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Nanomaterials and especially iron oxide nanoparticles become more common for several fields such as data storage or biomedical applications. For these biomedical applications, iron oxide nanoparticles with a superparamagnetic state are the most used as cancer treatment, contrast agent for MRI… To obtain a superparamagnetic state, the iron oxide must be less than 20 nm in size. It exists several types of iron oxide with a superparamagnetic behaviour: magnetite (Fe 3 O 4 ) and maghemite (γ-Fe 2 O 3 ). For the biomedical fields, the magnetic behaviour must be maximal, therefore the iron oxide synthesised in a preferential way is magnetite. A microwave process is carried out because this synthesis allows to obtain monodisperse nanoparticles with a narrow size distribution and a good crystallinity. However, the quantity of magnetite in our samples is not known exactly. The goal of this study is to determine the amount of magnetite in our samples. The most accurate technique to determine the proportion of magnetite is Mössbauer spectroscopy. A study of our samples with this technique is carried out and is compared to another technique which is Raman spectroscopy. In this work, iron oxide nanoparticles synthesised with a microwave process are characterized by Transmission Electronic Microscopy, X-Ray Diffraction, magnetic measurements, Mössbauer spectroscopy and Raman spectroscopy.

Introduction

Since few years, nanoparticles are more and more used in the daily life, especially iron oxide nanoparticles in a lot of fields such as depollution [1], energy storage [2], audio loudspeakers [3], printers, dampers [4], biomedical applications [5][6][7][8][9][10]. For these applications, iron oxide nanoparticles must have a particular magnetic state: the superparamagnetic state. A particle in a superparamagnetic state has no magnetization at room temperature without an applied magnetic field. To obtain a superparamagnetic state with iron oxide nanoparticles, the size must be lower than 20 nm for a spherical nanoparticle without dipolar interactions [11]. This diameter is often called critical diameter D C and is depend of the temperature, the volume of the particle and the experimental measuring time [12,13]. Thanks to the superparamagnetic state, Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are used in medical fields for therapy [7,9] (for example hyperthermia), for diagnostic [5,10] (for example contrast agent for Magnetic Resonance Imaging like Endorem®, Lumirem® but they are no longer on the market) or both [6,8]. To synthesise SPIONs, it exists several methods with their advantages and disadvantages. The commonly used are thermal decomposition and coprecipitation [14][15][16][17][18][19]. With the thermal decomposition, SPIONs obtained are monodisperses, with a narrow size distribution and a good crystallinity [14,15]. However, SPIONs are stable in an organic solvent: another step is mandatory to redisperse SPIONs in an aqueous solution for biomedical applications [20][21][22]. The other commonly used synthesise is coprecipitation. This synthesis allows to obtain SPIONs directly stable in an aqueous solution. In addition, the conditions to obtain SPIONs are easy: a mix between two iron salts (iron III and iron II) is realised in presence of a basis [17,18]. To increase the dispersion of SPIONs in an aqueous solution and their stability, a ligand is added to solution. This ligand often used are polymer as PVA Poly Vinyl Alcohol) [23], PEG (Poly Ethylene Glycol) [24], … or small molecules as citric acid [19]. For this study, citric acid has been chosen because, thanks to the carboxylate groups, the ligand had a preferential attached to the iron oxide core. With this organic layer, the surface oxidation of the inorganic core is limited [25,26]. Indeed, the synthesis of these nanoparticles allows to obtain magnetite Fe 3 O 4 . This iron oxide has the high magnetization saturation and allows to have the best magnetic conditions for the used in MRI. If magnetite is oxidised, i.e., Fe 2+ ions present on the magnetite structure becomes Fe 3+ , magnetite converts to maghemite γ-Fe 2 O 3 . Maghemite has the same cubic crystallize structure than magnetite but has some vacancies which decrease the lattice parameter (from 0.8395 nm for the magnetite to 0.8354 nm for the maghemite) [27]. But, the magnetisation saturation of maghemite is smaller than that of magnetite [28]. For magnetite nanoparticles in an aqueous solution, even if there is an organic layer to protect the inorganic core, some oxidation is occurred: iron oxide is sub stoichiometric magnetite Fe 3-δ O 4 with δ the deviation from stoichiometry. The range of δ is from 0 to 0.66, i.e. from a structure of magnetite (Fe 3 O 4 ) without oxidation to a structure of maghemite (γ-Fe 2 O 3 ) with a total oxidation of Fe 2+ to Fe 3+ . However, it is difficult to determine exactly this value of δ with due to the size of the particles, the structure (core@shell structure or a mixture of magnetite and maghemite) with classical techniques [29]. In our case, thanks to the organic layer, the composition of the synthesise SPIONs corresponds to a mixture of magnetite and maghemite.

To determine δ, some techniques like XPS, XMCD, Mössbauer spectroscopy are often used: with these techniques, the determination of δ can be obtained but after a long time [30][31][32]. To avoid this inconvenience, the used of another technique such as Raman spectroscopy can be proposed [33,34]. Indeed, a Raman analysis is carried out in few minutes, and it is possible to distinct magnetite to maghemite [35]. But the determination of the the value of δ is very difficult. In addition, a possible oxidation of Fe 2+ can be induced by the exposure time and the power of the laser [36]. Thus, the goal of this study is to determine the percentage of magnetite in our SPIONs with a comparison between Mössbauer spectroscopy and Raman spectroscopy. For that, SPIONs are synthesised by a microwave process and characterised by some techniques as Transmission Electronic Microscopy to determine the size and the shape, X-Ray Diffraction to justify the crystal structure, Mössbauer spectroscopy and Raman spectroscopy to determine the quantity of magnetite.

Materials and methods

Materials

Ferrous chloride (FeCl After the heating, the solution is collected and washing by centrifugation. The first is a centrifugation with absolute ethanol at 10 000 rpm during 5min. Then, another step by centrifugation at 10 000 rpm during 5 min is realised with a mixture between absolute ethanol and ultra-pure water. Finally, a part of the SPIONs collected are redispersed in ultrapure water for TEM analysis. The other part is evaporated at 60°C to obtain a powder for XRD, Mössbauer and Raman analysis.

Characterizations

Transmission Electronic Microscopy

Transmission Electronic Microscopy (TEM) is used to analyse the shape, the size and the dispersion of nanoparticles on the solvent. TEM is a CM200-FEI operating at 200 kV with a point resolution of 0.27 nm. The size distribution is calculated using free software ImageJ.

X-Ray Diffraction

X-Ray Diffraction (XRD) patterns were recorded in standard conditions with an INEL CPS120 equipped with a monochromatic cobalt radiation (Co K α = 0.178886 nm) at grazing angle of incidence simultaneously on 120°.

Magnetic characterizations

A Superconducting Quantum Interference Device (SQUID) with a Vibrating Sample Magnetometer (VSM) head is carried out to determine the magnetic properties of the different samples (magnetization saturation M S and blocking temperature T B ). The magnetic field applied for these measurements sweeps from +5 T (1 T = 10 000 Oe) to -5 T and then from -5 T to +5 T. Thanks to this measurement, the magnetic state and the value of M S can be determined.

For T B , a Zero Field Cooled -Field Cooled (ZFC-FC) curve is carried out. The sample is cooled from ambient temperature to 5 K without magnetic field. Then, at 5K, a magnetic field of 0.02 T is applied and the temperature heats to 300 K: the magnetic moment is recorded to give the ZFC curve. Finally, the sample is cooled down from 300 K to 5 K with the same magnetic field: the magnetic moment is recorded too to give the FC curve.

Mössbauer spectroscopy

57 Fe Mössbauer spectra are obtained at 300 K and at 4 K in a transmission geometry and constant acceleration mode. The velocity scale was calibrated with a 57 Co in Rh matrix radioactive source and a metallic iron foil. The deconvolution of the Mössbauer spectra was performed by the least-square fitting of lines using the Winnormos (Wissel) program.

Raman spectroscopy

Then Raman spectra were collected on a Renishaw in Via TM Qontor TM microspectrometer equipped with a confocal microscope and an Olympus X50 objective (N.A. = 0.55). A 532 nm exciting radiation was used with a laser power below 0.1 mW for all samples to prevent their degradation. The spot area was of few μm 2 . Several locations were probed on each sample. The spectral resolution was about 4 cm -1 and the precision on the wavenumber was about 1 cm -1 .

Results and discussions

Figure 1 shows the TEM micrographs of SPIONs_CA1, SPIONs_CA2 and SPIONs_CA3 (respectively figure 1.a, 1.c and 1.e). For all samples, nanoparticles are isolated, without (or a little) aggregation. For the three samples, the size distribution is narrow compared to a size distribution of a classical coprecipitation (figure 1.b, 1.d and 1.f). The mean diameter is equal to 2.6 ± 0.6 nm for SPIONs_CA1, 3.3 ± 0.9 nm for SPIONs_CA2 and 3.5 ± 1.0 nm for SPIONs_CA3. The microwave synthesis allows to control the diameter of iron oxide nanoparticles and to obtain monodisperses SPIONs.

To determine the crystal structure and confirm the presence of magnetite or maghemite, XRD patterns are carried out (figure 2). For the three samples, the mean peaks of magnetite are present.

However, magnetite and maghemite crystallize in the same cubic structure (inverse spinel with the space group ): the mean peaks of magnetite are like the mean peaks of maghemite. One difference between a magnetite pattern and a maghemite pattern is the position of these peaks. Indeed, the lattice parameter of magnetite is higher to the lattice parameter of maghemite (8.395 Å for magnetite and 8.354 Å for maghemite): there is therefore a shift of the maghemite pattern towards the high angles compared to a magnetite pattern. Due to the size of the different SPIONs, the diffraction peaks are large and does not allow to determine the exact composition of our samples. The lattice parameter of each sample is equal to 0.8384 nm, 0.8388 nm and 0.8370 nm for SPIONs_CA1, SPIONs_CA2 and SPIONs_CA3 respectively: these different lattice parameters are between this of magnetite and this of maghemite. XRD patterns confirm that our samples are sub stoichiometric magnetite Fe 3-δ O 4 .

Another information obtained with XRD patterns is the crystallite size. Indeed, thanks to the Debye-Scherrer formula, the size of the crystallite can be calculated. For nanoparticles with a small size like our sample, only one single domain composed the nanoparticle: the crystallite can be assimilated to one nanoparticle. To calculate this crystallite size, the mean peak (311) of pattern is used. The crystallite size is equal to 3.5 nm for SPIONs_CA1, 3.8 nm for SPIONs_CA2 and 4.1 nm for SPIONs_CA3: these different crystallite sizes are close to the diameter obtained by TEM measurements. However, due to the using of the Debye-Scherrer formula and the different approximations, the crystallite size obtained is higher than the size obtained with TEM. To determine the magnetic state, several magnetic characterizations are carried out. The first characterization is to determine the magnetization saturation M S . Figure S1 (in Supplementary Information) shows the magnetic cycle of SPIONs_CA1, SPIONs_CA2 and SPIONs_CA3 at 300 K. For the three samples, no hysteresis is present confirming thus the presence of the superparamagnetic state. The value of each M S is equal to 55 emu.g -1 for SPION_CA1, 53 emu.g -1 for SPIONs_CA2 and 59 emu.g -1 for SPIONs_CA3: these different values are in the same order than to the M S of SPIONs with the same diameter [10,37]. To check the transition between the superparamagnetic state to a blocked state, another magnetic cycle is carried out at 5K (Figure S2). At this temperature, a hysteresis is present for each sample, SPIONs are so in a blocked state at low temperature. As the magnetic moment is blocked, the M S values at 5K are higher than to the values at 300 K. The different M S are equal to 78 emu.g -1 , 78 emu.g -1 and 75 emu.g -1 for SPIONs_CA1, SPIONs_CA2 and SPIONs_CA3 respectively. To determine the transition temperature between the superparamagnetic state and the blocked state, called T B , a ZFC-FC measurement is carried out (Zero Field Cooled/Field Cooled). Figure S3 shows the different ZFC-FC curves of the samples. To determine the value of T B , the maximum of the ZFC curve is taken (the curve from 5 K to 300 K). The maximum of each curve is equal to 14K, 15K and 46K for SPIONs_CA1, SPIONs_CA2 and SPIONs_CA3 respectively: these temperatures confirm the superparamagnetic state at room temperature.

To determine the percentage of magnetite in a sub stoichiometric magnetite, Mössbauer spectroscopy is carried out. The first measurements are recorded at room temperature (figure 3). For the three samples, a doublet is present and corresponding to the superparamagnetic state [38][39][40]. Indeed, at 300 K, due to the Neel relaxation and the Brownian motion, it is difficult to obtain resolved magnetic hyperfine splitting [41]. Thanks to the presence of the superparamagnetic doublet, the isomer shift (IS) and the electrical nuclear quadrupole moment (EQ) can be calculated and are reported for the three samples on table 1. At 4 K, below to the blocking temperature T B , the contribution of divalent and trivalent iron can be identified, separated, and quantified: there are more information on Mössbauer spectra at this temperature (figure 4). Indeed, the magnetic state is in a blocked state at this temperature and did not attenuate the chemical and crystal environment of each iron ions. Thanks to the absence of the superparamagnetic state, the determination of the quantity of magnetite can be operate. As magnetite crystallises in an inverse spinel structure, divalent iron are present in octahedral sites and trivalent iron are present in octahedral and tetrahedral sites: the crystallographic formula of magnetite is (Fe 3+ ) A [Fe 2+ Fe 3+ ] B (O 2-) 4 with A the tetrahedral sites and B the octahedral sites. In addition, at this temperature, the behaviour of trivalent iron in octahedral and tetrahedral sites are similar (green line on figure 4). However, for SPIONs_CA1 and SPIONs_CA2, a superparamagnetic contribution is always present (black curve on figure 4): this contribution is due to the presence of SPIONs with a very small size (below to 2 nm). Indeed, the blocking temperature depends on the diameter of the inorganic core: the smaller of size, the lower of T B .

Thanks to the different contributions of each iron ions, the percentage of magnetite can be calculated: it is equal to 64% for SPIONs_CA1, 65% for SPIONs_CA2 and 54% for SPIONs_CA3. The different Mössbauer parameters are summarised on table 2. With Mössbauer spectroscopy, the determination of the quantity of magnetite is precise. However, the time of a measurement is long. An alternative to obtain the percentage of magnetite in a sample of iron oxide nanoparticle is Raman spectroscopy. Indeed, the vibrational bands of magnetite are different to the vibrational bands of maghemite because γ-Fe 2 O 3 has some vacancies in its crystal structure. Magnetite has three vibrational bands at 310 cm -1 (E g ), 540 cm -1 (T 2g ) and the more intense at 670 cm -1 (A 1g ) [33,41]. For the maghemite, the different bands are present at 350 cm -1 (T 1 ), 512 cm -1 (E) and the strongest at 720 cm -1 (A 1 ) [29][30][31][32]. For our samples, the Raman spectra are shown on figure 5 with a comparison of a commercial magnetite. For the three samples, the presence of the three more and less intense bands confirm the presence of magnetite. For each SPIONs, the A 1g band is larger compared to the magnetite A 1g band: this increase in bandwidth corresponds to an oxidation of divalent iron to trivalent iron in octahedral sites. Thus, thanks to this spilt of the A 1g band, a quantification of magnetite in our samples can be operated. Figure 6 shows the decomposition of the A 1g band for SPIONs_CA1 (figure 6.a), SPIONs_CA2 (figure 6.b) and SPIONs_CA3 (figure 6.c). For the three samples, the band of magnetite at 670 cm -1 is more intense than the band of maghemite at 720 cm -1 : the percentage of magnetite is higher to the percentage of maghemite. To determine this value, a ratio between the area under the fit curves is realized: the percentage of magnetite is equal to 60% for SPIONs_CA1, 63% for SPIONs_CA2 and 49% for SPIONs_CA3. These values are very close to those obtained with the Mössbauer spectroscopy. So, thanks to the Raman spectroscopy, an estimation of the quantity of magnetite in iron oxide nanoparticles can be made. 

Conclusion

They are more and more syntheses of iron oxide nanoparticles for several fields. The different iron oxide nanoparticles synthesised are essentially magnetite (Fe 3 O 4 ) or maghemite (γ-Fe 2 O 3 ). However, the difference between these two iron oxides is difficult. The goal of this study is to determine in a sample the part of magnetite. Thanks to a microwave process, superparamagnetic iron oxide nanoparticles (SPIONs) are synthesised. Several characterizations are carried out as Transmission Electronic Microscopy to determine the size and the shape, as X-Ray Diffraction to determine the crystallographic structure and as magnetic characterizations to know about the magnetic state at different temperatures. For the different synthesised SPIONs, the diameter is between 2.5 nm and 3.5 nm, they are the same crystallographic structure (an inverse spinel structure) and have superparamagnetic properties at ambient temperature. These different characteristics don't allow to determine the percentage of magnetite in the SPIONs. To overcome that, two techniques allow to quantify the part of magnetite: Mössbauer spectroscopy and Raman spectroscopy. The first is the most used for iron oxide nanoparticles to determine the amount of ferrous ions and ferric ions. Indeed, the magnetic, chemical and crystallographic environment of the different ions in magnetite are different and allow to determine the quantity of divalent and trivalent iron. For our samples, the quantity of magnetite is equal to 64% for SPIONs_CA1, 65% for SPIONs_CA2 and 54% for SPIONs_CA3. Mössbauer measurements take a long time to acquire. Thanks to the Raman spectroscopy, these amount of Fe 3 O 4 can be determined more quickly. Indeed, magnetite and maghemite have different vibrational bands at different Raman shift and the intensity of these bands are proportional to the quantity: the amount of magnetite is equal to 60% for SPIONs_CA1, 63% for SPIONs_CA2 and 49% for SPIONs_CA3. These values are very close to those obtained in Mössbauer spectroscopy.

In conclusion, thanks to the Raman spectroscopy, a determination of the part of magnetite in an iron oxide nanoparticles sample can be realised. However, the percentage of magnetite is not the exact value in the sample: Raman spectroscopy can so give an idea of the amount of magnetite for a screening of a lot of samples and Mössbauer spectroscopy can determine the precise quantity of magnetite. For the next, XPS measurements can be carried out to confirm the percentage of magnetite and a relationship between the percentage of magnetite and the stoichiometric deviation.

Figure 1 :

 1 Figure 1: TEM images of SPIONs_CA1 (a), SPIONs_CA2 (c) and SPIONs_CA3 (e) with their size distribution respectively in (b), (d) en (f) fitting by a log-normal function.

Figure 3 :

 3 Figure 3: Mössbauer spectra of SPIONs_CA1 (a), SPIONs_CA2 (b) and SPIONs_CA3 (c) at 300K

Figure 4 :

 4 Figure 4: Mössbauer spectra of SPIONs_CA1 (a), SPIONs_CA2 (b) and SPIONs_CA3 (c) recorded at 4K

Figure 5 :

 5 Figure 5: Raman spectra of SPIONs_CA1 (green), SPIONs_CA2 (red) and SPIONs_CA3 (blue) compared to a Raman spectrum of a magnetite reference with a laser at 532 nm.

Figure 6 :

 6 Figure 6: decomposition of the A 1g band of the different samples SPIONs_CA1 (a), SPIONs_CA2 (b) and SPIONs_CA3 (c). In purple the band of magnetite at 670 cm -1 and in magenta the band of maghemite at 720 cm -1

Table 1 :

 1 Hyperfine parameters of Mössbauer spectra recorded at 300K.

	Sample	Nature	IS (mm.s -1 )	EQ (mm.s -1 )	B (T)	Area (%)
	SPIONs_CA1	Doublet	0.3335	0.5961	-	100
	SPIONs_CA2	Doublet	0.3404	0.8706	-	100
	SPIONs_CA3	Doublet	0.3296	0.6293	-	100

Table 2 :

 2 Hyperfine parameters of Mössbauer spectra recorded at 4K.

	Sample	Nature	IS (mm.s -1 )	EQ (mm.s -1 )	B (T)	Area (%)
		Sextet	0.42	0.00	49.3	33
	SPIONs_CA1	Sextet	0.45	0.00	52.0	56
		Doublet	0.47	0.88	-	11
		Sextet	0.43	0.00	49.6	47
	SPIONs_CA2	Sextet	0.45	0.00	52.0	40
		Doublet	0.48	0.88	-	13
		Sextet	0.32	0.11	51.6	53
	SPIONs_CA3	Sextet	0.57	0.02	52.0	45
		Doublet	-0.17	1.10	-	2
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