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Abstract
We have synthesized magnetic powders of the magnetite-maghemite series by the chemical reaction of the FeSO4 iron
salt and the natural arabinogalactan polysaccharide. These particles with a high magnetization value (∼ 300 Gs) represent a
mixture of spherical particles and nanorods. Particles of a spherical shape (diameter of ∼ 5–6 nm) show a superparamagnetic
behavior at room temperature, while rods with a diameter of ∼ 5 nm and a length of 30 nm are magnetic. We have prepared
sol samples based on the nanoparticle aqueous solution of arabinogalactan. Our results on the magnetism of the circular
dichroism (MCD) on sol are consistent with the of Mössbauer spectroscopy data.
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1 Introduction

Magnetic nanoparticles have a highly active surface, which
leads to a high sorption ability of such samples. Due to
that, they could be used as (1) carrier materials for targeted
drug delivery and (2) highly specific and highly sensitive
biosensors and sorbents to detect or search biomolecules
in a biological fluid [1–5]. The caloric effects of the
magnetized nanoparticles conditioned by the magnetic
field energy dissipation were found during the magnetic
relaxation processes at frequencies of ∼ 1 MHz [6].
However, for low nonthermal frequencies (∼ 1 kHz), the
mechanical oscillations of the magnetic nanoparticles occur.

The oscillating nanoparticles in the magnetic field have
the collinear magnetic moments. In the case of attaching
to the biological cell membrane, these particles could be
used in a nanoscale surgery as a knife for cell destruction
in an alternating magnetic field [7–11]. The same effect

could be obtained by an individual anisometric particle of
a rod shape. The first challenge of this study is to invent
a technology of the anisometric iron oxide nanoparticle
synthesis. And the second challenge is to study the structural
features and magnetic properties of these nanoparticles and
their sols.

2 Samples and Experimental Techniques

Magnetic nanoparticles were produced by chemical precip-
itation. The chemical reaction was carried out on the FeSO4

and the natural water-soluble arabinogalactan polysaccha-
ride (Ametis JSC, Russia) [12]. Arabinogalactan also served
as a stabilizing matrix in the preparation of the sol. The
preparation of iron oxide nanoparticles was based on the
solution of the following composition: iron sulfate at 50 g/l,
arabinogalactan at 40 g/l, NaOH at 80 ◦ C, and pH 10. The
temperature was controlled by a water thermostat. Then,
we washed the resulting precipitate to a neutral pH value
and dried to obtain powder. Supersonic treatment of the
arabinogalactan water solution was used to sol preparation.

To study structural and magnetic properties, numerous
techniques were used. Structural studies were performed by
X-ray phase analysis (λ = 1.54 Å) and transmission electron
microscopy (Hitachi S5500). The magnetic properties
were studied by the ferromagnetic resonance method at
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Fig. 1 The TEM image shows
the nanorod evidence in the
synthesized samples (a) and
microdiffraction of the obtained
samples (b)
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Fig. 2 The FMR spectrum of the prepared nanoparticles

a frequency of f = 9 GHz and Mössbauer spectroscopy
(conventional spectrometer MS1104Em with 57Co(Rh)
source). Velocity calibration of the spectrometer was carried
out with an iron oxide absorber at room temperature. The
nanoparticles’ sol with arabinogalactan-stabilizing matrix
was investigated by magnetic circular dichroism (MCD)
and IR spectroscopy (Vertex 70, Bruker) with the frequency
range of 700–3500 cm−1.

3 Results and Discussion

3.1 Diffraction and TEM

Figure 1 shows the results of transmission electron
microscopy. It can be seen from Fig. 1a that the obtained
nanoscale sample is a mixture of two types of particles:
the first type is spherical particles with an average
diameter of ∼ 5–6 nm and the second is rods with a
diameter of ∼ 5 nm and a length of ∼ 50 nm. The
electron microdiffraction patterns (Fig. 1b) demonstrate two
reflections with d1 = 2.52 Å and d2 = 1.48 Å, which are
consistent with two low-intensity reflections of interplanar
distances d1 and d2, obtained by powder X-ray diffraction
patterns. According to the Scherrer formula in spherical
particle assumption, the coherent scattering region is 13 nm.
Unfortunately, this method does not allow us to determine
the powder phase unambiguously because of the similar
reflections of iron oxide polymorphs (α-Fe2O3, γ -Fe2O3,
or Fe3O4).

3.2 Ferromagnetic Resonance

Figure 2 shows a differential ferromagnetic resonance
curve recorded at room temperature. The resonance field
HR ≈ 2900 Oe could be denoted by the equation of
HR = 2πf /γ , where γ = 1.7 •107 Hz/Oe, line width
of �H = 1600 Oe. To determine the magnetization
(M), we used a standard sample of the magnetite Fe3O4

(M = 450 G). The area under the microwave absorption
curve is proportional to the sample weight and its

magnetization value. According to our calculations, the
magnetization value is ∼ 300 G. This value do neither
coincides to the magnetite saturation magnetization value
nor the magnetization of maghemite (γ -Fe2O3), which is
240 G at room temperature in the field H = 10 kOe
[13]. Such behavior could be observed if particle sizes
are less than 50 nm. Due to the huge surface influence,
an apparent phase composition identification is hard to
realize [14]. It was shown [14] that the particles of the size
greater than 60 nm have a crystal structure and exhibit the
physical properties of a massive magnetite with a lattice
parameter a = 0.8383 nm. The iron oxide nanoparticles
of a lesser diameter are a nonstoichiometric compound of
the magnetite-maghemite mixture with the crystal chemical
formula Fe3+[Fe2+

1−3nFe3+
1+2nφn]O4, where ϕ is a vacancy

and n is the formula coefficient [14]. If the particle size is
less than 10 nm, maghemite phase is preferable (the share
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Fig. 3 Mössbauer spectrum of
anisometric nanoparticles.
Components of the spectrum are
shown by filled areas. Insets
show the distributions of
quadrupole splitting (QS) and
hyperfine field (H)
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of vacancies is 10.7%, the lattice parameter a = 0.8361 nm
(2).

3.3 Mössbauer Spectroscopy

The Mössbauer spectrum of the studied nanoparticles at
room temperature is shown in Fig. 3. The distributions
of the quadrupole splitting (QS) and hyperfine field (H)
are shown in Fig. 3 (see inset). According to the graphs,
there are at least two distinct magnetic states of iron
cations which correspond to separate probability peaks at
430 and 470 kOe. The quadrupole splitting probability
calculation also predicts two distinct crystallographic states,
which correspond to the superparamagnetic iron state.
The modeling of the Mössbauer spectrum shows that the
samples have a wide variety of the particle range.

The spectrum parameters are shown in Table 1. The spec-
trum component, which characterizes the superparamag-
netic part of magnetic nanoparticles with blocking tempera-

tures close to room temperature, is approximated by a wide
singlet (IS = 0.49 mm/s and relative area A = 0.33) and
indicated in the table as “relax”. A third of the iron atoms in
the nanoparticles have a blocking temperature below room
temperature. This part of the spectrum was fitted by a para-
magnetic doublet with the parameters IS = 0.36 mm/s,
QS = 0.71 mm/s, and the relative area A = 0.28. Almost
a third of the iron atoms are in nanoparticles with block-
ing temperatures above room temperature. These states
are characterized by two sextets of magnetic iron atoms
in tetrahedral and octahedral positions. The parameters of
the Mössbauer spectrum coincide with the corresponding
parameters of the maghemite powder γ -Fe2O3 [15, 16].
According to the paper [16], the spherical particles with
the average diameter of 5.7 nm at room temperature show
a superparamagnetic behavior. Our powders consist of two
kinds of particles: the spheres with the diameter of 5–6 nm
and the rods with the length of 30 nm. Therefore, the param-
eters of the sextets are related to the states of the iron atoms

Table 1 Mössbauer parameters
of anisometric nanoparticles IS H QS W A Corresponding position

0.32 474 0 0.75–0.75 0.09 Fe3+ (4)

0.42 430 0.20 0.75–1.81 0.29 Fe3+ (6)

0.36 – 0.71 0.57 0.28 Fe3+ (PM)

0.49 – – 6.57 0.33 Fe3+ (relax)

IS is the isomer shift relative to α-Fe (± 0.01 mm/s); Hhf is the magnetic hyperfine field at Fe nuclei
(± 5 kOe); QS is the quadrupole splitting (± 0.01 mm/s); W is the line-width (± 0.01 mm/s); A is the iron
occupation factor (± 1.5%)
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Fig. 4 MCD spectrum of the sol at T = 300 K

in the rods. Due to the high sensitivity of the Mössbauer
spectrum, relative areas of the spherical and the rod-shape
particles were obtained (Table 1).

3.4 Magnetic Circular Dichroism

The results of MCD experiments confirm our assump-
tion of the nonstoichiometric magnetite-maghemite com-
pounds. Figure 4 shows the MCD spectrum of the aqua-
arabinogalactan solution of the samples in the magnetic
field H = 13 kOe. It should be noted that the experimental
curve in Fig. 4 could not be explained by either magnetite
particles or maghemite particles. There are distinct spe-
cific features at E1 ≈ 18,000 and E2 ≈ 20,000 cm−1.
These features correspond to transitions of the Fe3+ ion in
the tetrahedral and octahedral positions of the maghemite
γ -Fe2O3 [17]. The wide negative maximum of the short-
wavelength part agrees with the features of the magnetite
MCD spectrum [17].

3.5 Infrared Spectroscopy

Infrared (IR) spectroscopy was used to study the organic
matrix of the obtained sols. IR spectra of the obtained
samples containing arabinogalactan were recorded at room
temperature using Vertex 70 (Bruker) in the range of 370–
7500 cm−1. IR spectra are presented in Fig. 5. The curve
adepicts the spectrum of the magnetic nanoparticles’ sol
based on arabinogalactan.

The most intensive lines correspond to the carboxyl and
the hydroxyl groups with the frequencies of ν = 1635 and
3304 cm−1, respectively. Lines with the small intensities
in the region of 1000–1200 cm−1 refer to the stretching
vibrations of the C–O bonds and to deformation vibrations
of cyclic groups. In contrast with the sol spectrum, the IR

Fig. 5 IR spectra at room temperature: a spectrum of the magnetic
sol based on arabinogalactan polysaccharide, b spectrum of dried
arabinogalactan powder, and c IR spectrum of the dried sol of magnetic
nanoparticles

spectrum of the dry arabinogalactan powder (Fig. 5, curve
b) shows a decrease in the intensity of the absorption band
of stretching vibrations of OH groups and the shift of its
maximum to 3423 cm−1 as the consequence of a decrease
in the number of hydrogen bonds. The spectrum exhibits
the band at 2920 cm−1 assigned to valence vibrations of
the C–H bond. There is also a decrease in the –COOH line
intensity (ν = 1646 cm−1).

The bands of deformation vibrations with the frequencies
of 700–900 and 1370 cm−1 are characteristic of diol
alcohol groups and pyranous bonds that could be denoted
as arabinogalactan IR fingerprints [18]. These vibrations are
clearly observed in the IR spectrum of the sample (Fig. 5,
curve b). The curve c shows the IR spectrum of the dried
sol of magnetic nanoparticles. This spectrum contains the
same specific features as those of dry arabinogalactan. The
peak belonging to the iron oxides is observed in the region
of 560 cm−1.

4 Conclusion

In the present paper, we used the chemical precipitation
method to synthesize the magnetic powders of iron oxides
with the saturation magnetization of ∼ 300 G. More than
a third of the powder mass is represented by rod-shape
particles with the diameter of ∼ 5 nm and the length
of 30 nm. The Mössbauer spectra of these rods at room
temperature are characterized by two sextets corresponding
to Fe3+ cations in tetrahedral and octahedral positions of
the magnetite. However, the sample magnetization value
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is lower than that of the magnetite. The MCD studies of
the prepared samples confirm the Mössbauer spectroscopy
results. However, there are certain issues that have not been
cleared up yet and should be further studied. Due to the
fact that in ultrafine particles, the surface and finite-size
effects are mixed together; therefore, it is very difficult
to separate them experimentally and appropriately quantify
their influences.

Funding Information The reported study was carried out with
the financial support of the Russian Foundation for Fundamental
Research, the Government of the Krasnoyarsk Territory, and the
Krasnoyarsk Territory Fund for Support of Scientific and Technical
Activity in the framework of scientific Projects No. 18-43-243003,
No. 17-42-240080 and No. 17-43-240527. The work is supported by
the Special Program of the Ministry of Education and Science of the
Russian Federation for the Siberian Federal University.

References

1. Doane, T.L., Burda, C.: The unique role of nanoparticles in
nanomedicine: imaging, drug delivery and therapy. Chem. Soc.
Rev. 41, 2885 (2012)

2. Bao, G., Mitragotri, S., Tong, S.: Multifunctional nanoparticles for
drug delivery and molecular imaging. Annu. Rev. Biomed. Eng.
15, 253–282 (2013)
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