 5a and 5b show the bright field TEM

Figure 4. Normalized experimental SAXS profiles I(q) of the
neat organic matrix (a) UV•CDHEMA (open circle) used for
normalization of the UV•Ti2.5, UV•Ti5, and UV•Ti7.5
samples and (b) UV•HEMA (open square) used for UV•Ti19.2.
P is determined directly from the slope of I(q) in the log-log
plot.
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images of the neat matrix UV•CDHEMA and UV•Ti5.
It should be underlined that the light and gray regions
displayed by the bright field TEM and energy-filtered
TEM images corresponds simply to the structure of the
carbon-film-coated Cu TEM grids and not to the inher-
ent features of the samples. The black domains in the
bright field TEM image (Figure 5b) and the correspond-
ing shining white domains in the energy-filtered TEM
image (Figure 5d) of UV•Ti5 both represent the same
titanium cluster aggregates. The insets of the TEM
micrographs show some of the titanium cluster ag-
gregates in higher magnification. As seen in the micro-
graphs, the clusters are aggregating into ramified rather
than into compact structures. The results from the TEM
are in excellent agreement with the results from the
SAXS measurements (P1 ) 2.4) that predict a similar
structure for the Ti aggregates. Figures 5c and 5d
illustrate the energy filtered images of UV•Ti2.5 and
UV•Ti5. The increase of titanium content from 2.5 to
5 wt % leads to a visible reduction in the number and
the size of aggregates as they appear as small, very
sharp white spots (Figure 5c). The typical size of these
small aggregates has been estimated to be approxi-
mately 30 nm, but it appears that there is a bimodal
distribution with larger-size aggregates (albeit few with
sizes between 80 and 180 nm) also present. The energy
filtered micrograph of the UV•Ti5 (Figure 5d) and
UV•Ti7.5 (not shown here) indicate the presence of a
size distribution between 30 and 180 nm, and only very
few smaller-size aggregates may be seen (of the order
of 30 nm). It may thus be concluded, that in the
UV•Ti2.5, with the exception of a very few aggregates,
the modified clusters are much better distributed and
dispersed in the organic matrix than they are for the
higher Ti contents. Moreover, the incorporation of a
higher content of Ti clusters into a dimethacrylate
matrix broadens the size distribution and therefore
decreases the homogeneity of nanomaterials. Figures 6a
and 6b show the bright field TEM and energy-filtered
micrographs for the UV•Ti19.2 sample. The number
of titanium-enriched domains has significantly in-
creased. Now, the titanium clusters aggregates are

denser and more compact. The power law exponent P1
) 3.26 extracted from SAXS fitting profile reveals this
effect, too. Both TEM and SAXS results indicate the
presence of surface fractals in the system, i.e., compact
and dense particles with rough surfaces, rather than a
mass fractal. Unexpectedly, despite the incorporation
of a very high content of 19.2 wt % titanium clusters
into UV•HEMA matrix, the size of the compact par-
ticles does not exceed 60 nm (Figure 6), whereas, for
UV•Ti5 and UV•Ti7.5, relatively large aggregates up
to 180 nm have been measured. There are two possible
explanations for this different behavior between the two
matrixes. First, the reaction kinetics and the extent of
cross-linking in the two matrixes is very different, and
this may have an influential impact on the aggregation
process. Second, the interactions between the matrix
and the Ti clusters are also different, with the
UV•HEMA matrix being more compatible with the
nanoclusters, thus leading to better dispersion and
smaller sizes for the aggregates. However, at present,
it is still unclear which of the two scenarios is the most
dominant one.

3.3. Enhancement of Thermomechanical and
Thermal Properties. 3.3.1. Nano-indentation for
Hardness Assessment. Height images of the indents
for the samples UV•CDHEMA and UV•Ti2.5 are given
in Figure 7. Because the hardness of each sample can
be estimated by the measurement of the size of the
indent, NanoMc37 software has been used to determine
the indent dimensions such as the depth, the surface,
and the projected area shown in Table 4. By incorporat-
ing the titanium clusters into the pure organic matrix,
we found that all indent dimensions decreased. This

Figure 5. (a) Bright field TEM image of UV•CDHEMA. (b)
Bright field TEM image of UV•Ti5 and (c) filtered energy
TEM images of UV•Ti2.5. (d) Filtered energy TEM images of
UV•Ti5. The large images have a bar scale of 500 nm, and
the insets of 100 nm.

Figure 6. (a) Bright field TEM images and (b) filtered energy
image of UV•Ti19.2 with bar scale of 500 nm.

Figure 7. Comparison of the indent dimensions derived from
height images using NanoMc software between (a) the pure
matrix UV•CDHEMA and (b) UV•Ti2.5 for a scan size of 507
× 507 nm2 and a trigger threshold of 2.5 V.

Table 4. Indent Parameters of UV•CDHEMA and
UV•Ti2.5 Determined with NanoMc Software37

sample name
depth
h [nm]

projected area
AP [µm2]

surface area
AS [µm2]

UV•CDHEMA 115.4 0.14 0.17
UV•Ti2.5 89 0.06 0.12
error bar (5 (0.01 (0.01
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qualitative estimation enables us to conclude that the
titanium clusters play a significant role in increasing
the hardness of the material.

3.3.2. Dynamic Mechanical Thermal Properties
of Dimethacrylate/Titanium Clusters-Based Na-
nomaterials. Storage moduli E′ and loss factors tan δ
have been measured as a function of temperature for
the neat matrix UV•CDHEMA and for the hybrids
UV•Ti2.5, UV•Ti5, and UV•Ti7.5. The UV•Ti19.2
sample was very brittle, and as a result, DMA measure-
ments could not be carried out. Figure8a and b illustrate
the storage modulus E′ and the loss factor tan δ as a
function of temperature. Over the whole temperature
range -100 °C e T e 200 °C, all hybrids show a much
higher storage modulus than that of the neat matrix.
In addition, the glass transition temperature (i.e., R
relaxation) has shifted from 109.6 °C for the neat matrix
UV•CDHEMA to 120 °C for the UV•Ti7.5 sample
(Figure 8b). Figure 8c shows the variation of the storage
modulus E’ versus the titanium cluster content at two
temperatures, below Tg at T ) 25 °C and above Tg at T
) 175 °C. The different behaviors that have been found
in the glassy regime and in the rubbery may be seen in
Figure 8c. There are, however, a number of interesting
observations seen in Figure (8a,c). First, there appears
to be a maximum in terms of storage modulus for the
lowest Ti content (Ti•2.5%) hybrid in the glassy regime
(i.e., below Tg). In fact, the stiffness of the matrix
increases by a factor of 2.5 just with incorporating only
2.5% Ti clusters inside it. The increase of the Ti content
does not lead to an increase in the hybrids’ stiffness.
On the contrary, it leads to a mild and a clear decrease
for the Ti•5% and Ti•7.5% hybrids compared to that
of the Ti•2.5%, respectively. On the other hand, the
scenario is different and much closer to what one might
have expected for the rubbery regime (i.e., above Tg).
In this case, the higher Ti content hybrids exhibit a

higher storage modulus, but it may also be seen from
Figures 8a and 8c that, practically, there is little
difference between the Ti•5% and the Ti•7.5% hybrids.
It is noteworthy that the addition of 2.5% of Ti leads to
an increase of the stiffness in the rubbery regime by a
factor of 3, while in the case of 5 and 7.5% Ti content
samples, the increase is by a factor of 7. Interestingly
enough, the system reaches a sort of a saturation level
above 5% of Ti content for the stiffness in the rubbery
regime. The behavior of the systems above Tg may be
explained through the change of the cross-linking
density with the incorporation of the Ti clusters in the
matrix. As the cross-linking density increases in the
system because of the addition of the nanoclusters, the
storage modulus also increases above Tg as predicted
by theory.38 Remarkably, there is no further increase
of E′R from 5 wt % to 7.5 wt % titanium cluster content.
It appears that, above a critical concentration of Ti
clusters, there is no further increase in the effective
cross-linking density. This may be due to the fact that,
because of the higher degree of aggregation in the high
content Ti samples, there are potentially other mecha-
nisms (such as self-reaction, steric hindrance, etc.) that
hinder any further incorporation of the nanoclusters in
the polymer network, thus causing the effective cross-
linking density to reach a maximum value.

The glass transition temperature Tg shows a compa-
rable trend, albeit a far less pronounced trend, than that
of the E′R (Figure 8b). The increase of the Tg generally
reflects a restriction in the segmental chain mobility
because of the cross-linking effect. It is surprising,
however, that the E′R increases by a factor of 3, while
the Tg increases by about 2 °C with the addition of only
2.5% Ti clusters in the system. On the other hand, for
the 5 and 7.5 Ti wt %, the increase in the E′R and Tg is
practically of the same order. The comparison between
the Tg and E′R results indicates that, in the case of the

Figure 8. DMA curves of UV•CDHEMA, UV•Ti2.5, UV•Ti5, and UV•Ti7.5 taken at the final run. (a) Dynamic storage moduli
E′[GPa], (b) loss factor tan δ. (c) Storage modulus below the Tg, EG′ at 25 °C (the left axis), above the Tg, ER′ at 175 °C (right axis)
and the glass temperature Tg (at most right axis) as a function of the titanium clusters weight incorporated into the dimethacrylate
matrix.
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UV•Ti2.5 sample, there might be other than the cross-
linking density mechanisms responsible for the increase
in stiffness, such as the degree of dispersion, physical
interactions between the clusters and the polymer
chains, etc. It is, however, very difficult to deconvo-
lute the effect of these mechanisms, given the fact that
the polymer network is very heterogeneous from its
nature. The loss tangent maximum (tan δ)max has been
found to decrease with the titanium clusters content
(Figure 8b). However, UV•Ti2.5 still exhibits a damping
factor of tan δ ) 0.4. Usually, polymeric materials with
tan δ > 0.3 are considered as having very good damping
properties.39 The broadening of the glass transition peak
∆T, determined from the full width at half-maxi-
mum of the loss factor peak, is linked to the distribu-
tion of mobility (i.e. relaxation times) of polymer seg-
ments.40 Subsequently, ∆T may be taken as a measure
of the structural heterogeneity degree of the network.
Values for ∆T obtained from Figure 8b are 30 °C for
UV•CDHEMA, 42 °C for UV•Ti2.5, 48 °C for UV•Ti5,
and 57 °C for UV•Ti7.5. The increase of ∆T indicates

that the hybrids are more heterogeneous than the neat
matrix, and that the degree of heterogeneity increases
with the increase of the titanium cluster content.

3.3.3. Thermal Stability of Nanomaterials. Figure
9a illustrates the TGA thermographs of weight loss as
a function of the temperature under air atmosphere, and
Figure 9b shows its derivative DTGA. Tables 5 and 6
summarize the weight loss at each degradation step and
the corresponding peak decomposition temperature Tmax
under air and nitrogen atmospheres, respectively. Un-
expectedly, the TGA curves of the hybrids are very
different from that of the neat resin. A comparison of
the initial decomposition temperature (Ti), defined as
5% weight loss in Figure 9a, shows that the main
degradation process under air atmosphere in the case
of hybrids starts about 20 °C higher than in the neat
matrix. On the other hand, the peak decomposition
temperature, underlined in Table 6 and corresponding
to the major weight-loss step under air is shifted
significantly from Tmax ) 332 °C for the neat matrix to
approximately 400 °C for hybrids because of the pres-

Figure 9. (a) Weight loss and (b) derivative thermographs DTGA curves of the neat matrix UV•CDHEMA and hybrid
nanomaterials UV•Ti2.5, UV•Ti5, and UV•Ti7.5 under air atmosphere. TGA and DTGA curves under air and under nitrogen
for (c) the neat matrix and (d) UV•Ti2.5.

Table 5. TGA Results under Air Atmosphere

TGA under air atmosphere

UV•CDHEMA UV•Ti2.5 UV•Ti5.0 UV•Ti7.5

Tmax
[°C]

weight loss
[%]

Tmax
[°C]

weight loss
[%]

Tmax
[°C]

weight loss
[%]

Tmax
[°C]

weight loss
[%]

332 72.4 324 19.3 332 21.9 335 19.9
409 18.5 403 56.6 400 52.6 397 52.7
531 7.5 471 22.8 468 22.9 472 22.7

Table 6. TGA Results under N2 Atmosphere

TGA under N2 atmosphere

UV•CDHEMA UV•Ti2.5 UV•Ti5.0 UV•Ti7.5

Tmax
[°C]

weight loss
[%]

Tmax
[°C]

weight loss
[%]

Tmax
[°C]

weight loss
[%]

Tmax
[°C]

weight loss
[%]

358 46.4 409 84.0 405 80.1 401 78.3
418 50.8 495 3.7 475 4.9 468 5.0
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ence of the clusters. Furthermore, the increase of the
titanium content from 2.5 to 7.5 wt % does not alter the
initial degradation temperature (Ti) (Figure 9a) and the
peak decomposition temperature (Figure 9b, Table 5).
TGA curves under air and under nitrogen atmosphere
are displayed for UV•CDHEMA and UV•Ti2.5 in
Figure 9c and d. Three distinct stages of degradation
are observed under air atmosphere, while only two
stages are observed under nitrogen. Obviously, the third
decomposition peak under air atmosphere located at a
temperature above 430 °C (see derivatives in Figure
(9c,9d)) originates from the weight loss through a pure
oxidation reaction. However, below 430 °C, some oxida-
tive degradation in the experiments under air atmo-
sphere is probably also present in combination with
other degradation mechanisms. For the temperature
range between 245 and 430 °C, the weight loss curve
under air of the neat matrix lies below the one measured
under nitrogen atmosphere (Figure 9c), indicating faster
degradation that one also might expect in the presence
of O2. The difference in weight loss at constant temper-
ature (in the range 245-430 °C) is on the order of 20
wt % for the neat matrix. On the other hand, for the
UV•Ti2.5 sample, a very small difference in weight loss
has been detected (Figure 9d) between the experiments
done under air and N2 atmospheres. Therefore, even
with a small amount of modified-titanium clusters, one
may stabilize and protect the neat matrix against
oxidative degradation. For the hybrids UV•Ti2.5,
UV•Ti5, and UV•Ti7.5, the peak decomposition tem-
peratures corresponding to the major degradation weight
loss under oxygen and nitrogen atmospheres (values of
Tmax underlined in Tables 5 and 6) are only slightly
different. Tmax varies from 403 to 397 °C under air
(Table 5) and from 409 to 401 °C under nitrogen (Table
6), while the titanium content increases from 2.5 to 7.5
wt %. Additionally, the initial degradation temperature
(Ti) (defined as 5% weight loss in Figure 9a), varies from
280 to 285 °C under air and from 288 to 290 °C under
nitrogen. Hence, one may conclude that the increased
thermal stability of the hybrid materials is mainly due
to the antioxidant activity of titanium clusters because
titanium-oxo-species are well-known by their ability to
trap efficiently the electrons and to generate Ti3+. Such
reduced species have been detected by electron spin
resonance (ESR).41,42 It is, however, noteworthy to note
that the matrix exhibits two distinct peaks (Figure 9c)
of decomposition under N2, which may be associated
with chain scission and depolymerization, but the
hybrids exhibit only one peak at the same conditions
(Figure 9d). Hence, it appears that the Ti clusters also
stabilize the polymer network in addition to the anti-
oxidation protection they offer to the matrix.

The oxidative degradation of polymers is a radical
reaction, which proceeds by a free-chain mechanism con-
sisting of three important steps: initiation, propagation,
and termination.43 It should be noted that extremely
long lifetimes of trapped radicals at room temperature
have been observed using electron spin resonance ESR
with photopolymerized dimethycrylate matrixes44,45 simi-
lar to the neat organic matrix UV•CDHEMA used in
the present study. It has also been observed by ESR that
oxygen reacts rapidly with these trapped radicals,
although no peroxy radicals (ROO•) could be detected
because of their fast transformation to hydroperoxides
(ROOH).46 The elevated weight loss due to the oxidative
reaction in the neat matrix is likely to be related to the

presence of a high amount of such trapped radicals.
Titanium clusters may inhibit the oxidative degradation
either by transforming the hydroperoxides (ROOH) into
nonradical yielding compounds, or by acting as chain-
breaking antioxidants via hydrogen-donating mecha-
nisms, i.e., scavenging of the C-centered alkyl (R•) or
the O-centered (RO•, RO2

•) radicals formed in the
initiation and propagation steps of the oxidative deg-
radation reaction.43,47 It appears that, at higher tem-
peratures, the octa-functional HEMA-modified titanium
clusters react efficiently with the remaining free radicals
entrapped in the photopolymerized dimethacrylate net-
work and/or with the radicals formed during the differ-
ent stages of the oxidative process. Such a reaction may
explain the antioxidant effect due to the presence of the
titanium clusters in hybrid nanomaterials.

The residue weight under nitrogen for T > 600 °C of
the neat matrix is 2.8 wt %. This indicates that the
fragment products of the degradation are volatile. In
the absence of oxidation, such an effect is known to
happen when the thermal degradation mechanism
proceeds by random chain scission. Nevertheless car-
bonization mechanisms have been demonstrated to
occur to some extent for aromatic-based polymers such
as the matrix used in the present study. For the
UV•Ti2.5, the residue weight under nitrogen is about
12 wt %. This result, in conjunction with the fact that,
under N2, the hybrids exhibit only one decomposition
peak as discussed previously, clearly demonstrates that
the presence of the Ti clusters inside the polymer
network increases the stability of the network and
reduces degradation through depolymerization and
chain scission, while favoring carbonization mecha-
nisms.

Conclusions

HEMA-modified titanium clusters have been incor-
porated into two different organic matrixes: dimethacry-
late-HEMA, which is a highly cross-linked and spatially
heterogeneous network, and poly(HEMA), which forms
a linear network, resulting in the manufacturing of
novel hybrid materials.

SAXS and TEM experiments have shown that the
best dispersion is achieved with a low content of Ti
clusters (2.5 wt %), and the clusters aggregate to form
larger structures of about 30 nm in size. The analysis
of the SAXS results with the Beaucage model in the case
of the dimethacrylate matrix revealed that the titanium
cluster aggregates are formed following a reaction-
limited cluster-cluster aggregation growth process
(RLCA). These aggregates are built up from correlated
subunits with approximately the size of one single
cluster. According to the SAXS results, the variation of
the titanium clusters content does not significantly
change the ramified structure of the aggregates in the
first system. By increasing the Ti content, the size and
distribution of the cluster aggregates increased signifi-
cantly to about 180 nm, while there were still a few
smaller-size aggregates present in the system.

SAXS, TEM, and EFTEM analyses for a higher
titanium cluster content of 19.2 wt % incorporated into
un-cross-linked poly(HEMA) indicate the formation of
compact, highly dense and well-distributed aggregates
with a size of ≈ 50 nm. In this case, correlation effects
strongly increased compared to that of the materials
with a lower titanium cluster loading incorporated into
dimethacrylate matrixes, as was revealed through
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SAXS. In a comparison, the titanium cluster structures
of 19.2 wt % into HEMA monomer before and after UV
curing, an increase of the short-range order was de-
tected.

Dynamic mechanical analysis revealed a significant
reinforcement effect through the incorporation of the
modified titanium clusters into the dimethacrylate
matrix. The increase of the titanium content in the
dimethacrylate matrix influences differently the storage
moduli in the glassy regime E′G and in the rubbery
regime E′R. It was found that, with only 2.5 wt % of Ti
clusters, the E′G increased by a factor of 2.5 and the E′R
increased by a factor of 3, while the Tg only slightly
increased by 2 °C. At the same time, the maximum of
the damping factor tan δ only slightly decreased from
0.6 to 0.4, thus indicating that the 2.5 wt % Ti hybrid
still retains excellent damping properties. In addition
to the significant increase of the matrix stiffness, the
incorporation of the Ti cluster lead to a remarkable
enhancement in the thermal stability (an increase by
70 °C in the main degradation temperature) of the
system, again at very low content of Ti (2.5 wt %). The
increase in the thermal stability is due to two possible
mechanisms: the elimination of free radicals that
propagate the oxidative reaction, and the stabilization
of the polymer network to shift chain scission and
depolymerization reactions at higher temperatures. The
addition of titanium clusters with 2.5 wt % Ti into the
organic medium also lead to a significant increase in
hardness, which manifested itself in the nano-indenta-
tion tests. Thus, through the incorporation of a low
content of modified Ti clusters, hybrid materials with
enhanced mechanical and thermal properties may be
manufactured.
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