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Monodisperse faceted and cubic magnetite nanoparticles were synthesized by the reduction of iron
(IIT) acetylacetonate (Fe(acac)s) with N-methylpyrrole or pyrrole in the presence of the surfactants oleic
acid and oleylamine in air. Particle size control can be attained by careful adjustment of the concentrations
of the reactants and the surfactants. We also obtained monodisperse maghemite nanoparticles by the
oxidation of the as-prepared Fe;O4 nanoparticles. The magnetic studies exhibit that increasing the size of
iron oxides nanoparticles leads to the enhanced magnetic properties. In particular, the iron oxides
nanoparticles with size more than 5 nm are soft ferromagnetic at room temperature.

Introduction

Magnetic iron oxides nanoparticles, including magnetite
(Fe;04), maghemite (y-Fe,O3), and wiistite (Fe,O), are of
fundamental scientific and technological importance because
of the intrinsic magnetic features combined with the nanosize
effects and surface effects. Besides being widely used as
ferrofluids,’ magnetic nanoparticles promise many other
applications, such as magnetic resonance imaging contrast
agents for molecular imaging,>* AC magnetic field-assisted
cancer therapy,” and drug targeting.®” The patterned arrays
of discrete single domain magnetic nanoparticles are impor-
tant for applications in high-density information storage.®’
Previously, magnetic nanoparticles could be available from
aqueous phase synthesis.*'°~'? In principle, the presence of
water is greatly disadvantageous to obtain high-yield discrete
iron oxides nanocrystals with sharp size distribution, desired
composition, and perfect crystallinity because aqueous phase
synthesis can result in the complex aqueous chemistry, such
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as hydrolysis, hydration, and oxidation. A conceptually
different methodology has recently been developed to
synthesize iron oxides nanoparticles in organic media,'*2®
which has access to mass production of nearly monodisperse
iron oxides nanoparticles at still smaller size scales (several
nanometers) that can support only single magnetic domains.
Such “bottom-up” approaches involve the high-temperature
pyrolysis of iron fatty acid salts (above 300 °C) or the redox
reaction of the iron ions at very high temperatures (above
250 °C).

Nevertheless, when the ferromagnetic/ferrimagnetic par-
ticle size is reduced below a threshold value, the magnetic
anisotropy energy per particle becomes comparable to the
ambient thermal energy. The thermal fluctuations cause
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random flipping of the magnetic moment of the nanoparticles
with time. As a result, the magnetic moment is not along
certain directions any longer such that the nanoparticles
become superparamagnetic. Accordingly, the previously
prepared iron oxides nanoparticles and even the microsized
particles®**° are superparamagnetic at room temperature. The
permeabilities of superparamagnetic nanoparticles are always
greater than 1, but the values are not nearly so great as those
of ferromagnets. Such weak magnetic properties restrict the
technical and material demands in many aspects on the basis
of ferromagnetic features. For example, for high-density
information storage, the superparamagnetic relaxation of the
magnetization direction in the magnetic data bits with tiny
sizes has to be avoided in order to keep the digital data
usable.?' To convert the superparamagnetic nanoparticles to
room temperature hard ferromagnet, a complex postsynthesis
process, such as annealing or embedding nanoparticles in
an antiferromagnetic matrix,>>>* are required. Therefore, the
direct syntheses of high-quality, room-temperature ferro-
magnetic nanoparticles are highly desirable. Yet, no direct
pathways are currently available to obtain room temperature
ferromagnetic nanoparticles with low coercivities, i.e., soft
magnets.

Herein, we present a novel route toward nearly mono-
disperse magnetite and maghemite nanoparticles. The
syntheses of faceted or cubic Fe;O4 nanoparticles were
achieved by the reduction of iron(IIl) acetylacetonate
(Fe(acac);) with N-methylpyrrole or pyrrole in dilute
solutions in the presence of the surfactants oleic acid and
oleylamine in air. At the same time, the corresponding
oxidative polymerizations of these monomers occur. This
particular technique allows us to produce Fe;O4 nanopar-
ticles at a comparatively low temperature (185 °C). The
size of the Fe;O4 nanoparticles can be tuned by varying
the concentration of the starting reactants. Our protocol
does not require a tedious size fractionation procedure to
achieve a tight size distribution. The as-prepared magnetic
Fe;04 nanoparticles are attracted on a magnetic stirring
bar in the reaction vessel such that they can be directly
separated from the reaction solution by pouring off the
supernatant. In addition, this method can be extended to
the synthesis of maghemite nanoparticles by oxidizing the
as-prepared magnetite nanoparticles. More dramatically,
the magnetic measurements demonstrate that the as-
prepared magnetite and maghemite nanoparticles are soft
ferromagnets with low coercivities at room temperature
and low temperature (10 K) when the particulate size is
larger than 5 nm. Furthermore, such soft ferromagnetic
properties are dependent on the particle size.

Experimental Section

All chemicals were reagent-grade purity and obtained from
commercial sources (Aldrich and Alfa Aesar). All chemicals
were used as received. To synthesize 3.2 nm Fe;0, nanoparticles,
we loaded 0.4 mmol of Fe(acac); into a 100 mL three-neck,
round-bottom flask. Under ambient conditions, 5 mL of oleic
acid and 4.6 mL of oleylamine were added into the vessel. After
the reaction mixture was adequately mixed under magnetic
stirring, the vessel was switched to an oil bath. Afterward, 1.2
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Figure 1. XRD patterns of the Fe3;04 nanoparticles synthesized in a solvent
consisting of (a, b) 5 mL of oleic acid and 5 mL of oleylamine or (c) 2 mL
of oleic acid, 2 mL of oleylamine, and 6 mL of 1-octadecane. Experimental
conditions: (a) [Fe(acac)s] = 0.04 M, [N-methylpyrrole] = 0.12 M; (b)
[Fe(acac)s] = 0.08 M, [N-methylpyrrole] = 0.24 M; (c) [Fe(acac);] = 0.04
M, [pyrrole] = 0.12 M.

mmol of N-methylpyrrole dissolved in 0.4 mL of oleylamine
was injected into the vessel as soon as the reaction mixture was
heated to 185 °C under vigorous stirring. The vigorously stirred
reaction solution was kept at 185 °C over a period of 1.5 h, and
then promptly cooled to room temperature using cold water to
quench the reaction vessel. The ultimate reaction solution was
left for 2 days until the as-synthesized magnetite nanoparticles
stuck to the magnetic stirring bar. Thus, the black Fe;O4
nanoparticles in bulk quantities were obtained by pouring off
the supernatant solution. The black product was washed with a
large amount of ethanol for 3 times, and subsequently dried.
Finally, the Fe;O4 nanoparticles can be dissolved in hexane in
the presence of a trace amount of oleic acid and oleylamine,
giving a dark red-brown colloidal solution. Similarly, 5.4 nm
Fe;0,4 nanoparticles were synthesized with 0.8 mmol of Fe(acac);
and 2.4 mmol of N-methylpyrrole. 10.3 nm Fe;O4 nanocubes
were available by utilizing pyrrole as the reductant, the synthetic
procedure is the same as that for the synthesis of 3.2 nm Fe;Oy4
nanoparticles except that a mixture consisting of 2 mL of oleic
acid, 2 mL of oleylamine, and 6 mL of 1-octadecane was used
as the solvent.

The syntheses of y-Fe,O; nanoparticles were carried out by
heating the starting reaction mixture for 9 h but under otherwise
conditions identical with those for the production of Fe;O4 with
N-methylpyrrole and pyrrole as the reductant.

XRD patterns of the Fe;O4 nanoparticles were recorded on a
Rigaku D/max-2400 diffractometer operated at 40 kV voltage and
a 200 mA current with Cu Ko radiation. Magnetic studies were
carried out on the nanoparticle powders using a MPMS2 Quantum
Design SQUID magnetometer. Prior to magnetic measurements,
the as-synthesized iron oxide nanoparticles were washed with
ethanol for many times to remove the adsorbed surfactants.

Results and Discussion

Figure 1 depicts the powder X-ray diffraction (XRD)
patterns of the as-prepared Fe;Os nanoparticles with
different sizes. The position and relative intensity of all
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Figure 2. TEM images of (a) 3.5, (b) 5.6, and (c) 10.6 nm Fe304 nanoparticles synthesized in a solvent consisting of (a, b) 5 mL of oleic acid and 5 mL
of oleylamine or (c, d) 2 mL of oleic acid, 2 mL of oleylamine, and 6 mL of 1-octadecane. Experimental conditions: (a) [Fe(acac);] = 0.04 M, [N-methylpyrrole]
= 0.12 M; (b) [Fe(acac);] = 0.08 M, [N-methylpyrrole] = 0.24 M; (c, d) [Fe(acac)s;] = 0.04 M, [pyrrole] = 0.12 M.

Scheme 1. Reaction Equation for the Synthesis of Fe;O04 Nanoparticles

L]

n Fe(acac)s +17n/12 Oz + 3n 1]1 — n/3Fe;04+
C

H3

diffraction peaks match well with a cubic spinel structure
of magnetite. The mean crystalline sizes of the Fes;O4
nanoparticles are calculated to be 3.2, 5.4, and 10.3 nm
by measuring the peak widths of the X-ray diffraction lines
according to the Debye—Scherrer equation (D = 0.94/
PBcos 6). The transmission electron microscopy (TEM)
micrographs in Figures 2a and b show that the faceted
Fe;0,4 nanoparticles prepared with N-methylpyrrole as the
reductant are monodisperse and self-assemble into order
hexagonal closed packing. The mean diameters of the
Fe;0,4 nanoparticles prepared in the presence of 0.04 and

+3n CH;COCH,COCH; + 3n/2 H,0

0.08 M Fe(acac); are 3.5 and 5.6 nm, respectively, which
are in accord with the XRD measurements. Further
structural information on the as-synthesized Fe;O4 nano-
particles can be obtained from the high resolution TEM
(HRTEM) images (the insets in Figures 2a and b). The
lattice fringes in the images correspond to a group of
lattice planes within a single particle, indicating that the
as-synthesized Fe;O4 nanoparticles are consistently single
crystal. The distances between two adjacent planes are
2.57 (inset in Figure 2a) and 2.92 A (inset in Figure 2b),
corresponding to (311) and (220) planes, respectively.
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Figure 3. TEM images of the y-Fe,O3 nanoparticles prepared in a solvent consisting of 5 mL of oleic acid and 5 mL of oleylamine. Experimental conditions:
(a) [Fe(acac);] = 0.04 M, [N-methylpyrrole] = 0.12 M; (b) [Fe(acac);] = 0.08 M, [pyrrole] = 0.24 M. The corresponding room temperature hysteresis loop
is shown on the smaller scale in the inset. The coercivity is (a) 6.4 and (b) 11.3 Oe.

When pyrrole is used as the reductant, small regular Fe;O4
cubes with an average edge length of 10.6 nm (SD 15%)
are yielded. The average domain size determined by the
statistical analysis of the TEM micrographs are consistent
with that determined by peak widths of the XRD pattern
(Figure 1c and the Supporting Information). Additionally, a
number of magnetite nanoparticles is stained with polypyrrole
in some domains. A similar phenomenon is also observed
between the Fe;O, nanoparticles and poly(N-methylpyrrole).
HRTEM image shows that these nanoparticles consistently
possess the single-crystalline nature, as indicated by the
atomic lattice fringes in Figure 2d. The distances between
two adjacent lattice planes are 2.07 A, corresponding to (400)
planes in the spinel-structured Fe;Os. The structure of the
produced polypyrrole is clearly characterized by the TEM
observations (inset in Figure 2d). The most impressive aspect
of the polyprrole is the ordered lamellar nanostructure with
an interlayer distance of 2.7 nm, probably templated by the
oleic acid molecules. The similar structures can be found in
the poly(N-methylpyrrole).

In our experiments, oxygen is indispensable for the
generation of magnetite. The reaction progression is
described in Scheme 1. Unlike the high-temperature
reaction of Fe(acac)s in the presence of 1,2-hexadecan-
diol,l'*! the redox reaction between Fe(acac); and
N-methylpyrrole or pyrrole leads to a complete conversion
of the Fe(Ill) to Fe(Il) under a flow of an inert gas
(nitrogen or argon) at a relatively low temperature
(180—185 °C). We thus speculate that the formation of
Fe;0, nanoparticles involves the thermal decomposition
of acetylacetonate and a subsequent reaction with iron ions
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in an alternative approach reported by Sun et al.'*'* In
addition, the requirement of reactant oxygen also excludes
the possibility of reducing Fe(IIl) to Fe atoms. The as-
synthesized magnetite nanoparticles can be oxidized to
maghemite nanoparticles by heating the starting reactants
for 9 h at 185 °C in air. The transformations of Fe;04 to
y-Fe,03 can be confirmed by Raman spectroscopy because
the Raman spectra of Fe;O4 and y-Fe,O; are markedly
different.'"® Comparison of the Raman spectra of the as-
synthesized samples with reference samples reveals that
a pure phase of Fe;O4 and y-Fe,Os is, respectively,
obtained after a different reaction period of 1.5 and 9 h
(see the Supporting Information). It is observable from
the TEM images in Figure 3 that the y-Fe,O3 nanoparticles
synthesized with N-methylpyrrole or pyrrole as the
reductant are nearly monodisperse. Compared to the Fe;O4
nanoparticles synthesized at the same concentrations of
the reactants, the mean diameters of the y-Fe,O3 nano-
particles increase to 4.6 and 7.8 nm, respectively, while
the morphologies remain unchanged.

Figure 4 displays the hysteresis loops of the as-
synthesized Fe;O4 nanoparticles measured at 10 K and
room temperature. The insets at the bottom show the room-
temperature hysteresis loops on the smaller scale. It can
be found that the 3.2 nm magnetite nanoparticles are
superparamagnetic. However, the larger magnetite nano-
particles are ferromagnetic despite the small coercivity
fields and the small remanent fields, suggesting the
increased magnetocrystalline anisotropy. The hysteresis
loops exhibit a larger magnetic saturation value as well
as a much larger coercive field at 10 K. The magnetic
properties are dependent on the size and surface state of
the Fe;04 nanoparticles. The bigger magnetic nanoparticles
generally have the higher magnetic saturation value. At
room temperature, the magnetic saturation values of the
5.4 and 10.3 nm Fe3;04 nanoparticles are 45 and 134 emu/
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Figure 4. Hysteresis loops of the (a) 3.2, (b) 5.4, and (c) 10.3 nm Fe3O4
nanoparticles measured at 10 and 298 K. The insets show the corresponding
room temperature hysteresis loops on the smaller scale (bottom) and zero-
field-cooled (ZFC) and field-cooled (FC) magnetization in an applied field
of 1000 Oe (top).

g, respectively, but the smallest 3.2-nm Fe;O4 nanopar-
ticles can not be magnetically saturated in fields up to 1
T. The corresponding value reaches 54, 154, and 106
emu/g at 10 K, respectively. As compared to that of 3.2
nm Fe;04 nanoparticles, the low saturation magnetization
of the 5.4 nm Fe;O, nanoparticles may be due to the
presence of a magnetic dead or antiferromagnetic layer
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on the surface.’ " The coercivities of the 5.4 and 10.3
nm nanoparticles are 12 and 229, and 15 and 322 Oe at
298 and 10 K, respectively. The low coercivities illustrate
that the as-synthesized Fe;Os nanoparticles are soft
magnets. For the large magnetic nanoparticles, the effects
of thermal agitation, surface spin-canting, and a surface
magnetic dead layer become less dominant,*®3° leading
to the enhanced magnetic properties. Apparently, these
magnetite nanoparticles are more stable against thermal
fluctuations.

Shown in the top insets of Figure 4 is the temperature
dependence of the magnetization for field-cooled (FC) and
zero-field-cooled (ZFC) Fe;0, nanoparticles under an applied
magnetic field of 1000 Oe. The FC and ZFC magnetization
curves are split below blocking temperature (7, the trans-
formation temperature from ferromagnetism to superpara-
magnetism) and overlap with each other above Ty as the
remanence and coercivity have vanished. For the 3.2 nm
Fe;O4 nanoparticles, the T is about 25 K. Increasing the
particle size to 5.4 and 10.3 nm gives rise to an enhancement
of T up to 330 and 360 K, respectively, which further
confirms room temperature ferromagnetism of the larger
Fe;0,4 nanoparticles. Another striking feature is that the FC
curves of 5.4 and 10.3 nm Fe;O4 nanoparticles show the
magnetic moment value increased and then dropped at
around 250 K as the temperature decreased. At the same
time, the corresponding ZFC curves display two peaks
around 100 and 250 K, respectively. The reduced spacing
between the magnetite nanocrystals caused by removal of
surfactants renders stronger magnetic dipole coupling, result-
ing in an increase in magnetization toward a broad maximum
close to room temperature.40 In addition, we assume that
the formation of the ordered lamellar nanostructures of the
conducting polymers may play an important role in increas-
ing the magnetocrystalline anisotropy. This is likely because
of the more ordered orientation of Fe*" ions in the crystal
lattices that is templated by the ordered lamellar nanostruc-
tures. Likewise, such room-temperature soft magnetic be-
haviors are also observed for the as-synthesized y-Fe,Os
nanoparticles (insets in Figure 3 and the Supporting Informa-
tion).

Such soft magnetic nanoparticles are readily magnetized
and demagnetized. To verify this characteristic, we use a
small magnet with a surface field of ~3000 G to attract the
Fe;O, nanoparticles in a vial, as shown in Figure 5.
Interestingly, all the 5.4 and 10.3 nm Fe;O,4 nanoparticles in
vial A and B can be attracted to the vial walls after 12 h and
be redispersed into a colloidally stable dispersion in solution
as soon as the small magnet is removed (images b and ¢ in
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Figure 5. The optical images of the (vial A) 10.3 and (vial B) 5.4 nm Fe304 nanoparticles dispersed in hexane: (a) before being attracted by a magnet, (b)

being attracted by a magnet, and (c) after removing the magnet.

Figure 5). This property is important for efficient biosepa-
ration. For the 3.2 nm Fe;O4 nanoparticles, such separation
by magnetic attraction is uncompleted even after a longer
time of 24 h.

In conclusion, we have established a new platform to
use N-methylpyrrole or pyrrole as a reductant for the
synthesis of monodisperse magnetite and maghemite
nanoparticles with different diameters and shape. These
iron oxide nanoparticles exhibit room-temperature soft and
enhanced magnetic properties with an increasing the
particulate size. Such soft magnetic nanoparticles may
serve as microwave devices, magnetic shielding, trans-
formers, and recording heads.
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