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There is increasing interest in a new class of inor-
ganic—organic copolymers that is characterized by the
covalent incorporation of structurally well-defined oxo-
metalate clusters in organic polymers. In silicon chem-
istry, polymers with interesting properties were ob-
tained by reinforcing or cross-linking organic polymers
by the cubic RgSigOs, clusters, in which one! or more?2
of the organic substituents R contains a polymerizable
group. Copolymerization of Bui2Sn;2014(OH)s(OMc);
(OMc = methacrylate) with methyl methacrylate re-
sulted in only little cross-linking, the stannate clusters
acting mainly as terminating units.® In addition to the
properties observed for RgSigO1,-reinforced systems, the
incorporation of transition metal oxo clusters could allow
interesting modifications of the optical properties of the
polymers and the preparation of polymers with special
magnetic or catalytic properties.

In this Communication, we report preliminary results
on the cross-linking of poly(methyl methacrylate) by the
oxozirconium methacrylate cluster Zrg(OH)404(OMCc);2
(2). In a series of recently described crystalline oxozir-
conium methacrylate clusters,* 1 had the closest struc-
tural similarity to zirconia. It consists of a ZrgO4(OH),
core in which the faces of a Zrg octahedron are alter-
natively capped by u3-O and u3-OH groups. The cluster
can be considered the smallest possible piece of tetrago-
nal zirconia wrapped by methacrylate ligands. Three of
them chelate the zirconium atom at one triangular face,
while the remaining nine bridge the other edges.
Inspection of the crystal structure of 1 shows that the
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Figure 1. Differential scanning calorimetry of undoped
PMMA and the copolymers with r. = 50, 100, and 200.

double bonds of the methacrylate ligands should be fully
accessible for chemical reactions.

Radical-initiated polymerization of 1 with a 50- to
200-fold excess of methyl methacrylate in benzene gave
copolymers that still contained 25—30 wt% of benzene
after drying at reduced pressure.® Residual benzene was
removed by extraction with ethyl acetate. After removal
of the solvent, transparent glassy polymers were ob-
tained; only the polymer prepared with a 1:50 ratio of
1 and methyl methacrylate was slightly opaque. The
appearance of the polymers did not change when stored
in ambient atmosphere for prolonged periods of time.
The swelling behavior of the cluster-doped polymers in
ethyl acetate shows a clear dependence on the methyl
methacrylate/1 molar ratio (r;). While undoped poly-
(methyl methacrylate) (PMMA) dissolves, the copoly-
mers only swell and take up 1.04, 1.65, and 2.90 g of
the solvent per gram of the copolymer within 3 days (r
= 50, 100, and 200, respectively). This linear relation-
ship clearly shows that the cross-linking density is
increased with an increasing portion of 1.

TGA analysis of undoped PMMA in air shows that
the polymer completely decomposes between 350 and
400 °C. The onset of the thermal decomposition of the
copolymers is slightly (10—20°) shifted to higher tem-
peratures. The DSC curves are shown in Figure 1. While
undoped PMMA depolymerizes prior to decomposition,

(5) To a solution of 2.62 g (26.2 mmol) of methyl methacrylate
(filtered over alumina to remove the stabilizer) and 0.91 g (0.54 mmol)
of 1 in 6 mL of benzene was added 21 mg (0.09 mmol) of dibenzoyl
peroxide. When heated to 65 °C, the solution became turbid after 2—3
h and then solidified. Heating was continued for 9—10 h, and then the
solvent was removed at 70 °C/8 mbar. The remaining benzene was
extracted with ethyl acetate, and then the solvent was again removed
under reduced pressure. The samples with a methyl methacrylate/
cluster ratio of 100:1 and 200:1 were analogously prepared, keeping
the methyl methacrylate:initiator:solvent ratio constant. Elemental
analyses of the polymers (the theoretical values refer to complete
incorporation of both methyl methacrylate and 1). For, r, = 50:
Found: C, 51.68; H, 7.01. Calcd: C, 53.41; H, 6.95. For, r. = 100:
Found: C, 56.03; H, 7.67. Calcd: C, 56.32; H, 7.41. For, r. = 200:
Found: C, 57.82; H, 8.15. Calc.: C, 58.03; H, 7.70.
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Figure 2. SAXS data I(q) from the copolymers with r. = 50,
100, and 200 (open circles, triangles, and squares, respec-
tively). The full symbols correspond to SAXS data from
undoped PMMA. All data were normalized to I(g) = 1 atq =
0.9 nm~1, which corresponds to the assumption that PMMA
dominates the X-ray scattering signal at larger q values.

this behavior is distinctly less pronounced for the
copolymers with r, = 100 and 200, and disappears for
the copolymer with r, = 50. The mass of the solid residue
in the TGA experiments upon heating the polymers to
800 °C in air (r, =50, 7.41%; r. = 100, 6.33%; r. = 200,
3.06% of the initial mass) corresponds very well to the
ZrO, content of the starting mixture (theoretical values
for r, = 50, 8.18%; r. = 100, 6.23%; r. = 200, 3.37%)
(see Supporting Information). This shows that neither
methyl methacrylate nor 1 (or parts of 1) was lost during
polymerization or workup.

Small-angle scattering experiments®’ were performed
to find out whether clusters are retained in the poly-
meric material. Figure 2 shows the scattering curves,
1(q), of the copolymers together with the scattering curve
of undoped PMMA, all normalized to 1 atq =9 nm~18

In a next step, the signal from PMMA, lpmva(Q), was
subtracted from the data. Figure 3 shows plots of J(q)
= [I(9) — Ipmma(Q))/1o, where Ig is a constant chosen to
obtain coincidence of the data at large q values. It is
apparent from Figure 3 that this coincidence extends
over a range of q values, in which the data can be
represented by F(q) = exp(—g?R?/5), where R = 0.49 nm.
At small g values, the scattering curves depend slightly
on r.. The interpretation of this effect is that in all three
samples the structure is composed of identical units
whose packing, however, is different. The shape of F(q)
is compatible with nearly spherical units having a
radius of R = 0.49 nm. The existence of a maximum in
the SAXS function indicates some kind of short-range
order in the arrangement of the spherical units. For
randomly packed spheres with a diameter D (hard-
sphere model), an approximate scattering function is the
Zernicke—Prins—Debye expression,® 1(q) = F(q) [1 —
vnS(q)]?, with n = number of clusters per unit volume,
and v = 47D?%3. S(q) is the scattering amplitude of a
sphere and a rough approximation is S(q) = exp(—q2D?/
10).% In the original hard-sphere model D = 2R, but if
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Figure 3. SAXS data from Figure 2 after subtraction of the
signal from PMMA, Ipuma(g), and renormalization by an
empirical factor lo. Io was chosen such as to obtain identical
SAXS intensities at large g values. The resulting curves 1(q)
should be proportional to the true SAXS signal from Zr clusters
after removal of the scattering from excess PMMA. The
symbols are defined as in Figure 2. The x axis corresponds to
the square of the scattering vector, g2, and the y axis to J(q)
in a logarithmic scale (Guinier plot). The straight line repre-
sents the function exp(—g?R?/5) with R = 0.49 nm. The full
lines are separate fits to the three data sets as explained in
the text.

the repulsion radius of the spheres is somewhat larger
than the spherical cluster itself, then it is possible that
D > 2R. We have fitted our SAXS results with R, D,
and n as free parameters. We obtained for all three
samples R = 0.49 nm and D = 1.03—1.10 nm which is,
indeed, somewhat larger than 2R. The number of
clusters per unit volume, n, decreased from 12.5 x 101°
clusters/cm? in the sample with r, = (50—10.5) x 101°
clusters/cm? in the two other samples.

Hence, the fits clearly showed that the microstructure
of all cluster-doped samples can be described by a hard-
sphere packing of identical spherical clusters. The value
of R and D have to be compared to the diameter of 1.
As an estimate of the size of the isolated cluster, the
distance between two methacrylic double bonds (bridg-
ing carboxylate ligands) across the cluster can be taken,
which is 1.24 nm.*2 Hence, D could be interpreted as
the outer diameter of the cluster. R would be the
effective radius of this same cluster, but where all
elements have to be weighted with their respective
number of electrons. Since the heaviest elements (Zr)
are sitting fairly deep inside the cluster (including
ligands), it is clear that the resulting effective radius is
smaller than half the outer diameter. According to our
model, n decreases with a decreasing portion of the
clusters in the copolymer, but not as strongly as would
be anticipated. Moreover, n is less than a factor of 10
below the limit resulting from tight packing of the
spheres. This unexpected phenomenon can be inter-
preted as an aggregation of the clusters corresponding
to a microphase separation. The reason for this could
be preferred homopolymerization of 1.

In conclusion, we have shown that copolymerization
of the oxozirconium cluster 1 with methyl methacrylate
results in materials in which cluster units cross-link the
polymer chains. How many of the methacrylate ligands
of 1 are used for cross-linking is currently unknown.©
Inorganic—organic hybrid polymers with zirconium
oxide components have previously been made from Zr-
(OR)4 modified by polymerizable organic ligands such



604 Chem. Mater., Vol. 12, No. 3, 2000

as 2-hydroxyethyl methacrylate.’* These polymers may
be related to the ones described here. However, the
inorganic structures formed in the alkoxide systems
were not identified and are probably not uniform in size.
Our approach is basically a two-step process. In the first
step, the structurally well-defined oxo clusters are
prepared by carefully controlled hydrolysis of methacry-

(10) The solid-state 3C NMR spectrum of the polymer with r, =
100 shows a very weak group of signals at about 140 ppm, which is
the typical range of unreacted =CHy, groups (see Supporting Informa-
tion). However, this signal does not allow the portion of unreacted
methacrylate units of 1 to be quantified.
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late-substituted Zr(OR),4. The clusters are then copoly-
merized with organic monomers in the second. The thus
obtained hybrid polymers are doped with covalently
bonded uniform zirconium oxide nanoparticles.
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