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Non-volatile iron carbonyls as versatile precursors for the
synthesis of iron-containing nanoparticles

Iron pentacarbonyl is a popular precursor for the synthesis

of iron nanoparticles despite its volatility and toxicity. We
demonstrate the formation of a soluble and non-volatile iron
precursor by gently heating the insoluble crystalline solid, triiron
dodecacarbonyl, in the presence of alkyl amines. We show that
this convenient and low-toxicity precursor is a direct replacement
for iron pentacarbonyl in the synthesis of a variety of
iron-containing nanoparticles.
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The most commonly used method for the formation of well-
defined iron and iron-containing heterometallic nanoparticles is
the thermal decomposition of iron pentacarbonyl (Fe(CO)s).
However, iron pentacarbonyl is highly toxic and volatile, which
introduces safety concerns and drastically diminishes control over
the reaction stoichiometry. Here we alleviate these issues by
beginning with an easy-to-handle solid, triiron dodecacarbonyl
(Fe3(CO)1,). The issue of poor solubility of this cluster is addressed
by its reaction with amine, which renders the cluster fully soluble
in common high boiling point solvents. This reaction generates
non-volatile anionic iron carbonyl species in solution which are
subsequently used as the nanoparticle precursor. We demonstrate
that the thermolysis of this novel precursor solution yields well-
defined Fe, Fe;_,Co,, and Fe;_,Pt, nanoparticles. In addition, the
same approach overcomes the solubility issue of another poorly
soluble iron carbonyl compound, diiron nonacarbonyl (Fe,(CO)o).
By using these precursors in an array of nanoparticle-forming reac-
tions, we demonstrate a convenient replacement for the com-
monly used Fe(CO)s, producing particles of similar quality, but
without the drawbacks of the precursor volatility and high toxicity.

Magnetic nanoparticles have enjoyed a large amount of
research interest due to their great potential in a range of
applications including waste remediation, data storage, and
magnetic resonance imaging.' Zero-valent iron nanoparticles
are particularly attractive due to the high magnetic moment
(M = 222 Am® kg™ @ 273 K) and high susceptibility of bulk
iron. Due to low magnetocrystalline anisotropy, iron nano-
particles display superparamagnetic behavior at much larger
sizes than other magnetic materials, which makes them
excellent candidates for such applications as MRI contrast
agents, bioseparation and as recoverable catalysts.” Likewise,
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magnetically soft heterometallic iron-cobalt alloy nano-
particles (Fe;_,Co,) are of significant interest as they possess
the highest room temperature saturation magnetization of all
known metallic alloys (Ms ~ 240 Am* kg™' @ 273 K).> Iron-
platinum (Fe;_,Pt,) nanoparticles, on the other hand, possess
a high magnetocrystalline anisotropy (K ~ 6.6 x 10° ] m~%) and
large coercivity (H.) when annealed to the chemically ordered
tetragonal L1, phase. As such, these nanoparticles have been
extensively studied for their potential application in ultra-high
density magnetic storage applications and as components in
exchange-coupled composite magnets.*

Common solution-phase approaches to the synthesis of
iron and heterometallic iron-containing nanoparticles include
the reduction of iron salts and/or the thermolysis of iron com-
plexes.’® Perhaps, the most widely used approach is the
thermal decomposition of iron pentacarbonyl, Fe(CO)s. This
compound is inexpensive and readily available commercially,
which makes it a popular choice for nanoparticle synthesis.
While Fe(CO)s has proven valuable for the small-scale research
synthesis, its continued use, especially for potential scale up
efforts, is severely limited. It is pyrophoric with an auto-
ignition temperature of 49 °C and occupational exposure
limits are set to an incredibly low 0.1 ppm.°

Fe(CO)s has a low boiling point (103 °C) and under
high temperature nanoparticle synthesis conditions unknown
quantities can be boiled off, significantly decreasing yield in
general and changing iron content in the case of heterometal-
lic particle synthesis. Furthermore, the formation of decompo-
sition products under storage introduces the need for a purifi-
cation step.” It is easy then to see that at larger scales, Fe(CO)s
would present significant technical and safety burdens. The
development of a simple, less toxic, and non-volatile precursor
that could substitute directly for Fe(CO)s would be of signifi-
cant benefit for further synthetic investigations of iron and
iron-containing heterometallic nanoparticles.

Here we report the synthesis of well-defined Fe, Fe;_,Coy,
and Fe,_,Pt, nanoparticles from the low-volatility solid and
commercially available iron-carbonyl cluster, triiron dodecacarbo-
nyl Fe;(CO);,. Fe3(CO)y, is stable under ambient conditions,
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easy to handle, and much less toxic than Fe(CO)s.?
It decomposes at high temperatures, increasing the range of
available reaction temperatures, which would allow for
improvements in crystallinity.® Furthermore, it can be used as
received directly from a supplier, removing the need for purifi-
cation, and thereby simplifying the overall synthetic procedure.
The cluster is commonly employed as a catalyst in organic
transformations,'® but it is poorly soluble in high boiling
point organic solvents and therefore there are only a few
examples of its use as a precursor for nanoparticle synthesis.
Shpaisman et al. formed nanocrystalline Fe particles by ther-
mally decomposing Fe;(CO);, under argon flow at high temp-
eratures, and Amara et al. formed Fe and Fe;O, nanoparticles
by a solvothermal decomposition synthesis.*'" Choplin et al.
formed iron-containing heterometallic particles from carbo-
nyl-containing  heteropolynuclear ~ precursor  clusters.'?
However, the lack of precursor solubility made size and shape
control difficult.

Here, we demonstrate a significant increase in the solubility
of Fe3(CO);, by reacting it with an excess of a long-chain
primary alkylamine, 1-dodecylamine (DDA), under an inert
atmosphere and mild heating. Multi-metal center iron carbo-
nyl clusters have been reported to form anionic cluster species
on surfaces or in amine solvents, usually via disproportiona-
tion."® Here, the formation of such an anionic iron complex
leads to the complete dissolution of original Fe;(CO);, in
common solvents employed in nanoparticle synthesis (e.g.,
1-octadecene) (ODE), thereby eliminating the multiple synthetic
steps that are often required for other complex iron nanoparticle
precursors.*”** This easily prepared, non-volatile iron cluster
solution is then used here as the actual precursor in thermal
decomposition reactions to form well-defined Fe, Fe;_,Co,, and
Fe,_,Pt, nanoparticles, with the DDA as stabilizing agent. The
presented approach to the synthesis of iron and iron-
containing heterometallic nanoparticles can also be extended to
another poorly soluble iron carbonyl cluster, Fe,(CO)s.

When Fe3(CO);, is heated in an excess of DDA (1:30)
under nitrogen (Fig. 1a), a color change from green to deep
red is observed indicating the formation of the anionic
[HFe,;(CO)y4]~ (Fig. 1a)."® The UV-Vis absorption profile of
Fe3(CO),, in chloroform shows two absorption peaks at 456
and 607 nm, as well as multiple absorption bands stretching
into the UV (Fig. 1b). After heating in the presence of excess
DDA (Fig. 1c), the strong band at 607 nm blue shifts to 545 nm
with a strong second absorption peak now clearly visible at
319 nm, which is consistent with the formation of
[HFe3(CO)44]". Previously, this deep-red cluster anion has been
identified as a disproportionation product of Fe;(CO);, on the
surface of alumina or magnesia.'” In these studies, Fe;(CO);,
dissociates at a surface and could be liberated by the use of a
counteraction, e.g., NEt,". In the present case, the anionic
complex forms in situ due to the presence of DDA, simplifying
the solubilization process. The presence of [HFe3(CO)4]” in
solution has been confirmed by electrospray ionization mass
spectrometry (ESI-MS), revealing the [HFe;(CO)y4]~ (m/z =
476.7) ion (and its decarbonylation products) to be the
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Fig. 1 (a) Schematic representation of the conversion of dark-green
Fes(CO)12, upon heating in an excess of 1-dodecylamine (DDA) in
1-octadecene (ODE) under an inert atmosphere, into dark-red
[HFe3(CO)14]~ anion that is fully soluble in the DDA/ODE mixture. (b)
UV-Vis spectra of Fes(CO);, dissolved in CHCls. (c) UV-Vis spectrum of
[HFe3(CO)11]~ in ODE/DDA mixture (d) FTIR spectrum of Fez(CO)y, in a
KBr pellet. (e) FTIR spectrum of the as-formed [HFe3(CO)y;]™ cluster in a
DDA/ODE mixture.

majority of species present in the precursor solution (Fig. S17).
UV-vis spectroscopy measurements (Fig. S2t) are also in agree-
ment with ESI-MS: the absorption profile of the as-prepared
precursor solution matched closely with that of the
[HFe;3(CO)q4]” cluster anion isolated using high performance
liquid chromatography (HPLC).

Results of FTIR spectroscopy are also consistent with the
formation of the protonated iron carbonyl cluster anion.
Fig. 1d shows the FTIR absorption spectrum of pure solid
Fe3(CO);, in the CO ligand stretching vibrations region that
consists of two strong bands at 2050 cm™" and 2010 cm™' and
weaker ones at 1860 cm™" and 1825 cm™"."° Fig. 1e shows the
FTIR absorption spectrum of the [HFe;(CO),;]” anion in ODE/
DDA solution. Present is a strong absorption band at
~2800 cm™" corresponding to C-H stretches of excess DDA.
The continued presence of terminal and bridging CO stretches
(see Fig. 1e inset) points to the multi-metal iron center of the
anionic cluster being maintained and is consistent with the
formation of [HFe;(CO),,]~."31

Once prepared, the precursor solution with [HFe3(CO);4]™ is
diluted in ODE and used as the iron source for nanoparticle
synthesis, with the results shown in Fig. 2. The synthesis
occurred at 200 °C under an inert atmosphere ensuring the
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Fig. 2 (a) Transmission electron microscopy (TEM) image of Fe nano-

particles synthesized from the [HFes(CO)y;]~ complex-containing pre-
cursor solution. (b) Small Angle X-ray Scattering (SAXS) data of Fe nano-
particles showing the raw data (black circles) overlaid with the model fit
(red line) and residuals (blue circles). (c, d) HRTEM images of synthesized
iron nanoparticles in lower (c) and higher (d) magnifications. Magnetite
formation on the surface of Fe nanoparticles occurs during sample
preparation. (e, f) Results of SQUID measurements on Fe nanoparticles.
(e) Plot of magnetization (M) vs. applied field (H) showing the saturation
magnetization. (f) Field cooled-zero field cooled (FC-ZFC) measure-
ments establish the blocking temperature of 169 K, which indicates
superparamagnetic behavior at room temperature.

formation of zero-valent iron. However, partial oxidation of
particles during sample preparation for size analysis was
observed leading to Fe/Fe;0, core-shell nanoparticles (vide
infra). Transmission electron microscopy (TEM) imaging
(Fig. 2a) reveals well-dispersed particles of 9.3 + 0.9 nm in dia-
meter with regions of hexagonal and bilayer packing. The raw
scattering data of a Small Angle X-ray scattering (SAXS)
measurement together with a model curve and residuals are
displayed in Fig. 2b. A spherical particle model with Gaussian
size distribution (as observed from TEM) was used in the ana-
lysis of the scattering curves, giving an average nanoparticle
size of 9.5 nm + 1.0 nm, which is in good agreement with TEM
results. We then show that good nanoparticle size control
could be obtained. By varying the reaction temperature, oxi-
dized iron nanoparticles of 11.1 + 2.0 nm and 7.2 + 0.7 nm in

6634 | Nanoscale, 2017, 9, 6632—6637

View Article Online

Nanoscale

diameter could be formed at 180 °C and 280 °C, respectively
(Fig. S37).

Morphology of the oxidized iron nanoparticles is more
clearly identifiable using high resolution TEM (Fig. 2c). The
contrast difference between the oxide shell and the metal
nanoparticle core is evident, together with a thin hollow inter-
layer produced by the Kirkendall effect during oxidation."”

No further growth of the hollow layer was observed under
the electron beam. To calculate the size of the original nano-
particles that are present as zero-valent iron in solution (i.e.,
before oxidation), the thickness of the oxide layer must be
taken into account. Analysis of lattice planes (Fig. 2d) indicates
the oxide shell could be indexed to polycrystalline magnetite
Fe;0,,'® which was further confirmed by X-ray diffraction ana-
lysis (Fig. S4f). Neither HRTEM or XRD showed evidence of
bcee Fe, revealing the amorphous state of the iron particle core,
which is not unexpected for iron nanoparticles of this size.'?
The average thickness of the oxide shell was measured to be
2.9 + 0.3 nm. Therefore the size of original Fe(0) nanoparticles
in solution can be calculated as 7.9 + 0.7 nm when the expan-
sion of iron upon oxidation is taken into account."®

To investigate the magnetic properties of the unoxidized
nanoparticles, an aliquot of the nanoparticle solution was
sealed under vacuum (with extra care being paid to avoid
oxidation), and its magnetic response was elucidated by means
of superconducting quantum interference device (SQUID)
magnetometry. The nanoparticles possess a saturation
magnetization of 195 Am” kg™" at 250 K, which is close to the
value for bulk iron (Fig. 2e).?° The particles are superpara-
magnetic at room temperature with a blocking temperature,
Ty, of 169 K obtained from temperature-dependent field
cooled (FC), zero-field cooled (ZFC) measurements (Fig. 2f).
Superparamagnetism was also confirmed by the absence of
noticeable remanence in Fig. 2e. The measured blocking temp-
erature of these particles is much higher than what was
expected for 7.9 nm bee Fe nanoparticles.”” This has been pre-
viously observed for amorphous iron nanoparticles in this size
range which indicates a significantly higher value of magneto-
crystalline anisotropy, K.*>*?

Besides the synthesis of homometallic Fe nanoparticles, the
solution with [HFe;(CO),4]” anion can also be used in the syn-
thesis of heterometallic particles: Fe;_,Co, and Fe;_ ,Pt,.
Fe;_,Co, nanoparticles were synthesized from the thermal
decomposition of a mixture of [HFe3(CO),;]” and Co,(CO); in
ODE, with typical TEM images of the particles shown in Fig. 3.
The particles were measured to be 9.4 + 1.3 nm and 10.0 nm +
1.4 nm in size, by TEM and SAXS, respectively (Fig. 3a and b).
Results of the energy dispersive X-ray (EDX) spectroscopy are
shown in Fig. 3c. After deconvolution of the overlapping CoK,
and FeKg peaks (see inset), a quantitative analysis could be
carried out using the Cliff-Lorimer equation.”’ The Cliff-
Lorimer k factor, which is dimensionless and dependent on
the TEM/EDX system used, was experimentally derived to be
0.96. We could then calculate an elemental composition of
Feq;Coz3 which is within the range known to display
maximum magnetic saturation (0.3 < x < 0.4).>> As prepared,

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Fe;_,Co, nanoparticles from [HFes(CO)1]~ complex-containing
precursor solution. (a) TEM image and (b) corresponding SAXS curves.
(c) Energy dispersive X-ray (EDX) analysis along with deconvolution of
overlapping CoK, and FeK; peaks (inset) allowing for quantitative ana-
lysis of both Fe and Co. (d) SQUID magnetic measurements of FeCo
nanoparticles showing magnetization (M) vs. applied field (H).

Fes,Co33 nanoparticles were measured by SQUID to possess a
magnetization of M, = 142 Am® kg™ at 250 K, which is com-
parable to previous examples of Fe;_,Co, nanoparticles
(Fig. 3d).>%%

Fig. 4a shows a typical TEM image of Fe,_,Pt, nanoparticles
synthesized from a mixture of [HFe;(CO);4]” and Pt(acac), pre-
pared in dibenzyl ether (DBE). The nanoparticles have a
branched morphology and are 7.7 + 1.6 nm in size measured
along the longest axis. EDX elemental analysis (Fig. S5,
Table S21) established the nanoparticle composition as
FesoPtso. Selected area electron diffraction (SAED) pattern is
given in Fig. 4b, which can be indexed to the face-centered
cubic (fcc) crystal structure.*® It is well-established that FePt
particles must be thermally annealed to obtain the magneti-
cally hard tetragonal L1, phase.>® Therefore, the as-synthesized
nanoparticles were annealed in situ at 750 °C for 30 min using
a TEM heating stage, with the results shown in Fig. 4c. The
shape of the particles becomes more rounded due to the mini-
mization of their surface area, with the average size being
slightly reduced to 7.2 + 1.1 nm. A SAED pattern (Fig. 4d)
shows the emergence of the (001), (110) and (201) reflections
of the tetragonal L1, phase. HRTEM experiments were also
performed, confirming the transformation to the tetragonal
phase upon annealing (Fig. S6f). Particle coalescence is
avoided by annealing directly on the TEM substrate.

Similarly to Fe;(CO);,, the non-volatile diiron carbonyl
cluster Fe,(CO), is also known to react with strong bases,
including amines."® The possibility of using Fe,(CO), to form
the [HFe3(CO);1]” anionic cluster in solution was also investi-
gated. The Fe,(CO), cluster readily dissolves in a DDA/ODE

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Fe;_Pt, [HFes(CO)1l™

nanoparticles synthesized from the
complex-containing precursor solution. TEM images of Fe,_ ,Pt, par-
ticles (a) before and (c) thermal annealing at 750 °C for 30 min together
with corresponding SAEDs (b and d) which can be indexed to the fcc
crystal structure. SAED before annealing can be indexed to the fcc
crystal structure, whereas after annealing SAED corresponds to the
tetragonal L1, phase of Fe;_,Pt,.

mixture upon heating forming an orange-red solution (see
FTIR analysis, Fig. S7t). The thermal decomposition of this
precursor solution also yields metallic iron, Fe; ,Co,, and
Fe,_,Pt, nanoparticles, similar to those obtained from the
Fe3(CO);, case. To the best of our knowledge, prior to this
work, only Kramer et al. used Fe,(CO), dissolved in ionic
liquids to obtain Fe and Fe,O; nanoparticles. However, only
small particles were formed (~4 nm) and they subsequently
readily agglomerated.>® Here, the oxidized iron nanoparticles
were measured to be 10.8 + 0.9 nm and 10.2 nm + 1.3 nm, by
TEM and SAXS, respectively (Fig. S8 and 9%). The size of
Fe,_,Co, alloy nanoparticles was found to be 9.6 + 1.6 nm and
10.3 nm * 1.6 nm, by TEM and SAXS, respectively (Fig. S10a
and bf). From EDX analysis, they were shown to possess
Fes5Co,5 composition (Fig. S10c and df). The Fe;_,Pt, nano-
particles were 7.4 + 0.5 nm in size (from SAXS analysis) and
had a composition of Fe;sPtss, which is within the require-
ments for tetragonal ordering (Fig. S11 and 12, Table S37).*”
The size and composition of pure iron and iron-containing
heterometallic nanoparticles obtained from Fe,(CO), were
similar to that formed using Fe;(CO),, indicating the versati-
lity of our approach for the solubilization of multi-nuclear iron
carbonyl clusters. The lighter color of the final reaction solu-
tion formed with Fe,(CO), indicates a lower concentration of
[HFe;(CO)q1]” (Fig. S71). This explains the subtle variations in
reaction temperatures required for the formation of well-
defined nanoparticles (see Experimental section). This change

Nanoscale, 2017, 9, 6632-6637 | 6635
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in reaction kinetics with [HFe3(CO)4,]” concentration also indi-
cates that it is the major species responsible for nanoparticle
formation. While the solutions formed from both iron carbo-
nyl compounds used here are not simple stoichiometric com-
pounds, this study supports our previous observation that
non-stoichiometric precursors can produce extremely reprodu-
cible results, if consistently prepared.'>*

Conclusions

In summary, we have demonstrated that by the straightforward
mixing of insoluble iron carbonyls Fe;(CO);, or Fe,(CO), with
an amine surfactant, a precursor solution containing the
[HFe3(CO)44]™ anionic cluster can be formed. This solution, in
turn, can be used as a direct replacement for iron pentacarbo-
nyl in a variety of nanoparticle forming reactions, including
the thermolytic synthesis of Fe, Fe;_,Co,, and Fe;_,Pt, nano-
particles. Compared to more commonly used techniques, the
use of solutions of these non-volatile cluster solutions as iron
precursors allow for safer reactions and improved synthetic
control for the formation of iron and iron-containing hetero-
metallic nanoparticles.
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