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Single-molecule magnet behaviour in metal-organic nanospheres
generated by simple precipitation of Mn;,0q; clusterst
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Metal-organic sub-50 nm spherical particles that exhibit single-
molecule magnet behaviour have been fabricated by direct
precipitation of Mn;,0, clusters in a mixture of acetonitrile
and toluene.

Micro- and nanoparticles have evolved into a powerful family
of materials for many applications ranging from data storage,
catalysis, photonics, electronics, lithography and microlenses
to biosensors.' Therefore, widespread attention has been paid
to new strategies for fabricating particles with novel composi-
tions and properties. Metal-organic solids are hybrid materi-
als created by the association of metal ions and organic
ligands, which have recently shown a wide range of promising
properties in gas sorption, sensing, catalysis, ion exchange,
magnetism, optics, efc.”> Because of the vast range of proper-
ties, one of the current objectives is the synthesis of nanoscale
metal-organic materials (NMOMs).> To date, there are at
least two possible routes to fabricating NMOMs. One involves
the use of microemulsion techniques, which have already
enabled the synthesis of Prussian blue- and triazol-based
magnetic nanoparticles, and Gd(i) nanorods that can be used
as multimodal contrast enhancing agents.>® The second is
based on precipitation processes.” '* For example, nanoparti-
cles of neutral metal-salen complexes have been fabricated by
using compressed antisolvent technology with supercritical
carbon dioxide as the precipitant.” More recently, a method
consisting of both coordination polymerization and precipita-
tion in a poor solvent has allowed the synthesis of colloidal
amorphous particles from infinite coordination polymers that
show interesting optical properties and ion-exchange capabil-
ities.!™!! We have been inspired by the latter route to show
that one can use a simple precipitation process to obtain
functional nanoparticles from pre-synthesized magnetic
metal-organic clusters.

Manganese oxide clusters of general formula [Mn;,O,
(RCOO)4(H20)4] Mnj5; R = alkyl, aryl) present a remark-
able single-molecule magnet behaviour. These complexes pre-
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sent a large spin ground state together with a strong uniaxial
anisotropy, resulting in an energy barrier for spin reversal.
Therefore, Mn;, clusters can be considered as magnetic units
of a sharply defined size that may offer new possibilities for
high-density information storage molecular devices, spintronic
systems and quantum-computing applications.'* However,
before these applications can be realized, micro- and nano-
sized Mnj,-based systems, either in the form of structured
surfaces or particles, must be fabricated. To date, while Mn,
clusters have been structured on surfaces'>'® or synthesized in
the form of sub-micron crystals,lg*21 less work has been
reported on the obtaining of nanosized particles. The synthesis
of Mn,-based nanoparticles would be important, for exam-
ple, to determine how the magnetic properties are modified in
the transition from the macroscopic to the nanoscopic world,
i.e., size, crystallinity and dimensionality effects. In this com-
munication, we report the fabrication of sub-50 nm Mn,-
based spheres that show SMM behaviour by a direct precipi-
tation process. A series of solvents, such as hexane, chloro-
form, dimethylformamide, acetonitrile, toluene and
dichoromethane, and respective solvent mixtures were system-
atically studied to determine the optimum conditions for
nanoparticle formation. Under the studied conditions, Mn,-
based nanospheres were only obtained when an acetonitrile
solution of crystalline Mn,, clusters were mixed with an anti-
solvent such as toluene (Scheme 1).

In a typical experiment, a macroscopic crystalline sample of
[Mnl20]2(CH’;COO)|6(H20)4]2CH§COOH4H20 (Ml’l]z-AC,
Fig. 1a) was dissolved into acetonitrile, and the resulting
solution was added to an aliquot of toluene under vigorous
stirring at room temperature (see ESIt). The mixture was then
stirred for 1 h. A gradual opacity indicative of precipitation
was observed. The resulting precipitate was collected by
centrifugation, washed several times with acetonitrile and
toluene, and finally dispersed in toluene. The final brown
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Scheme 1
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Fig. 1 (a) SEM image of polycrystalline Mn;,—Ac sample obtained by classical diffusion process. (b) Brown colloidal suspension in toluene (left)
and powder (right) of Mnj,-based nanospheres. (¢) FE-SEM image of separated nanoparticles. (d) low-magnification TEM and (e,f) higher
magnification TEM images of spherical Mn,-based particles. The inset in (b) shows the DLS measurement performed on the suspension showing a

mean particle size of 24 + 8 nm.

colloid showed a remarkable stability since preliminar aggre-
gation traces only appeared after three weeks (Fig. 1b, left).

Fig. 1c shows a field emission scanning electron microscopy
(FE-SEM) image of the collected precipitate, which reveals the
generation of large amounts of stable nanosized particles with
an average diameter of 30 + 7 nm. The particle size was
further studied by dynamic light scattering (DLS) character-
ization (inset of Fig. 1b). The DLS measurement performed on
the suspension shows a mean particle size of 24 + 8 nm, which
is in good agreement with FE-SEM studies. We further
examined the colloidal solution by high resolution TEM.
Low and high magnification TEM images confirm that
such nanoparticles are amorphous and spherical in shape
(Fig. 1d-f).

Although the amorphous nature of nanoparticles hinders
their structural analysis, additional evidences confirm the pre-
sence of Mn,—Ac units. The electron energy-loss spectroscopy
(EELS) spectra performed on single colloidal spheres reveal
that every sphere contains manganese, oxygen and carbon (see
Fig. 1s of ESIf). Also, the chemical composition of such
particles determined by elemental analysis agrees with the
presence of [Mn,0,(CH;COO);,(H,0)4] clusters.i The IR
spectrum reveals typical low frequency bands in the 500-750
cm~ ! range (520, 561, 647, and 710 cm™ ') corresponding to
Mn-O stretches, and evidences the presence of the Mn >0,
units.'® In addition, the bands situated in the 1400—1700 cm
range reflect the carboxylate group vibrations.

Further evidence that the cluster preserves its structural
integrity and its physical properties is given by magnetic
measurements. To ascertain the presence and stability of
nanoparticles, all magnetic measurements were performed on
a sample that was analyzed by FE-SEM before and after these
measurements were made. AC susceptibility data of Mnj,-
based particles are plotted in Fig. 2. The data show the
frequency-dependent behaviour typical of single-molecule
magnets (SMMs), with a blocking of the real-part y’ accom-
panied by the onset of a non-zero imaginary component y”.
The equilibrium susceptibility, measured above the blocking

temperature for each frequency, is well fitted by the
Curie—Weiss law (solid line in Fig. 2). The fit gives g = 2.04
for S = 10, which are compatible with clusters having the
same ground state as crystalline Mn;, compounds. Another
important point deduced from these data is the absence of any
magnetic impurity in the sample.

A further detailed analysis of these measurements reveals
that the magnetic properties of such nanospheres do signifi-
cantly change with respect to the bulk polycrystalline material.
It is evident that a large fraction of fast-relaxing molecules (of
the order of 40%), which are absent in the original crystalline
material, are present in the nanoparticles.?? In addition, the
magnetic relaxation time of the majority, or the slow relaxing
species, turns out to be about 3.5 times shorter than what is
found in the polycrystalline Mn;,—Ac compound (see the inset
of Fig. 2 where data for both materials are compared). Such
variations are not unexpected, since the spin reversal strongly
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Fig. 2 AC magnetic susceptibility measurements as a function of
temperature at different frequencies (Hpc = 0). The y” curves (open
symbols) are closest to the temperature axis. (Inset: relaxation time (t)
of the nanoparticles (NP’s) and of bulk crystalline Mn,—Ac vs. 1/T.
Solid lines are least-square fits to the Arrhenius equation).
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depends on parameters such as quantum tunnelling probabil-
ities,”> spin—phonon couplings,>* and dipole-dipole interac-
tions>> between molecular spins, all of which can be affected
by the crystallographic symmetry or by the increase of the
surface-to-volume ratio. In recent times there has been in-
creasing evidence showing that extrinsic perturbations, like
lattice defects®® or disorder in the position of interstitial
molecules,?” play a crucial role in determining the mechanism
of quantum tunnelling of Mn>,—Ac spins. Our nanoparticles
offer a well defined situation to investigate such phenomena.

As is shown in Fig. 2, the relaxation time follows the
Arrhenius law with an activation energy U = 63(1) K, which
is close to the value U = 65(1) K measured for the bulk
material.'*?® This fact indicates that the magnetic anisotropy
of the Mn,0,, core is approximately preserved in the parti-
cles, though with a difference of 3(1)%. This indicates a
slightly faster tunneling in the nanoparticle system. Moreover
the short value found for the pre-factor 1o ~ 7(1) x 1077 s,
which is nearly four times shorter for the nanoparticles than
for the bulk material, reflects a strong interaction of the
molecular spins with the vibrations of the lattice. This effect
might result from the amorphous character of the particles,
which increases the density of available vibrations with respect
to an ordered solid. These results show that parameters that
control how long the magnetic memory of a SMM lasts and
how fast decoherence sets in (to controls the loss of quantum
coherence caused by phonons) can be modified by structural
changes.

In summary, we have demonstrated a versatile precipitation
approach for structurating pre-synthesized functional Mn,
units in the form of sub-50 nm particles that preserve SMM
behaviour with significant differences compared to the crystal-
line Mn;,—Ac material. Both, the methodology for the pre-
paration of such nanospheres and the study of their
differential magnetic properties, have obvious implications
for the design of future applications of these molecular bits,
which often require depositing them onto surfaces or proces-
sing them in diverse chemical forms.”
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