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Heterostructures between montmorillonite and embedded a-Fe,O; nanoparticles are explored
to create new hybrid particles with high magnetic response and magnetic-field induced tunability.
a-Fe,O3 nanoparticles are hybridized to montmorillonite clays by using an intercalation technique.
Also, stable aqueous fluids consisting of the heterostructured particles are prepared and the rheology
of the fluids under external magnetic field is examined. When a-Fe,O3 nanoparticles are embedded in
the interlayer space of montmorillonite clays, the magnetization per Fe atom increases at most 60
times. This unique combination of the magnetization and the coercivity is traced to the suppressed
growth of embedded a-Fe,O5 nanoparticles by the aluminosilicate layers, leading to the size control,
anisotropic magnetic interaction, and uniaxial stress of two-dimensionally distributed o-Fe,O3
nanoparticles. Furthermore, high magnetization of heterostructured particles leads to strong
dependence of fluids’ viscosity on the external magnetic field. The present study indicates that the
new heterostructured particles have unique magnetic field-dependent properties that are not
attainable in individual clay or iron oxide particles.

Introduction

Magnetic nanoparticles dispersed in fluids offer special
opportunities to both science and technology for their
unique applications in ferrofluids, drug carriers, and cell
separation/purification.'® Such remarkable functional-
ities of the magnetic nanoparticles stem directly from
their nanometric size. Low dimensions of the magnetic
nanoparticles decreases magnetic anisotropy energy to be
comparable to thermal energy at room temperature,
which helps the random motion of the magnetic
nanoparticles.” ® Consequently, the magnetic nanopar-
ticles show their unique dependence on magnetic field,
called superparamagnetism, which allows for a reversible
transition between a pseudoparamagnetic state and a
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pseudoferromagnetic state by applying the external mag-
netic field.'*!!

To harness the superparamagnetism of the magnetic
nanoparticles, it is important to control the dispersion
and agglomeration of the nanoparticles in liquid media.
When strong magnetic field is applied, the magnetic
nanoparticles can make big agglomerates which are
stable even after the magnetic field is removed. An
increase in an apparent particle size by the agglomera-
tion, in turn, suppresses superparamagnetism, produces
permanent magnetization, and prevents fully reversible
response of the magnetic dipoles to the external magnetic
field. To prevent the agglomeration of magnetic nano-
particles, it is requested to keep a certain distance
between the magnetic nanoparticles. Recently, great
efforts have been placed on research to prepare hybrid
materials to fully utilize the superparamagnetism by
hybridizing the magnetic nanoparticles with hydrophilic
spacers such as a block copolymer coating and a silica
shell.'>!3 However, these surface modification techni-
ques have chances to decrease magnetic response and
surface area of the hybrid materials. This is harmful in
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maximizing the saturated magnetization of the hybrid
particles per unit volume or subsequently conjugating
the hybrid materials with catalytic or biofunctional
molecules. Therefore, it is still challenging to find super-
pargamagnetic hybrid particles with large saturated
magnetization and high surface area and to fully utilize
the superparamanetism of the magnetic nanoparticles in
the fluids for various applications.

Montmorillonite, one of layered aluminosilicate miner-
als, can provide a superior matrix to hybridize the mag-
netic nanoparticles because of its unique physicochemical
properties such as tunable large interlayer space. The
cation exchange capacity of the montmorillonite makes
them very suitable for embedding metal oxide nanopar-
ticles via an intercalative route. Several types of metal
oxide nanoparticle such as Al,O3, ZrO,, TiO,, ZnO,
Si0,—Fe,05, and SiO,—TiO, and SiO,—CoO have been
successfully introduced to the interlayer space within the
anisotropic lamellar structure of montmorillonite.'*~!”
In addition, a permanent negative charge on the basal
surface of montmorillonite is easily modified and con-
tributes to a hydrophilic property.'®2!

Among the metal oxide particles, a-Fe,O5 has received
much attention because of its widespread application as
catalyst, pigment, senor, and raw material for synthe-
sizing y-Fe,05.22~** In addition to conventional applica-
tions, montmorillonite-a-Fe,O3 hybrid particle might
also be used for modification and encapsulation of vari-
ous functional molecules and this is likely to lead to novel
applications in areas such as drug delivery and medical
diagnosis. In these regards, several research groups have
studied on embedding iron oxide particles. However,
the previous works have suggested that different phases
of iron oxide particles are located on external surface of
montmorillonite when iron polycations are prepared
at room temperature, regardless of intercalation condi-
tions.*>2¢
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Herein, we present a new montmorillonite-o-Fe>O5
hybrid material with clean external surfaces through
intercalating more highly charged and stable iron poly-
cation into the interlayer space of montmorillonite. We
have carried out the systematic characterizations of crys-
tal structure and magnetic properties of resulting new
hybrid material using X-ray diffraction (XRD), transmis-
sion electron microscope (TEM), Raman spectroscopy,
and vibrating sample magnetometer (VSM). Using this
new hybrid particle, we prepared aqueous fluids and
investigated the response of the particles to the external
magnetic field within the fluids.

Experimental Procedure

Material and Chemicals. Na™—montmorillonite (Kunipia F,
Kunimine Corp) was used as a starting clay material with the
chemical formula of Nag 35K .01Ca0.02(Siz.g9Alo.11)(Al1.s0Mgo.32-
Fe)08)019(OH),-nH,O with a cation exchange capacity (CEC)
of 100 mequiv/100g. Reagent grade FeCls-6H,O (Aldrich, 97%)
and NaOH (Mallinckrodt) were used to synthesize polycation
precursors.

Synthesis and Characterization. Fe polycations were pro-
duced by reacting 0.2 mol of FeCl; and 0.4 mol of NaOH
in deionized water (1 L) at 25 or 70 °C. Then, 0.07 mol of
polycations was added to a 100 mL aqueous suspension of
1 wt % montmorillonite particles and exchanged with Na™ ions
of montmorillonite at 25 °C. The iron oxide—clay nanohybrid
(ICNH)s were collected by centrifugation, washed thoroughly
with deionized water several times, and freeze-dried to remove
residual water. A part of the dried particles were annealed at
550 °C in N, to convert Fe polycations to iron oxide. The
powder XRD measurements of synthesized particles were
carried out using Philips PW 1810 diffractometer (Cu Ka
radiation, 1 =1.54184 A). Low-angle XRD measurement was
performed to verify the presence of the montmorillonite (001)
peak. In the 26 range from 2 to 10°, additional Fe filter,
1/32" slit, and monochromator were attached to prevent
incident beam and randomly scattered beam from hitting
the detector. The microstructure of particles was analyzed
using field emission-scanning electron microscope (FE-SEM,
Philips, XL 30) and transmission electron microscope (TEM,
Jeol, 200CX). Zeta potentials of Fe polycation were measured
with a ZetaPALS (Brookhaven, USA). For an accurate mea-
surement of surface potential, samples were placed in glass cells
with Pd electrodes at 25 °C. Attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR, Thermo, Nicolet
6700) was used to monitor the sequential change in chemical
species. Raman spectrum were measured by Renishaw inVia
Raman microscope with 488 nm Ar laser. Magnetic measurements
were performed with VSM (LakeShore 7400). Element analyses
were carried out using inductivity coupled plasma (ICP) method
(Thermo, ICAP 6000). For ICP analysis, the samples were melted
with lithium metaborate at 900 °C and cooled to room tempera-
ture. The molten product was then dissolved in 30% HNO;.
Assuming that the Al content of the aluminosilicate layer remains
unchanged during the hybridization, the ratio of Fe/(other cations)
is 21.37% for as-grown ICNH particles of 25 °C aged polycations
and 18.20% for as-grown ICNH particles of 70 °C aged poly-
cations. Rheological measurements were performed using a rota-
tional rheometer (Anton Parr, MCR 300) with the magneto-
rheological device. When the effect of magnetic field on the
rheology of the fluids was measured, the homogeneous magnetic
field was set perpendicular to the direction of shear flow.
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Figure 1. (Upper panel) Low-angle XRD patterns of pristine clay
(montmorillonite) and hybrid particles: (a) pristine clay, (b) as-grown
ICNH with 25 °C synthesized polycations, (c) 550 °C annealed ICNH
with embedding 25 °C polycations, (d) as-grown particles intercalated
with 70 °C synthesized polycations, and (¢) 550 °C annealed ICNH with
embedding 70 °C polycations, (Lower panel) XRD patterns of o-Fe,O5
particle and annealed hybrid particle from 25 to 70°: (a) a-Fe,Oj3 particle
(with the average diameter of about 100 nm), (b) 550 °C annealed ICNH
with embedding 25 °C polycations, and (c) 550 °C annealed ICNH with
embedding 70 °C polycations (M denotes the reflections from montmor-
illonite and H denotes to the reflections from a-Fe,O; (hematite)). The
inset shows the change in the broadness and peak position of embedded
a-Fe,O53 nanoparticles and reference 100 nm a-Fe,O; particles.

Results and Discussion

ICNH Structure. X-ray diffraction (XRD) patterns of
as-grown and thermally annealed ICNH particles that
were synthesized from different polycations aged at 25 or
70 °C are presented in Figure 1. As a reference, XRD
pattern of pristine clay is also added to Figure 1 (upper
panel). The (00/) reflections of as-grown ICNH particles
are found at lower 26 than those of pristine clay particles,
which provide a strong evidence for the intercalation of
Fe polycations. In comparison with pristine montmor-
illonite having the basal distance of 0.96 nm, the lattice
parameter of c-axis was increased to 1.47 nm for as-grown
ICNH particles using 25 °C aged Fe polycations and 2.22
nm for as-grown ICNH particles using 70 °C aged Fe
polycations. This result indicates that the interlayer space
of ICNH particles ranges from 0.51 to 1.26 nm, depending
on the intercalation method.

The thermal stability of the intercalated nanoparticles
was also influenced by the nanoparticle aging method. In
thermally annealed ICNH particles using 70 °C aged Fe
polycations, (001) peak remained. A decrease in the
intensity of (001) peak is attributed to the formation of
nonuniform strain in (00/) planes.'® However, in ther-
mally annealed ICNH particles using 25 °C aged Fe
polycations, the (001) peak of the montmorillonite dis-
appeared. This suggests that ICNH particles using 70 °C
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Figure 2. SEM micrographs of thermally annealed ICNH particles (a)
using 25 °C synthesized polycations and (b) using 70 °C synthesized
polycations. TEM micrographs of thermally annealed ICNH particles (c)
using 25 °C synthesized polycations and (d) using 70 °C synthesized
polycations.

aged Fe polycations have very stable Fe nanoparticles in
the interlayer space. In contrast, in particles using 25 °C
aged Fe polycations, thermal annealing may induce the
transport of the intercalated nanoparticles onto the sur-
face of the montmorillonite particles and weaken the
long-range ordering of montmorillonite. This will be
further explained in the following sections.

As-grown ICNH particles do not show any reflections
associated with a-Fe,O3 phase. After as-grown ICNH
particles were annealed at 550 °C, additional XRD peaks
assigned to 33.2, 35.7, 40.98, 62.6, and 64.2° are traced to
the formation of rhombohedral hematite (a-Fe,O3)
(Figure 1 lower panel b and c), showing the success-
ful conversion of Fe polycations to a-Fe,O3 (hematite)
nanoparticles.

Location of Iron Oxide in ICNH. Scanning electron
microscope (SEM) images and transmission electron
microscope (TEM) images of thermally annealed ICNH
particles are shown in Figure 2. In hybrid particles inter-
calated with 25 °C grown polycations (Figure 2a), a-
Fe,O5 particles with a size of 100 nm are observed on the
surface of the montmorillonite. In contrast, the surface of
hybrid particles intercalated with 70 °C grown poly-
cations is free from 100 nm a-Fe,O3 particles
(Figure 2b). This implies that 70 °C grown polycations
are effectively intercalated into the interlayer space of
montmorillonite, but a significant portion of 25 °C grown
polycations are adsorbed on the surface of montmorillo-
nite and are grown to relatively large a-Fe,O5 particles
during subsequent thermal annealing. These SEM results
are consistent with the XRD results showing larger shift
in (00/) peaks for as-grown ICNH particles using 70 °C
grown polycations. TEM images (Figure 2¢, d) confirm
the different location of a-Fe,O3 nanoparticles around
montmorllionite. In the hybrid particles using 70 °C
grown polycations, very small nanoparticles below 4 nm
are uniformly distributed into interlayer space of mont-
morllionite. A very small feature of a-Fe,O3 nanoparti-
cles in thermally annealed ICNH suggests that the nano-
particles are embedded between the aluminosilicate layers
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Figure 3. ATR-FTIR patterns of hybrid particles for (a) pristine clay, (b)
as-grown ICNH with 25 °C synthesized polycations, and (c) as-grown
ICNH with 70 °C synthesized polycations.

and the growth of Fe polycations is prevented by the
aluminosilicate layers. Therefore, in ICNH particles
using 70 °C grown polycations, thermal annealing mainly
crystallizes a-Fe,O3 nanoparticles without significantly
increasing the particle size.

However, a significant portion of 25 °C grown polyca-
tions were adsorbed on the surface of montmorillonite,
leading to the formation of relatively large a-Fe,Os
particles on the surface of clay by the thermal annealing.
The structure of the hybrid particles using 25 °C grown
polycations are similar to the results of the previous
works showing iron oxide particles located on external
surface of montmorillonite.”> This similarity can be
explained by the fact that the previous studies have also
used the polycations synthesized at room temperature.
However, the hybrid particles using 70 °C grown polyca-
tions results in the embedded nanoparticles that are very
different from the results of the previous studies. Differ-
ences in the size and location of a-Fe,O3 nanoparticles
can be explained by the surface charge of Fe polycation.
Zeta-potential analysis of the surface charge indicates
that the surface of 70 °C grown polycations (44 mV) are
more positively charged than that of 25 °C grown poly-
cations (3 mV) at pH 2 where the intercalation of poly-
cations into the interlayer space is carried out. Therefore,
70 °C grown polycations more actively replace Na*t
cations in the interlayer space of montmorillonite than
25 °C grown polycations, which results in higher concen-
tration of embedded hematite nanoparticles in the sample
using 70 °C grown polycations.

Spectroscopic Analysis of Intercalation Behavior. The
attenuated total reflection Fourier transform infrared
spectroscopy (ATR-IR) spectra of pure montmorillonite
and hybrid particles are shown in Figure 3. For pure
montmorillonite, the bending mode of Al—AI—OH is
found at 910 cm™ ' because of the large amount of Al in
the octahedral site of oxygen. The bending modes at 842
and 880 cm™ ' represent the small amount of the impu-
rities in pure montmorillonite, and the bending mode of

Chem. Mater., Vol. 22, No. 7, 2010 2229
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Figure 4. Raman spectra of (a) a-Fe,O; particles, (b) 550 °C annealed
ICNH particles using 25 °C synthesized polycations and (c) 550 °C
annealed ICNH using 70 °C synthesized polycations.

Si—O—Al was observed at 513 cm™'.?” Two broad bands
of as-grown ICNH particles between 600 and 900 cm ™"
are assigned to the bending modes of Fe—O—H corre-
sponding to a-FeOOH.?® In Figure 3, it is noted that a
shift in the peak position is clearly observed in montmor-
illonite intercalated with 70 °C polycations. In as-grown
ICNH particles, a peak position at 981 cm ™' correspond-
ing to in-plane Si—O stretching vibration of the pure
montmorillonite shifts to 1011 cm™' and an out-of-plane
vibration mode of montmorillonite layer moves from
1117 to 1087 cm~'. This systematic change in peak
position of IR spectra confirms the incorporation of Fe
polycations into the interlayer space of montmorillonite.
When Fe polycations are intercalated, the electrostatic
field between positive interlayer cations and negative
Al=Si—O layers of the montmorillonite is decreased
and the out-of-plane vibrations are relaxed. There-
fore, the wavenumber of the out-of-plane vibrations gets
decreased, whereas that of the in-plane vibrations gets
increased.”’

Figure 4 shows the Raman spectra of ICNH particles
using a laser with the wavelength of 488 nm. Theoreti-
cally, a- Fe,O3 has seven active Raman modes (2A;, +
5E1g).30 In Figure 4a, two A, modes are observed at 221
and 499 cm ™!, and four E, . modes are observed at 244,
298, 410, and 620 cm ™! (Eip). It is known that two of the
E,, modes between 290 and 300 cm ™' are a doublet and
are not easily resolved. Therefore, a Raman spectrum also
indicates that the thermal annealing of free Fe polyca-
tions causes the formation of a-Fe,O3 particles. When the
Fe polycations are intercalated into the montmorillonite,
Raman peaks of a-Fe,O; are broadened with a shift of
peak position to lower wavenumber, which is more
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Figure 5. M—H curves of thermally annealed ICNH particles using (a)
70 °C synthesized polycations and (b) 25 °C synthesized Fe polycations;
an inset magnifies the M— H curves of a and b and a-Fe,O; particles with a
size of 100 nm, near the origin.

pronounced in ICNH particles embedded with 70 °C
grown Fe polycations. Because the growth of embedded
o-Fe,O3 nanoparticles is constrained by the aluminosili-
cate layers, Fe—O vibrations are relaxed and correspond-
ing Raman peaks shift to lower wavenumber. The
suppression of a-phase Fe,O3 nanoparticles by the alumino-
silicate layers also increases in the broadness of Raman
peaks. Mechanical constraint by the aluminosilicate planes
of the clay during the thermal annealing leaves a residual
stress in the a-phase Fe,O; nanoparticles, leading to in-
creases in the broadness of Raman peaks.

Magnetic Properties. Magnetic properties of the hybrid
particles were measured using vibrating sample magnet-
ometer (VSM) at room temperature. As a reference
sample, the simple mixture of clay and a-Fe,Oj5 particles
was also characterized. Cation ratio of o-Fe>O; nano-
particle and montmorillonite in the reference sample was
controlled to be the same as ICNH particles. Before the
magnetic measurement, the mixed particles were me-
chanically homogenized and then thermally annealed at
550 °C in N,, which is the thermal treatment condition of
ICNH particles. The results of VSM measurements are
shown in Figure 5. The M—H curve of the a-Fe,O3
nanoparticle—montmorillonite mixture exhibits a hyster-
esis loop. Its remanent magnetization and coercivity are
0.05 emu/g and 500 Oe, respectively. Given that o-Fe,O5
with a canted ferromagnetism due to deflection of the
magnetic dipoles from the antiferromagnetic plane has a
saturated magnetization (M) of 0.22 emu/g and a coer-
cive field of 600 Oe, the magnetic properties of the mixture
can be explained using a mixture rule. When the magnetic
properties of o-Fe,O3; and montromorillonite are aver-
aged on the basis of their ratio, the calculated results are
very similar to the experimental observations in Figure 4.
The M—H curve of the hybrid particles, however, is very
different from that of a-Fe,Os. First, the saturated
magnetization of the hybrid particles is much larger than
that of the mixture and the increase in the magnetization
is more significant in the hybrid particles using 70 °C Fe
polycations. The saturated magnetization is 0.34 emu/g
for ICNH particles using 25 °C Fe polycations and
5.98 emu/g for ICNH particles using 70 °C Fe polyca-
tions. The saturated magnetization per Fe ion of ICNH
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particles is at most about 60 times larger than that of
100 nm a-Fe>O5 nanoparticles. Second, ICNH particles
exhibit negligible coercive field, regardless of their very
large saturated magnetization. A combination of huge
saturated magnetization and nearly zero coercive field of
ICNH particles cannot be traced to the magnetic proper-
ties of a-Fe>O5 showing a small saturated magnetization
and a large coercive field. Instead, the differences in the
location and size of a-Fe,O3 nanoparticles in Figures 1—4
provide a way to explain the superior superparamagnetic
properties of ICNH particles.

Origin of Magnetic Anisotropy. The introduction of a-
Fe,O5 nanoparticles into the interlayer space of the
montmorillonite are expected to cause three following
effects. First, because the aluminosilicate layers prevent
the embedded a-Fe,O3; nanoparticles from growing, only
the crystallization and densification of the embedded
a-Fe,O3 nanoparticles are allowed during thermal anneal-
ing. As a result, the size of a-Fe,O; nanoparticles remains
at several nanometers, though their crystallinity is as high
as that of large particles. This suppressed growth of
embedded a-Fe,O3 nanoparticles is responsible for the
disappearance of the hysteresis in the M—H curve of
ICNH particles. As the size of ferromagnetic materials
decreases to about a few nanometers, thermal fluctuation
dominates the ordering of magnetic dipoles. Therefore,
the coercivity and remanent magnetization become
nearly zero under zero magnetic field, which is called as
superparmagnetism.® Second, the suppressed growth of
the embedded o-Fe,O3 nanoparticles by the aluminosili-
cate layers builds up internal stress in the a-Fe,O;
nanoparticles, as shown in XRD patterns and Raman
spectra (Figure 1 inset and Figure 4). Because the me-
chanical constraint is provided by two-dimensional alu-
minosilicate layers, o.-Fe,O3 nanoparticles are exposed to
uniaxial compressive stress normal to the aluminosilicate
layers. In other words, two-dimensional tensile strain
parallel to aluminosilicate layers is developed in the
embedded nanoparticles. Third, the mechanical stress in
the hybrid particles develops unique magnetic response.
It is well-known that the application of anisotropic stress
to ferromagnetic materials can significantly affect the
alignment of the magnetic dipoles along a specific direc-
tion and modify the magnetization.>' The magnetic ani-
sotropy is determined by the sum of magnetocrystalline
anisotropy energy and magnetoelastic energy. As a sig-
nificant amount of uniaxial stress is applied to produce
biaxial strain, the change in the magnetoelastic becomes
dominant over the mangetoanistropy energy. The distri-
bution of the strain is then closely related to the easy
direction of the magnetization. This indicates that the

(31) (a) Cullity, B. D. Introduction to Magnetism and Magnetic Materi-
als; Addison-Wesley: Reading, MA, 1972. (b) Wang, J.; Neaton,
J. B.; Zheng, H.; Nagarajan, V.; Ogale, S. B.; Liu, B.; Viehland, D.;
Vaithyanathan, V.; Schlom, D. G.; Waghmare, U. V.; Spaldin, N. A.;
Rabe, K. M.; Wuttig, M.; Ramesh, R. Science 2003, 299, 1719. (c)
Zheng, H.; Wang, J.; Lofland, S. E.; Ma, Z.; Mohaddes-Ardabili, L.;
Zhao, T.; Salamanca-Riba, L.; Shinde, S. R.; Ogale, S. B.; Bai, F.;
Viehland, D.; Jia, Y.; Schlom, D. G.; Wuttig, M.; Roytburd, A.; Ramesh,
R. Science 2004, 303, 661.
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Figure 6. Normalized M—H curves of (a) annealed ICNH on glass
substrate and (b) a-Fe,O5 particles on glass; in-plane magnetization
(solid square) and out-of-plane magnetization (open circle).

unique antiparallel arrangement of the magnetic dipoles
responsible for the canted ferromagnetism of a-Fe,O3
nanoparticles may not be valid for a-Fe,O3 nanoparticles
that are exposed to the anisotropic stress. According to
intensive studies on the correlation between stress and
ferromagnetism (or ferrimagnetism), the magnetic di-
poles are realigned to be parallel to tensile strain and
the saturated magnetization along the direction of the
tensile strain can be significantly enhanced.??

During subsequent thermal annealing, the aluminosi-
licate layers suppress the growth of a-Fe,O; nanoparti-
cles and apply a uniaxial stress to o-Fe>O3; nanoparticles.
It could be found that magnetic interaction between
o-Fe,O5 nanoparticles under uniaxial stress dramatically
increases the saturated magnetization of the hybrid par-
ticles with maintaining zero remanence magnetization.
Hence, their magnetic anisotropy was characterized to
find an origin for the large magnetization of ICNH
particles. ICNH particles were dispersed in water and
deposited on the glass by a spin-coating method. The
magnetic field was then applied to be parallel to or normal
to the surface of ICNH particle films for the magnetic
measurements. Because the hybrid particles have highly
anisotropic two-dimensional shape, the aluminosilicate
layers were placed to be parallel to the surface of the glass

(32) (a) Chen, Y. Z.;Sun, J. R.; Han, Y. N.; Xie, X. Y.; Shen, J; Rong,
C. B.; He, S. L.; Shen, B. G. J. Appl. Phys. 2008, 103, 07D703. (b)
Brandlmaier, A.; Geprags, S.; Weiler, M.; Boger, A.; Opel, M.; Huebl.,
H; Bihler, C.; Brandt, M. S.; Botters, B.; Grundler, D.; Gross, R.;
Goennenwein, S. T. B. Phys. Rev. B 2008, 77, 104445. (c) Chambers,
S. A.; Farrow, R. F. C.; Maat, S.; Toney, M. F.; Folk, L.; Catalano, J. G.;
Trainor, T. P.; Brown, G. E. J. Magn. Magn. Mater.2002, 246, 124. (d)
Park, S; Zhang, X; Misra, A.; Thompson, J. D.; Fitzsimmons, M. R.;
Lee, S.; Falco, C. M. Appl. Phys. Lett. 2005, 86, 042504.
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Figure 7. Schematics explaining the very small size, elongated shape,
uniaxial stress, and enhanced magnetization of the hybrid particles
(canted ferromagnetism of bulk o-Fe,O3 particles is also shown as a
reference).

plates during a spin coating. Therefore, a change in the
direction of the magnetic field enabled us to quantita-
tively measure in-plane and out-of-plane magnetization
of two-dimensional ICNH particles. As a reference sam-
ple, pure a-Fe,O; particle films were prepared by spin-
coating 100 nm o-Fe,O3 particles on the glass. M—H
curves of ICNH particle films and o-Fe,>O; particle films
under the magnetic field parallel or perpendicular to the
surface of the films are shown in Figures 6. Solid squares
present the magnetic response of the hybrid particle films
to parallel magnetic field. The magnetization of ICNH
particle films changes dramatically as the parallel mag-
netic field sweeps from —2500 to 2500 Oe. The shape of
M—H curve under the parallel magnetic field is very
similar to that of the randomly oriented hybrid particles.
When the magnetic field was perpendicular to the main
surface of the hybrid particle films, the magnetization
gets much smaller and its dependence on the magnetic
field becomes negligible (open circle in Figure 6a). How-
ever, in a-Fe,O; particle films, in-plane and out-of-plane
magnetizations are very similar (Figure 6b). Magnetic
anisotropy observed only in ICNH particle films indi-
cates that a hybridization of montmorillonite matrix and
embedded a-Fe,O; nanoparticles has developed a pecu-
liar magnetic anisotropy, leading to the dramatic increase
in their saturated magnetization. The aforementioned
effects of the aluminosilicate layers on the structure and
magnetization of hybrid particles are schematically pre-
sented in Figure 7.

Magnetorheological Properties. As a proof of concept
experiment for the use of new ICNH nanoparticles, we
prepared aqueous fluids containing new ICNH particles.
Due to their unique physical properties like strong thixo-
tropic and gelation behavior, montmorillonite based
fluids are being widely used in various applications.** In
addition to a fluid containing 5 wt % thermally annealed

(33) (a) Darley, H. C. H.; Gray G. R. In Composition and Properties of
Drilling and Completion Fluids, 5th ed.; Gulf Publishing: Houston,
TX, 1988.; (b) Dolz, M.; Jiménez, J.; Jesus Hernandez, M.; Delegido, J.;
Casanovas, A. J. Pet. Sci. Eng. 2007, 57, 294.



2232  Chem. Mater., Vol. 22, No. 7, 2010

10

OOoooooooooooooooo

8} 50° i
o

o O 5wt% ICNH particles
© 0 4wt%clay +
1wt% Fe O, particles
4wt% clay +
o 1wt% o-Fe,O, particles

6| o°

o
>

41 o -
oo
o onoonaet®
BDDUDDULHHDJDDDUrDD g

Viscosity (Pa s)

2 'AAAEAAAA/\MAAAA/\AAAAAAAAAA/\AAAA/\AAAAA‘
8°
Ok L L L L . . L
0 1000 2000 3000 4000 5000 6000 7000

Magnetic Field (Oe)

Figure 8. Viscosity vs magnetic field of aqueous fluid containing 5 wt %
thermally annealed ICNH particles using 70 °C synthesized polycations
(open circle), the mixture of 1 wt % Fe;O4 particles and 4 wt %
montmorillonite particles (open square)l and the mixture of 1 wt %
o-Fe,0; particles and 4 wt % montmorillonite particles (open triangle).

ICNH particles using 70 °C synthesized polycations,
two reference samples are prepared. One is the mixture
of 1 wt % a-Fe,Oj3 particles and 4 wt % montmorillonite,
and the other is the mixture of 1 wt % Fe;O4 nanopar-
ticles and 4 wt % montmorillonite. Fes04 nanoparticles
were selected, because their magnetization per Fe ion is
close to that of ICNH particles. Figure 8 shows the effect
of magnetic field on the viscosity of the fluids. The
viscosity of an aqueous fluid containing 5 wt % hybrid
particles increased almost 16 times when the applied
magnetic field reached 3500 Oe, which is consistent with
M—H curve in Figure 5. In contrast, the mixture of clay
and a-Fe,Oj5 particles did not show a meaningful increase
in the viscosity under the magnetic field. A big increase in
the viscosity of the ICNH particles under the magnetic
field is attributed to the rotation of the hybrid particles as
well as their higher magnetization. Figure 9 schematically
shows the difference between the ICNH particles and the
simple mixture. When magnetic field is not applied, the
hybrid particles are aligned in parallel to flow direction of
fluid. However, magnetic field normal to stream direction
of fluid align the magnetically easy axis of hybrid particles
parallel to the magnetic field direction. When the layers of
hybrid particles in fluid are rotated to be perpendicular to
the flow direction, the internal friction of fluid flow
increases because of the magnetically aligned ICNH
particles. On the other hand, for the fluids containing
iron oxide/clay mixture, only magnetically active Fe;O4
or o-Fe,O;5 particles are realigned by the external mag-
netic field. Paramagnetic clay with weak saturated mag-
netization do not respond to the magnetic field.**

(34) Levin, E. M.; Hou, S. —S.; Budko, S.; Schmidt-Rohr, K. J. Appl.
Phys. 2004, 96, 5087.
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Figure 9. Schematic illustration of particle motion in the fluids with and
without the magnetic field whose direction is perpendicular to the fluid
moving direction.
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Therefore, the ICNH particle using 70 °C synthesized
polycations provides much larger magnetic field depen-
dence to the fluids than the simple mixture.

Conclusion

In summary, new iron oxide—clay hybrid particles were
synthesized through the ion exchange method. The size
and location of a-Fe,O; nanoparticles depend on the
surface properties of Fe polycations. When Fe polyca-
tions were aged at 70 °C, Fe polycations are easily
introduced to the interlayer space and are converted to
o-Fe,O5 nanoparticles during subsequent thermal an-
nealing. a-Fe,O; nanoparticles embedded in the inter-
layer space shows about 60 times increase in the saturated
magnetization per Fe atom with nearly zero coercive
field. This unique combination of the magnetization
and the coercivity is traced to the suppressed growth of
embedded a-Fe,O; nanoparticles by the aluminosilicate
layers, leading to the size control, anisotropic magnetic
interaction, and uniaxial stress of two-dimensionally dis-
tributed a-Fe,O3; nanoparticles. Moreover, new ICNH
particles provide a new functionality to the aqueous
fluids. When new ICNH particles are added to the aqu-
eous fluids, the viscosity of the fluids shows a big change
under the magnetic field. This is attributed to the fact that
the embedded a-Fe,O5 nanoparticles allows for the rota-
tion of ICNH particles by the external magnetic field.
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