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Abstract

:

At present, the widespread use of iron oxide nanoparticles, including for commercial purposes, requires strict preservation of their phase composition during their application. The choice of nanoparticle modifier and modification conditions is decisive due to their high sensitivity to oxygen in the case of using real conditions (O2, pH change, etc.). In this work, we studied the change in the phase composition of magnetite nanoparticles after modification with 3-aminopropyltriethoxysilane (APTES) and oxidation with nitric acid in order to estimate the protective potential of the silica shell. After modification by APTES and oxidation with nitric acid, the nonstoichiometric nature of the magnetite nanoparticles according to XRD data increased, which indicates an increase in transition forms compared to the initial sample (magnetite content decreased to 27% and 24%, respectively). In contrast, Mössbauer spectroscopy data detected a decrease in the nonstoichiometric index due to APTES modification conditions, but strong oxidation after exposure to nitric acid. It also showed that by analyzing the data of the diffraction analysis and Mössbauer spectroscopy for the same sample, one can obtain information not only about the ionic composition of “magnetite”, but also about the distribution of iron ions of different charges over the crystalline and amorphous parts of the preparation.
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1. Introduction


Magnetite Fe3O4 nanoparticles (NPs) are widely studied for their application in various fields of biomedicine, including drug delivery systems [1]; protein purification [2]; as a suitable platform to control the release of nucleic acids in gene therapy [3]; as contrast agents for magnetic resonance imaging [4]; and for catalytic applications, such as the Fenton reaction [5] etc., due to their small size [6], high surface area to volume ratio [7], surface modification capability [8], and high magnetic properties [9].



Many studies emphasize the importance of understanding the transformations of nanomaterials after they enter the real environment, such as aggregation, dissolution, redox reactions, and interactions with macromolecules, which ultimately change their fate, transportation, and potential toxicity [10,11,12,13,14]. Different morphologies and compositions have been observed when iron nanoparticles are oxidized, ranging from iron/iron oxide core-shell structures [15] to iron/iron oxide core-void-shell structures, iron oxide solid spheres, or even iron-based hollow structures [16,17]. For instance, it has been reported that the structure and composition of aged nano zero--valent iron (nZVI) varied considerably depending on the iron type (e.g., FeH2, produced by hydrogen reduction of ferric oxides, and FeBH, prepared using a borohydride reduction method), solution composition, solution pH, dissolved oxygen, temperature, and so on [18,19,20]. Dong et al. 2016, Xie et al., 2017a, and Dong et al., 2017b. [21,22,23] showed that magnetite (Fe3O4) and/or maghemite (γ-Fe2O3) are the dominant corrosion products of bare nZVI after 90 days of aging, while the crystalline lepidocrocite (γ-FeOOH) is the primary end product of aging of nZVI coated with carboxymethyl cellulose. Correspondingly, various kinds of structures (spherical, needle-like, sheet-like, and plate-like) were found during the aging time [21,22,23,24,25]. The differences in morphology and composition could be attributed to the geochemical conditions (solution composition, pH, ORP), the preparation method of the nanoparticles (FeBH and FeH2, produced by the borohydride reduction method and the hydrogen reduction method, respectively), and the aging time [19,25,26,27]. Dong et al., 2018 [28] demonstrated that Fe/Ni NPs transformed from nanoscale spherical particles to larger-sized flaky-like and needle-like oxides with aging time, and that Fe0 rapidly disappeared and magnetite (Fe3O4) and/or maghemite (γ-Fe2O3) were the main aging products.



In the case of Fe3O4, it has multiple vacancies and abundant divalent iron atoms, making it easy to transform it into a high oxidation degree by the mechanism of the iron cations diffusion [29,30,31]. After oxidation of Fe3O4, its magnetic properties are greatly reduced [32,33]. Thus, Schwaminger et al. [32] simulated the process of oxidation of magnetite NPs in hard (0.07 mol/L HNO3) and soft (60 °C, air atmosphere) oxidation conditions and showed that in 24 h, not only the hard conditions, but also the soft conditions, led to a complete phase transformation of magnetite into maghemite (γ-Fe2O3). Tombácz et al., 2007 [34], showed that transformation of magnetite during long-term aging in water to maghemite and the formation of an akageneite shell on the magnetic core, as well as a slight increase in particle size, were proven to cause no change in the superparamagnetic features of nanoparticles after storage over the course of 6 years.



Thus, most studies ignore the change in the phase composition of iron nanoparticles under changing environmental conditions (pH, O2, UV radiation, etc.). In turn, a change in the oxidation state, i.e., in particular, the oxidation of the surface of Fe3O4 nanoparticles to Fe2O3, will lead to a change in biological responses [35]. Since the surface characteristics stand out as one of the most important, if not the main, determining factor of biological activity, the surface of nanoparticles appears to be the most noticeable and early impact point to consider [36].



Therefore, an additional protective shell on the surface is required to prevent oxidation, aggregation, and sedimentation of magnetic nanoparticles [37,38]. It demonstrates a possibility to design efficient chemical procedures to attach polymer chains (such as polyethylene glycol or PEG) to improve the biocompatibility of the magnetite nanoparticles [39]. The increase of biocompatibility of these magnetic nanoparticles can significantly contribute to preventing the non-desirable toxic side effect by the patients in drug delivery therapies [40]. Successful modification of Fe3O4 nanoparticles with various silicas as a protective shell have been reported in many works [41,42,43]. For example, the use of tetraethoxysilane (TEOS), as a silica derivative, leads to the formation of strong covalent bonds between Fe3O4 NPs, stability under acidic conditions, and inertness to redox reactions [44,45,46]. (3-Aminopropyl) triethoxysilane (APTES) is an important amino silane coupling agent and is widely used to promote interfacial behavior of various inorganic oxides, including Fe3O4 [47,48]. Various applications of magnetite-alkoxysilane nanoparticles are known, such as detoxifying agents in environmental control [49,50], drug delivery systems [51,52,53], agents for hyperthermia and electrochemical sensing of biologically active compounds [54], agents for MR imaging application [55], etc. However, no works have been found confirming the stability of magnetite nanoparticles modified with silanes under the oxidative effect of the environment. Thus, the question of the phase stability of magnetite nanoparticles coated with a protective shell when exposed to various environmental factors, such as oxygen, biota, etc., remains open. Previously, there were no reports on the estimation of stability of crystalline structures of iron oxides with a protective shell in any oxidation simulating experiments.



The present study aims to investigate the effect of modifying magnetite nanoparticles with 3-aminopropyltriethoxysilane in their phase state during oxidation (by exposure to nitric acid). The crystal structure and composition of magnetite nanoparticles (MNPs) have been examined by X-ray diffraction as well Mössbauer spectroscopy.




2. Materials and Methods


2.1. Materials


Reagents included FeCl3·6H2O (Brom, Russia), FeCl2·4H2O (Altayskiy Khimprom, Russia), ammonium hydroxide (Altayskiy Khimprom, Russia), 3-aminopropyltriethoxysilane (APTES, 98%, Sigma-Aldrich, USA), ethanol, and nitric acid (0.07 M HNO3, Azot, Russia). All reagents for experiments were chemically graded and used without further purification. All solutions and dilutions were prepared in deionized water.




2.2. Synthesis of Fe3O4


The bare Fe3O4 MNPs was prepared by the coprecipitation method, which has been described previously [56]. In brief, 7.6 g of FeCl3·6H2O and 2.8 g of FeCl2·4H2O were dissolved in 70 mL H2O. Then, 40 mL of 25% of NH4OH was added at 50 °C under an argon flow with vigorous stirring at 1200 rpm using a rotating agitator. The Fe3O4 synthesized nanoparticles were washed with ultrapure water five times to remove the synthesis residues, then dried at 70 °C under a vacuum.




2.3. Synthesis of Fe3O4-APTES MNPs


The synthesis of the of silica-coated magnetite nanoparticles was carried out by the well-known Stöber method [57]. The previously synthesized magnetite nanoparticles were used as cores to be coated with SiO2. 3-aminopropyltriethoxysilane (APTES) was used as the NH2-silica precursor. According to [58], 3.2 g of Fe3O4 MNPs was dispersed in 150 mL of ethanol/water (volume ratio, 1:1) solution. Then, 13.6 g of APTES was added to the solution under an argon atmosphere at 40 °C for 2 h. The molar ratio of APTES to Fe3O4 was used at 4:1. The room temperature cooled solution of the formulated Fe3O4-APTES MNPs was separated with a Nd-magnet (0.3 T). To avoid the occurrence of nonspecifically bound silane to the particle surfaces, all subsequent silanization reactions were performed in 1:1 mixtures of ethanol:water and extensively washed with water before analysis or further use. Finally, the Fe3O4-APTES were vacuum-dried at 70 °C for 2 h.




2.4. Oxidation of MNPs


To assess the stability of the crystal structure and composition of silica-coated nanoparticles to oxidative action, the oxidation treatment was simulated and adopted from Schwaminger [32], but for bare NPs. Nitric acid was utilized as strong oxidizing agent according to [32]. One-hundred-milliliters of the Fe3O4 (1.2 g)-nitric acid (490 mmol) suspension was stirred at 150 rpm and stored at 40 °C for 24 h in the light. Then, the precipitate was washed tree times with deionized water and dried at 70°C during 2 h in the thermostat.



In total, three samples were investigated: bare magnetite Fe3O4, Fe3O4-APTES, and Fe3O4-APTES ox (after oxidation), referred to further as M, MA, and MAox, respectively.




2.5. Characteristics of the NPs Microstructure


The phase composition and primary particle size of the samples were determined by X-ray diffraction analysis (XRD) in the Bragg–Brentano geometry using a Philips X-pert diffractometer (Philips Analytical, Eindhoven, The Netherlands, CrKα1 radiation, λ = 2.28976 Å). The experimental data were smoothed with the well-known algorithm by A. Savitzky and M.J.E. Golay (described in [59], corrected by Steinier, Termonia, and Deltour in [60]). The measurements were performed at room temperature in the angular range of 10° < 2Θ < 110° with 0.025° resolution and exposure for 1 s.



Quantitative analyses were performed by refinement of the total multiphase spectrum method (the Rietveld method) with a fundamental parameters approach [61] using the Match! software. The full width at half maximum (FWHM) was used for particle size determination with the Scherrer equation [62] using Match! software.



Mössbauer spectra were obtained on a MS1104EM spectrometer (ZAO Kordon, Rostov-on-Don, Russia) with 57Co/Rh (RITVERC JSC St. Petersburg, Russia) activity of 1–5 mCi as a source of γ-radiation. The spectra were recorded for each sample both at room temperature and at the boiling point of liquid nitrogen in an evacuated cryostat. The temperature control accuracy of the samples was ±2 and ±0.5 deg, respectively. The spectra were obtained in high resolution (1024 points) with a noise:signal ratio of less than 1%. Experimental data were processed using software and Spectr Relax 2.8 (MSU, Moscow, Russia). The values of chemical shifts in the manuscript are given relative to α-Fe.





3. Results and Discussion


The diffraction patterns of samples M, MA, and MAox contain eight intense and broadened diffraction reflections, which were slightly different in position and width (Figure 1) with Miller indices (111, ~27°), (220, ~45°), (311, ~54 °), (222, ~56°), (400, ~66°), (422, ~84°), (511, ~90°), and (440, ~101°) [JCPDS-ICDD 19-629]. Experimental data are described using a curve calculated by the Rietveld method. The various curves show the difference between the calculated and experimental data.



Quantitative analysis by the Rietveld method shows that all diffraction patterns can be interpreted as describing a single phase with a face-centered cubic (Fd3m) lattice. The lattice parameters calculated from the diffraction data for the studied samples are presented in Table 1. In addition, Table 1 shows the values of the parameter χ2 used as the Rietveld error index, which can be determined from the ratio of the predicted and weighted R-factors of the profile χ2 = (RWP/Rexp)2 [63]. According to [63], a value of χ2 close to 1 is considered satisfactory (Figure 1).



According to Gorski [65] and Frison [66], the data in Table 1 shows the composition and the content of stoichiometric Fe3O4, which varies from 51.3 to 24.2% for the bare magnetite and its modification with APTES and nitric acid. The lattice parameters of the bare and modified NPs are smaller than those of magnetite [JCPDS-ICDD 19-629], but larger than those of maghemite [JCPDS-ICDD 39-1346]. This phenomenon is explained by the partial oxidation of iron(II) ions during drying and storage in the case of the initial magnetite [67]. The size of the region of coherent scattering of nanoparticles DXRD was obtained from powder X-ray diffraction data using the Scherrer method (Table 1).



APTES modification of magnetite nanoparticles leads to an increase in the degree of oxidation of NPs: thus, the stoichiometry of the initial magnetite Fe2.84O4 changes to Fe2.76O4, which correlates with our previous paper where we first calculated the magnetite content in a magnetite-maghemite mixture for functionalized particles [68]. At the same time, the effect of nitric acid on the MA sample did not lead to oxidation, which indicates the efficiency of APTES modification; this was not observed for bare magnetite nanoparticles in Schwaminger’s experiments with nitric acid [32] and confirms the strength of the Fe-O-Si covalent bond between the surface groups of magnetite and the silanol groups of APTES [48,69].



The XRD method does not allow one to accurately distinguish between magnetite and maghemite due to the superposition of peaks in the diffraction patterns [70]. Mössbauer spectroscopy is a powerful tool for identifying both the electronic state of iron atoms and the composition and geometry of their immediate environment in various compounds. Therefore, one can expect the registration of differences in physicochemical properties for relatively similar nanoparticles of maghemite and magnetite [32,71].



Mössbauer spectra at room temperature in all samples demonstrate the form of distorted asymmetrically broadened sextets (Figure 2). The sextets are not symmetrical, both in intensity and in width.



For example, in sample M 1–3, the resonance lines have a noticeably larger width and lower intensity than lines 4–6 (Figure 2). The line intensities are the same within groups 1–2 and 5–6. The spectrum of the MA sample has similar features, differing in a slightly smaller width of all lines and the presence of weak “shoulders” on the inner sides of lines 1 and 2, indicating a greater inhomogeneity of the local environments of iron atoms in the sample. On the contrary, the MAox sample, in contrast to the M sample, differs in a slightly wider resonance line width; the differences in intensity in pairs 1, 6 and 2, 5 are practically leveled out, and in the line widths they are not observed at all. At the same time, the intensity of lines 2 and 5 increased significantly to the extent that it noticeably exceeded the intensity of lines 1 and 6.



Lowering the temperature to 78 K leads to a significant increase in intensity expected for nanoobjects, a decrease in the width of resonance lines, and an increase in their symmetry (Figure 2). The intensity ratio of the lines also changes; for samples M and MA, the first resonance line is noticeably more intense and narrower than the sixth one; the second line is slightly more intense; and the fifth, third, and fourth lines are close in intensity. Similar changes are also observed for the MAox sample, with the only difference being that the relaxation distortion of its sextets is much smaller than that of the predecessors.



All spectra, similar to [72], can be satisfactorily described within a single model of five (295 K) or four (78 K) nested symmetrical sextets and one symmetrical doublet (Table 2). In general, the models for different samples are similar to each other, and differ mainly in the ratio of the contributions of each of the subspectra for an individual sample. Thus, in high-temperature spectra, the first, second, and third sextets have the largest areas.



In low-temperature spectra, subspectra 1 and 2 have the largest areas, while the areas of subspectra 3 and 4, that are close to each other with samples M and MA, do not differ in the high-temperature spectrum much from the area of subspectrum 2. These features, which characterize the distribution of iron atoms in crystallographic positions with different degrees of ordering of the local environment, distinguish these samples from “magnetite” from [72], for which, in addition to the outer sextet (similar to subspectrum 1), one of the “inner” sextets (similar to subspectrum 4) had the largest area, and the areas in the low-temperature spectrum decreased monotonically from outer to internal.



The hyperfine parameters of the subspectra of samples M and MA are close at both temperatures. At the same time, based on data at room temperature, all sextets can be divided into three groups. The first combines subspectra 1 and 4 (Table 2) with isomeric shifts corresponding to iron (+3) atoms in an octahedral oxygen environment [73]. The second group contains subspectrum 5 with an isomeric shift corresponding to iron (+3) atoms in a tetrahedral oxygen environment [73].



Finally, subspectra 2 and 3, which have too high isomeric shifts for iron atoms (+3) (in an octahedral environment), but too small for iron atoms (+2.5) in octahedral voids of magnetite [74], refer to iron atoms in the octahedral voids of the oxidized form of nanomagnetite—Fe3−δO4, in which the proportion of iron (+3) significantly exceeds the proportion of iron (+2). At low temperatures, the sextets rearrange (due to the Verwey transition) but can also be separated into iron (+3) and partially reduced atoms (Table 2, 78 K, subspectra 1–3 and 4, respectively).



The values of magnetic splittings determined at room temperature are expected to be less for bulk samples of magnetite and maghemite [75], which is typical for nanosized materials [76]. As the temperature drops to 78 K, the outer sextet reaches a value characteristic of one of the bulk magnetite sextets [74].



The isomeric shifts of all MAox subspectra obtained at room temperature indicate that all iron atoms were oxidized to the oxidation state (+3) (octahedral positions). Even at 78 K, the isomer shift of sextet 4 decreased significantly (Table 2). Otherwise, the Mössbauer parameters did not undergo significant changes, except for a noticeable increase in the widths of almost all subspectra, which may be associated with a decrease in particle size after the acid treatment.



The probability functions of the distribution of magnetic fields obtained for low-temperature Mössbauer spectra for all samples have the form of asymmetric unimodal peaks strongly shifted in the region of high fields (Figure 3). Their parameters do not differ from each other practically, except for the fact that the MA distribution maximum is located at a slightly smaller field value (Table 3).



The probability functions of the distribution of hyperfine parameters for high-temperature spectra differ for different samples. Thus, for sample M, the field distribution form appears as a predominantly asymmetric two-modal peak with maxima localized in the region of high fields and an extended “wing” stretches into low fields (Figure 3). In MA (with the same predominant asymmetric two-modal peak), this wing is a little more resolved—three local maxima are clearly manifested on it.



Prior to the beginning of this “wing” in the region of 255 and 300 kOe, two weak “satellites” are observed for both samples. In MAox, in contrast to its predecessors, there is practically no “fine structure” on the probability dependence of the distribution of magnetic fields—the distribution has the form of a noticeably wider unimodal peak, with a mean value shifted to lower fields (Table 3). This indicates a much wider size distribution of MAox particles (with a variety of local environments).



The reason for distortions of the relaxation nature of the Mössbauer spectra of the samples is the small size of the iron-containing domains, which makes it possible to consider the description of the spectra in terms of the model of multilevel superparamagnetic relaxation [77] (Table 3, Figure 4). In this case, the samples can be satisfactorily described within the framework of a single model of two and three relaxation sextets for high-temperature and low-temperature spectra, respectively.



The spectra obtained at different temperatures were interconnected by the parameter α equal to the ratio of the particle anisotropy energy to the thermal energy:


  α =   K V    k B  T    



(1)




where K is the magnetic anisotropy constant, V is the domain volume, kB is the Boltzmann constant, and T is the temperature. It was assumed that K does not depend on the temperature, i.e., the product α. T was taken as a constant value for each sample. Based on this parameter, using a simplified model of spherical particles, and an average value of the magnetic anisotropy constant given in the literature for maghemite and magnetite (104 J/m3 [78,79]), the sizes of magnetic domains were estimated (Table 3).



In the spectra obtained at both temperatures, iron atoms located in different crystallographic positions are quite distinguishable within the framework of the relaxation model: at room temperature, two sublattices occur, iron (+3) and mixed-valent iron (for samples M and MA). Below the Verwey temperature, due to the ordering of atoms in the magnetic sublattices of iron, it becomes necessary to use three relaxation subspectra to describe low-temperature spectra.



At the same time, the corresponding parameters of the M and MA samples differ little from each other, while the data of the MAox sample is most distinguished by the absence of subspectra with high isomeric shifts (i.e., corresponding to iron atoms in low oxidation states).



Using the data in Table 2 and Table 3, it is possible to estimate the nonstoichiometric parameter δ for the studied samples. To do this, it is necessary to determine the ratio of the content of Fe2+ and Fe3+ ions (Xms) in Fe3−δO4 [64]. It stems from the formula for nonstoichiometric magnetite (Fe3+)A(Fe2+1−3δFe3+1+2δ#δ)BO4 that if Fe3+ ions are located both in tetrahedral and octahedral positions of the spinel structure (sites A and B, respectively), then Fe2+ occupies only octahedral positions (B).



The content of iron atoms in certain crystallographic positions can be determined from the experimental Mössbauer spectra, as mentioned above. In the first approximation, it is proportional to the areas of the corresponding subspectra. However, for Fe2+ and Fe3+ ions in the octahedral sites of magnetite at temperatures above the Verwey transition, a single resonance signal in the form of a sextet is observed due to the fast electron exchange between them.



It was shown above that the isomeric shift of this sextet can change significantly, which is obviously caused by different ratios of iron ions of different charges in a given crystallographic position. Assuming in the first approximation that the magnitude of this isomeric shift is linear combination of isomeric shifts characterized by Fe2+ and Fe3+ ions in an octahedral oxygen environment [80], the desired ratio Xms can be determined as:


   X  m s   = n  (  F  e  2 +    )  / n  (  F  e  3 +    )  =  ∑   Q i  ×  S i  /  {   ∑   (  1 −  Q i   )  ×  S i  +  ∑   S j   }   



(2)




where Si—the relative area of the i-th subspectra related to atoms “Fe+2.5” in B-site, Sj—the relative area of the remaining subspectra (Fe+3), and Qi is determined by the formula:


   Q i  =  (   δ i  − δ + 3  )  /  (  δ + 2 − δ + 3  )   



(3)




where δi is the isomeric shift of the i-th subspectrum related to “Fe+2.5” atoms in the B-site, δ+3 is the average value of the isomeric shifts of all subspectra of Fe3+ atoms in octahedral positions for a given sample at a given temperature, and δ+2 is the average of the value for isomeric shifts of Fe2+ atoms in octahedral positions for each of the temperatures, determined by analyzing more than 50 different literature sources [72] (δ+2 ≈ 1.16 mm/s for 295 K and 1.33 mm/s for 78 K).



On the basis of the results, a the description of the experimental Mössbauer spectra was obtained, both in the framework of the “classical model” (CM) (a set of symmetrical sextets, Figure 2, Table 2), and in the framework of the relaxation model (MSSPR) (Figure 4, Table 3). According to the method described above, the quantities Xms (Equation (2)) were determined, as well as those calculated from them according to the formula [64,71]:


  δ =  (  1 − 2 ×  X  m s    )  /  (  3 + 2 ×  X  m s    )   



(4)




the value of the nonstoichiometric parameter, δ, is presented in Table. 4.



According to the given data in Table 4, the calculation results align with each other both within each individual model (at different temperatures) and between the two models in general.



When comparing the obtained results with the diffraction data (Table 1), it is necessary, to mark a noticeable increase in the degree of oxidation, determined in the Mössbauer experiment. The reason for this may be the limitations of XRD methods in relation to the X-ray amorphous phases present in the materials, which are completely detected by Mössbauer spectroscopy. The products of magnetite oxidation should have a low degree of crystallinity, and some of them do not make a significant contribution to the diffraction pattern against the background of reflections from the crystalline part of the material [81].



This is the reason for the underestimation of the degree of oxidation of the material according to XRD data. It follows that the proportion of the X-ray amorphous (and oxidized) part of “magnetite” in the original preparation, M, is significantly higher than in the one that undergoes additional processing and separation, which is MA. Indeed, according to XRD data, the nonstoichiometric parameter, δ, for the original preparation M is less than that for MA, while according to Mössbauer spectroscopy, the ratio is reversed. In the sample, M synthesized from the solution, the fraction of the X-ray amorphous phase can be high, and in the MA obtained from it, after a series of manipulations (drying, dispersion, co-precipitation, magnetic separation, etc.), is significantly decreased, which led to the observed differences.




4. Conclusions and Future Perspectives


Analysis of the stoichiometry composition of magnetite nanoparticles after modification by silica and nitric acid (oxidation condition) indicates the appearance of transition forms in comparison to the native sample (magnetite content decreased to 27 wt% and 24 wt%, respectively, according to XRD data). Mossbauer spectroscopy detected a decrease in the nonstoichiometry index in the case of APTES modification, but a strong increase in the index in the case of HNO3 treatment. Therefore, XRD data, compared with Mössbauer spectroscopy, indicates an underestimation of the degree of oxidation of the material due to the low sensitivity to the X-ray amorphous phase. It is also shown that by analyzing the data of diffraction analysis and Mössbauer spectroscopy for the same sample, one can obtain information not only about the ionic composition of “magnetite”, but also about the distribution of iron ions of different charges over the crystalline and amorphous parts of the preparation. In the future, it would be interesting to study the transformations of magnetic nanoparticles in time and with different morphologies, including rod-shape [82], nanoprisms [83], or square- plate [84], to allow these nanoparticles to be tuned on request.
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Figure 1. Experimental diffraction patterns of samples M, MA, MAox, and the results of their refinement by the Rietveld method. 
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Figure 2. Description of the Mössbauer spectra within the framework of the “classical model” of samples: 1, 3, 5—M, MA, MAox measured at 295 K, and 2, 4, 6—M, MA, MAox measured at 78 K. 
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Figure 3. Probability functions of the distribution of magnetic fields at different sample temperatures: 1—M, 2—MA, 3—Maox. 
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Figure 4. Description of the Mössbauer spectra within the model of multilevel superparamagnetic relaxation of the samples: 1, 3, 5—M, MA, MAox measured at 295 K, and 2, 4, 6—M, MA, MAox measured at 78 K. 
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Table 1. Rietveld quantitative analysis and magnetite content (%).
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	Sample
	M
	MA
	MAox





	a1, Å
	8.3643 ± 0.0003
	8.3531 ± 0.0003
	8.3511 ± 0.0004



	χ2
	1
	0.8
	0.8



	X
	0.22
	0.12
	0.1



	δ
	0.16
	0.23
	0.25



	   x  F  e 3   O 4     , %
	51.3
	27.3
	24.2



	Fe3−δO4

compound
	Fe2.84O4
	Fe2.76O4
	Fe2.75O4



	DXRD, nm
	21.7 ± 0.1
	20.9 ± 0.2
	23.3 ± 1.9







1 a—lattice parameter, Å; χ2—weighted ratio of profile R-factors; X—ratio Fe2+/Fe3+ or degree of stoichiometry; δ—“δ in Fe3−δO4”—parameter of non-stoichiometric nano-magnetite [64];    x  F  e 3   O 4     —magnetite content (%), calculated according to [65]; compound Fe3−δO4—composition of partially oxidized magnetite; DXRD—the average size of the coherent scattering region calculated using the Scherrer equation.
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Table 2. Results of a model description of the Mössbauer spectra of samples of Fe3−δO4.
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Temperature, K

	
295

	
78




	
Sample

	
Subspectra

	
δ 1

	
Δ

	
Gexp

	
Hhf

	
S

	
δ

	
Δ

	
Gexp

	
Hhf

	
S




	
mm/s

	
кOe

	
%

	
mm/s

	
кOe

	
%






	
M

	
1

	
0.33

	
0.00

	
0.65

	
476.7

	
30

	
0.49

	
−0.02

	
0.56

	
522.3

	
33




	
2

	
0.42

	
−0.08

	
0.77

	
445.3

	
23

	
0.40

	
0.01

	
0.50

	
504.3

	
24




	
3

	
0.41

	
−0.05

	
1.19

	
405

	
30

	
0.47

	
−0.01

	
0.74

	
481.0

	
21




	
4

	
0.36

	
0.00

	
0.94

	
342

	
9

	
0.67

	
−0.02

	
1.62

	
440

	
19




	
5

	
0.23

	
−0.28

	
0.92

	
253

	
6

	

	

	

	

	




	
6

	
0.32

	
2.28

	
0.40

	

	
2

	
0.44

	
2.67

	
0.38

	

	
2




	
MA

	
1

	
0.32

	
0.00

	
0.64

	
475.1

	
30

	
0.50

	
−0.03

	
0.54

	
521.6

	
30




	
2

	
0.46

	
−0.10

	
0.79

	
442.6

	
26

	
0.39

	
0.02

	
0.46

	
504.4

	
24




	
3

	
0.43

	
−0.04

	
1.22

	
400

	
28

	
0.48

	
−0.03

	
0.73

	
483.7

	
23




	
4

	
0.35

	
0.02

	
0.84

	
337.0

	
7

	
0.68

	
−0.03

	
1.47

	
443

	
22




	
5

	
0.25

	
−0.26

	
0.92

	
251

	
7

	

	

	

	

	




	
6

	
0.34

	
2.35

	
0.42

	

	
2

	
0.42

	
2.64

	
0.28

	

	
1




	
MAox

	
1

	
0.33

	
0.00

	
0.66

	
479.2

	
23

	
0.47

	
0.00

	
0.56

	
521.3

	
35




	
2

	
0.34

	
−0.03

	
0.73

	
450.0

	
18

	
0.41

	
−0.01

	
0.53

	
503.4

	
28




	
3

	
0.36

	
−0.04

	
1.36

	
410

	
37

	
0.43

	
0.00

	
0.65

	
476.5

	
18




	
4

	
0.35

	
0.01

	
0.98

	
338.7

	
10

	
0.52

	
−0.05

	
1.51

	
435

	
17




	
5

	
0.31

	
−0.09

	
1.00

	
248.3

	
8

	

	

	

	

	




	
6

	
0.33

	
2.23

	
0.40

	

	
3

	
0.45

	
2.72

	
0.35

	

	
3








1 δ—isomeric shift, Δ—quadrupole splitting, Γexp—line width, Hhf—ultrafine magnetic field and S—relative subspectrum area.
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Table 3. Results of the description of the Mössbauer spectra of the samples Fe3−δO4 using the distribution function of magnetic fields (P(H)) and within the framework of the multilevel superparamagnetic relaxation (MSSPR) model.
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Spectra Description Method

	
P(H)

	
MSSPR




	
Sample

	
Temperature

	
Hdmax 1

	
Hdw ± √D

	
δ

	
Δ

	
Gexp

	
Hhf

	
α

	
S

	
d




	
K

	
кOe

	
mm/s

	
кOe

	
%

	
nm






	
M

	
295

	
476.3

	
415 ± 78

	
0.31

	
0.02

	
0.46

	
482.8

	
4.78

	
88

	
15.49




	
0.75

	
0.16

	
0.33

	
465.6

	
12




	
78

	
512.6

	
482 ± 71

	
0.49

	
0.02

	
0.40

	
526.9

	
18.1

	
39




	
0.41

	
0.00

	
0.44

	
508.0

	
43




	
0.63

	
0.00

	
1.00

	
461.2

	
18




	
MA

	
295

	
477.3

	
414 ± 79

	
0.31

	
0.03

	
0.44

	
482.2

	
4.91

	
83

	
15.63




	
0.74

	
0.09

	
0.34

	
461.6

	
17




	
78

	
508.4

	
481 ± 69

	
0.49

	
0.01

	
0.39

	
525.8

	
18.6

	
35




	
0.41

	
0.00

	
0.43

	
507.9

	
44




	
0.68

	
0.01

	
1.04

	
462.4

	
21




	
MAox

	
295

	
476.6

	
409 ± 82

	
0.33

	
0.00

	
0.47

	
485.4

	
4.57

	
82

	
15.27




	
0.39

	
0.06

	
0.85

	
439.9

	
18




	
78

	
511.7

	
483 ± 67

	
0.47

	
0.00

	
0.40

	
525.8

	
17.3

	
45




	
0.41

	
0.01

	
0.45

	
507.4

	
41




	
0.47

	
0.01

	
0.84

	
461.1

	
14








1 Hdmax, Hdw—the position of the maximum and weighted average for the distribution function of magnetic fields, D—dispersion Hdw, α—ratio of particle anisotropy energy to thermal energy, d—magnetic domain diameter.
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Table 4. Nonstoichiometry parameters of samples according to Mössbauer spectroscopy data.
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Model

	
CM

	
MSSPR




	
Temperature, K

	
295

	
75

	
295

	
295




	
Sample

	
Xms

	
δ

	
Fe3−δO4

	
Xms

	
δ

	
Fe3−δO4

	
Xms

	
δ

	
Fe3−δO4

	
Xms

	
δ

	
Fe3−δO4






	
M

	
0.048

	
0.292

	
Fe2.708O4

	
0.051

	
0.289

	
Fe2.711O4

	
0.067

	
0.277

	
Fe2.723O4

	
0.038

	
0.300

	
Fe2.700O4




	
MA

	
0.078

	
0.268

	
Fe2.732O4

	
0.062

	
0.281

	
Fe2.719O4

	
0.095

	
0.254

	
Fe2.746O4

	
0.058

	
0.284

	
Fe2.716O4




	
MAox

	
0.009

	
0.325

	
Fe2.675O4

	
0.015

	
0.320

	
Fe2.680O4

	
0.013

	
0.322

	
Fe2.678O4

	
0.004

	
0.329

	
Fe2.671O4
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