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The synthesis of nanoparticles is of fundamental impor-
tance for the development of novel technologies based on
nanomaterials. This is particularly true for magnetic nano-
materials which could be used, amongst other things, for high-
density information storage.[1] These materials would ideally
consist of spatially separated particles in the nanometer range
that would function as a single magnetic domain that exhibits
ferromagnetic behavior at room temperature, and could be
electronically isolated. In addition, the organization of the
particles in the solid state or in solution (self-assembly) should
be controllable as desired for the intended application.

Several methods are available for the production of
magnetic nanomaterials. They can be divided into physical
methods, which produce essentially thin layers,[2,3] template
methods, which involves the growth of nanorods or nanowires
by different approaches, frequently electrochemical, within
the channels of inorganic or track-etch organic matrixes,[4] and
chemical methods involving synthesis in a solution of nano-
particles.[5,6] The latter may generally allow, after size
selection, the formation of self-assembled superlattices. Sun
and Murray[5] have, for example, recently reported a high-
temperature preparation of 9 nm cobalt nanoparticles dis-
playing a long-range self-organization. This method has been
extended to the synthesis of Fe/Pt particles to increase the
magnetic anisotropy of the materials, with the goal of
producing high-density memories.[7] Self-organized cobalt
nanoparticles have also been reported by the group of Pileni
by reverse micelle synthesis.[8]

In all cases, as a result of their small dimension, the particles
are superparamagnetic at room temperature and thus not
usable for many applications, such as magnetic recording. One
way to increase the magnetic anisotropy of the particles is to
modify their shape. This problem has been addressed by
Alivisatos who initially demonstrated the importance of
reaction conditions, in particular the concentration of the
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coupling method was used to prepare (S)-4-phenylmandelic acid from (S)-
4-bromomandelic acid. The corresponding (S)-4-bromomandelic acid was
obtained from 4-bromoacetophenone by standard procedures and was
resolved with 2. The substituted phenylethylamines were prepared from the
corresponding acetophenones by a standard Leuckardt procedure. A
Strecker reaction was used to prepare 4-methylphenylglycine, which was
reduced to 4-methylphenylglycinol.
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precursors and the ratio of surfactants, for preparing CdSe
nanocrystals of various shapes including nanorods.[9] The same
methodology was employed for synthesizing cobalt nanorods,
which were found to be thermodynamically unstable and to
rearrange into spherical particles.[10] This result contrasts with
a recent report by Hyeon and co-workers, who show that
spherical iron nanoparticles may be used at 320 8C as initiators
for the growth of nanorods.[11] However, no systematic study
on the influence of ligand-type on the particle aspect ratio,
and hence on the magnetic properties of prepared metal
nanoparticles, has been reported so far.

In our group we have previously described the synthesis of
magnetic nanoparticles using olefinic complexes as precur-
sors.[12,13] These compounds rapidly decompose to give alkane
by-products which do not interact with the surface of the
particles under the reaction conditions. This methodology
allows the synthesis of magnetic nanoparticles that display the
same magnetic moment as particles of similar size in the gas
phase.[14] The absence of oxidation and of strongly coordinat-
ing ligands at the surface of the particles may also favor size
and shape changes in solution, as recently demonstrated for
ruthenium,[15] and therefore an easier control of these
parameters by the surrounding medium. In separate studies,
we have emphasized the role of amines for the formation of
nanorods or nanowires.[16] This technique has been used to
produce nickel nanorods, the surface magnetism of which is
not altered by the presence of amine ligands.[17]

In this paper we describe the synthesis and magnetic
properties of novel cobalt nanoparticles. We demonstrate that
by varying the synthesis parameters it is possible to selectively
prepare spherical nanoparticles of uniform size, nanorods, the
aspect ratio of which is controlled by the alkyl chain-length of
the ligand, or even very long nanowires. Finally, we report the
magnetic properties of these nanoparticle materials.

The decomposition reactions of [Co(h3-C8H13)(h4-
C8H12)][18] were carried out in anisole under a preesure of
3 bar H2 (initial pressure at room temperature in the reactor)
in the presence of ligands. The use of
a single ligand such as hexadecyl-
amine (1:1 Co/amine molar ratio)
leads to small, agglomerated nano-
particles at room temperature. Sim-
ilarly, the use of oleylamine
(CH3(CH2)7CH¼CH(CH2)8NH2) at
150 8C produces particles that dis-
play a large size distribution, where-
as monodisperse particles with a
mean size of 5 nm are obtained when
using oleic acid under the same
conditions (sample 1). These parti-
cles self-organize on a microscopy
grid into 2D and 3D crystalline
arrays. When both oleic acid and
oleylamine are used as ligands
(1 equivalent each, 150 8C, and
3 bar H2, standard conditions), the
synthesis initially produces nanopar-
ticles with mean dimensions of ap-
proximately 3 nm, as shown by

transmission electron microscopy (TEM, sample 2 ; Fig-
ure 1A), which are the only species present after reacting
for 3 h. However, after 48 h, regular nanorods of approxi-
mately 9 î 40 nm are the unique species in solution (sample 3 ;
Figure 1B). To determine the importance of dihydrogen, two
parallel reactions were carried out. In both cases the precursor
was decomposed under standard conditions. After 3 h the
reactors were evacuated, and the first reactor was pressurized
again to 3 bar with H2 whereas the second reactor was placed
under argon. After 48 h nanorods were found in the first
reactor and 4 nm nanoparticles in the second. The nature of
the precursor complex is also important since, under standard
conditions, the use of [Co2(CO)8] in place of [Co(h3-C8H13)(h4-
C8H12)] leads to polydisperse particles with a mean size of
approximately 10 nm. The role of the ligands, with particular
respect to the concentration of oleic acid and the nature of the
amine, was then examined in order to understand the
formation of the particles. If the oleic acid concentration
was decreased (0.3 equivalents, with respect to Co), particles
of regular size (approximately 3 nm) were formed, whereas if
the concentration was doubled (2 equivalents), very long
(micron range) nanowires of 4 nm diameter were produced
(sample 4 ; Figure 1C). Replacing oleylamine by octyl-, dode-
cyl-, hexadecyl-, and octadecylamine causes a dramatic
change in the dimensions of the nanorods that are produced
(Figure 2). The use of octadecylamine yields nanorods of
comparable size, but with greater regularity, to those obtained
with oleylamine (47 î 6nm, Figure 2C); hexadecylamine
produces longer and thinner rods (120 î 5.5 nm, Figure 2E)
whereas octylamine yields smaller and wider ones (17 î
10 nm, Figure 2F). Therefore, particles displaying aspect
ratios between 1.7 and 22 can be controlled solely by the
number of carbon atoms in the alkyl chain of the amine,
whereas a very large aspect ratio may be obtained for the
nanowires prepared in the presence of excess oleic acid. The
variation of the length and diameter of the produced nano-
rods is summarized in Figure 2A,2B.
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Figure 1. Variation of size and shape with reaction time and the ratio of stabilizing agents. A, B) TEM
micrographs of nanoparticles and nanorods obtained with 1 mmol of oleylamine and 1 mmol of oleic acid
after 3 h and 48 h, respectively: Bar¼ 30 nm; C) TEM micrograph of nanowires obtained with 1 mmol of
oleylamine and 1 mmol of oleic acid after 48 h: Bar¼ 30 nm; D, E, F) High resolution (HR)TEM images of
the nanoparticles, nanorods, and nanowires presented in A, B, and C, respectively: Bar¼ 5 nm.



These results demonstrate the possibility to selectively
synthesize nanorods, but raise questions concerning the exact
growth mechanism and, in particular, the exact role of the
ligands. It has been previously proposed that the growth
mechanism of nanorods could be related to the preferred
coordination of the ligand along a face of a growing
crystal.[6,10,19] In the present case, the employed amine ligands
display similar chemical properties, in terms of basicity and
affinity for the metal, but form very different nanoobjects.
This suggests that, in the present case, the nanorod synthesis is
controlled by supramolecular organization and/or the dynam-
ics of the ligands in solution; it is conceivable that longer alkyl
chains could organize across longer distances. Oleylamine
displays a ™cis∫ configuration, which leads to an apparent rod
length comparable to that of octylamine, with less opportunity
for long-range organization; this could be a reason for the
relatively low regularity of the rods obtained in this case.
Oleic acid can also play an important role in this organization
since its concentration relative to the amine has a strong
influence on the aspect ratio of the nanoobjects produced. In
addition, it presumably transforms rapidly in the medium into
the oleate anion by deprotonation in the presence of amines,
which may lead to a strongly associated medium and/or
coordination to cobalt. The necessity of dihydrogen for the
synthesis of rods from nanospheres probably arises from the
necessity to remove the carboxylate groups from the surface
to allow coalescence and growth to occur. This, therefore,
suggests a strong coordination of oleate anions to the
nanoparticles formed at the early stage of the reaction.[20]

All of the particles, rods, and wires described above consist
of a pure hexagonal close-packed (hcp) cobalt structure,
which displays no sign of oxidation as evidenced by wide-
angle X-ray scattering (WAXS) and high-resolution electron
microscopy (HREM) studies. The rods and wires are mono-
crystalline and adopt the c axis of the hcp structure as the
growth axis. Magnetic measurements were carried out on all
samples, in particular the 3 nm nanoparticles obtained after
3 h under standard conditions (sample 2) and nanorods
produced after 48 h under the same conditions (sample 3).

The former are superparamagnetic
at room temperature with a blocking
temperature of 20 K, whereas the
latter are ferromagnetic at room
temperature. Hysteresis loop meas-
urements at 2 K record, for both
samples, a saturation magnetization
(Ms) of 160 Am2kgCo�1, which corre-
sponds to a magnetic moment per
atom of m¼ 1.71mB, identical to that
found in bulk cobalt. In addition, a
coercive field (Hc) of respectively
1100 and 8900 Oe is found for sam-
ples 2 and 3, hence demonstrating
the importance of the shape aniso-
tropy in such systems (see Figure 3).

This work emphasizes the role of
the organometallic precursor in the
synthesis of the nanomaterial. The
high decomposition rate of the pre-

cursor and, more importantly, the absence of by-products that
could potentially interact with the surface allows the particles
to grow without losing their intrinsic magnetic properties.
These objects display a saturation magnetization per cobalt
atom that is identical or very close to that of bulk cobalt,
which is consistent with the pure s-donor behavior of both the
amine and the acid ligands.[14,17] Furthermore, their magnetic
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Figure 2. Variation of the aspect ratio of nanorods with respect to the change in the alkyl chain length of
the amine. A) Evolution of nanorod length; B) Evolution of nanorod diameter; C±F) TEMmicrographs of
hcp cobalt nanorods obtained with oleic acid and octadecylamine, dodecylamine, hexadecylamine, and
octylamine, respectively: Bar¼ 30 nm.

Figure 3. Plots of magnetization against applied magnetic field. a) Hyste-
resis loop of cobalt nanorods obtained with 1 mmol of oleylamine and
1 mmol of oleic acid: (~) measured at 300 K. b) Hysteresis loops of cobalt
nanoparticles obtained with 1 mmol of oleylamine and 1 mmol of oleic
acid: (&) measured at 2 K, (~) measured at 300 K.
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Anions of 1,3-dicarbonyl compounds are some of the most
common ligands in transition-metal chemistry.[1,2] They typi-
cally bind in an h2-O,O fashion,[3] have delocalized charge, and
donate electron density more weakly to a metal center than
alkyls or alkoxides. They are usually supporting ligands that
are ancillary to the site of reaction. Anions of 1,3-dicarbonyl
compounds are also common nucleophiles in metal-catalyzed
allylic substitution,[4±6] but the facility of this chemistry relies
on external attack of the anion without coordination to the
metal center. If metal fragments could induce reactivity from
coordinated versions of these anions, then complexes of these
common ligands could serve as intermediates in catalytic
processes.

Complexes of malonate anions are likely intermediates in
recently developed palladium-catalyzed arylations of malo-
nates.[7±11] Although palladium complexes of malonate anions
have been isolated previously,[12±16] their reactivity has been
limited.[17±20] We report here reductive elimination of arylmal-
onate and acetylarylacetone from isolated aryl palladium
complexes of malonate and acetylacetone anions, respective-
ly. Our results suggest that the propensity of these complexes
to undergo reductive elimination depends critically on the
steric properties of the ancillary phosphane ligand.

Our synthesis of aryl palladium malonates is summarized in
Scheme 1. Addition of dimethyl malonate or diethyl phenyl-
malonate to the basic PPh3-ligated palladium hydroxide
dimers 1a[21,22] and 1b generated the O,O’-bound palladium
dimethyl malonate complexes 2a±c. Complexes 2a and 2c
were characterized by X-ray diffraction (Figure 1). No
unusual angles at the palladium center were found in 2a or
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anisotropy may be controlled by their aspect ratio, which gives
rise to ferromagnetic nanomaterials at room temperature. The
rods grow after the initial formation of spherical nano-
particles; the exact mechanism of this process is not known
but we note that the initial formation of nanoparticles,
followed by formation of nanorods or nanowires either
through coalescence of the initial particles[21] or upon using
the particles as nuclei for an anisotropic growth process, have
been very recently reported.[22] Further work will be necessary
to determine the exact mechanism that operates in our case.

In conclusion, we describe in this report a new and simple
method for the preparation of cobalt nanoparticles, nanorods,
and nanowires of uniform diameter that does not require a
special procedure or size selection. The magnetic nanowires
have no equivalent, whereas the rods differ from those
previously described by their uniformity of diameter, their
thermodynamic stability, and the possibility of fine tuning of
their aspect ratio. We further demonstrate that, under these
conditions, the nanomaterials maintain a magnetization at
saturation similar to bulk cobalt. This results from the choice
of ligands that do not display p-accepting behavior, which is in
agreement with previous research work from our group. All of
these aspects emphasize the role of an organometallic
approach in the design of precursors and ligands. Finally,
these objects may find use in many practical applications such
as, for example, in data storage.
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Scheme 1. Synthesis of aryl palladium malonates.


