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Here we report a new, bench-top synthesis for iron/iron oxide
core/shell nanoparticles via the thermal decomposition of
Fe(n’-CgH3Mey),. The iron/iron oxide core/shell nanoparticles
are superparamagnetic at room temperature and show improved
negative contrast in 7,-weighted MR imaging compared to pure
iron oxides nanoparticles, and have a transverse relaxivity (r,) of
32mM s

Magnetic nanoparticles are an attractive area of research due
to their size dependent magnetism and biomedical applications,
such as magnetic hyperthermia, bioseparation and magnetic
resonance imaging (MRI) contrast agents.! For MRI contrast
agents, superparamagnetic nanoparticles are desired, to prevent
aggregation occurring in the body when the applied magnetic
field is removed.> Currently, superparamagnetic iron oxide
nanoparticles (SPIOs) are the only commercially available
negative contrast agents?® and are able to shorten 75 relaxation
times.>* Reports show that materials with larger magnetizations,
can induce further shortening of T, relaxation times resulting
in greater MRI contrast enhancement.’ Iron is ferromagnetic
and has the highest saturation magnetization (218 emu g~") of
the elements. Iron nanoparticles smaller than 15 nm are
expected to be superparamagnetic.® The magnetic properties
when coupled with the biocompatibility, make iron based
nanoparticles ideal candidates for MRI contrast agents.®’
Development in this area remains challenging due to difficulty
in obtaining stable iron nanoparticles from simple synthetic
procedures and precursors.”

Under ambient conditions, iron nanoparticles smaller than
8 nm in size fully oxidize upon exposure to air.” Larger iron nano-
particles upon exposure to air form a 2-3 nm iron oxide shell
on the surface, yielding iron/iron oxide core/shell nanoparticles.
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Successful studies for the synthesis of iron nanoparticles of
sizes greater than 8§ nm has been achieved via the decompo-
sition of iron pentacarbonyl, Fe(CO)s.%!'" Other precursors
such as iron oleate and iron bis(trimethylsilyl)amide have been
used to achieve the formation of iron nanocubes.!! However,
the ease of nanoparticle synthesis and scalability is limited
with these processes; Fe(CO)s is volatile and highly toxic,’
other precursors are either air-sensitive,''? or require high
temperature for decomposition.''“ Recently, we have reported
the synthesis of iron/iron oxide core/shell nanoparticles via the
decompsition of an iron organometallic sandwich compound,
Fe(CsHs)(C¢H5), in a closed reaction vessel, under a hydrogen
atmosphere.'?

Here we report the bench-top synthesis of superparamagnetic
iron/iron oxide core/shell nanoparticles via the thermal
decomposition of a new, easy to handle, symmetrical iron
organometallic sandwich compound, bis(nS-I,3,5-ex0-6-tetra-
methylcyclohexadienyl) iron(ir), [Fe(n’-CsHsMes),]. This non-
carbonyl iron precursor was chosen for its simple synthesis, '
and is air stable compared to Fe(CO)s. In comparison to the
precursor previously reported by our group, this compound
has a symmetrical structure and is found to decompose more
rapidly, producing iron nanoparticles with a relatively short
reaction time.

The Fe precursor was synthesized according to literature
methods,'® and the precursor structure and iron nanoparticle
synthesis are outlined in Scheme 1. Briefly, Fe(n’-C¢H;Mey),
is thermally decomposed via instant hot injection at 300 °C in
octadecene (ODE) with the presence of oleylamine (OLA) as a
stabilizing agent. Upon injection, the temperature immediately
dropped to 260 °C, and the reaction was maintained at
this temperature for 2 h, before cooling to room temperature.
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Scheme 1  Structure of iron precursor bis(n>-1,3,5-exo0-6-tetramethyl-

cyclohexadienyl) iron(i), [Fe(n>-C¢HsMey),], and iron/iron oxide
core/shell nanoparticle synthesis reaction scheme.
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Once cooled, the nanoparticles were then isolated from the
reaction mixture via magnetic separation and washed twice
with toluene to remove excess OLA. The purification was done
under ambient conditions and the exposure to air at this
point leads to the surface oxidation forming iron/iron oxide
core/shell nanoparticles. To render the nanoparticles water
soluble, the stabilizing agent (OLA) was exchanged with
dimercaptosuccinic acid (DMSA). DMSA was chosen due
to ease of exchange with OLA due to the strong binding
carboxylic acid groups,'* and its excellent safety profile.'’
The DMSA-coated nanoparticles were readily dispersed in
water and the core/shell structures were re-examined six
months later by TEM and were found to be identical and
the core/shell morphology maintained (Fig. S1).

A typical low magnification transmission electron micro-
scopy (TEM) image of the nanoparticles obtained is shown in
Fig. 1A. The nanoparticles are relatively monodisperse, with
an average size of 14.0 + 1.9 nm and with an average core size
of 8.5 + 2.5 nm and a shell with width of 2.9 + 1.2 nm
(calculated from 1000 nanoparticles, Fig. S2) obtained by
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Fig. 1 (A) Low magnification TEM image of iron/iron oxide core/
shell nanoparticles. (B) HRTEM showing single crystal a-Fe core with
(211) planes observed across core area, and a polycrystalline iron oxide
shell with (220) planes observed in sections of shell (inset) corresponding
indexed FFT of the a-Fe core viewed down [2,1,0] zone axis.
(C) SAED of iron/iron oxide core/shell nanoparticles. (D) XRD
pattern of the iron/iron oxide core/shell nanoparticles, with diffraction
peaks indexed to a-Fe and spinel iron oxide phase (¥).

analysis of TEM images The contrast of the nanoparticles
show a darker core surrounded by a lighter shell that reveals a
core/shell structure. High-resolution TEM (HRTEM) shows
uniform lattice fringes across the entire core with spacings that
correspond to o-Fe{211} indicating a single crystal a-Fe core
(Fig. 1B). The nanoparticle shell is polycrystalline with multiple
domains with various sections corresponding to the {220}
planes of iron oxide. The selected area electron diffraction
(SAED) of the nanoparticles in Fig. 1A is shown in Fig. 1C
and the most intense rings can be indexed to the (110), (200)
and (211) reflections of bcc a-Fe. An X-ray diffraction pattern
of the nanoparticles is shown in Fig. 1D and can be readily
indexed to a-Fe and iron oxide peaks (*) corresponding to
either magnetite (Fe30,4) or maghemite (y-Fe,O3). The average
crystallite size of the a-Fe core calculated using the Scherrer
equation from the peak width of Fe(110) and Fe(211) is
estimated to be 8.7 & 1.6 nm. This value is consistent with
TEM images. The XRD pattern shows broader iron oxide
peaks compared to the a-Fe peaks indicating a smaller average
crystallite size compared to a-Fe, and is consistent with a
polycrystalline shell layer.

Magnetic measurements were carried out on the core/shell
nanoparticles at 300 K (Fig. 2). The magnetization curve
intercepts at the origin, indicating an absence of both a
remnant magnetization (Mg) and coercivity (H¢) showing
that nanoparticles have superparamagnetic behaviour (inset
Fig. 2).° The saturated magnetization of 148 emu g~' (Fe)
is consistent with previously reported magnetization values
for iron/iron oxide core/shell nanoparticles of similar size.'®
The presence of an a-Fe core in the sample induces a higher
magnetization compared to pure iron oxide nanoparticles
that typically have magnetization values ranging from
40-70 emu g~ ! (Fe). 2>V

To assess effectiveness of the core/shell nanoparticles at
enhancing 7,>-weighted MR signal the contrast was compared
to iron oxides nanoparticles. The iron oxide nanoparticles of
similar size (15 + 2 nm) were synthesized according to
literature'® and coated with DMSA. Both nanoparticles were
independently dispersed in agar at varying concentrations of
iron (in pg(Fe) mL™"). The core/shell nanoparticles showed an
improved negative contrast (darkening) compared to the
oxide nanoparticles (Fig. 3A) at iron concentrations of 2.0
to 10.0 pg(Fe) mL~". The core/shell nanoparticles also showed
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Fig. 2 Magnetization curve of iron/iron oxide core/shell nano-
particles at 300 K, with inset showing the low-field region.
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Fig. 3 (A) T,-weighted MR images at 9.4 T comparing the 7,
contrast (darkening) from core/shell and oxide nanoparticles in agar
with concentration of 0.0 (control), 2.0, 5.0 and 10.0 pg(Fe) mL ™.
(B) Bar graph comparing the % reduction of T7) signal relative to that
of control caused by core/shell and oxide nanoparticles. (C) Relaxivity
(r,) of the core/shell and oxide nanoparticles determined from the
same sample.

greater percent in 75 signal reduction (relative to that of the
control) compared to that of the oxide. The core/shell nano-
particles reduced the 7T,-weighted signal by 46, 66 and 78% at
2.0, 5.0 and 10.0 pg(Fe) mL~", respectively, compared to that
of iron oxides, which reduced the T»-weighted signal by 12, 27
and 41%, respectively, at identical iron concentrations
(Fig. 3B). The transverse relaxivity (r,) of the iron/iron oxide
core/shell nanoparticles was determined and compared with
the r, of iron oxides (see Fig. S3, for plot of 7> vs. [Fe]). The
core/shell nanoparticles had an r, of 332 mM ™! s™!, nearly
three-fold larger than that for iron oxide nanoparticles of
117 mM~" s7! (Fig. 3C). This is in agreement with the
relaxivity of iron/iron oxide core/shell nanoparticles of similar
size.!? T, contrast enhancement of amorphous based iron
core/shell nanoparticles relative to iron oxide nanoparticles
have previously been reported, however little improvement in
r» was observed.!” The large increase in r, shown by our iron/
iron oxide core/shell nanoparticles indicates the importance of
having a single-crystal a-Fe core present, and indicates a
significant improvement of the MR signal that will enable
greater detection at lower concentrations of iron compared to
iron oxides.

Superparamagnetic iron/iron oxide core/shell nanoparticles
were synthesized by a simple hot-injection method by decom-
posing an easy to handle iron organometallic precursor,
Fe(n’-C¢H3Mey),. Surface exchange with DMSA made the
core/shell nanoparticles water soluble. The presence of a
single-crystalline a-Fe core is shown to produce much greater
negative contrast compared to pure iron oxide nanoparticles in
T»-weighted MR imaging, and greatly improved the transverse
relaxivity, which will contribute to further developments
in magnetic resonance imaging and the next generation of
contrast agents.
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