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a b s t r a c t

We investigate the formation of ferrihydrite nanoparticles (NPs) by hydrolysis of the Fe(III) alkoxide

Fe(OtBu)3. Controlled amounts of water, up to 3.0 vol%, were added to the precursor solution yielding a

series of hydrolyzed samples ranging from P0.0 (the unreacted precursor) to P3.0. X-ray diffraction

(XRD) analysis evidenced the formation of high-crystalline ferrihydrite NP in sample P3.0, with grain

size estimate of about 3.2 nm. The transition from the molecular precursor to the formation of

crystalline magnetic NPs was followed through magnetization measurements M(T) and M(H), as well as

Mössbauer spectroscopy (MS). M(T) measurements indicate a paramagnetic (PM) behavior for sample

P0.0, characteristic of binuclear Fe–O–Fe units, which evolves to a superparamagnetic (SPM) behavior,

with an energy barrier for the blocking process estimated for sample P3.0 as Ea ¼ 4.9�10�21 J

(Ea/kB ¼ 355 K), resulting in a high effective anisotropy constant Keff ¼ 290 kJ/m3. Magnetization loops

at 5 K progressively change from PM-like to ferromagnetic-like shape upon increasing the hydrolysis

process, although hysteresis (HcE500 Oe) only is apparent for P2.0 and higher. MS spectra at room

temperature are PM/SPM doublets for all samples, while the MS spectra at T ¼ 4.2 K reveal increasingly

well-defined magnetic ordering as hydrolysis of the precursor stepwise progresses until well-

crystallized ferrihydrite particles are formed.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Magnetic nanoparticles (NPs) have been the subject of growing
interest from both fundamental [1] and technological [2] points of
view, because, within a few-nanometer scale, their magnetic
properties strongly differ from those of bulk material. Specially,
iron oxide NPs are of great interest owing to their potential
application in biomedicine [3], where requirements of low
toxicity levels as well as a large saturation magnetic moment
are crucial.

Iron oxides and oxyhydroxides are globally of great importance
in the environment as well as in industry. In this family,
ferrihydrite, which occurs naturally in the 3–5 nm particle size
range [4,5], is an Fe(III) oxyhydroxide of considerable importance
in mineralogy and metallurgical processing. It is a naturally
occurring hydrated ferric oxyhydroxide mineral and can also be
synthesized easily (e.g., by rapid oxidation of Fe2+-containing
solutions followed by hydrolysis [4–6]) and it is a precursor to
ll rights reserved.
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other iron oxides such as hematite [7]. A number of formulas have
been proposed for ferrihydrite structure (e.g., 5Fe2O3 �9H2O,
Fe5HO8 �4H2O) but they are all equivalent to FeOOH �nH2O [8].
In fact, detailed crystal structure of this poorly crystalline Fe3+

oxyhydroxide has remained elusive up to now, as reflected by
the identification of the known phases as ‘two-line’ and ‘six-line’
on the basis of their two or six broad X-ray diffraction (XRD)
peaks.

Magnetic properties of ferrihydrite are also controversial.
In general, ferrimagnetic and antiferromagnetic states are
attributed to the two-line and six-line species, respectively [9].
Neutron diffraction analysis reveals that six-line ferrihydrite
has an ordered antiferromagnetic state with Néel temperature
extrapolated to about 330 K [4]. However, ferrihydrite NPs
have a magnetic moment/particle mp ¼ 300mB, which could be
explained by a random distribution of uncompensated spins
of Fe [6].

NPs of iron oxyhydroxide were synthesized with several
chemical routes [10] because this approach to produce samples
allows synthesizing nanocrystalline material from smaller mole-
cular units. Therefore, a nanocrystalline material with new
properties can be designed and produced from a well-defined
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‘building unit’. In this way, chemical processing of metal-organic
precursor molecules is a powerful route for the synthesis of
nanocrystalline materials with controlled homogeneity and
narrow particle size distribution [11].

For the present investigation, the single-source approach [12]
was used, which allows synthesizing nanocrystalline material
from smaller molecular units acting as well-defined building
units. In this way, chemical processing of metal-organic precursor
molecules constitutes a powerful route for the syntheses of
nanocrystalline materials with controlled homogeneity and
narrow particle size distribution. Finally, magnetic properties
and Mössbauer data were used to monitor the formation of iron
oxyhydroxide NPs by hydrolysis of a Fe(III) precursor compound,
controlling the hydrolysis process to produce samples with
different crystallinity and grain size.
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2. Experimental

2.1. Synthesis procedure

Fe(III) alkoxide Fe(OtBu)3 was partially hydrolyzed by reacting
with stoichiometric amounts of water to obtain poly-nuclear iron
containing oxo-hydroxo clusters. For this purpose, we started
from 0.9 m mol of pure and unhydrolyzed iron alkoxide, which
was dissolved in 2 ml freshly distilled styrene monomer and
thermally polymerized at 80 1C for 30 min by addition of 15 mg
dry Dibenzoylperoxide (DBPO) as polymerization starter. The
samples were labeled as Px, where x indicates the H2O:Fe molar
ratio used. In all, four samples were prepared: P0.0, P0.8,
P2.0 and P3.0 where the expected hydrolysis degrees were
0%, 26%, 66% and 100%, respectively. After polymerization, the
polystyrene–polymer was cut into discs for Mössbauer and SQUID
measurements.
T (K)

Fig. 1. M(T) (in ZFC and FC modes) measured with H ¼ 50 Oe of samples P0.0 (solid

circles), P0.8 (open squares), P2.0 (crosses) and P3.0 (solid triangles). Inset presents

the M�1 vs. T curves of samples P0.0 and P0.8.
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Fig. 2. Plot of imaginary component of ac susceptibility w00 vs. temperature for

sample P3.0 measured at different frequency values: 0.1 Hz (solid circles), 1 Hz

(open squares), 10 Hz (solid up triangles), 100 Hz (open down triangles) and

1000 Hz (crosses). Inset: plot of ln(1/f) vs. 1/Tmax obtained from the ac

measurement. Solid line represents the linear fit with Eq. (1).
2.2. Apparatus

The transition from the molecular precursor until the forma-
tion of crystalline magnetic NPs was followed through magnetiza-
tion measurements as well as Mössbauer spectroscopy (MS). XRD
patterns were obtained in a Philips PW–1140 diffractometer using
Cu–Ka radiation (la1 ¼ 1.54060 Å). Static and dynamic magnetic
measurements as a function of frequency and temperature were
performed in a commercial SQUID MPMS-xl magnetometer
(quantum design). Zero-field-cooled (ZFC) and field-cooled (FC)
curves were taken between 5 and 300 K, with cooling field
HFC ¼ 100 Oe. Data were obtained by first cooling the sample from
room temperature (RT) in zero applied field (ZFC process) to the
basal temperature (5 K). Then a field was applied and the variation
of magnetization was measured with increasing temperature up
to T ¼ 300 K. After the last point was measured, the sample was
cooled again to the basal temperature keeping the same field (FC
process); then the M vs. T data were measured for increasing
temperatures. The frequency dependences of both in-phase w0(T)
and out-of-phase w00(T) components of the ac magnetic suscept-
ibility were measured by using an excitation field of 1–4 Oe and
driving frequencies 0.01 Hzofo1500 Hz. MS measurements were
performed with a conventional constant acceleration spectro-
meter in transmission geometry with a source of about 50 mCi
57Co in an Rh matrix between 4.2 and 296 K. Hyperfine
parameters such as the distribution of hyperfine magnetic field,
isomer shift and quadrupole shift have been determined by
NORMOS program and a-Fe at 296 K was used to calibrate isomer
shifts and velocity scale.
3. Results

Fig. 1 presents ZFC and FC curves of all samples measured in
H ¼ 50 Oe. M(T) data on sample P0.0 show the expected
paramagnetic (PM) behavior for the unreacted precursor com-
pound, although the M�1(T) curve at low temperature (inset of
Fig. 1) deviates from a simple Curie law. This may be associated to
Fe–Fe exchange coupling within the core of the precursor units.
Magnetization curves M(T) of sample P0.8 exhibits a predominant
PM characteristic with two distinct linear slopes, above and below
170 K. This is possibly related to the mixture of the magnetic
behaviors of the molecular precursor and incipiently crystallized
material, both present in this sample. It should be noted that
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Fig. 4. X-ray diffraction profile of sample P3.0. Full dots denote the polymeric

matrix contribution while crossed circles indicate the most intense peaks of the

six-line ferrihydrite phase. A crystallite size of d ¼ 3.2 nm was obtained from

Scherrer’s formula.
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absolute magnetization values could not be obtained due to the
presence of the polystyrene matrix (Fig. 2).

Sample P2.0 exhibits a mixed PM–superparamagnetic (SPM)
behavior, with a peak in the ZFC curve at Tmax due to blocking
process of crystalline units within this sample, which presents
internal magnetic order. The low value of Tmax�20 K indicates a
small crystalline size since TB ¼ Tmaxffi25 Keff V/kB for dc magne-
tization measurements, where V is the particles volume and Keff is
the effective anisotropy constant.

M(T) measurements on sample P3.0 clearly reveal a SPM
behavior, with a peak in the ZFC curve at Tmax ¼ 14 K. ZFC and FC
curves split for Tirr ¼ 28 K, not so close to Tmax, indicating a
comparatively broad distribution of the blocking temperature,
since Tirr indicates the highest blocking temperature. There is no
evidence of a PM regime, showing the complete transition from
the molecular precursor to the magnetic regime dominated by
ferrihydrite NPs with internal magnetic order.

The M(H) curves measured at 5 K (below Tmax of samples P2.0
and P3.0) in fields up to 70 kOe change progressively from a PM
pattern for samples P0.0 to a typical ferromagnetic shape for
sample P3.0. Fig. 3 displays the low-field region of the M(H) curves
of all samples. For samples P0.0 and P0.8, no hysteresis is
observed, while samples P2.0 and P3.0 exhibit a coercive field
HC ¼ 500 Oe. The M(H) curve of sample P3.0 exhibits saturation
for fields higher than about 20 kOe (see inset of Fig. 3). The
absence of saturation in the M(H) curves of the other samples is
related to the presence of the PM component.

XRD profile of sample P3.0 (Fig. 4) shows a very broad peak at
low angles (full dots) originated in the polymeric matrix, and a set
of narrower peaks at higher angles (open squares) originated in a
crystalline phase. The latter contribution could be indexed using
the six-line ferrihydrite phase [13]. Substraction of the organic
background allowed to apply Scherrer’s formula to the most
intense peaks of ferrihydrite phase, obtaining an average particle
diameter d ¼ 3.2 nm for sample P3.0.

Further characterization was performed by MS. At RT natural
and synthetic samples are SPM and their spectra show asymme-
trically broadened quadrupole splitting originated in structural
distortion of the average Fe3+ site [6]. For the present samples, all
Mössbauer spectra taken at RT (not shown) display a central (PM)
doublet with quadrupolar splitting QS ¼ 0.72 mm/s and isomer
shift IS ¼ 0.36 mm/s. However, the MS spectra collected at 4.2 K
show different characteristics. For sample P0.0 (Fig. 5(a)), the
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Fig. 3. Low-field region of M(H) curves of samples P0.0 (solid circles), P0.8 (opens

squares), P2.0 (crosses) and P3.0 (open triangles) measured at 5 K and field up to

70 kOe. Inset shows the complete magnetization curves of samples P0.0 and P0.3.
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Fig. 5. Mössbauer spectra collected at 4.2 K of samples: (a) P0.0 and (b) P3.0. Solid

lines are the fitted experimental spectra and dashed lines correspond to each

component of the spectrum.
spectrum consists of a doublet plus a sextet with broad lines and
hyperfine field Bhf ¼ 42.5 T, which could indicate incipient crystal-
lization of the ferrihydrite phase. However, the spectrum as a
whole might as well arise from slow relaxation of PM Fe3+ ions [6].
For increasingly hydrolyzed samples, the magnetic order is
observed to increase, with the presence of two sextets with mean
Bhf ¼ 47.8 T, in agreement with literature data for ferrihydrite NPs
[14]. The relative area of the magnetic sextet grows with increase
in hydrolysis process, being the only contribution in the MS
spectrum of sample P3.0 at 4.2 K (Fig. 5(b)). Therefore, our MS
data confirm the evolution of the system from the precursor
molecular structure towards ferrihydrite NPs on increasing the
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hydrolysis process, as observed from the magnetic properties of
the four samples.
4. Discussion

The Fe(OtBu)3 unit used as precursor has three alkoxide–iron
bonds which could be hydrolyzed. P3.0 means that three parts
of water were added referred to the molar amount of precursor
in solution. This means that for this case all possible bonds
were hydrolyzed. P2.0 means that 66% percent or two bonds
of a precursor molecule were hydrolyzed. Finally, P0.8 means that
only 26% of all precursor bonds in the solution were finally
hydrolyzed.

Theoretically, a molar H2O:Fe ratio of 1.5 is sufficient
for complete hydrolysis and condensation, since water is pro-
duced as a by-product of the condensation reaction. However,
previous investigations suggest that only partial hydrolysis
may occur, since several intermediate species can be formed,
with formulas [FeOx(OH)y(OR)z]; 2x+y+z ¼ 3. Therefore, it
is expected that a shift from PM to the SPM behavior of the
particles could only be observed by application of an excess
of water (i.e., samples P2.0 and P3.0). The present M(T) curves
showing a blocking process only for P3.0 sample support this
mechanism.

After hydrolysis, a condensation process in which the poly-
meric network is formed takes place (in our case, the condensa-
tion process is stopped by finishing the polymerization after
30 min and subsequent curing of the polymer). Formation of
ferrihydrite phase is possible only if all bonds are hydrolyzed, and
hence only for sample P3.0 the crystallized phase could be
observed. The TB value observed for sample P2.0 is slightly higher
when compared to that of sample P3.0, and this could be related
to clustering of the incipient particles due to a shorter polymer-
ization time of the polystyrene matrix for P2.0 sample.

Regarding the evolution of the magnetic properties with
increase in hydrolysis time, the results for P3.0 indicate a SPM
behavior with a TB value (as obtained from ZFC data) similar to the
previously reported for ferrihydrite NPs. Regarding the variation
of Tmax with measuring frequency for sample P3.0, the results
from the imaginary component of the ac susceptibility w00(f, T)
(Fig. 2) confirm the thermal activation blocking process. We
estimate the activation energy through a linear fit of ln(1/f) vs.
1/Tmax (see inset of Fig. 2) according to the following equation:

f ¼ f 0 expð�Ea=kBTÞ (1)
where f0 is a characteristic frequency. The values obtained from
the fit were Ea ¼ 4.9�10�21 J (Ea/kB ¼ 355 K) and f0

�1
¼ t0 ¼

1.9�10�12 s. Using d ¼ 3.2 nm obtained from XRD analysis and
Ea ¼ 4.9�10�21 J, one obtains Keff ¼ 290 kJ/m3, close to the value
expected for ferrihydrite NPs [15].

In summary, we have studied the formation of ferrihydrite NPs
from molecular iron clusters Fe(OtBu)3 by water hydrolysis. The
gradual transition from PM to SPM behavior was observed
through the appearance of long-range magnetic order. Magnetiza-
tion loops at 5 K progressively change from PM-like to ferromag-
netic-like shape for increasing hydrolysis time, confirming the
long-range order. For the final ferrihydrite NPs, the anisotropy
energy barrier was found to be Ea ¼ 4.9�10�21 J. Mössbauer
spectra at T ¼ 4.2 K reveal increasingly well-defined magnetic
ordering, as hydrolysis of the precursor stepwise progresses until
ferrihydrite particles are formed.
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