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Impregnation of a mesoporous xerogel or of MCM-41 with
an organic solution of the heterometallic cluster [NEt,]-
[CosRu(CO);,], followed by thermal treatment under an
inert atmosphere, leads to highly dispersed magnetic nano-
particles under milder conditions than when conventional
metal salts are used as precursors.

The confinement of molecular clustersin the cavities of meso-
or nano-porous inorganic matrices is attracting increasing
interest asaway to stabilise highly dispersed metalsin theform
of atoms, clusters or colloids and prevent their coa escence into
larger, ill defined aggregates. There are obviousimplicationsfor
the fabrication of microelectronic devices! and for catalytic
reactionswhose sel ectivity will critically depend on the sizeand
dispersion of the metal particles and also on the shape of the
cavity in which they are embedded.2 Numerous recent reports
have emphasised the specific magnetic, optical, electro-
chemical, chemical and catalytic properties of nanostructures
constructed from molecular clusters or colloids.® The sol—gel
process is being increasingly applied to the design of new
materials using functional building blocks* and it has already
been used to incorporate mono- and bi-metallic species into
inorganic matrices.2¢5 Furthermore, solids with a template-
based morphology control, such as zeolites and MCM-41, are
currently attracting increasing attention as a way to stabilise
highly dispersed metal particles endowed with unique proper-
ties (e.g. magnetic, catalytic, etc.).6 A challenging development
concerns the use of molecular mixed-metal clusters since
microalloy particles could be obtained that would not be
accessible by other, more conventional approaches.

With the aims of studying the influence of the structure of the
inorganic matrix on the metal particles obtained after thermal
treatment of confined molecular Ru/Co clusters, we have
compared a mesoporous silica of the MCM-41 type with
mesoporous silica xerogels.

A sample of MCM-4172 (pore diameter ca. 27 A, specific
surface area 1000 m2 g—1) was impregnated with a dark red
saturated THF solution of [NEt4][ CosRu(CO);2],8 resultingin a
Co/Si molar ratio of 0.07 (EDX analysis). Whenal x 103 M
solution of the cluster was used, its discoloration from dark red
to light red optically indicated adsorption of the cluster onto
MCM-41. The solid was then rinsed with THF until the filtrate
was colourless and drying under primary vacuum at room
temperature (24 h) afforded an ochre powder which was kept
under argon. The IR spectrum in the v(CO) region contained the
fingerprint absorptions of the molecular cluster.8 X-Ray powder
diffraction showed the absence of crystallised [NEts][Cos-
Ru(CO)15], consistent with a high dispersion of the molecular
cluster. The typica IR v(CO) pattern was lost around 200 °C
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whereas the unsupported cluster decomposes at ca. 150 °C,
which is consistent with a stabilising effect of the matrix.
Furthermore, for the first time to our knowledge, the thermal
evolution of the impregnated MCM-41 was followed by
magnetic measurements in original 1ab-built equipment allow-
ing heating of the sample under either reducing (Hz, N>-5% H>)
or inert atmospheres (Ar). Magnetisation at 1 Tesla pro-
gressively increases above 250 °C to reach a maximum at ca.
550 °C [Fig. 1(a)]. Further heating results in a decrease of the
magnetisation consistent with a Curie point at ca. 980 °C. In
comparison, asimilar experiment on the pure cluster showed an
increasein the magnetisation by 180 °C and a Curie temperature
around 650 °C. In both cases, the Curie temperature is lower
thanin pure bulk cobalt (ca. 1115 °C), which may beinterpreted
as resulting from the formation of Co/Ru alloys and/or from the
small size of the particles. This will be further investigated by
variable temperature XRD experiments under an inert atmos-
phere.

A crushed mesoporous xerogel® (pore diameter ca. 35 A
aong with microporous domains, specific surface area 750
m2 g—1) was impregnated, dried and thermally treated in the
same manner. The Co/Si molar ratio was ca. 0.025 (EDX
analysis). Magnetisation at 1 Tedaincreases above 200 °Cin a
stepwise manner and reaches a maximum around 550 °C with a
Curie temperature around 1000 °C [Fig. 1(b)]. For consistency,
the magnetisation is expressed as per gram of cobalt to account
for the different metal content in the samples.

Thermal treatments under argon wererealised at 250, 350 and
500 °C on both materids. In all cases, TEM observations
showed metal particles which for MCM-41 were well dispersed
with a narrow size distribution (Table 1) whereas in the
xerogels, the dispersion is less regular. At 500 °C, the small
particles (ca. 30 A) coaesce to form larger, ill defined
aggregates (ca. 200 A). This clearly pointsto a structural effect
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Fig. 1 Dynamic magnetic measurements under Ar of MCM-41 (a) and silica
xerogels (b) impregnated with a saturated THF solution of [NEts][Cos.
Ru(CO)12].
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Table 1 Sizes of the particles (A) observed by TEM on MCM-41 and
xerogels, after 1 h treatment under Ar at different temperatures

T/°C
250 350 500
MCM-41 10 15 80
Xerogel 30 60 30/200
80 20
10
60

-204
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Fig. 2 Isothermal magnetic measurements at room temperature of MCM-41
(a) and silica xerogels (b) impregnated with a saturated THF solution of
[NEt4][CosRuU(CO);,], after 1 h treatment under Ar at 500 °C. Inset:
expansion near zero shows an increase of the coercitivity for the
monoliths.

of theinorganic matrix. Electron diffraction patterns performed
on the particles observed after a thermal treatment at 500 °C
show the presence of three different metalic phases: pure
hexagonal cobalt, pure fcc cobalt, and pure hexagona ruthe-
nium; no alloy wasformed at such low temperature. In contrast,
X-ray diffraction after thermal treatment at 900 °C showed that
a Co/Ru hexagonal alloy is also present besides pure metallic
fcc cobalt and hexagonal ruthenium. Using Vegard's law, we
have determined the composition of this aloy to be 86 atom%
Co.

Hysteresis loops recorded at ambient temperature on the
different samplesare consistent with the particles sizes, since no
open loop is observed for the doped MCM-41 treated below
350 °C. The xerogels show a ferromagnetic behaviour when
treated at or above 350 °C (Fig. 2). In the other samples,
superparamagnetic behaviour is observed. Particularly note-
worthy is that, irrespective of the matrix, metal particles could
be obtained at such a low temperature, without the use of a
reductive atmosphere, which cannot be achieved when metal
sdts [e.g. cobalt(n) nitrate]© are used since a hydrogen
atmosphere is required to generate metallic behaviour. Thisis
clearly dueto thelow oxidation state of the molecular precursor
used.

Finaly, the differences observed, on the one hand between
theimpregnated and the unsupported precursor and on the other,
between the two impregnated materials, clearly indicate that the
magnetic properties originate from particles inside the porous
materials and not from intact molecular precursor or metal salts
resulting from its decomposition, present at the external surface
of the grains.

1272 Chem. Commun., 2000, 1271-1272

The approach presented here, which involves in the impreg-
nation of well defined heterometallic, low oxidation-state,
organometallic clusters into a given porous silica matrix,
followed by thermal treatment under an inert atmosphere leads
to the formation of magnetic metal particles at temperatures as
low as 250 °C. The differences observed between the two kinds
of materials concerning the repartition and sizes of the
nanoparticles, aswell astheir magnetic behaviour highlightsthe
structural effect of the inorganic matrix that should allow
control of the particle size in the nanometer range and,
accordingly, their magnetic properties.
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