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Abstract

Preparation and characterization of nanosized magnetic particles using alkaline oxidation of ferrous ion retained in
acrylonitrile-methyl methacrylate-divinylbenzene (AN-MMA-DVB) spherical micron-sized polymer template is
described. Atomic absorption, transmission electron microscopy and magnetic resonance were used to investigate
chemically cycled nanoparticle-based composites. The resonance field shifts towards higher values as the nanoparticle

concentration reduces in the polymeric template, following two very distinct regimes.
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The design/synthesis of nanometer-sized magnetic
particles in micron-sized polymeric templates has
attracted a lot of attention [1,2]. Micron-sized magnetic
particles are currently in use, for instance, in high-
gradient magnetic separation (HGMS) devices [3,4].
Characterization of nanomagnetic-based composites has
been performed by traditional techniques, e.g., magne-
tometry and Modssbauer spectroscopy [5]. Magnetic
resonance (MR), however, has been used to investigate
nanomagnetic particles immersed in a wide variety of
non-magnetic matrices [6-9]. In this study, atomic
absorption (AA), transmission electron microscopy
(TEM) and MR were used to investigate iron oxide-
based magnetic nanoparticles immersed in acrylonitrile-
methyl methacrylate-divinylbenzene (AN-MMA-DVB)
spherical micron-sized polymer template.

Incorporation of the magnetic material in the poly-
meric template was performed by treating the template
with Fe’' aqueous solution (bath solution) at a
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concentration of 80 mM (first step) following oxidation
(second step) with a mixture of KOH and KNOs,
according to the standard recipe used to produce
magnetite crystals [10]. Six composite samples were
prepared using successive treatments with the bath
solution, following the oxidation step. The amount of
magnetic material incorporated in the template as a
function of the number of treatments (cycles) was
obtained from AA measurements. In the six composite
samples, TEM was used to obtain the particle size
polydispersity profiles of the nanomagnetic material.
Room-temperature MR measurements of the six com-
posite samples were also carried out.

Filled circles in Fig. 1 show the total iron incorpora-
tion in the template, M, obtained from the AA data,
after performing the second step, in units of mmol of
iron per unit gram of the initial copolymer template,
as a function of the number of cycles, N. The rate at
which iron is incorporated in the polymer template,
ie. dM/dN, can be given by K(M,— M) [5].
Therefore, M versus N can be obtained by solving
the differential equation dM/dN = K(My — M), i.e.
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M = My{l — exp[—K(N — Ny)]}. The parameter Ny was
introduced to indicate at which cycle the AA measure-
ments indicate iron incorporation. The solid line in
Fig. 1 represents the best fit of the experimental data
with My = 2.2mmol/g, K = 0.06, and Ny = 2.

Fig. 2 shows the particle size histograms obtained
from the TEM images of the N =1 and 6 cycles
composite samples. The histograms were curve fitted
(solid lines) using the lognormal probability function
[11], from which the average particle diameter D and
standard deviation ¢ were obtained (values quoted in
Fig. 2). We find D and ¢ almost independent of N. This
finding indicates that successive incorporation of the
nanomagnetic material in the template is achieved
mostly by increasing the number of particles per unit
volume at about fixed particle size.
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Fig. 1. Total iron incorporation in the polymeric template (M)
versus number of cycles (N).
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Fig. 2. Particle size histogram (TEM data) of nanoparticles in
the composite samples after 1 and 6 cycles.

Room-temperature MR spectra were recorded using a
commercial X-band spectrometer. Filled circles in Fig. 3
represent the resonance field (Hg) versus the inverse of
the area (1/4) under the MR absorption curve. The area
(A) scales with the number of nanoparticle per unit
volume (C). The explanation of the data shown in Fig. 3
starts using the relationship between the resonance
frequency (wr) of the nanoparticle magnetic moment
and the effective magnetic field (Hgrr), wr = yHEFF,
where y is the gyromagnetic ratio. At low particle
concentration the effective field is mainly a combination
of the external field (HE), the exchange field (Hx), the
anisotropy field (Hx), and the demagnetizing field (Hp),
i.e. Hgpr = Hg + Hx + Hx + Hp [12]. Only the demag-
netizing field depends upon the nanoparticle concentra-
tion. At the resonance condition, Hg = Hy, the basic
resonance equation is rewritten as Hg = Hy — Hp, with
Hy = wr/y — Hx — Hx. The demagnetizing field of
isolated spherical nanoparticles in an inert matrix,
however, is given by Hp = (4n/3)[(1/p) — 11M, where
M is the magnetization associated to the nanomagnetic
particle and p is the volumetric packing fraction of the
nanomagnetic material [13]. The relationship between p
and C is p=nD*C/6, where D is the nanoparticle
diameter. Therefore, at low-concentration the relation-
ship between Hr and A would be written as Hg =
ho + k1 /A, where hy and k; are fitting parameters. The
data in Fig. 3, however, shows a linear relationship
between Hr and 1/A4 only at N below 6. At N =56
particle—particle (dipole) interaction plays a key role in
the Hr versus 1/A4 curve and thus needs to be taken into
account.

Inclusion of the particle—particle interaction in the
description of the Hgr versus 1/4 curve assumes the
following relationship between the resonance field shift
(6HR) and the resonance linewidth (AHR): Hr ~ AH}
[14]. Description of the resonance linewidth as a
function of the nanoparticle concentration (which
scales with A4) has been successfully achieved by
AHg ~ A tanh(KA?) [15]. Therefore, the description of
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Fig. 3. Resonance field versus the inverse of the area under the
absorption resonance curve.
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the Hg versus 1/A4 data, including both the demagneti-
zing field and the particle-particle interaction, reads:

Hg = Hy + K /A — K> A? tanh*(K34%), 1)

where Hy and K; (j = 1,2, 3) are fitting parameters. The
solid line in Fig. 3 represents the best fit of the data
according to Eq. (1). The dashed line in Fig. 3 represents
the best fit of the experimental data, for N below 6, using
only the two first terms on the right-hand side of Eq. (1).

In summary, different techniques were used to
characterize magnetic nanoparticles synthesized in AN-
MMA-DVB polymeric template. While atomic absorp-
tion and resonance measurements were used to draw
conclusions about the amount of magnetic mass
incorporation electron microscopy provides very useful
information concerning the particle size polydispersity
profile. In addition, magnetic resonance data were used
to support the picture of an almost linear mass
incorporation upon chemical cycling while keeping
constant the mean nanoparticle diameter.
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