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An “in situ” method for the production of akaganeite polymer nanocomposites is described. A controlled
precipitation is achieved by using a polymer matrix, polyvinylpyridine, containing N-base functional
groups that form coordination bonds with iron ions. The resulting materials have permitted the obser-
vation of two sources of magnetic moment in akaganeite nanoparticles: (1) finite size effects with
a characteristic blocking temperature below 2 K; and (2) a deficient CI~ occupancy, with a characteristic
blocking temperature around 18 K. Moreover, the nanocomposites can be dissolved in slightly acidic
media to obtain stable aqueous nanoparticle dispersions that could be useful in biomedical applications.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In their several crystalline forms, iron oxides are valuable
materials for a variety of applications [1]. In particular, akaganeite
(B-FeOOH) is present in pharmaceutical formulations for the
treatment of anaemia [2]. It is also used in environmental appli-
cations [3,4] and catalysis [5], thanks to its capacity for ion and
vapour adsorption. Though not frequently, akaganeite is found in
soils [6,7], and possibly in other planets [8]. Moreover, akaganeite is
used as a precursor in the production of other iron oxide phases
such as hematite [9], goethite [10], and magnetite [11], in order to
obtain particle morphologies that are unusual in these iron oxide
phases. In this way, akaganeite is indirectly useful in industrial and
biomedical applications associated to other iron oxide phases.
Besides industrial applications, akaganeite is also interesting in
basic science, mainly in geology, corrosion, colloids and magnetism.
For instance, an open issue in magnetism is the variation of
magnetic properties of bulk materials when their size is reduced to
the nanometer range. This phenomenon has been extensively
studied in ferromagnetic materials but rarely in antiferromagnetic
ones. As a characteristic antiferromagnet, akaganeite can be a suit-
able model material in these studies. For this purpose, nano-
composites would be the ideal samples, since particles should be
isolated in order to distinguish between intrinsic particle proper-
ties and collective effects.
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Akaganeite has a monoclinic crystal structure [12,13] formed by
square channels of double octahedra chains that are held by
interstitial Cl~ ions. The content of Cl~ ions in these channels varies
with the preparation method [1,14-20], it can be exchanged with
other ions [14-18], and it can be washed out with water [18-20].
The mobility of C1~ ions along the square channels and the capacity
for ion adsorption make akaganeite specially suitable for catalysis
and ion exchange applications [15,18,21]. When the Cl~ content
decreases below a threshold the structure transforms into goethite
[1,16,21,22].

Akaganeite is usually prepared by the hydrolysis of FeCls
aqueous solutions at moderate temperatures. The pH must be
slightly acidic (pH < 5) to avoid the formation of more stable pha-
ses, such as hematite and goethite [23]. Akaganeite has also been
obtained by hydrothermal synthesis [24], and by the addition of
NaOH to FeCl; solutions [22]. For all these methods, particles are
usually rod-like single crystals with a length of several tenths of
micron [25] that, concerning magnetic properties, can be consid-
ered as bulky particles. Some additives and organic solvents
[26-30] may induce the formation of akaganeite at a high pH. In
these conditions, the particle size is reduced to a few nanometers,
and aggregation is promoted.

A convenient method to control aggregation and particle size
would be to prepare akaganeite particles in a template, such as
a polymer. However, there are few examples of akaganeite polymer
nanocomposites in the literature. Dextran and other poly-
saccharides have often been used, mainly because they are an
adequate embodiment for biomedical applications, such as
anaemia therapy [29,31-34]. Other matrixes used for akaganeite
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nanocomposites are assemblies of polyions [35], and nanoporous
alumina [36].

This report focuses on the preparation of akaganeite-polymer
nanocomposites that can be used in studies of the magnetic
properties of antiferromagnetic nanoparticles as well as in
biomedical and industrial applications. Among the numerous
routes to prepare magnetic polymer nanocomposites [37], in situ
precipitation has been our choice, since it yields homogeneous
materials and profits from the moulding effect of the polymer. In
this route, the matrix is mixed with a molecular metal precursor
and the particles are grown inside the precursor-polymer
compound by the addition of a precipitating agent [38]. The poly-
mer used here is poly(4-vinylpyridine) (PVP), that has nitrogen
base groups that form coordination bonds with iron ions. In this
way, the hydrolysis reaction is carried out in a controlled manner.
This method has recently been employed for the production of
maghemite nanocomposites with success [39]. In that case, the
precipitating agent was sodium hydroxide, and the precursor salt
was iron bromide. In the present case, the precipitating agent is the
same, while the precursor is iron chloride. The nanocomposites can
be readily dissolved in slightly acidic media to obtain aqueous
nanoparticle dispersions. The obtained nanocomposites have been
employed in detailed magnetic studies that will be described in
a future paper. Nevertheless, beyond the report of the nano-
composites synthesis, some novel features about akaganeite
magnetic behaviour concerning the influence of Cl~ ions are
advanced in this report.

2. Experiments

Inorganic reagents and PVP polymer (60000 D) were purchased
from Aldrich.

Gels of iron-PVP coordination compounds were prepared by
dissolving 0.2 g of PVP in 4 mL of water/acetone (1:1); mixing this
solution with 2 mL of 1 M FeCl3-6H,0 solution in the same solvent;
and drying first in air and then in an oven at 60 °C for 2 h.

Akaganeite nanocomposites were prepared by immersing the
iron-PVP coordination compound in a volume of 1 M NaOH solu-
tion for a Fe/OH ratio of 1:3; washing with water; and drying at
room temperature, and then in an oven at 150°C. Two nano-
composite samples were prepared by the procedure described in
the experimental section with a [Fe]/[pyridine] ratio = 1.05. The
first sample, NCyash, Was extensively washed with water after the
treatment with NaOH, whereas the second sample, NC¢], was just
slightly washed. Bulk akaganeite powders were prepared by aging
a 1 M FeCl; solution during one month in an oven at 70 °C.

Iron content in the samples was determined in a Perkin-Elmer
Plasma 40. X-ray powder diffraction (XRD) was performed in
a Rigaku D-max B diffractometer. Fourier Transform Infrared (FTIR)
spectra were taken on KBr pellets using a Perkin Elmer Spectrum
One instrument.

Transmission electron microscopy (TEM) was performed with
a Jeol-2000 FXII microscope, with point-to-point and line-to-line
resolutions of 2.8 A and 1.4 A, respectively. Samples for TEM
observations were prepared in two different ways: (1) grounding
the nanocomposites in acetone and evaporating drops of the
suspension on carbon-coated copper grids; and (2) embedding the
grounded composite in an epoxy resin and cutting ultrathin slices
by ultramicrotomy. Both low and high-magnification images were
recorded, the latter revealing details of the crystallite structure.
Nanocomposite samples for small-angle X-ray scattering (SAXS)
measurements were prepared by grounding the as prepared films
in a mortar and then pressing the grains into pellets having an
approximate thickness of 0.2 mm. SAXS experiments were carried
out at the beam line IDO1 of the European Synchrotron Radiation

Facility (ESRF). Magnetic characterization including ac suscepti-
bility and magnetization versus field measurements were per-
formed in a SQUID MPMS magnetometer from Quantum Design.

3. Results and discussion
3.1. XRD and FTIR characterization

Fig. 1 shows XRD patterns from NCyash and NCq composite
samples, PVP polymer, and precipitated akaganeite powders. The
nanocomposite XRD patterns show a very broad peak around 20°,
which is also observed in the polymer pattern, and some narrower
peaks, which are in turn present in akaganeite powder pattern, at
angles corresponding to those of akaganeite crystal structure. The
differences in relative peak intensities between powders and
nanocomposites patterns and the reference pattern are probably
due to particle shape effects. The pattern of sample NC¢ shows
additional sharp peaks that correspond to NaCl crystal structure
revealing that the washing was insufficient to eliminate this salt
from the nanocomposite. An analysis by atomic absorption yielded
22 wt% of Fe and 4 wt% of Na in this sample.

Fig. 2 shows FTIR spectra of pure akaganeite powders, PVP and
nanocomposite samples. The spectrum of akaganeite powders
shows broad bands at 1623 cm~!, 850cm~!, 683 cm~!, and
411 cm~!, and shoulders at 630 cm ! and 473 cm ™', which are close
to wave number values reported for this compound [20-40]. The
band at 1623 cm~! can be assigned to bending vibrations of
structural water bound to different sites [41,42]. The band at
850 cm~! and shoulder at 630 cm™! correspond to H-O-Cl libration
modes (850 + 826 cm ™', 642 cm ! in Refs. [20,43]). The shoulder at
473 cm~! and the strong band at 411 cm~! can be related to Fe-O
translational modes (479, 424 cm™~' in Ref. [43]), or to Fe—-O-Fe
symmetric stretching vibrations [42,44]. The band at 683 cm™',
often assigned to OH libration modes, has recently been considered
as an artefact [44]. Actually, there is some disparity between
reported values for akaganeite IR bands that can be due to different
Cl~ content in the samples [20]. For instance, Ref. [28] reports
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Fig. 1. XRD patterns of akaganeite database reference ($-FeOOH), akaganeite nano-
particle powders from spontaneous precipitation, nanocomposite samples NCyash and
NCq, and PVP polymer. Peaks marked with (*) correspond to NaCl crystal structure.
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Fig. 2. FTIR spectra of nanocomposite sample NC,.s,, akaganeite nanoparticle
powders from spontaneous precipitation and PVP polymer.

bands at 850+820cm~!, 650cm~!, 487 cm™' and 420cm,
whereas Ref. [27] finds bands at 848 cm ™!, 633 cm™! and 404 cm™ 1.
The spectrum of the nanocomposite sample can be interpreted as
sum of polymer and powder spectra. Characteristic bands of aka-
ganeite powders are clearly distinguishable, as indicated in Fig. 2.
No bands are observed from any other iron oxide phase apart from
akaganeite.

3.2. TEM observations

Fig. 3 shows a TEM image of akaganeite nanocomposite sample
NCuwash after grinding in a mortar. The particle density is very high,
and therefore particle shape is only distinguished on the grain
edges. The image shows rod-like particles with average length and

50 nm

thickness 24 + 5 nm (mean + SD) and 5 4 1 nm, respectively. These
dimensions are smaller than those found in akaganeite powders
from slow hydrolysis of iron(Ill) chloride solutions, whose typical
dimensions are between 0.2 and 0.5 pm in length and 0.02-0.1 in
width [1]. Fig. 4 shows a TEM image of a grinded sample NCcy. The
particles are also rod-like with average length and width 18 + 6 and
5 +1 nm, respectively. The Cl/Fe atomic ratios in NCyash and NC¢
samples estimated by energy dispersive spectrometry (EDS) were
0.3 and 0.8, respectively, indicating that washing effectively
removed Cl™ ions from the akaganeite nanoparticles.

High-magnification images enabled us to measure the inter-
planar atomic distances of nanoparticles with different orienta-
tions. One of these images is shown in Fig. 5. Lattice plane distances
of 1.87, 2.03 and 2.62/2.66 A were measured, corresponding to (4 4
0), (15 0) and (4 0 0) planes of akaganeite crystal structure [13].
Analysis of different nanoparticle images yields other distances,
such as 2.35/2.36, 2.79/2.80 and 3.02/3.03 A that can be assigned to
(240),(111)and (00 1) planes.

In order to determine the disposition of the particles within the
matrix, ultrathin slices of sample NC¢; were observed by TEM as
shown in Fig. 6. It is observed that, at short length scales, the
particles are arranged parallel, forming sheets.

3.3. SAXS analysis

The nanostructure of composite samples was examined by SAXS
following a procedure similar to that previously applied to
maghemite/PVP nanocomposites [45]. Fig. 7 shows SAXS plots of
pellets of powdered polymer and composite samples double-log-
arithmic scale. The polymer curve shows a region of constant
intensity at higher g values, implying that the structure is homo-
geneous in the corresponding length scale. At lower g values, the
scattered intensity follows a region of linear increase with a slope of
3.3. This power-law behaviour is not far from the typical scattering
behaviour of smooth surfaces (n=4), usually referred as Porod
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Fig. 3. TEM image of grinded akaganeite/PVP nanocomposite sample NCy.sh (), and histograms of particle length (b) and particle width (c).
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Fig. 4. TEM image of grinded akaganeite/PVP nanocomposite sample NCc.

regime [46], and can be assigned to surface scattering from folded
polymer chains [45]. The SAXS curves of the two nanocomposite
samples are very similar to each other, consisting of a region of
steep linear increase at higher g values followed by another region
of linear increase with a lower slope. As in previous SAXS analysis
[45], it can be considered that the observed intensity is the sum of
polymer and particle contributions. Fig. 7b represents the scat-
tering intensity after subtracting the contribution of the polymer
for sample NC¢. The plot shows a central region of linear increase
with a slope n = 2.0, which is usually associated to tabular objects,
and not a slope n =1, expected for rod-like particles. At the same

— e

203,262 A i

Fig. 5. HRTEM image of a bunch of nearly parallel needle particles showing the same
direction of elongation. In the inset, electron diffraction pattern of the area.

Fig. 6. TEM image of an ultrathin slice of akaganeite/PVP nanocomposite sample NCc.

time, the cross-over points at the beginning and end of central
linear region correspond to characteristic distances of the tabular
objects of 6 and 73 nm. These tabular objects could correspond to
the planar arrays of acicular particles, observed in TEM images. In
fact, the first distance is close to the average particle thickness
determined by TEM and consequently to the height of tabular
objects, while the ending distance is clearly higher than particle
length but it is comparable to the width of these objects (Fig. 6).

3.4. Mechanisms of particle formation

The hydrolysis of iron ions may lead to a variety of crystalline
phases depending on the precipitation conditions and the
precursor iron salt, by a process that involves several intermediate
iron species. Concerning the akaganeite phase, it is formed in iron
aqueous solutions only under the following conditions: in the
presence of chloride ions, slightly acidic solutions, and moderate
temperatures. Nucleation and growth proceed by two different
hydrolysis reactions, namely olation and oxolation. The process has
been explained by Bottero et al. [47] and it can be summarized as
follows: (1) formation of iron dimers and trimers (2) condensation
into Fe24 polycations (with the same local structure as akaganeite),
(3) arrangement of Fe24 clusters into linear chains, (4) chain
ramification, (5) precipitation of hydrated low density amorphous
particles, (6) condensation into crystalline particles. Obviously, it is
difficult to control this process, although it is known that it is
drastically affected by the presence of iron ligands, such as POz~
[48]. The strategy proposed here to control akaganeite precipitation
is to perform the process in a restrictive environment.

There are three factors that may contribute to growth restriction
in iron-PVP system: (1) the growth medium is a solid matrix and
therefore ion diffusion is slowed down with respect to liquid media,
(2) the matrix contains pyridine groups that interact with iron
growing units and with the particle surface by means of N-Fe
coordination bonds, and (3) the pyridine groups are protonized
before the onset of precipitation, becoming hydrophobic. This third
factor can be determinant on particle growth process. As it is
explained in our previous report [39], the initially homogeneous
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Fig. 7. a) SAXS log plots of pellet samples of poly(4-vinylpyridine) polymer (PVP) and akaganeite/PVP nanocomposite samples NCysh and NCqj; (b) SAXS curve of NC¢; sample after

subtracting the polymer scattering.

iron-polymer gel collapses when the pyridine groups become
hydrophobic. The new microstructure would be no longer uniform
in the nanometer scale, but most probably it would be partitioned
into hydrophilic and hydrophobic regions encapsulating the iron
ions. Thus, the subsequent growth process will be restricted by the
amount of iron ions contained in each hydrophilic region. This
mechanism explains the small particle size and the absence of
aggregates. Besides, it will help to reduce the particle size
dispersion.

3.5. Magnetic properties

Fig. 8 shows the variation of magnetization with the applied
field, H, for NCyasn and NC¢ samples. Curves from both samples
show the presence of a contribution saturating at relatively low
magnetic fields plus another contribution that increases approxi-
mately linearly with H. The former contribution is larger for NCyash
sample than NC¢. In fact, at high fields (H> ~30000 Oe) NC¢
curve is almost linear as expected for a perfect antiferromagnet,
whereas NCyash Still shows a slight curvature, indicating the pres-
ence of a small magnetic moment in the particles.

Fig. 9 shows plots of in-phase, x/, and out-of-phase, x”, ac
susceptibility components, respectively, for composite and powder
samples. x” is zero over the whole temperature range for the
powder. Consequently, there is not a relaxation phenomenon
associated to bulk antiferromagnetic akaganeite that might become
noticeable within the measuring temperature range. Sample NC¢
shows a similar behaviour down to 20 K. However, below 20 K and
for decreasing temperatures, y’ increases steeply, x” increases
constantly from zero, and both of them depend on frequency. This
suggests the appearance of a slow magnetic relaxation phenom-
enon due to finite size effects. In a first instance, this phenomenon
could be associated with a small magnetic moment arising from
uncompensated surface spins. Sample NCyasn shows a more
complex behaviour. ' and x” show a peak around 20 K, and they
become frequency dependent at 70 K already. Moreover, equilib-
rium magnetic susceptibility of NCyash is clearly larger than equi-
librium susceptibility of NC¢ (per unit of FFOOH mass). Thus, the
former sample has an additional source of uncompensated
magnetic moment with respect to the latter one, which is in

agreement with magnetization results. The additional contribution
to x’ apparently vanishes below 5 K. Indeed, below 5K, ¥’ and x”
data are fairly coincident in both samples. This suggests that the
additional moment in NCyash blocks at a higher blocking temper-
ature, Ty,. Therefore, it is associated with a slower relaxation process
or with a higher magnetic anisotropy. Notice that, according to EM
and SAXS measurements, particle sizes are similar, and therefore
this additional moment and longer relaxation is not likely associ-
ated with differences in particle sizes between the two composites.
In order to confirm this point, TEM observations and magnetic
measurements in both samples were repeated with identical

results. Therefore, the structural feature determining the
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Fig. 8. Field dependence of the magnetization of akaganeite bulk and akaganeite
nanocomposite samples NCy,sy and NC¢j at 150 K.
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differences in magnetic behaviour between the samples must arise
from the washing process. It has been pointed out in the intro-
duction section that washing with pure water or with solutions
containing small anions can produce a release of Cl~ ions from
akaganeite crystal structure. It has been estimated that most of
exchange sites are tunnel sites and only a 13% are surface sites
[18,21]. Thus, it is reasonable to assume that the content of inter-
stitial CI™ ions in NCyash sample will be decreased in comparison
with that of NC¢j sample. An incomplete filling of C1™ sites may alter
the perfect compensation of antiferromagnetic sublattices, and
consequently it may lead to the appearance of an associated
magnetic moment. In other words, ClI~ ions play a role in magnetic
exchange interactions and a perfect sublattice alignment is only
achieved when the crystal lattice is saturated with CI~ ions. The
effect of CI~ deficiency on the magnetic properties of akaganeite
has been outlined before [49] in relation to a decrease of Néel
temperature, Ty. However, other authors attribute this decrease to
an increment of the water content [50].

Reports on ac measurements of akaganeite nanoparticles
describe susceptibilities ' and x” that increase with the tempera-
ture find a maximum around 10K (T, =8 K, 11 K) and decrease
again [34]. The measured samples were commercial iron dextran
preparations containing particles with an approximate size of
20 x 4 nm. Studies based on ZFC-FC dc susceptibility measure-
ments, yielded T, = 18 K for spherical particles [22], and T, =15 K
for two different rod-like particle samples with sizes 120 x 25 nm
and 200 x 50 nm respectively [36], and they also showed
a constant decrease of susceptibility at temperatures below Tp.
Muon spin relaxation experiments (measuring time, 7y, = 1078s)
yielded a blocking temperature of 10 K on akaganeite nanoparticles

with an average size of 6 nm [52]. By contrast, much higher Ty,
values (150-290 K in [40] and 65-215 K in [41]) have been derived
in Mossbauer measurements from doublet-to-sextet conversions.
However, these conversions have also been interpreted as an
order—disorder magnetic transition (Ty) [51], in agreement with
our own measurements that indicate Néel temperatures in the
range between 220 K and 250 K [to be published]. Thus, studies of
relaxation phenomena in akaganeite nanoparticles with a size of
the same order of those studied here yield Ty, values in the range 8-
18 K that are usually related to small magnetic moments originated
from uncompensated spin lattices on particle surface [53].
However, we have observed that nanoparticle samples that have
not been thoroughly washed after synthesis, ensuring a full CI~ site
occupation, show relaxation effects with an associated Ty, well
below these values (<2 K). On the other hand, samples undergoing
a more extensive washing that may cause a structural Cl~ defi-
ciency, at least in a part of the particle population, show an asso-
ciated blocking temperature in the range of those previously
reported. Since it is expected that samples used in most of previous
studies were commercial and probably deeply washed with water
during their preparation, the observed blocking may actually arise
from a defective occupation of Cl™ crystal sites, as in our case. As
a consequence, moments arising from uncompensated surface
spins would have a lower blocking temperature and thus an
anisotropy lower than that derived.

4. Conclusions

A method is proposed for the preparation of akaganeite nano-
composites based on the use of polymers with N-base functional
groups that form coordination bonds with transition metal ions.
Akaganeite nanocomposites are prepared by the addition of a base
to a uniform iron/polymer gel obtained by evaporation of iron
chloride polymer solutions. The resulting nanocomposites contain
rod-like nanoparticles grouped in parallel planar arrays that can be
dispersed in slightly acidic media. Magnetic measurements show
a small magnetic moment in akaganeite nanoparticles due to size
effects that is not totally blocked at temperatures above 2 K. An
additional contribution to magnetic moment appears after
washing the samples that could arise from a deficient Cl~ sites
occupancy. Thus, our preparation method provides access to
samples with intermediate content in CI~ which enables us to
ascertain the different origins of magnetic moment in nanosized
akaganeite.
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