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Abstract: A tunable synthesis of iron nanoparticles (NPs) based on the decomposition of {Fe[N(SiMe3)2]2}2

in the presence of organic superstructures composed of palmitic acid and hexadecylamine is reported.
Control of the size (from 1.5 to 27 nm) and shape (spheres, cubes, or stars) of the NPs has been achieved.
An environment-dependent growth model is proposed on the basis of results obtained for the NP morphology
under various conditions and a complete Mössbauer study of the colloid composition at different reacting
stages. It involves (i) an anisotropic growth process inside organic superstructures, leading to monocrystalline
cubic NPs, and (ii) isotropic growth outside these superstructures, yielding polycrystalline spherical NPs.

Introduction

Many methods that are presently available for the synthesis
of metal nanoparticles (NPs) lead to the formation of mono-
disperse objects.1 These nano-objects can further self-organize
when deposited on a surface or, in certain cases, directly form
large superlattices in solution.2 However, the processes leading
to strict monodispersity of nanoparticles or to the formation of
supercrystals in solution are not fully understood. Our group
has obtained several metal nanoparticle superlattices composed
of either tin, iron, or iron/cobalt.3 We concentrate in this paper
on the process of iron nanoparticle growth, given the present
need for highly magnetic nanoparticles.

Magnetic nanoparticles are attractive for various applications
provided that strong control of their physical properties can be
achieved.4,5 Metallic iron has a high magnetization at room
temperature [MS(bulk) ) 212 emu g-1] and a superparamagnetic
behavior (for sizes ranging from 1 to 12 nm) that, from a
physical point of view, makes it a material of choice for
biomedical applications such as magnetic fluid hyperthermia
(MFH) and magnetic resonance imaging (MRI).6 However, its

high reactivity, especially with dioxygen, makes it unusable
under these conditions if unprotected. Our research aims at
producing magnetic core/shell nanoparticles that take advantage
of an iron core whose magnetic properties are preserved from
degradation by means of a protective layer.7 Before taking up
this challenge, we first worked on the adjustment of the magnetic
properties of the iron core for the above-mentioned applications,
that is to say, the adjustment of its size and shape and the nature
of surface ligands. Therefore, a good understanding of iron NP
formation is a crucial point.1a,8 Several research groups have
already prepared iron NPs of very good quality, but usually
with magnetizations lower than that of the bulk, especially at
small sizes.2a,9 In addition, some knowledge has already been
reported on size control in different studies: in particular, it has
been pointed out that the acid concentration is a key parameter.9f,10

Our group has previously reported that the reduction of
{Fe[N(SiMe3)2]2}2 under H2 leads to unoxidized, small iron NPs
of homogeneous size near 1.5 nm that exhibit bulk magnetiza-
tion.11 The same method leads to larger and well-defined NPs
with bulk magnetization when a mixture of long-chain acid and
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amine is added. Using the amido precursor Fe[N(SiMe3)2]2(THF)
(Me ) CH3, THF ) tetrahydrofuran) in the presence of oleic
acid and hexadecylamine (HDA), Dumestre et al.3a have
prepared 7 nm iron nanocubes organized into superlattices. The
growth process and control of size (in this case limited to 7
nm) and shape (spherical, cubic or anisotropic) were not
achieved on this system, however. We have therefore extended
the study in order to understand and possibly propose a model
for the size and shape control of iron NPs prepared in the
presence of such surfactant mixtures. The route we have chosen
is the decomposition of {Fe[N(SiMe3)2]2}2 in the presence of
HDA and palmitic acid (PA) under mild conditions. Several
experimental parameters have been examined and tuned with
the aim of understanding their influence on the mean size and
shape of the final NPs in order to produce high-quality colloidal
samples that could cover the superparamagnetic range of interest.
Supported by a complete Mössbauer study of the colloid
composition at different reacting stages, this work has lead to
the proposition of an environment-dependent growth mechanism.

Materials and Methods

General Procedures. Mesitylene (Fluka, g99%) was distilled
over sodium according to standard procedures. PA (Sigma, g99%)
and HDA (Fluka, g99%) were used without any additional
purification. Reactants and products were stored and manipulated
in an argon glovebox exclusively. The reactants were mixed together
at room temperature, and all of the syntheses were performed in
Fischer-Porter bottles.

NPs were obtained by decomposition of the iron dimer {Fe[N-
(SiMe3)2]2}2.

12 Both kinds of reactions were performed in the
presence of HDA and PA in mesitylene under a reductive
atmosphere of dihydrogen (3 bar). The general conditions were
adjusted to study the reaction kinetics (reaction time varying from
30 min to 48 h), the influence of temperature (from 100 to 150
°C), and surfactant concentration effects.

Synthesis of Nanocube Superlattices. A colorless solution of
PA (384 mg, 1.5 mmol, 1.5 equiv per mol of iron) in mesitylene
(10 mL) was added to a green solution of {Fe[N(SiMe3)2]2}2 (376
mg, 0.5 mmol) in mesitylene (5 mL). The mixture was manually
stirred, and its color immediately changed to yellow. After 1 min,
a solution of HDA (482 mg, 2.0 mmol, 2.0 equiv) in mesitylene (5
mL) was added to it. The mixture started to darken and became
black after 10 min of magnetic stirring at room temperature. The
solution was then put under 3 bar of H2 and allowed to react in an
oil bath at 150 °C for 48 h.

The monitoring of this reaction was performed on the same
sample equally distributed into five Fisher-Porter bottles, each of
which was placed in the same oil bath (150 °C) for a specified
time (0.5, 2, 6, 12, or 25 h).

Characterization of the NPs. Microscopy samples were pre-
pared by deposition of a drop of diluted colloidal solution onto a
carbon-coated copper grid and observed on a JEOL 6700F
microscope for scanning electronic microscopy (SEM), a JEOL
1011 microscope for bright-field transmission electronic microscopy
(TEM), or a JEOL-2100F field-emission microscope for high-
resolution TEM (HRTEM), the latter two working at 100 and 200
kV, respectively. In the majority of cases, size histograms were
obtained by an automatic counting process over 500 particles;13

on particular samples (stars and large cubes), counting was done
manually for at least 100 nanoparticles. Size distributions were fitted
by the Gaussian law; the results are expressed in terms of the
calculated mean size and the standard deviation (σ). Magnetic
studies were carried out on powder samples by SQuID (Quantum
Design MPMS 5.5), and the iron state and environment were
analyzed by Mössbauer spectroscopy (WISSEL, 57Co source).
Samples were prepared in the glovebox, and extreme care was taken
to avoid oxidation during transfer to the apparatus. Flame-sealed
glass tubes of powder were prepared under argon to determine the
iron composition from microanalysis measurements performed by
inductively coupled plasma (ICP).

Results

On the basis of the results obtained by Dumestre et al.,3a we
used a combination of PA and HDA to grow well-defined NPs.
We successively monitored the kinetics of the reaction, the
influence of the temperature, and finally the influence of the
acid/amine ratio, as presented hereafter. The first observation
that actually started this study was made before any NPs were
formed: a mixture of PA/HDA in a 1.5:2 ratio mixed with
{Fe[N(SiMe3)2]2}2 at room temperature led immediately to the
formation of organic superstructures in mesitylene, as revealed
by TEM (see Figure 1a). Size measurements by dynamic light
scattering from the starting solution (after heating at only 50
°C for 10 min) also confirmed the formation of micrometric
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Figure 1. TEM pictures of micrometric superstructures observed (a) prior
to reaction under H2 and (b) after 48 h of reaction.
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objects (see Figure S1 in the Supporting Information). The
nature of the surfactants and the observed shape of these
micrometric stable objects are in good agreement with the
formation of a mesophase with a lamellar structure.14,15

Moreover, the TEM picture’s contrast on these structures
indicates the presence of iron, which is certainly involved in
molecular species and/or clusters. The formation of these iron-
filled organic superstructures is correlated with the appearance
of similar superstructures containing nanocubes observed after
heating of the same solution under dihydrogen for 48 h (see
Figure 1b), as shown in this article.

Kinetics of NP Growth. In order to understand the correlation
between the superstructures observed at t ) 0 and t ) 48 h, the
kinetics of the iron dimer decomposition in the presence of 1.5:2
PA/HDA has been monitored. We particularly focused on what
happened inside the organic superstructures, and therefore, the
TEM pictures in Figure 2 show only these regions (a larger
view of each region of interest is available in Figures S2, S3,
and S4 in the Supporting Information). After 30 min at 150 °C
under dihydrogen, very small (<2 nm) NPs that we will call

“nuclei” are formed (see Figure 2a). After 2 h, we observed
∼5 nm spherical NPs and anisotropic NPs displaying a width
of ∼5 nm and a length of ∼10 nm (see Figure 2b). A majority
of the nuclei were still detected around these misshapen NPs.
Some were still present even after 6 h, but by this time the
sample was predominantly composed of larger NPs (see Figure
2c and Figures S2c and S3 in the Supporting Information). Most
of these anisotropic NPs had at least one dimension between
25 and 50 nm (32.6 nm, σ ) 7.4 nm), and some well-defined
facets became apparent. A few cubic NPs displaying round
edges (11.0 nm, σ ) 1.0 nm) were also observed. The
anisotropic particles observed at this stage of the reaction result
from coalescence. They disappeared with time while particles
of cubic shape were formed. As a matter of fact, after 12 h, the
cubic NPs became predominant (17.0 nm, σ ) 1.7 nm; see
Figure 2d). After 25 h, large superlattices with lengths of several
microns, containing mainly cubic NPs (20.7 nm, σ ) 0.9 nm)
but also some not completely filled octapods, were observed.
These objects were on their way to form cubes, indicating that
the reaction, though at a very advanced stage, was not yet
complete (see Figure 2e and Figures S2e and S4 in the
Supporting Information). The spherical NPs observed around
the nanocube superlattice (NCS) at this point look well-defined,
with a mean diameter of 13.2 nm (σ ) 1.2 nm). Finally, after
48 h of reaction, NCSs composed of cubic NPs (20.9 nm, σ )
2.7 nm; see Figures 2f and 1b) were obtained, together with a
few spherical NPs outside them (12.0 nm, σ ) 1.0 nm; see the
inset of Figure S2f in the Supporting Information). The system
did not change much after 7 days at 150 °C. Consequently, 48 h
of reaction was kept as a reference for the other experiments
performed at 150 °C.

The crystal structures of the different iron NPs obtained above
were investigated by HRTEM (see Figure 3). The octapods and
cubic NPs are monocrystalline and exhibit a bcc structure; the
cubic NPs expose only {100} planes at their surface, while the
octapods also expose {110} planes. Because of air exposure
during the transfer of the carbon grid to the microscope chamber,
the observed NPs are partially oxidized. The spherical NPs
observed outside the organic superstructures are polycrystalline
(see Figure S5 in the Supporting Information).

To gain some information on the rate law of this growth
process, and especially to shed light on the evolution of the
balance between Fe(II) and Fe(0) species, systematic Mössbauer
spectroscopy and magnetization measurements were carried out
on the raw material at different reaction stages. Figure 4 displays
the Mössbauer spectra at t ) 0, 2, 6, 12, and 48 h, and Table
1 summarizes the fit parameters (also see Table S1 and Figures
S6, S7, and S8 in the Supporting Information for additional
details about the Mössbauer and SQuID experiments). As a
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Figure 2. TEM pictures of nanoparticles stabilized by a 1.5:2 PA/HDA
mixture after (a) 0.5, (b) 2, (c) 6, (d) 12, (e) 25, and (f) 48 h of reaction.

Figure 3. HRTEM pictures of monocrystalline octapods and cubic NPs.
The {110} planes of the iron bcc crystal structure are highlighted. The scale
bar represents 5 nm.
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general feature, one can notice the gradual change of the
absorption up to a sextet consisting of ferromagnetic R-Fe after
48 h of reaction. Even prior to reaction with H2 (t ) 0), the
single doublet of the {Fe[N(SiMe3)2]2}2 precursor does not
contribute to the spectrum; thus, the precursor quantitatively
reacts with the PA/HDA mixture. Adding either PA or HDA to
{Fe[N(SiMe3)2]2}2 in a 2:1 ligand-to-iron ratio leads to new
species of a different nature (Figures S9 and S10 in the
Supporting Information display the corresponding spectra and
the magnetization curves, respectively). In the case of only
HDA, the Mössbauer spectrum evidences a well-defined sextet
and the hysteresis curve displays a characteristic weak magne-
tization with high-field irreversibility. This material behaves as

a well-compensated antiferromagnet. On the contrary, the
Mössbauer spectrum evidences a wide doublet in the case of
PA: the main contribution is characteristic of molecular iron(II)
species, while the small one arises from coupled iron(II) cations.
This material has a rather high magnetization and a weak
hysteresis curve.

Eventually, reaction of the {Fe[N(SiMe3)2]2}2 precursor with
a 1.5:2 PA/HDA mixture leads to a material with an intermediate
spectrum. A wide doublet similar to the one measured in the
case of PA again indicates the presence of a paramagnetic
iron(II) carboxylate material, denoted as PM Fe2+. A second
and much more complex contribution, denoted [Fe]u_1, is
characterized by a broad distribution of hyperfine fields (Hhyp),
a large isomer shift (δ) in the same range as for the PM Fe2+

species, and a quite large negative quadrupolar effect (Q). The
measured magnetic moment per Fe atom is weak but still higher
than in the case of pure amine system. Although the identifica-
tion of this material deserves much more work, Mössbauer
spectroscopy reveals iron(II) cations in a complex chemical
environment that combines carboxylate and amine ligands. We
assume this material to mainly compose the large organic
superstructures observed by TEM (see Figure 1a), and we will
now call it the iron(II) reservoir.

The consumption of the iron(II) reservoir is quite slow; its
fingerprint is indeed still observed after 12 h of reaction. Its
decrease is accompanied by an increase of an Fe(0) contribution
(denoted [Fe]0). An intermediate phase (denoted [Fe]u_2) with
large hyperfine contributions of up to 45 T grows in during the
first hours of reaction before being totally consumed at the end.
After 2 h, the Fe(0) nuclei clearly observed by TEM (see Figure
2b) contribute only 13% of the total spectrum. After 6 h, their
contribution increases slightly to 22%, with the iron(II) reservoir
still being the majority. After 12 h, the balance is modified in
favor of [Fe]0, which at this time represents 53%. It increases
to 85.9% after 48 h, while the iron(II) reservoir remains only
as a small part of the carboxylate iron(II) contribution (14.1%)
which is probably due to the equilibrium between Fe0 and Fe2+

under these particular conditions (the presence of H2 and acid)
and to the surface coordination of carboxylate groups oxidatively
added on the surface of the particles. We also report the
evolution of the spontaneous magnetization deduced from the
low-temperature magnetic measurements by SQuID (labeled
“[Fe]0 (Mag.)” in Figure 4b). It agrees well with the one deduced
from the Mössbauer spectra.

The kinetic study of the reaction, followed by TEM and
Mössbauer spectroscopy, evidence a series of complex reaction
steps leading to the formation of the iron NCSs. The Mössbauer
study shows that the iron(0) NPs are obtained through numerous
intermediate phases that slowly feed the growth; their exact
identification will require some more work to be done. We
assume that at least one of them concerns Fe(II) cations
entrapped in the organic superstructures observed by TEM.
Thus, in regard to these results, it is possible to decompose the
growth inside these organic superstructures into three main steps:
(i) nucleation, (ii) isotropic growth and coalescence, which first
lead to some anisotropic NPs, and finally (iii) oriented growth
and repair mechanisms to form in the end mainly cubic NPs
organized into superlattices. Each of these processes is char-
acterized by a different energy barrier. In order to gain some
knowledge about these activation energies, various syntheses
were performed with the 1.5:2 PA/HDA system at different
temperatures.

Figure 4. (a) Mössbauer spectra of the PA/HDA/iron system at different
stages of the reaction. (b) Evolution of the species concentrations as a
function of the reaction time, as deduced from fits of the Mössbauer spectra.

Table 1. Contribution Parameters Used to Fit the Mössbauer
Spectraa

contribution at time t

species parameter(s) 0 2 h 6 h 12 h 48 h

PM Fe2+ δ ) 1.16, Q ) 2.5 18.7% 3.7% 2.5% 0.9% -
δ ) 1.2, Q ) 3.15 16.1% 12.9% 14.5% 0.9% 7.7%
δ ) 1.16, Q ) 3.65 8.7% 5.3% 3.7% 5.7% 4.9%
<Q> 2.97 3.16 3.16 3.45 3.34

[Fe]u_1 δ 1.14 1.21 1.16 1.14 -
Q -0.95 -0.95 -0.75 -0.7 -
Hhyp

b - 249 245 202 -
[Fe]u_2 δ - 0.45 -

Q - 0 -
Hhyp - 400-450 -

[Fe]0 δ - 0.15 0.1 0.1 0.1
Q - 0 0 0 0
Hhyp - 330-340

a Units: δ and Q are given in mm s-1, and Hhyp is given in kG. b The
mean value is given in this case.
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Influence of Temperature on NP Growth. We followed the
reactions for 2, 7, 21, and 28 days at three different temperatures:
135, 120, and 100 °C. Since the temperature decrease leads to
slower reactions, we adjusted the reaction times to reach the
same reaction advancement. At 135 °C, after 7 days we ended
up with large objects (46 nm, σ ) 4 nm) clearly composed of
several coalesced but faceted NPs (18.6 nm, σ ) 3.1 nm) (see
Figure 5a). They were stable over 21 days of reaction. Cubic
NPs were not observed under these conditions. This result was
not just a consequence of the longer reaction time, since as
already mentioned above, the NCSs heated to 150 °C for 7 days
did not change at all. At 120 °C, we observed the formation of
anisotropic particles with starlike shapes after 21 days (see
Figure 5b-d). Most of these stars expose six legs, but NPs with
fewer branches were also observed (see Figures S11, S12, and
S13 in the Supporting Information). Foot-type defects are present
at the extremities of some legs (see Figure 5c). These “feet”
are triangular and expose both {100} and {110} planes on their
surfaces. A mean leg length of 30 nm was estimated from
isolated stars. At 100 °C, comparable NPs were produced after
21 days of reaction, but the colloidal solution obtained in this
case appeared to be very inhomogeneous, with either small NPs
or stars (with leg lengths of ∼60 nm). These anisotropic
particles may result from the growth of coalesced NPs similar
to those formed after 6 h at 150 °C. Since the temperature
decrease may affect each reaction step differently, one can
consider that the coalescence step (ii) is maintained but the
rate of the repair mechanism step (iii) is drastically reduced.
As a consequence, anisotropic NPs are stabilized at temper-
atures lower than 150 °C.

Influence of Acid Concentration on Size and Shape. To verify
the idea of a strong correlation between the initially formed
organic superstructures and the NCS, we have looked at a
reaction in which the former should not be formed: no organic
superstructure was detected in the absence of carboxylic acid,
for example. In this case, a 48 h reaction yielded wormlike NPs

only (see Figure 6a). In order to gain some understanding of
the role of the acid, we investigated different acid concentrations.
For this purpose, we kept the amine concentration constant at
2 equiv with respect to the iron molarity and varied the acid
concentration from 1 to 1.8 equiv (the temperature and reaction
time were again 150 °C and 48 h, respectively). Table 2 and
Figure 6 sum up the experimental conditions and the results
for each reaction (see also Figures S14 and S17 in the
Supporting Information). At 1 equiv of PA (reaction A), we
detected only spherical NPs with a narrow size distribution
centered at 5.4 nm (σ ) 0.5 nm). These NPs tended to self-
organize on the TEM grid because of their narrow size
distribution, but no traces of any 3D superstructures were found.
Although the NPs were mostly spherical at 1.2 equiv of PA
(reaction B), some cubic NPs appeared, generally surrounded
by other faceted or spherical NPs inside quite large organiza-
tions. At 1.4 equiv of PA (reaction C), most of the NPs were
cubic (13.3 nm, σ ) 1.0 nm) and self-organized into micrometric
superlattices. A few spherical NPs were present outside these
structures. Furthermore, two size populations were found for
them: the minor one was centered at 2.2 nm (σ ) 0.5 nm) and
the major one at 7.6 nm (σ ) 0.7 nm). At 1.6 equiv of PA
(reaction D), a colloidal solution composed of nuclei, octapods,
and polydispersed cubic NPs (27.9 nm, σ ) 7.0 nm) was
obtained. The contrast on the TEM picture indicates that they
were all entrapped in an amorphous medium, probably an
organic shell containing some molecular iron. Finally, at 1.8
equiv (reaction E), the solution was composed of nuclei and
large coalesced, faceted NPs (>50 nm). These coalesced NPs
were very similar to the ones obtained at 135 °C for a PA/

Figure 5. TEM pictures of nanoparticles obtained with a 1.5:2 ratio of
PA/HDA (a) at 135 °C after 7 days and (b) at 120 °C after 21 days. (c)
HRTEM picture of a starlike-shaped NP formed at 120 °C. (d) SEM picture
of an aggregate of starlike-shaped NPs.

Figure 6. TEM pictures of NPs obtained by decomposition at 150 °C for
48 h in the presence of 2 equiv of HDA but different acid concentrations:
(a) 0, (b) 1, (c) 1.2, (d) 1.4, (e) 1.6, and (f) 1.8 equiv.
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HDA ratio of 1.5:2 (see Figure 5a). Though they were quite
large, both of them seemed to be grown under conditions similar
to those for the NPs detected after 6 h in the reference reaction
(see Figure 2c). Again, these NPs were located inside an
amorphous medium.

From 1.4 to 1.8 equiv of PA, the NPs were enclosed in an
organic superstructure constituted of HDA and PA. However,
it was only for 1.4 and 1.5 equiv of PA (at 150 °C) that
micrometric superlattices were detected. They were composed
of closely packed monodispersed cubic NPs (13.3 and 20.3 nm,
respectively), as revealed by TEM and SEM (see Figure 7).
Upon comparison of these two cases, it seems that the smaller
the nanocubes are, the larger are the superlattices. This might
be correlated to the size distribution getting larger when the
mean size increases, indicating that the long-range organization
is less favored. The NCSs correspond to extended 3D super-
structures formed in solution and not to self-assemblies driven
by solvent evaporation. As previously explained by Dumestre
et al.,3a they can be seen as the result of the concomitant
crystallization of the nanoparticles and their ligand shells. This
study actually has uncovered new evidence to aid in understand-
ing the mechanism of their formation in solution. In fact, it is

more correct to speak about the growth and shaping of cubic
NPs inside a preformed organic superstructure, as discussed
below.

Discussion

The results described above regarding the formation of iron
NPs in the presence of PA and HDA suggest that the formation
of spherical or cubic NPs depends on the growth environment.
Formation of cubes for an acid/amine ratio of 1.4:2 or 1.5:2 is
indeed associated with the presence of micrometric superlattices.
It can be then inferred that growth of cubic NPs is strongly
correlated with the organic superstructures preformed in solution
while growth of spherical NPs occurs independently.

On the basis of this observation, the environment-dependent
growth mechanism schematically represented in Figure 8 is
proposed. This model takes into account the influence of the
local acid concentration on every step of the NP synthesis and
especially on their faceting. In particular, the model stems from
the observations made during the kinetic study of our reference
reaction (PA/HDA ratio of 1.5:2), which evidenced the presence
of (i) nucleation, (ii) isotropic growth and coalescence, and (iii)
oriented growth and repair mechanisms inside organic super-
structures.

Nucleation and Organic Superstructures. Before decomposi-
tion, the solution is composed of several species arising from
the reaction of the highly reactive {Fe[N(SiMe3)2]2}2 with PA,
HDA, or both. Since the reaction is carried out with less than

(16) Chen, M.; Pica, T.; Jiang, Y.-B.; Li, P.; Yano, K.; Liu, J. P.; Datye,
A. K.; Fan, H. J. Am. Chem. Soc. 2007, 129, 6348–6349.

Table 2. Reaction Summary

A B C reference D E ref 3a

amine/acid ratio 2:1 2:1.2 2:1.4 2:1.5 2:1.6 2:1.8 2.38:1.19
NP typea (average sizeb) spheres (5.4) spheres (6.9) cubes (13.0) cubes (20.9) cubes (27.0) coalesced faceted cubes (7.0)

cubes (13.3) spheres (8.9) spheres (12.0) filled octapods
spheres

a The major type, as estimated on the basis of TEM pictures, is cited first. b Average sizes are given in nm.

Figure 7. Micrometric iron nanocube superlattices formed in reaction C and observed by (a, b) TEM and (c) SEM. The 13.3 nm nanocubes are monodispersed
(σ ) 1.0 nm).
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2 equiv of PA, we cannot expect that the iron precursor
transforms selectively into one species, such as bis(carboxy-
late)iron(II). This means that the kinetics of the decomposition
is likely governed by at least two reactions: the fast decomposi-
tion of presumably an amido iron(II) complex/cluster, which
feeds the nucleation step, and the slow decomposition of
presumably a carboxylate iron(II) complex, which feeds the
growth step, in agreement with the difference in stability of
amido and carboxylate Fe(II) derivatives. This hypothesis is
confirmed by the Mössbauer study: there is still a small
contribution of iron(II) complexes after 48 h. Thus, we can
consider that nucleation and growth are strictly separated in this
reaction as a result of the difference in stability of the two iron
sources, at any decomposition temperature from 100 to 150 °C.

Besides acting as stabilizing agents, the PA/HDA surfactant
pair has the ability to self-organize into long-range lamellar
structures or bilayers. As far as we know, the phase diagram
for such a system in an apolar solvent has never been reported
in the literature. However, such a phase has previously been
observed in water for a surfactant mixture of the same kind.14

Lamellar self-organization in water, which is typical of salt-
free catanionic systems, has been deeply investigated by Zemb
et al.14 They evidenced the formation of stable micrometric
objects made up of surfactant bilayers; the objects’ shape and
stability were dependent upon the acid/amine ratio. By means
of calculations, these authors also showed that the bilayers
preferentially adopt a close-packed conformation when the acid/
amine ratio is 1:2. These observations can also be applied to
the acid-concentration dependence in our system, especially in
the concentration range of interest where we detect superstruc-
tures. A similar oleic acid/oleylamine mixture was shown by
Chen et al.16 to drive the formation of FePt nanorods through
the formation of a hexagonal reverse-liquid-crystal mesophase
in the organic reaction solution. They assumed that water traces
produced by acid-amine condensation were playing a major

role in the stabilization of such a mesophase.17 This last point
highlights the importance of knowing and understanding exactly
what composes and strengthens such an organized system. In
our case, we have not investigated the presence of water, since
we think it would react with the excess hexamethyldisilazane
coming from the iron dimer decomposition. We are currently
working on the possible role of these light silicon derivatives.
However, the organic superstructures’ contrast seen in the TEM
images suggests an iron upload. Carboxylate iron(II) species
here could play the role of a structuring agent. Previous results
show that it is possible to take advantage of such a coordination
system to grow stable 1D iron(II) structures held together by
dicarboxylate ligands.18 The PA/HDA lamellar phase together
with this structuring agent dictate the formation of the iron(II)
reservoir and ensure its stability, as shown by the Mössbauer
spectra. Evidence that such organic superstructures guide the
growth of NPs has been reported very recently in regard to the
synthesis of ultrathin Au nanowires.19 Yang and co-workers19a

and Xia and co-workers19b have explained that an
Au+-oleylamine complex self-assembles into mesostructures
that serve as a template for the anisotropic growth. In our case,
after a fast nucleation step, the growth would then take place
in an inhomogeneous solution in which two systems have to
be considered: the one “inside” the organic superstructures (i.e.,
in an anisotropic medium) and the one “outside” them (i.e., in
an isotropic medium). The iron(II) reservoir would then influ-
ence both the kinetics of the growth and its environment.

Growth inside Organic Superstructures. The growth mech-
anism is a complex combination of simultaneous reactions, but
we have identified two main successive parts: (a) the coalescence
of nuclei when the medium is amine-rich and (b) the growth of
the {100} iron facets when the medium becomes acid-rich. In
part (a), the ligand shell around the NPs is amine-rich, since
most of the acid is stored inside the iron(II) reservoir. These
conditions favor the coalescence of nanoparticles, as observed
during the initial 6 h of reaction. Coalescence in an amine-rich
medium was previously reported in the case of Pt NPs: wormlike
NPs stabilized by HDA were formed.20 In the present case, the
decomposition of {Fe[N(SiMe3)2]2}2 in the presence of HDA
alone also yields wormlike iron NPs because of the relatively
low binding energy of HDA (see Figure 6a). Therefore, the
reaction would produce anisotropic NPs at first, as a result of
coalescence in the anisotropic environment provided by the
organic superstructures (see the schematic drawing in Figure
8). Some of these NPs display one dimension larger than the
size of the final NPs (48 h). The transition between the two
growth regimes seems to be effective when the acid concentra-
tion around the growing NPs is high enough to significantly
stabilize the {100} iron facets. After 12 h of reaction, about
half of the acid has been released, since about half of the iron(II)
reservoir has been consumed, as shown by the Mössbauer
spectra and confirmed by the SQuID measurements. This
corroborates the increased number of well-defined facets
observed on the TEM pictures (see Figure 2d). The lamellar
structure of the ligand self-organization reinforces this effect
by preferentially stabilizing the parallel {100} facets. The
presence of organic superstructures in this system is therefore

(17) Wu, H.; Yang, Y.; Cao, Y. C. J. Am. Chem. Soc. 2006, 128, 16522–
16523.

(18) Sanselme, M.; Grenèche, J. M.; Riou-Cavellec, M.; Férey, G. Chem.
Commun. 2002, 2172–2173.

(19) (a) Huo, Z.; Tsung, C.; Zhang, X.; Yang, P. Nano Lett. 2008, 8, 2041–
2044. (b) Lu, X.; Yavuz, M. S.; Tuan, H.-Y.; Korgel, B. A.; Xia, Y.
J. Am. Chem. Soc. 2008, 130, 8900–8901.

Figure 8. Schematic view of the two environment-dependent growth routes
(nucleation in two different environments). The blue color indicates an
amine-rich environment, and the violet color is used to represent an organic
shell composition that preferentially stabilizes the {100} facets of the iron
NPs.
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the key point for ensuring the formation of monocrystalline cubic
NPs of bcc iron. At the transition between part (a) of the reaction
and part (b), we can observe both the formation of cubic
nanoparticles resulting from the filling of octapods and the
corrosion of large anisotropic particles into cubes. This is in
agreement with the concomitant action of oriented growth and
repair steps. The first of these processes is evidenced by the
presence of monocrystalline filled octapods after 25 h of reaction
(see Figures 2e and 3a and Figure S2e in the Supporting
Information). Similar objects have been observed in the Pt
system studied by Tilley et al.21 Their presence was assigned
to a change in the growth regime from the kinetically controlled
growth of the Pt {111} planes to the growth of the more stable
{100} planes through a diffusion regime of the adatoms. This
change was correlated with a decrease in the Pt atom concentra-
tion during the reaction. At the end of the reaction, these
particles were then assumed to be nanocubes on their way to
completion. This is in quite good agreement with our observa-
tions for this Fe system, especially because of the slow
consumption of the iron(II) reservoir and the transition from
an amine-rich to an acid-rich growth environment. Since we
only get nanocubes at the end of the reaction, we can assume
that the growth at this stage is governed by the minimization
of the total energy of the nanoparticle/ligand system. Since the
particles grow in a mesophase that tends to form a stable long-
range lamellar structure because of the nature of the aliphatic
long-chain ligands, the best energetic compromise is indeed
given by the formation of bcc iron particles exposing parallel
{100} facets. Moreover, for the same volume, a cubic shape
would be preferred over an anisotropic plane-parallel one in
order to keep the surface/volume ratio minimal. This means that
ripening necessarily occurs to preserve the cubic shape of the
growing NPs, which was not obvious a priori in such an
anisotropic environment. A digestive ripening process, i.e., the
repair step, is evidenced by the corrosion of the large anisotropic
NPs, which are not detected anymore at the end of the reaction
(see Figures 2f and 3b).

The previous section has emphasized the importance of the
variation of the acid/amine ratio during the growth and ripening
reactions. However, this ratio can vary even as a function of
the organic-shell curvature in the anisotropic reaction medium.
Thus, it has been reported by Zemb et al.13 that the acid/amine
ratio inside micrometric objects composed of surfactant bilayers
varies as a function of the position in the object (facets, edges,
or corners). This difference of acid/amine ratios is governed by
the curvature of the objects, the planes/facets being the reference.
According to this, we suggest that the curvature around the
{110} and {111} facets could be responsible for local fluctua-
tions in the acid concentration. Thus, the ligand shell would
present an excess of amine around the edges and the corners of
the nanocubes, causing curvature of one sign, but present an
excess of acid around two {100} facets, forming an opposite
curvature (see Figure 9). Finally, excess amine would favor local
growth while excess acid would favor local corrosion, the
reference composition being the one stabilizing the {100} facets.
These proposed ripening and repair mechanisms are both
responsible for the formation of cubic nanoparticles.

Growth outside the Organic Superstructures. Outside the
organic superstructures, the growth is isotropic. According to
the assumption that the organic superstructures must be com-
posed of most of the acid initially introduced into the solution
(which was confirmed by the acid-concentration influence; see
the Results and also below), we presume that the medium

outside these organizations is amine-rich, in agreement with the
isotropic shape of the NPs observed in this medium. However,
one has to notice that the spherical NPs are polycrystalline (see
Figure S5 in the Supporting Information), likely with preferential
exposure of only the {100} facets to the solution, which still
contains some acid. Finally, there is no further stabilization of
only parallel facets, since there is no organic superstructure
around.

In summary, the local acid concentration is the key factor
that orientates the growth of the nanoparticles, whether we
consider it inside or outside the organic superstructures. Thus,
since the long-chain acid is incorporated by complexation in
the iron(II) reservoir and participates in the organic superstruc-
ture, any concentration change has a drastic effect on the
environment-dependent growth. At low concentrations of PA
(between 1.0 and 1.3 equiv), the stabilization of long-range
ligand self-organization is not favored. The nucleation and
growth occur in an isotropic environment, yielding small,
spherical NPs. These NPs are polycrystalline and expose at their
surface {100} facets stabilized by the introduced acid. The
narrow size dispersion suggests that nucleation and growth are
strictly separated, as we supposed previously. At PA concentra-
tions equal to or higher than 1.4 equiv, a long-range organic
lamellar phase, i.e., a significant iron(II) reservoir, is formed.
An increase of the PA concentration clearly slows down some
of the reaction kinetics (reservoir decomposition, oriented
growth, repair mechanism) because of the molecular species
stabilization. In addition, the acid concentration changes from
the beginning to the end of the reaction because of the slow
consumption of the iron(II) reservoir. As the acid rules the
stability of the NP surface, this change in concentration
modulates the growth of the NPs, which proceeds first by
coalescence and then by oriented growth, ripening, and the repair
mechanism inside the ligand self-organization.

The influence of the temperature correlates well with the
proposed model. As a matter of fact, the ripening and repair
processes in particular are slowed when the reaction is performed
at lower temperature. After 7 days at 135 °C, the NPs are large
(∼46 nm) and clearly result from coalescence of smaller ones.
They seem to be on their way to completion to become cubic.
Because the consumption of the iron(II) reservoir has been
slowed, the growth environment remains amine-rich for a long
time, and the coalescence is therefore prolonged. The result is
a decrease in the number of nuclei, leading then to few but large
NPs after 7 days. The SQuID and Mössbauer experiments
confirm the reaction is, after 7 days, at a similar stage as the
reaction performed at 150 °C after 6 h and 12 h (see Figures
S15-S16 and Table S2 in the Supporting Information). After
21 days at 120 °C, we obtain monocrystalline stars that expose
{100} facets, as revealed by HRTEM pictures (see Figure

Figure 9. Schematic view of the ligand-shell organization along the facets
and two kinds of edges of the NPs.
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5b-d). The transition from isotropic particles to stars has
previously been reported for several systems, such as Rh,22

CdS,23 PbS, and Pt systems.24,25 Interpretations of these
temperature-dependent or reduction-kinetics-dependent growths
usually invoke a seeded-growth mechanism24 or a delicate
balance between kinetic and thermodynamic regimes.21 In our
case, at 120 °C, nucleation is very slow, growth proceeds
through coalescence and preferential {100} facet growth, and
the repair mechanism is also presumably very slow. The result
is seeded growth, i.e., an oriented growth along the initial
directions given by the nuclei, leading to the observed stars for
which no effective repair mechanism is available.

Conclusion

In this paper, we have reported a complete study aimed at
understanding the growth of iron NPs by an organometallic
route. The effect of several key parameters, including the
reaction time, the temperature, and the surfactant concentrations,
has been investigated, leading to the development of a model
involving an environment-dependent growth mechanism. The
presence of organic superstructures filled with iron(II) species
at the very beginning of the reaction is a key point in
understanding the shape control of the final product. Indeed,
the nucleation and growth can occur either outside these

templates (i.e., in an isotropic environment) or inside them (i.e.,
in an anisotropic environment). In the first case, we obtain
spherical polycrystalline NPs having mean sizes that increase
with the carboxylic acid concentration, as expected. In the
second case, the reaction monitoring reveals several steps: (i)
nucleation, (ii) coalescence favored by an amine-rich environ-
ment, and (iii) growth and repair mechanisms in an acid-rich
environment. These three main steps lead to cubic NPs
organized into superstructures: the nanocube superlattices. The
evolution of the environment from amine-rich to acid-rich is
directly correlated with the decomposition of the iron(II)
reservoir, which releases carboxylic acid into the medium. Iron
nanocubes are formed inside these templates and then directly
assembled into close-packed micrometric superlattices. The
growth of anisotropic objects such as stars is obtained by
decreasing the reaction temperature, which modifies the relative
kinetics of the nucleation, growth, and repair steps. As a whole,
this study sheds light on a versatile, complex system, allowing
control of the formation of cubic (side length from 13 to 27
nm) and spherical (diameter from 1.5 to 9.4 nm) iron
nanoparticles.
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