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Iron oxide (Fe;O,4 magnetite) nanocrystals of 6 to 30 nm
with narrow size distributions (¢ = 5-10%) were prepared by
the pyrolysis of iron carboxylate salts.

Magnetic nanocrystals, including magnetite (Fe;O,) and maghe-
mite (y-Fe,Oj3), have been intensively studied because of their
unique and tunable magnetic properties.! Their magnetic features
have found widespread use in applications as diverse as
environmental remediation, magnetic recording and magnetic
resonance imaging.>” For all applications, synthetic techniques
which provide precise control over nanocrystal grain size are crucial
in that they permit engineering of the magnetic properties (e.g.
superparamagnetic versus paramagnetic). Additionally, in many
cases large quantities of highly monodisperse materials are
ultimately required in order to enable large scale testing and
development. Our interest here is in the development of particles
for magnetic separations. In this instance, the production of
nanocrystals with large and permanent magnetic di}gole moments
requires particles with diameters from 10 to 25 nm.

There has been much interest in the development of synthetic
methods to produce high quality iron oxide systems. The
traditional approach to iron oxide colloids has relied on the
aqueous precipitation or hydrolysis of Fe** and/or Fe** salt(s);
these materials can be poorly crystalline and polydisperse in many
cases."® Recently, high quality iron oxide nanomaterials have been
generated using high temperature solution phase methods similar
to those used for semiconductor quantum dots. Alivisatos and
coworkers'® demonstrated that near-monodisperse y-Fe,O5 could
be obtained by thermal decomposition of an iron cupferron
complex in octylamine. Hyeon ez al.'' reported y-Fe,Os nanocrys-
tal synthesis using Fe(CO)s, oleic acid and trimethylamine oxide in
octyl ether. Cheon’s group'? recently published a study of y-Fe,O;
nanocrystals with different shapes. Iron acetylacetonate was also
used as a starting material to form Fe;O,4 in a mixed solution of
oleic acid, 1,2-hexadecanediol, oleylamine and phenyl ether.'*'
Yin and O’Brien' reported that narrow dispersed cubic-shaped
Wauestite structure FeO nanocrystals were prepared by applying
iron acetate as a precursor in oleic acid and trioctylamine. Other
approaches to this problem using ultrasound and laser heating have
also been reported.'®!”

Though the iron sources in those reports were quite diverse, we
hypothesized that at the high temperatures where pyrolysis
occurred iron carboxylate salts were the actual precursors. In
this sense, these strategies could be seen as direct analogs of
cadmium chalcogenide quantum dot preparations. For these
reactions, a variety of cadmium sources are initially treated to form
cadmium carboxylate precursors before pyrolysis to produce
nanocrystals.'®° We thus pursued the use of simple and easy to
find iron sources, and relied on oleic acid at high temperatures to
generate the iron carboxylate precursors. If iron dissolution from
the source material is optimized, we find that this method makes a
stable precursor; its pyrolysis produces magnetite nanocrystals in
high yields without the use of passivating solvents. This paper

1 Electronic supplementary information (ESI) available: FTIR of oleic acid
and iron oleate complex and TEM photographs of magnetite nanocrystals.
See http://www.rsc.org/suppdata/cc/b4/b409601k/
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outlines this strategy for making monodisperse magnetite nano-
crystals with continuously tunable sizes from 6 to 30 nm in
octadecene.

Similar to the cadmium chalcogenide preparations, this synthetic
system relies on only an iron carboxylate salt (iron(i) oleate), and a
solvent (1-octadecene or docosane).'® The generation of iron
carboxylate salts is straightforward though we note that there may
be both mononuclear and polynuclear iron carboxylate salts.?' >
In one approach, we made this precursor through dissolution of
iron oxides in oleic acid. Many commercially available iron-
containing oxides were tested as iron sources for this approach.
Dissolution of the starting material was often challenging, and
subsequent pyrolysis reactions failed because of the lack of
available and soluble iron. However, several candidate materials,
including FeO(OH) from Aldrich (iron(rr) oxide, hydrated; catalyst
grade, 30-50 mesh; cat. # 371254), did successfully dissolve in
carboxylic acids such as oleic acid to form iron carboxylate salts.
FeO(OH) from Aldrich was ground to 100-150 mesh before its
introduction into the reaction flask. Other iron sources, including
Fe(OH); made by the reaction of FeCl; with NaOH gave similar
results to the above described FeO(OH). Currently we are
evaluating this reaction using carboxylate salt generated from
the neutralization reaction of FeCly; and carboxylic acids in
alcohols. >

Magnetite nanocrystals were synthesized in a three-neck flask
equipped with condenser, magnetic stirrer, thermocouple and
heating mantle. Typically, a mixture of 0.178 g FeO(OH) fine
powder (2.00 mmol), 2.26 g oleic acid (8.00 mmol) and 5.00 g
1-octadecene was heated under stirring to 320°C and kept at this
temperature for the desired time. During this time the solution
turned from turbid black to clear brown as the iron source material
dissolved and formed an iron carboxylate salt; FTIR of this
intermediate material confirms the presence of carboxylate moieties
in the iron containing compound. Ultimately, the pyrolysis of the
material resulted in the formation of a clear black solution
consisting of iron oxide nanocrystals. The reaction was protected
under argon in order to avoid any undesired side-reactions (e.g.
oxidation of oleic acid). However, the presence of air had little
effect on the resulting nanocrystals’ size or quality.

The magnetite nanocrystals were easily purified using standard
methods developed for quantum dots.'® Magnetite materials were
completely recovered during the purification process, and no size
selective precipitation was applied to these samples.

The TEM micrographs (Fig. 1) of these nanocrystals demon-
strate the high quality of the as-synthesized nanocrystals. The
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Fig. 1 TEM micrograph (left) and histogram (right) of the as-prepared
magnetite nanocrystals. The y-axis of the histogram represents the number
of particles (1k = 1000).
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Fig. 2 Electron diffraction pattern (A) and X-ray diffraction pattern (B) of
12.5 nm magnetite nanocrystals.

magnetite nanocrystals appear as spherical dots with very narrow
size distributions, typically 5-10%. The spontaneously formed
ordered assembly pattern is an additional confirmation of the
monodispersity of the nanocrystals.

Fig. 2A shows an electron diffraction pattern of magnetite
nanocrystals and five distinct diffraction rings are apparent; their
calculated d-spacings match well to the major d-spacings of
magnetite (Fe;0,4)."*> X-Ray diffraction patterns (Fig. 2B) of these
samples further confirm the magnetite crystal structure of the as-
prepared nanocrystals.'** The crystal domain size of this particular
sample is 11.7 nm calculated from line broadening by the Scherrer
equation, which is in good agreement with the average diameter
measured from TEM (12.5 nm).

The nanocrystal average diameter increased with the reaction
time. For example, 6.4, 7.7 and 9.0 nm diameter magnetite
nanocrystals could be obtained when the reaction time was 35, 45
and 60 minutes, respectively (Fig. 3A). However, the nanocrystal
diameter remained unchanged for a long period of time (60—
120 min, Fig. 3A) though the size distribution broadened slightly,
possibly due to Ostwald ripening.?® It was found in the synthesis of
CdS semiconductor nanocrystals that the higher the ligand
concentration, the lower the monomer reactivity; therefore, there
would be less nuclei formed resulting in larger nanocrystals because
of the increased availability of precursor in the solution phase.'® A
similar phenomenon was also observed here in the synthesis of
magnetite nanocrystals. Fig. 3B shows the ligand (oleic acid)
concentration effect in the nanocrystal nucleation and growth of
magnetite nanocrystals (the diameter data shown here are the
equilibrium sizes as shown in Fig. 3A after 60 min). Magnetite
nanocrystals with average diameters of 7, 20 and 28 nm were
obtained when the molar ratios of oleic acid to FeO(OH) were 3.2,
6.0 and 8.0, respectively. We did not find any nanocrystals after
3 hours when the molar ratio of oleic acid to FeO(OH) was greater
than 10, and we believe this is because the excess acid inhibited the
formation of iron oxide nuclei.

Magnetite nanocrystals with larger sizes, 20-30 nm, could also
be formed when the reaction temperature was increased to 340 °C
(using docosane instead of 1-octadecene as solvent); however, at
these temperatures particle size distributions (¢ = 10-15%) were
not as good as those at lower temperatures. At higher temperatures,
nucleation and growth may not be easily separated and size
focusing methodologies may be required to achieve quality
equivalent to the lower temperature reactions.”®

The general yield of iron oxide nanocrystals by this method
could be as high as 95%. Gram scale iron oxide nanocrystals were
obtained by simply scaling up the material quantities. The
magnetite nanocrystal solution (in chloroform or hexane) was
very stable; there was no obvious aggregation or precipitation over
two months. We hypothesize that the particles are capped with
oleate species, analogous to the quantum dot materials. After being
stored in air for two months, the solid-state magnetite nanocrystals
were still easily dispersed in chloroform or hexane to form
homogeneous solutions. The magnetic properties of the 7 nm
diameter magnetite nanocrystals were measured at room tempera-
ture. As expected, the material was superparamagnetic and further
study of these properties is under way.
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Fig. 3 Size evolution of magnetite nanocrystals with reaction time (A) and
molar ratio of oleic acid to FeO(OH) (B).

In summary, this paper presents a simple, reliable and
environmentally friendly method to produce magnetic iron oxide
nanocrystals. This method may be extended to other metal oxide
nanocrystals, although preliminary results with titania, for
example, did not result in materials with such monodispersity.
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