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STRUCTURAL STUDIES
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Magnetic nanoparticles and those doped with rare-earth metal ions having spinel structure were
synthesized, possessing the average particles size of 11.3-13.4 nm. According to Mdssbauer spectroscopy
data it can be concluded that prepared iron oxide nanoparticles are y-Fe,O;. For materials containing rare-
earth elements the decrease of octahedral component surface was observed in comparison to non-doped
material, what can be explained by Eu®*, Sm®" u Gd** ions occupying the octahedral position.
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INTRODUCTION

Magnetic nanoparticles find their numerous applications in biology and medicine, as a materials for magnetic
resonance therapy, hyperthermia, target drug delivery [1-3], and also for development of biosensors [4] and magnetic data
recording devices [5]. Due to their high biocompatibility and possibility for natural removal from the body [6] iron oxide
nanoparticles play a special role among other magnetic materials for bio-medical applications [7]. In particular, various iron
oxides, magnetite (Fe;0,4) and maghemite (y-Fe,Os), are applied for the treatment of oncological diseases [8]. The physical
and chemical properties of these nanoparticles to a great extend depend on their size and shape distribution, as well as atomic
and electronic structures [9, 10]. It is reported that the highest efficiency in clinical research has been demonstrated by
superparamagnetic nanoparticles with average sizes less than 20 nm and with narrow size distribution [11, 12]. It is also
known that due to higher magnetic susceptibility magnetite is considered to be more preferable iron oxide phase for medical
applications in comparison with maghemite [13]. Therefore, identification of atomic, electronic and magnetic structures of
the iron oxide nanoparticles is an important task needed for the optimization of the methods for nanoparticle synthesis for the
certain bio-medical requirements.

X-ray diffraction is the most widespread method for studies of crystalline materials. Since both magnetite and
maghemite have a cubic spinel-type crystal structure with similar cell parameters [14-16], these iron oxide phases cannot be
distinguished by the standard X-ray diffraction technique because the correlation between their diffraction profiles is higher
than 99% [17]. Additional information on size and shape of the nanoparticles is possible to obtain from x-ray diffraction data
by using pair distribution function approach (PDF) [18].
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In most of the studies, there are some additional methods applied for determination of the iron oxide phase such as
X-ray absorption near-edge fine structure (XANES) [19], Raman spectroscopy [20], infra-red Fourier transformed
spectroscopy [20-22] and X-ray photoelectron spectroscopy [23, 24]. The number of studies demonstrates the advantages of
Maéssbauer spectroscopy in distinguishing magnetite and maghemite [25-28].

The aim of the current work was the synthesis and characterization of the structure of the magnetic nanoparticles.
The iron oxides were chosen to form the magnetic particles. According to the literature data doping of the magnetic
nanoparticles by rare-earth elements (Sm’", Eu’, Gd’") can enhance their magnetic properties and improve their resistivity to
oxidation [29]. Therefore, the obtained magnetic nanoparticles were doped by Sm**, Eu**, Gd*" ions during the synthesis.

EXPERIMENTAL

Synthesis of magnetic nanoparticles. Magnetic nanoparticles were synthesized by modified co-precipitation
technique. For this purpose hydrazine monohydrate solution (5 ml) in water (100 ml) was prepared in a closed vessel. After
stirring during 30 min iron salts FeCl, (0.002 mol), FeCl; (0.004 mol) and then, immediately, ammonia solution were added
(excess). Solution was heated to 90°C and stirred during 1.5 h. Then, precipitate was separated by the magnet, washed with
water and dried in vacuum oven at 60°C. Besides undoped material, also magnetic particles doped with ions of rare-earth
elements were prepared. In this case, synthesis was analogies to the one described previously and with the difference of addition
of 1.1:10™ mol of rare-earth element along with iron chloride salts. The quantity of rare-earth precursors was chosen to have
moles of rare-earth metal ions from the sum of its moles and moles of obtained magnetite (at 100% yield) equal to 5.2%.

Characterization. Powdered samples were investigated by X-ray diffraction in the range of 20 angles from 25° to
95° on a Rigaku Ultima IV diffractometer (CuK,, A =0.15406 nm) using 40 kV and 40 mA. The diffraction pattern was
recorded with a scanning speed of 0.02° and 2 s exposition time.

Chemical composition of the prepared materials was defined by 2D micro X-ray fluorimeter M4 TORNADO
(Bruker).

Microscopic imaging was performed on transmission electron microscope JEM-2100 (JEOL) with accelerating
voltage of 200 kV.

Massbauer spectra of nanopowdered samples were measured by using MS1104Em spectrometer. °’Co in Cr matrix
was used as a source for y-quants. Model description of the spectra was done by UnivemMS programme. Samples were

cooled in refrigerating camera of helium cryostat with CCS-850 closed circulation loop.
RESULTS DISCUSSION

Diffraction patterns of the obtained materials are shown in Fig. 1. Positions of 260 maxima evidencing the formation
of iron oxide with spinel structure.

The average size of crystallites estimated from Debye—Scherrer [30] equation as well as lattice parameters obtained
from Rietveld refinement analysis are given in Table 1.

From the presented data it is clear that doping of the magnetic particles with samarium will not lead to change in
average crystallites size in comparison with undoped material. In the same time introduction of gadolinium does not affect
significantly the average size while introduction of europium increases the particles average size for 2.1 nm. How it comes
from the results of X-ray fluorescence method the doping components are found in iron oxide structure in different quantities
(Wt.%).

Images taken from transmission electron microscopy (TEM) are presented in Fig. 2. Average particle size according
to TEM data is coincide well with average crystallite size calculated from X-ray diffraction data.

Co-precipitation is a most widespread method for the magnetite preparation. It is important to establish an inert

atmosphere during the synthesis to prevent oxidation of Fe*" by oxygen and formation of iron(III) oxide. However, number of
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Fig. 1. X-ray diffraction patterns of the iron oxide (/) and iron

oxides doped with Sm** (2), Gd** (3), Eu** (4).

studies points that introduction of hydrazine in to the system allows to conduct the synthesis without blowing through the

reaction medium argon or nitrogen. In this case hydrazine plays two-fold activity. From one side, it adsorbs oxygen present

TABLE 1. Microstructural Characteristics of the Prepared Magnetic Particles

Sample D,,,nm (XRD) Lattice parameter, A D, nm (TEM) Elements content,
wt.%
Magnetic particles 11.3 8.3685(14) 11.5 -
Magnetic particles doped with Sm*" 11.1 8.3628(16) 11.0 Fe 94.76 Sm 5.24
Magnetic particles doped with Gd** 12.0 8.372(4) 12.1 Fe 9581 Gd4.19
Magnetic particles doped with Eu* 13.4 8.365(2) 13.6 Fe 93.68 Eu 6.32

Fig. 2. Images obtained by transmission electron microscopy for
undoped iron oxide (4) and iron oxides doped with Sm** (B), Gd**
(C), Eu’" (D). The scale bar corresponds to 50 nm.
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Fig. 3. Mssbauer spectrum for undoped iron oxide measured
at room temperature.

in water according to the reaction [31]
1
N,H, -H,0+2H" +502 <> 2[NH,0H]". (1)

Apart from this, the formed cation [NH;OH]" may react with ¢ Fe*" [32]
3Fe”” +[NH,OH]" + 60H” — Fe,0, +[NH,]" +3H,0. (2)
At this point, establishment of strong alkaline medium is an important factor [31, 32].The main reaction remains the same
Fe’" +2Fe’’ + 80H™ — Fe,0, +3H,0. 3)

The next stage was investigation of formed oxides by Mdssbauer spectroscopy. Méssbauer spectra of prepared
samples measured at room temperature appeared as a poorly resolved Zeeman sextet (Fig. 3).

Observed results indicate a relatively low temperature of magnetic phase transformation. It evidences that
temperature of the magnetic phase transition in these samples is rather lower than that in microcrystalline Fe;04 or Fe,O3
materials, the observation is fairly common for the iron oxides nanopowders possessing superferromagnetic properties.
Processing of the spectra with poorly resolved spectra Zeeman sextets is difficult, thus, the series of measurements were
carried out at 13 K where effective fields on the >'Fe cores reached the saturation and Mdssbauer spectra are well resolved.

Fig. 4 shows Mdgssbauer spectra measured at 13 K. Spectrum of each sample presents a superposition of two Zeeman
sextets, which parameters listed in Table 2. The both sextets correspond to Fe** ions wherein the sextet S#1 is corresponded
to the tetrahedral arrangement and S#2 to the octahedral one. The presence of Fe®' ions only allows suggesting that
investigated samples are not the Fe;O, nanopowders. In the same time, the presence of both tetrahedral and octahedral

oxygen polyhedrons allows concluding that investigated samples are y-Fe,Os.

TABLE 2. Parameters of the Mossbauer Spectra for the Iron Oxides Nanopowders

Sample T,K  |Component| § mm/s | A, mm/s | H, kOe S, % G, mm/s v’

Magnetic nanoparticles 13 S#1 0.40 —-0.02 513.18 61.33 0.70 24
S#2 0.50 0.02 528.12 38.67 0.50

Magnetic particles doped 13 S#1 0.41 —0.02 510.49 65.90 0.68 2.4
with Sm’** S#2 0.51 0.01 527.17 34.10 0.48

Magnetic particles doped 13 S#1 0.41 —-0.02 511.03 67.85 0.68 2.9
with Gd** S#2 0.51 0.01 527.70 32.15 0.45

Magnetic particles doped 13 S#1 0.41 -0.02 510.52 66.49 0.67 3.0
with Eu’® S#2 0.51 0.01 527.67 33.51 0.48
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Fig. 4. Mossbauer spectra measured at 13 K for (4) iron oxide and iron oxides doped with Sm*" (B), Gd** (C), Eu** (D).

It should be noted that for the samples containing rare-earth elements there is decrease in area of octahedral

component in comparison with undoped materials. Reduction of the S#2 component area can be explained tendency for Eu’",

Sm®" and Gd** ions to occupy the octahedral positions.

In summary, the magnetic nanoparticles with spinel structure were prepared by modified co-precipitation method.

Particle size estimated by Scherrer equation coincides well that obtained from transmission electron microscopy data.

According to Mdssbauer spectra it has been concluded that prepared iron oxide nanoparticles are y-Fe,O;.
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