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Abstract

Hybrid polymers prepared by radical polymerisation of the tetranuclear metal oxide clusters Ta4O4(OEt)8(OMc)4

(OMc = methacrylate) with styrene, or of Ta4O4(OEt)8(OMc)4, Ti4O2(OEt)6(OMc)6 and Hf4O4(OMc)12 with methyl methacry-
late were investigated by small-angle X-ray scattering (SAXS) to elucidate the distribution of the clusters in the polymer. Besides
the random distribution of the clusters, three different types of aggregation behaviour were observed with two different
inter-cluster distances each: the shorter distance being constant when the cluster portion in the polymer was varied, the longer
distance being constant or both distances being constant. To cite this article: V. Torma et al., C. R. Chimie 7 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

La préparation de polymères hybrides par polymérisation radicalaire de clusters d’oxydes métalliques tétranucléaires
Ta4O4(OEt)8(OMe)4 (OMe = métacrylate) avec le styrène ou de Ta4O4(OEt)8(OMe)4, Ti4O2(OEt)6(OMe)6 et Hf4O4(OMe)12

avec le métacrylate de méthyle a été étudiée par diffusion des rayons X aux petits angles (SAXS) pour déterminer la distribution
des clusters dans le polymère. Hormis la distribution aléatoire des clusters, trois types d’agrégats différents ont été observés avec,
pour chacun, deux distances « inter-clusters » différentes. Dans l’un des agrégats, la plus petite distance étant constante pour une
quantité variable de clusters dans le polymère. Dans le second type d’agrégats, la distance la plus longue reste constante et, dans
le troisième type, les deux distances sont constantes. Pour citer cet article : V. Torma et al., C. R. Chimie 7 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Inorganic–organic hybrid materials [1] are charac-
terized by the combination of organic and inorganic
building blocks on a molecular or nanometre scale.
One of the most versatile methods to prepare such
materials is sol–gel processing, which allows the mo-
lecular, oligomeric or polymeric organic species to be
either physically entrapped in an inorganic host matrix
or covalently bonded to it. A typical procedure for the
preparation of the latter type of hybrid materials is the
processing of mixtures of unsubstituted and organi-
cally substituted metal or semi-metal alkoxides. The
macroscopic homogeneity of materials prepared by
this approach is sufficient for most applications, but
their homogeneity on a molecular or nanometre scale
is mostly unknown. Because substituted and unsubsti-
tuted alkoxides have different reactivities and because
the structure of sol–gel materials is kinetically con-
trolled, some microphase separation must be expected.
The influence of such microphase separation on the
macroscopic materials properties is not known.

A better correlation between the nanoscale struc-
tural features of hybrid materials and their macro-
scopic properties can be expected if the different pre-
cursors are not processed in parallel (i.e., by processing
precursor mixtures) but sequentially instead. In this
article we are dealing with an example for the latter
approach, viz. the polymerisation of organic com-
pounds in the presence of pre-formed metal oxide
clusters. Metal oxide clusters capped by polymerisable
ligands can be easily prepared by controlled hydrolysis
of metal alkoxides in the presence of acrylic or meth-
acrylic acid. The organically modified transition metal
oxide clusters (OMTOC) can then be polymerised with
organic co-monomers to result in inorganic–organic
hybrid materials in which the organic and inorganic
building blocks are connected by strong covalent
bonds [2,3,4]. Since the clusters are incorporated un-
changed in the polymer [5], this approach allows a
much better structural control on the nanometre scale
than the more common co-processing of metal alkox-
ides, (meth)acrylic acid and additional organic mono-
mers.

Our first results on this class of hybrid materials,
viz. the cluster-crosslinked polymers, showed that
their properties not only depend on the cluster/organic
monomer ratio, as expected, but also on the kind of the

employed cluster [6]. However, there is no obvious
correlation between the cluster size, structure or com-
position and the materials properties. One of the pos-
sible reasons for this phenomenon is that the clusters
are not statistically distributed in the polymers, al-
though the hybrid materials appear homogeneous to
the naked eye.

The employed clusters are structurally well-defined
(monodisperse) inorganic objects with a typical diam-
eter of the inorganic core of about 0.7–1.2 nm. A very
suitable method for studying the distribution of such
objects in a polymeric organic matrix is small-angle
X-ray scattering (SAXS), because the inter-cluster dis-
tance is 1–5 nm and the electron density difference
between the organic and inorganic entities is large.

In this article, we restrict ourselves to the tetra-
nuclear clusters Ta4O4(OEt)8(OMc)4 (OMc = meth-
acrylate) (1) [6], Ti4O2(OEt)6(OMc)6 (2) [7], and
Hf4O4(OMc)12 (3) [8] (to exclude effects of the nucle-
arity of the clusters), and to poly(methyl methacrylate)
(PMMA) and polystyrene as the organic polymers. We
will show (together with results from some previously
characterized polymers) that the dispersion of the clus-
ters in the polymer can be described by four different
models.

2. Results and discussion

The structures of the organically modified transition
metal oxide clusters used for the preparation of the
polymers are shown in Fig. 1. The tetranuclear clusters
have different shapes and a different number of poly-
merisable methacrylate ligands covering their surface.
This allows polymerisation of the clusters with methyl
methacrylate or styrene as co-monomers by free radi-
cal polymerisations as previously described, [6,7,9]
with a typical cluster portion of 0.5–2 mol%. The
obtained hybrid polymers are transparent glassy mate-
rials with materials properties typical of highly
crosslinked polymers.[4] The reason why different
clusters were used is that their individual structure and
the number of polymerisable ligands might influence
their aggregation behaviour and thus the properties of
the resulting materials.

In the remainder of this article, the samples are
labelled as follows: the number of the cluster (1–3) is
followed by STY (for styrene) or MMA (for methyl
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Fig. 1. Structures of the clusters Ta4O4(OEt)8(OMc)4 (1) (top) [6], Ti4O2(OEt)6(OMc)6 (2) (centre) [7], and Hf4O4(OMc)12 (3) (bottom) [8].
(Reproduction with friendly permission of the Materials Research Society, from [6]).
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methacrylate) and the mol% of the cluster used in the
preparation. For example, 1STY0.5 is a hybrid poly-
mer, where 0.5 mol% of cluster 1 and 99.5 mol% of
styrene was copolymerised. Labels without the second
number refer to the particular hybrid polymer in gen-
eral.

The SAXS data were recorded in transmission geo-
metry and were first normalized to I = 100 at q = 9 nm–1

(where q is the scattering vector, and I is the intensity).
Then, the scattering curve from undoped polymer, also
normalized to I = 100 at q = 9 nm–1, was subtracted
from each of the data sets to yield the scattering from
the clusters alone. The underlying assumption is that
the scattering from the organic polymer matrix is the
same in the cluster-doped and undoped materials.
Therefore, the signal is dominated by the organic part
of the material at higher q.

The existence of a maximum in the SAXS function
indicates some kind of short-range order in the ar-
rangement of the cluster units. The position of the
maximum corresponds to the inter-cluster distance in
reciprocal space, which can be converted in good ap-
proximation to a mean distance (D) in the real space by
the formula D = 2 p/q. The position of the maximum is
only slightly affected by the particle form factor, be-
cause the particle size is much smaller than the inter-
cluster distance. Every maximum of the scattering
curve was fitted with a Gaussian function with the
following parameters: QC is the q value at maximum, w
is the half-width and A is the intensity at the maximum.

The SAXS curves of Ta4O4(OEt)8(OMc)4 (1) poly-
merised with styrene as comonomer (1STY) are shown
in Fig. 2 and Table 1.

Only one maximum was observed for these poly-
mers. As the cluster portion in the polymer decreases
from 1 mol% to 0.5 mol%, the half-width of the peak
increases and its maximum is shifted to a smaller
scattering vector (q). This implies that the average
cluster-cluster distance increases from 2.83 to 3.90 nm
as the cluster portion decreases. This observation can
be interpreted as a random distribution of the clusters
in the polymer. From the increase of the half-width one
can conclude that the distribution of the interparticle
distances gets broader when a smaller cluster portion is
incorporated in the polymer.

A random distribution of the clusters was already
found in cluster-crosslinked polymers prepared by
this approach, such as PMMA crosslinked by

Zr6(OH)4O4(OMc)12 [9,10], Zr4O2(OMc)12 [10] or
Ti6O4(OPr)8(acrylate)8,[7] or poly(methacrylic acid)
(PMA) crosslinked by Ti6O4(OPr)8(acrylate)8 [7].

We also observed SAXS curves with two maxima
instead of one. This indicates a different distribution of
the clusters with two different inter-cluster distances.
One possible explanation of the double-maximum is
that the anisotropic shape of some cluster types may
result in a kind of stacking. The shorter distance (D1)
would then correspond to the inter-cluster distances
within a pile of disks, and the longer distance (D2) to
the distance between clusters of neighbouring piles
(Fig. 3).

We so far observed three sub-classes for this ar-
rangement, which will be discussed in the following:

• (i) D1 is independent of the portion of the inor-
ganic building blocks, but the distance between
the stacks (D2) varies (Fig. 3a);

• (ii) D2 is independent of the portion of the inor-
ganic building blocks, but the distance within the
stacks (D1) varies (Fig. 3b);

• (iii) both D1 and D2 are independent of the cluster
portion in the polymer (Fig. 3c).

The first case is represented by the SAXS data of
Ti4O2(OEt)6(OMc)6 (2) polymerised with methyl
methacrylate (2MMA, Fig. 4). The SAXS measure-
ments on this polymer system were already reported
earlier.[7] The data were re-fitted and are discussed
here in comparison with the other aggregation models.

The half-width, the amplitude and the position of
the peak at higher q values (smaller inter-cluster dis-
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Fig. 2. SAXS curves of 1STY polymers with 0.5 or 1 mol% cluster
portion. The x-axis corresponds to the scattering vector, q, and the
y-axis to I(q). I(q) is the scattering intensity after normalization and
subtraction of the curve of cluster-free polymer.
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tances) are independent from the cluster portion in the
polymer (D1 ≈ 1.5 nm). Contrary to this, the peak at
smaller q (larger inter-cluster distances) is shifted to
smaller values (larger distances) as the cluster portion
is decreased (D2 ≈ 2.3 nm for 2 mol% of cluster and ≈
3.1 nm for 0.5 mol% of cluster), whereas the half-
width does not change. This indicates that the inter-

cluster distances within a pile of disks remains con-
stant and additional organic monomer is incorporated
between the cluster piles. D1 (the distance between the
clusters inside one stack) is thus independent from the
portion of the inorganic building blocks, but the dis-
tance between the stacks (D2) becomes larger when a
smaller cluster portion is employed. The amplitude of
the second maximum becomes smaller when the clus-
ter portion is decreased, which shows that the number
of the scattering objects decreased. A possible arrange-
ment of the inorganic building blocks in this polymer is
presented in Fig. 3a. The same microstructure was
observed for Ti6O4(OPr)8(acrylate)8 in PMMA (D1 ≈
1.3 nm; D2 ≈ 2.5 nm for 2 mol% of cluster and ≈ 3.0 nm
for 1 mol% of cluster) [7].

The second case of a cluster distribution in the
polymer with two maxima in the SAXS curves is
Ta4O4(OEt)8(OMc)4 (1) polymerised with methyl
methacrylate (1MMA). The SAXS data are shown in
Fig. 5 and Table 1.

There are again two maxima of the curve, corre-
sponding to two characteristic distances between the
clusters. In this case the half-width, amplitude and
position of the maximum at smaller q values (larger
inter-cluster distance, D2 ≈ 3.2 nm) are independent of
the cluster portion in the polymer. However, the second
peak at higher q (smaller inter-cluster distance) is
shifted to smaller values as the cluster portion is de-
creased (D1 ≈ 1.2 nm for 4 mol% of cluster and ≈1.6
nm for 1 mol% of cluster), but the half-width and the
amplitude do not change. This indicates that the inter-
cluster distances between the piles of disks remain
constant and additional organic monomer is incorpo-
rated between the clusters of the same pile, i.e. a
chain-like arrangement of the clusters may be formed
where the distance between the chains becomes larger
when a smaller cluster portion is employed. A model
for the distribution of the inorganic clusters in 1MMA
is shown in Fig. 3b.

Table 1
Fitted parameters to the scattering curves of the hybrid polymers. QC = q value at maximum, w = half-width of the curve, A = amplitude

1STY1 1STY0.5 2MMA2 2MMA1 2MMA0.5 1MMA4 1MMA2 1MMA1 1MMA0.5 3MMA2 3MMA1 3MMA0.5
QC1 [nm–1] 2.22 1.61 2.59 2.19 1.84 1.94 1.91 1.99 2.13 2.980. 3.06 1.95
w1 [nm–1] 2.24 2.38 2.08 2.26 1.09 0.951 0.991 1.07 0.717 1.97 1.93 1.30
A1 (a. u.) 168 144 0.61 0.34 0.14 45.7 42.87 54.1 19.53 180 147 37.0
QC2 [nm–1] 5.63 5.62 5.42 5.05 4.18 4.06 5.31 5.32 4.94
w2 [nm–1] 1.24 1.01 1.40 2.04 1.74 1.71 0.491 0.433 0.473
A2 (a. u.) 0.15 0.16 0.15 29.3 33.6 29.5 39.1 116 8.51

Fig. 3. Models for the distribution of flat clusters in the hybrid
polymers (see text for an explanation).

0 2 4 6 8 10
0

10

20

30

40

50

60

70

I
)stinu yrartibra( 

q / nm-1

2    mol% Ti
4
O

2
(OiPr)

6
(OMc)

6

1    mol% Ti
4
O

2
(OiPr)

6
(OMc)

6

0.5 mol% Ti
4
O

2
(OiPr)

6
(OMc)

6

Fig. 4. SAXS curves of 2MMA polymers with cluster concentrations
ranging from 0.5–2 mol%. The x-axis corresponds to the scattering
vector, q, and the y-axis to I(q). I(q) is the scattering intensity after
normalization and subtraction of the curve of cluster-free polymer.
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The third case is represented by the SAXS curves of
Hf4O4(OMc)12 (3) polymerised with methyl methacry-
late (3MMA), as shown in Fig. 6 and Table 1.

The half-width and the position of both maxima are
independent of the cluster portion in the polymer (D1 ≈
1.3 nm and D2 ≈ 2.1 nm). A possible explanation is that
the clusters in the polymer matrix are arranged in
islands (clusters of clusters) (Fig. 3c). When a higher
proportion of MMA co-monomer is employed in the
polymerisation reactions, the inter-cluster distance is

not increased, but instead the additional organic mono-
mer is apparently incorporated between the cluster
aggregates, and therefore the average inter-cluster dis-
tance determined by SAXS is independent of the clus-
ter concentration. The same behaviour (although less
pronounced) was already observed for PMA
crosslinked by Ti4O2(OEt)6(OMc)6 (2) (D1 ≈ 1.6 nm
and D2 ≈ 2.5 nm) [7].

3. Conclusions

The systematic SAXS study reported in this article,
as well as previous SAXS investigations on related
systems, have revealed four different types of micro-
structures.

• (1) Only one average inter-cluster distance that
changes when the cluster portion in the polymer is
varied. This behaviour was found for PMMA
crosslinked by Zr6(OH)4O4(OMc)12),
Zr4O2(OMc)12 or Ti6O4(OPr)8(acrylate)8, PMA
crosslinked by Ti6O4(OPr)8(acrylate)8 or polysty-
rene crosslinked by Ta4O4(OEt)8(OMc)4.

• (2) Two inter-cluster distances, the shorter being
constant when the cluster portion in the polymer is
varied. This behaviour was found for PMMA
crosslinked by Ti6O4(OPr)8(acrylate)8 or
Ti4O2(OEt)6(OMc)6.

• (3) Two inter-cluster distances, the longer being
constant when the cluster portion in the polymer is
varied. This behaviour was found for PMMA
crosslinked by Ta4O4(OEt)8(OMc)4.

• (4) Two inter-cluster distances, both being con-
stant when the cluster portion in the polymer is
varied. This behaviour was found for PMMA
crosslinked by Hf4O4(OMc)12 or PMA
crosslinked by Ti4O2(OEt)6(OMc)6.

Cases 2–4 reflect different aggregation behaviour of
the clusters crosslinking the organic polymers. It must
be emphasized, however, that the aggregates cannot be
large, because the polymers are transparent at the in-
vestigated cluster concentrations. In addition, there is
no long-range ordering of the clusters, because no
X-ray diffraction pattern was observed.

The reasons for the different aggregation behaviour
of the clusters are currently unknown. We do not see an
obvious correlation with any structural or kinetic prop-
erty of the clusters or the organic monomers. The same
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0 2 4 6 8 10
0

50

100

150

200

250    2   mol% Hf
4
O

4
(OMc)

12

   1   mol% Hf
4
O

4
(OMc)

12

 0.5  mol% Hf
4
O

4
(OMc)

12

I
)st inu y rar tibr a( 

q / nm-1

Fig. 6. SAXS curves of 3MMA with cluster concentrations ranging
from 0.5–2 mol%. The x-axis corresponds to the scattering vector, q,
and the y-axis to I(q). I(q) is the scattering intensity after normaliza-
tion and subtraction of the curve of cluster-free polymer.
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reaction conditions were applied for the preparation of
each hybrid polymer. It can be speculated that aggre-
gation might be caused by the different geometrical
arrangement of the methacrylate ligands at the cluster
surface, reactivity differences of the cluster-bonded
methacrylate ligands, or still unknown inorganic reac-
tions connecting the clusters with each other.

The magnitude of the smaller inter-cluster distance
of about 1.2–1.5 nm observed in several cases can
possibly provide the onset for an explanation. This
distance corresponds quite well to the shortest inter-
cluster distance given by the diameter of the cluster
core and the organic shell. A direct contact of two
clusters can result from two different processes.

• (1) When the reactivity of the cluster-bonded
methacrylate ligands is higher than that of the
organic monomers, the clusters may aggregate by
preferred reaction of the ligands with each other
rather than undergo reaction with the organic
monomers.

• (2) Oligomers of clusters may be formed by con-
verting intra-cluster carboxylate ligands into inter-
cluster carboxylate bridges. For example, we have
previously found that Zr6(OH)4O4(OMc)12 is mo-
nomeric in the solid state [11], while the deriva-
tives Zr6(OH)4O4(acrylate)12, [12] and
Zr6O4(OH)4(vinylacetate)12–x(OOCMe)x]2 (x = 4,
5.5 or 6) [13] are dimeric with cluster-bridging
(meth)-acrylate ligands.

An alternative explanation, however, could be that
the cluster aggregation is associated with the crystalli-
zation of the inorganic clusters in the polymer. Such
phenomena are well known for the related POSS (poly-
hedral silsesquioxane) reinforced polymers [14]. It
was postulated that the formation of POSS domains
and, as a consequence, the nanoscale structuring of the
copolymer, has significant consequences on the mate-
rials properties.

4. Experimental

The cluster-crosslinked polymers were prepared as
previously described, [6,7,9] by radical polymerisation
of the methacrylate-substituted clusters with methyl
methacrylate or styrene as co-monomers. For the
SAXS measurements, a piece of polymer of about
8 mm3 was placed in the sample holder.

4.1. Small angle scattering (SAXS)

The measurements were performed in transmission
geometry using a pinhole camera with a rotating anode
generator (Ni-monochromated Cu Ka radiation) and
an area detector (Bruker AXS, Karlsruhe). Transmis-
sion geometry was used because the evaluation is sim-
pler than, for example, for grazing incidence, where
particle reflection and attenuation corrections are
needed [15]. From each sample of the glassy material,
SAXS measurements were carried out at three differ-
ent positions within each specimen. Scattering curves
were obtained in the q range 0.65–9 nm–1 with a detec-
tor distance of about 20 cm.

All SAXS patterns were first radially averaged to
obtain the function I(q), where q = (4 p/k) sinh is the
scattering vector (2h = diffraction angle; k = 0.154 nm
the X-ray wavelength), and then corrected for back-
ground scattering from the experimental set-up. Then
the data were normalized to I = 100 at q = 9 nm–1. Since
the SAXS data at the three different positions within
each specimen were the same within the experimental
error limits, the data were averaged by averaging the
normalized intensities at each q value. Finally, the
normalized curve of the corresponding cluster-free
polymer was subtracted.

The inter-cluster distance (D) was calculated by
fitting the SAXS curves by a Gaussian function and
converting the maximum into D by the equation
D = 2 p/q.
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