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This work reports the synthesis of Mg,Mn;_(Fe,O4 (x=0-1) nanoparticles by both sol-gel and thermal
decomposition methods. In order to determine the effect of synthesis conditions on the crystal structure and
magnetic properties of the ferrites, the synthesis was carried out varying some parameters, including
composition. By both methods it was possible to obtain ferrites having a single crystalline phase with cubic
inverse spinel structure and a behavior near to that of superparamagnetic materials. Saturation magnetization

values were higher for materials synthesized by sol-gel. Furthermore, in both cases particles have a spherical-
like morphology and nanometric sizes (11-15 nm). Therefore, these materials can be used as thermoseeds for
the treatment of cancer by magnetic hyperthermia.

1. Introduction

The rapidly increasing number of people with cancer has led to the
development of newer and better treatments for this disease. Among
these treatments, magnetic hyperthermia has attracted attention due to
the overcome of some of the disadvantages in comparison to the
conventional treatments. In general, magnetic hyperthermia takes
advantage of the capability of magnetic nanoparticles to produce heat
under the action of an external magnetic field. The use of magnetic
nanoparticles in biomedical areas has occurred as a result of the
numerous benefits that provide their large surface area, dimension
similar or even lower than cells and also the possibility that these
particles offer to be coated for their interaction with the biological
medium [1,2]. For this reason, the development of new materials as
well as new synthesis methods is an important field of research
nowadays. Among the different materials for hyperthermia applica-
tions, iron oxides such as magnetite and maghemite, are the more used
[2—4]. Ferrites can be obtained by different methods and they can be
classified into three different crystal systems (spinels, garnets and
hexaferrites) [5]. Cubic spinel ferrites have the general formula
MFe,0,, where oxygen forms an fcc close packing, and Fe* and M?*
occupy either tetrahedral or octahedral interstitial sites [6], M is a
divalent metallic ion such as Fe?*, Ni*, Cu®*, Mg?*, Mn%*, Zn?*, or a
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mixture of them [7]. Some of the methods for synthetizing nanometric
ferrites include coprecipitation, citrate precursor, reverse micelle, sol-
gel, thermal decomposition, etc. [5]. Sol-gel method offers some
advantages that include high purity, good homogeneity and low cost,
and the thermal decomposition method allows obtaining mixed ferrites
from the decomposition of metal acetylacetonates in an organic phase
at relatively low temperatures [8—10]. In addition, by thermal decom-
position methods nanoparticles with smaller sizes are obtained in
comparison to those obtained by sol-gel [6]. However, by sol-gel
method a higher crystallinity of nanoparticles has been observed [8].
Furthermore the chemically stable structures that ferrites have, these
type of materials offer the possibility of being molecularly engineered
to provide a wide range of magnetic properties by adjusting the
chemical composition of M?2* [6,11]. Hence, this work reports the
synthesis of Mg,Mn;_,Fe,O, (x=0—1) nanoparticles by both sol-gel and
thermal decomposition methods. Synthesis was carried out varying the
heat treatment temperature and crystallization time for sol-gel method
and time of reaction for thermal decomposition method. This in order
to additionally determine the effect of heat treatment temperature and
time on the crystal structure and magnetic properties of the nanopar-
ticles.
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2. Materials and methods

For the sol-gel route, stoichiometric amounts of Fe(NO3)3-9H,0,
Mg(NO3),-6H,0 and Mn(NO3),-4H>0O were dissolved into 5 mL of
C,HgO» in a 100 mL beaker. This solution was stirred for 2 h at 40 °C,
and then the obtained sol was heated up to 80 °C and kept at this
temperature until a brown gel was formed. The gel was aged for 2 h at
room temperature and then dried at 95 °C for 72 h. Subsequently, the
dried gel was heat treated at 400, 500 or 600 °C in air for 30, 60, 90 or
120 min. The obtained products were milled and then washed several
times with ethanol, in order to remove the ethylene glycol excess.
Finally, the powders were dried at room temperature. For the thermal
decomposition method, stoichiometric amounts of the acetylacetonates
of Fe, Mg and Mn, phenyl ether and oleic acid were placed in a three-
necked flask of 250 mL. Subsequently, a thermometer was placed in
one of the side necks and a reflux system was adapted. The solution was
heated up to 250 °C and it was maintained at this temperature for 30,
60 or 90 min. Once the reaction time passed, a precipitate was
obtained, which was washed repeatedly with ethanol. Finally, the
precipitate was dried at room temperature and milled. The character-
ization of the products was carried out by X-ray diffraction (XRD),
vibrating sample magnetometry (VSM) and transmission electron
microscopy (TEM).

3. Results and discussion

Fig. 1 shows the XRD patterns (a,b) of Mg,Mn;_,Fe,04 (x=0-1)
nanoparticles synthesized by both sol-gel (heat treatment temperature
of 500 °C and crystallization time of 60 min) and thermal decomposi-
tion (time of reaction 60 min) methods. The reflections correspond to
those of ferrites with a cubic inverse spinel structure, and are similar to
those of MgFe,O, (JCPDS 88-1935). Furthermore, it is possible to
observe, for both methods that as the concentration of Mn increases,
there is a slight shift of the reflections to higher angles, which can be
attributed to the incorporation of a cation with greater radius (Mn),
compared with the ionic radii of Fe and Mg, into the crystalline
structure. The hysteresis loops of the selected ferrites for both methods,
as well as MnFe,04 and MgFe,0,, are shown in Fig. 1(c and d). These
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materials have a soft ferrimagnetic behavior close to superparamag-
netic materials as the typical sigmoidal curve shape occurs.

Table 1 shows the magnetic properties and crystallite size (calcu-
lated using the Scherrer equation) of Mg,Mn;_,Fe,O,4 (x=0-1) synthe-
sized by both sol-gel (heat treatment temperature of 500 °C and
crystallization time of 60 min) and thermal decomposition (time of
reaction 60 min). These results show for the case of sol-gel method,
that the values of saturation magnetization (M) increase gradually as
the concentration of Mn is increased, ranging from 25.58 to
48.73 emu/g. The corresponding values for remanent magnetization
(M,) and coercivity (H.) vary between 0 and 1.75 emu/g, and 0 and
50 Oe, respectively. For the case of thermal decomposition method, an
opposite tendency was observed, the values of Mg decrease gradually as
the concentration of Mn cations is increased, ranging from 10.86 to
35.16 emu/g. The corresponding values of M, and H. in this case have
a variation between 0 and 1.72 emu/g, and 0 and 70 Oe, respectively.

Taking into account that the net magnetic moment is given by the
difference between the magnetic moments of the octahedral sites and
tetrahedral sites (total net UB=MB, octahedral-site~HB, tetrahedral-site) [ 111, it
can be noticed that the cations distribution in the interstitial sites of the
spinel structure has a major influence on the values of M. This
distribution of cations is also influenced by other factors, which include
the ionic radius, oxidation state, atomic diameter, exchange and
superexchange interactions, etc. [12,13]; and some of these factors
also depend on specific parameters of the synthesis method, such as
temperature and reaction atmosphere. In this case, the main factor for
controlling the distribution of cations during the two methods used is
temperature. This due to the fact that temperature is able to change the
oxidation state of cations and thus their redistribution. When Mn
cations (ug=5) occupy octahedral sites, replacing Fe cations (up=5),
there is not a change in the magnetic moment; and when Mg cations
(ug=0) occupy tetrahedral sites, replacing Fe cations (up=5), the
magnetic moment decreases. This change results in an increase of
the net magnetic moment and therefore in the value of M. At the heat
treatment temperatures used in sol-gel method (400, 500 and 600 °C)
the Mn cations are more probably to be present in the oxidation state
Mn>*. In this state the ionic radius is smaller than that of Mn®* and
could favor a higher degree of occupancy of these cations, over Mg
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Fig. 1. XRD patterns and hysteresis loops of Mg,Mn; _ Fe,O4 nanoparticles synthesized by (a,c) sol-gel method and (b,d) thermal decomposition method.
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Table 1
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Magnetic properties and crystallite sizes of Mg,Mn;_cFe,O4 (x=0-1) nanoparticles synthesized by sol-gel (heat treated at 500 °C for 60 min) and thermal decomposition (reaction time

of 60 min) methods.

Mg, Mn;_,Fe>04 (x=0-1) Saturation Ms (emu/g)

Remanence Mr (emu/g)

Coercivity He (Oe) Crystallite size (nm)

Sol-gel  Thermal decomposition  Sol-gel Thermal decomposition  Sol-gel ~Thermal decomposition  Sol-gel ~Thermal decomposition
MnFe»>0,4 49.71 10.69 1.01 0.66 10 50 18 8
Mgo.1Mng_oFe20,4 4873  10.86 0.93 0.11 13 9 17 14
Mgo.2Mng_gFe>04 43.94 15.48 1.75 0.28 40 18 15 9
Mgo.3Mng_ ~Fex204 41.25 17.85 0.78 1.72 10 70 15 10
Mgo.4Mng_gFe20,4 38.65 19.82 0 1.04 0 21 15 8
Mgo.5Mng.5Fe>0,4 34.91 24.94 1.04 0 23 0 14 11
Mgo.cMng_4Fe204 34.39 22.54 0.33 0.52 50 12 19 15
Mgo.~Mngo.3Fe20,4 3041 27.60 157  0.50 25 8 16 14
Mgo.sMng_»Fe>0,4 28.07 28.78 0.29 1.04 15 28 14 9
Mgo.oMng_ 1Fe>04 25.58 35.16 0.36 1.68 6 18 16 15
MgFe>0,4 24.30 45.20 0.56 0 10 0 21 17

cations, in the octahedral sites of the structure, increasing the net
magnetic moment and therefore the M. This occupancy is also favored
by the concentration of the cations; as the concentration of Mn is
increased, it is expected that more sites are occupied by these cations
and therefore the value of My increases. Contrary to this, in thermal
decomposition method, the oxidation of Mn?* to Mn® is not promoted
by the temperature of 250 °C, as in sol-gel method, and in consequence
the occupancy of these cations in the octahedral sites is decreased. The
occupancy of Mn cations in tetrahedral sites results in a decrease of the
net magnetic moment, and therefore in M. This also is influenced by
concentration, and it is expected that as the content of Mn cations
decreases, the degree of occupancy of these cations in tetrahedral sites
also decreases, and in consequence the value of M; is increased.

The M; value is influenced only by the composition of materials;
however, H. is more influenced by the structure, which causes it to
have different values depending on the defects of the material. This can
be seen in the results obtained for both methods, in which there is not a
tendency of the data. A low value of H, indicates that the domain walls
can be easily moved when an applied magnetic field changes in
magnitude or direction; however, when there are non-magnetic

(@) (b)

particles or voids in the materials, the domain walls are restricted in
their movement and the values of H, increase [14].

The use of magnetic nanoparticles for applications such as magnetic
hyperthermia is restricted by the values of Mg, M, and H,. The reason of
this lays on the behavior of the nanoparticles once they are introduced
into the living tissues. A high value of M is required due to the fact that
it is directly related to obtaining a high degree of heating capability of
the particles and therefore to the use of a low concentration of the
particles to achieve a desired temperature. Values close to zero of M,
and H, are required for obtaining nanoparticles with a behavior very
similar to that of superparamagnetic materials. Particles having this
behavior are going to show magnetic properties only in the presence of
an external magnetic field and therefore the risk of physiological
effects, such as an alteration in the homeostasis of the living medium
or the formation of clots that may provoke an embolism, is reduced.
Therefore, the ferrites that presented the best relationship between
these parameters were Mgg sMng 7Fe>O4 and Mgg 4Mng gFe>O4 synthe-
sized by sol-gel method, and Mgy sMng sFe,O4 and Mg, ,Mng 3Fe;04
synthesized by thermal decomposition method.

Fig. 2 shows the XRD patterns (a,b) and hysteresis loops (c,d) of the
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Fig. 2. XRD patterns and hysteresis loops of Mg,Mn;_Fe,0,4 nanoparticles synthesized by sol-gel method (a,c) x=0.3 and (b,d) x=0.4.
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Fig. 3. XRD patterns and hysteresis loops of Mg,Mn;_,Fe,0, synthesized by thermal decomposition method (a,c) x=0.5 and (b,d) x=0.7.

selected ferrites synthesized by sol-gel method. For both ferrites, at the
heat treatment temperature of 600 °C, occurs the formation of a
secondary phase, which was identified as hematite (JCPDS 33-0664).
This phase is undesirable and thus the materials treated at 600 °C were
no longer considered. In accordance to the hysteresis loops (Fig. 2(c
and d)), the most suitable magnetic properties were obtained at 500 °C,
hence this temperature was used to evaluate the effect of crystallization
time.

Fig. 3 shows the XRD patterns (a,b) and hysteresis loops (c,d) of
Mg sMng sFe-0, and Mg, ,Mng 3Fe>04 synthesized by thermal de-

(@) (b)

composition method with times of reaction of 30, 60 or 90 min. For
both ferrites, there is no formation of secondary phases. Accordingly to
the hysteresis loops, the most suitable magnetic properties were
obtained at the reaction time of 60 min, therefore this reaction time
was selected for further investigation.

Fig. 4 shows the XRD patterns (a,b) and hysteresis loops (c,d) of
Mgo.3Mng ,Fe,04 and Mgy 4Mng ¢FeoO4 synthesized by sol-gel method,
heat treated at 500 °C with crystallization times of 30, 60, 90 or
120 min. In both ferrites, there is no formation of secondary phases. In
accordance to the hysteresis loops, the most suitable magnetic proper-
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Fig. 4. XRD patterns and hysteresis loops of Mg,Mn;_Fe,0,4 synthesized by sol-gel method (a,c) x=0.3 and (b,d) x=0.4.
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Fig. 5. TEM images of (a,b) Mg 3Mng ,Fe,04 and (c,d) Mg 4Mng Fe,O4 nanoparticles synthesized by sol-gel method (heat treated at 500 °C for 60 min), and (e,f) Mgo sMng sFe,O4
and (g,h) Mg -Mng 3Fe,O4 nanoparticles synthesized by thermal decomposition method (reaction time of 60 min).

ties were obtained at the crystallization time of 60 min.

Fig. 5 shows TEM images of the selected ferrites, Mgg 3sMng ,Fe,O4
(a,b) and Mgy 4MngyeFeoO4 (c,d) synthesized by sol-gel and
Mg sMng sFe;04 (e,f) and Mgy ,Mng3Fe,04 (g,h) synthesized by
thermal decomposition method. As observed for all ferrites, particles
have a spherical-like morphology and sizes in accordance to those
calculated (Scherrer equation). Additionally, agglomerates can be
observed, this due to the soft ferrimagnetic behavior (near to the
superparamagnetic regime) that the materials show according to the
hysteresis loops. Iftikhar et al. [15], also reported that small particles
with single domains, experience permanent magnetic moments and
therefore each particle is permanently magnetized and tend to agglom-
erate. Furthermore, it is well known that nanosized particles (even no
magnetic ones) tend to agglomerate due to Van der Waals forces and
high surface energy [16].

4. Conclusions

Nanometric Mg-Mn ferrites were successfully synthesized by both
sol-gel and thermal decomposition methods. In all the cases, a single
cubic inverse spinel crystalline structure and a nearly superparamag-
netic behavior were observed. In addition, the ferrites composition and
the synthesis method have an effect on the magnetic properties; this
probably due to the differences in the incorporation of metal ions into
the structure of the spinel. Higher values of saturation magnetization
were obtained for the materials synthesized by sol-gel and thermal
decomposition method. The ferrites Mgy3Mng,Fe,O, and
Mgy 4Mng ¢Fe,O4 synthesized by sol-gel (with a heat treatment tem-
perature of 500 °C and crystallization time of 60 min), and the ferrites
Mg sMng sFe-0, and Mg, ,Mng 3Fe>0, synthesized by thermal de-
composition (with a time of reaction of 60 min), showed a spherical-
like morphology and nanometric sizes (11-15 nm). Therefore, these
nanoparticles can be used as thermoseeds for the treatment of cancer
by magnetic hyperthermia.
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