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Abstract

:

In this work, we investigated the local colloidal structure of ferrofluid, in the presence of the external magnetic field. The nanoparticles studied here are of the core-shell type, with the core formed by manganese ferrite and maghemite shell, and were synthesized by the coprecipitation method in alkaline medium. Measures of Small Angle X-ray Scattering (SAXS) performed in the Brazilian Synchrotron Light Laboratory (LNLS) were used for the study of the local colloidal structure of ferrofluid, so it was possible to study two levels of structure, cluster and isolated particles, in the regimes with and without applied magnetic field. In the methodology used here there is a combination of the information obtained in the system with and without magnetic field application. In this way, it is possible to undertake a better investigation of the colloidal dispersion. The theoretical formalism used: (i) the unification equation proposed by Beaucage G.; (ii) the analysis of the radial distribution function p(r) and (iii) theoretical calculation of the radius of gyration as a function of the moment of inertia of the spherical of n-nanoparticles.
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1. Introduction


Ferrofluids are a colloidal suspension of dispersions of magnetic nanostructures in a specific carrier liquid [1,2,3]. Together with the original conjunction of liquid and magnetic properties, ferrofluids can be confined, displaced, deformed and controlled by application of an external magnetic field. The applications of ferrofluids in the area of condensed matter are the most diverse due to their properties. These properties have aroused the interest of researchers in the field of chemistry and physics of condensed matter and in the development of nanotechnologies [4], in biomedical [5] and industrial applications. Recent studies have intensified the local colloidal structure in ferrofluids, and have mainly used the technique of small angle scattering; Fu et al. (2016) [6] investigated the self-assembly of supercrystals field-induced colloidal structure of core-shell NPs of core-shell iron oxide dispersed in toluene by small angle neutron scattering (SANS); Rozynek et al. (2011) [7] the effect of magnetic field on the structure formation in an oil-based magnetic fluid with various concentrations of magnetite particles by SAXS; Campi et al. (2019) [8] analyzed nanoparticles clusters of nickelate perovskite by SμXRD (Scanning X-ray micro-Diffraction); Campi et al. (2019) [9] investigated hybrid nanoparticles diffusion and nanoscale aggregation, and observed how fractal dimensional changes leading to a mass surface fractal transition (SAXS); and Wandersman et al. (2015) [10] field induced anisotropic cooperativity in a magnetic colloidal glass. We can emphasize the study of the local colloidal structure with the objective of improving in the applications in the field of medicine, with specific use in hyperthermia in the treatment of cancer. In this context, we would like to highlight some works, pertinent to the influence of the colloidal organization of ferrofluids on the effect of hyperthermia: Myrovali et al. (2016) [11] has verified the role of chain formation to further optimize the heating efficiency in the hyperthermia of Fe3O4 magnetic particles when magnetically aligned; Abenojar et al. (2016) [12] effect of nanochain and nanocluster formation on magnetic hyperthermia properties; Serantes et al. (2014) [13] observed that a system with chain-like arrangement biomimicking magnetotactic bacteria has the superior heating performance, increasing more than 5 times in comparison with the randomly distributed system when aligned with the magnetic field; Martinez-Boubeta et al. (2013) [14] heat generation of iron-oxide nanoparticles for magnetic hyperthermia; Mehdaoui et al. (2013) [15] increase of magnetic hyperthermia efficiency due to dipolar interactions in magnetic nanoparticles; and Bañobre-López et al. (2013) [16] use of magnetic nanoparticles-basead hyperthermia in cancer therapy.



In order to investigate these properties in colloids, a Small Angle X-ray Scattering (SAXS) technique is very efficient. To analyze the scattering signal using a global dispersion function proposed by Beaucage G. [17,18], which unifies the local laws of Guinier and Porod in only one function that describes the form factor of a dispersion object in terms of radius of gyration and interfaces in the means. These models were successfully used to characterize a disordered cluster structure [19], a fractal mass of particles [20] as well as to distinguish between individual polydispersed particles and aggregates [21]. This work aims to investigate the local structure of magnetic colloids [22] under external magnetic field application, the colloids in question are composed of magnetic nanoparticles based on manganese ferrite type core-shell MnFe2O4+δ@γ-Fe2O3 [23] and dispersed in aqueous medium. SAXS measurements were performed with external magnetic field applied [24] to determine the dimensions between nanoparticles and clusters [25], for future studies in hyperthermia [26] for biomedical applications.




2. Experimental


2.1. Sample Preparation


All the reagents used in this work are of analytical purity, purchased from SIGMA-ALDRICH. The magnetic nanoparticles (NPs) were synthesized according to the hydrothermal co-precipitation method according to the one proposed by Tourinho et al. [27,28]. The initial aqueous solutions of (0.5 M) MnCl2·4H2O and (0.5 M) FeCl3·6H2O were mixed in alkaline medium with CH3·NH2· (methylamine) at 100 °C. Then, a treatment with Fe(NO3)3 at 100 °C was carried out to guarantee the stability of the particles and to avoid their degradation in acidic media [29]. This surface treatment induces iron enrichment of the nanoparticles, thus creating a superficial layer of maghemite γ-Fe2O3 that surrounds the particle core made of a nickel ferrite. The synthesized ferrofluid has volumetric fraction ϕ = 2.0% and pH = 2.




2.2. Measurements


The chemical composition of NPs is checked by determination of Mn and Fe concentrations with atomic absorption spectroscopy (AAS) technique. Both measurements with a Thermo Scientific Spectrometer model S series AA, with specific lines are chosen for each metal (Mn (279.5 nm) and Fe (248.3 nm/372.0 nm)) to avoid interference effects.



In order to obtain the size distribution and polydispersity and aspects of the morphology of our nanoparticles, measurements were taken using an Electron Transmitting Electron Microscope (MET) JEOL 100CX2. The sample was diluted, then placed on the ultrasound for 1 h and then placed in the sample port until the liquid evaporated.



The magnetic characterization of ferrofluid is performed using the vibrating sample magnetometer (VSM; PPMS, Quantum Design model 6000). The magnetization curves are obtained as a function of the applied field (up to 9000 kA/m) at room temperature.



The colloidal characterization was performed SAXS measurements at the Brazilian Synchrotron Light Laboratory (LNLS), in the beamline D11A-SAXS1 UVX ring. With wavelength of λ = 1.7556 Å, it is q the scattering vector between 5.08 × 10−3 < q < 0.124 Å−1 (q=4πsin(θ/2)/λ, θ is angle scattering). The detector used was MarCCD165 2D and the sample-detector distance was 2.250 m. The sample holder of quartz capillaries had a diameter of 1.5 mm and for the measurements with applied magnetic field two Neodymium magnets [7] were used, perpendicular to the X-ray beam. The data were corrected by the contribution of the empty sample holder and the scattering of water.





3. Theoretical Background


For magnetic characterization of the particles, let us consider an assemble of independent single-domain grains with a magnetic moment μ=πmsd3/6; where ms is the magnetization of the NPs. In the presence of an external field, the liquid matrix with the suspended particles behaves as an ideal superparamagnet and the ferrofluid magnetization is given by the Langevin law: M=msϕ,L(ς)=cothς−ς−1, ς=μ0μH/kBT, with ϕ the ferrite volume fraction, kB the Boltzmann constant T the temperature. This equation shows that at H=0 the magnetization is zero. As the field H is turned on, the magnetic moments tend to align in the field direction so that at high fields, M saturates at msϕ. For polydisperse ferrofluids and considering particle size distributions, weighting Langevin with log-normal distribution.



The analysis of SAXS experimental data was first using the unified global equation proposed by Beaucage et al. [17,18]. This equation incorporates the Guinier and Porod boundaries and allows information on parameters such as radius of gyration, log-normal polydispersity index and the exponent associated with the interfacial regime, fractal dimensions of clusters. Thus, in Equation (1), the first level of structure corresponds to the larger scatter object, i.e., the primary clusters composed of some NPs, its size is comprised by means of the radius of gyration, Rg1. The second level of structure is relative to the isolated spherical NPs, Rg2.


I(q)=G1e−q2Rg12/3+B1e−q2Rg22/3h1(−P1)+G2e−q2Rg12/3+B2h2(−P2)



(1)




where h1=q/[erf(q[(Rg1)]/6)]3, h2=q/[erf(q[(Rg2)]/6)]3, where erf(x) is an error function, G1 and G2 are the pre-factors of Guinier, B1 and B2, the pre-factors of Porod, P1 and P2 are the indices of the power law, for the respective regions of analysis. The mean radius Rpart and the polydispersion in size (σ) of individual spherical particles are determined by the following expressions.


Rpart=53Rg2exp7σ2,σ=lnB2Rg241.62G212



(2)







In the case of the correlated particles, we have the insertion of one more multiplicative term S(q) to Equation (1). S(q) is the structure factor, ξ is the mean of the distances between the correlated objects, and k is the degree of correlation [30,31].


S(q)=11+k3sin(qξ)−(qξ)cos(qξ)(qξ)3



(3)







The function of distance distribution in pairs p(r), corresponds to the Fourier transform of the signal of I(q). The function reveals valuable information about the shape of the scatter object and the size, allowing a more intuitive interpretation of the intensity profile [32].


p(r)=r2/(2π2)∫I(q)sin(qr)qrq2dq



(4)







First principles in the theoretical radius of gyration of n-particles that make up the clusters takes into account the association of the moment of inertia of each spherical particle (I=(2MR2)/5) with mean radius of R and mean mass M and associated with the theorem of parallel axes for the formulation of the spatial configuration of the clusters. The symbol Ixx, Iyy, Izz are known as the moments of inertia of a 3D rigid body about the respective axes.


Ixx=∫y2+z2dm,



(5a)






Iyy=∫x2+z2dm,



(5b)






Izz=∫x2+y2dm,



(5c)






Ixx+Iyy+Izz=2MRg2.



(5d)







For a system of more particles, we combine the Equation (5d) for each particle together with the theorem of parallel axes. For the case without magnetic field application. Equation (6b) describes the case n=Nclust=10 particles, and dH=0 is a mean distance between particle.


∑i=1n=Nclust25MRi2+Mdi24+25MRi2+Mdi24+25MRi2+Mdi24=2(nM)RgH=02,



(6a)






RgH=02≃35RH=02+9dH=0210.



(6b)







For the case with applied magnetic field, we do not have as much rotational freedom, since the objects are aligned with the magnetic field, in this way we have two of the three components with calculation equal to zero. Equation (7b) describes the a case Nclust⊥,‖ of the n=10 particles, and d‖,⊥ is a mean distance between particles in the projections parallel and perpendicular to the field, the general mean distance between particles can be found as dH≠0=(d‖2+d⊥2).


∑i=1n=Nclust⊥,‖0+0+25MRi,⊥,‖2+Mdi,⊥,‖24=2(nM)Rg⊥,‖2,



(7a)






Rg⊥,‖2≃R⊥,‖25+7d⊥,‖23.



(7b)








4. Results and Discussions


The results show that in the chemical characterization performed, after the coprecipitation step, the stoichiometry of the core NPs does not correspond to that of an ideal ferrite. Thus, we write the chemical formula as MnFe2O4+δ (Fd3¯m space group symmetry) to obtain the stoichiometry of naked NPs, δ is the oxidation parameter. Other complex materials also have the similar behavior, Campi et al. (2019) [9] makes analysis of perovskite La2CuO4+δ (with δ=0.1 has orthorhombic Fmmm space group symmetry) with space resolved SμXRD (Scanning X-ray micro-Diffraction). An excess of positive charges occurs due to the oxidation of Mn+2 to Mn+3 in the synthesis process, in order to balance exactly the extra positive charge that appears in the formula is inserted a δ parameter of 0.48 to adjust the electronegativity. In recent works by Martins et al. [23] and Moreira et al. [33], the mean valence of manganese in ferrites synthesized by coprecipitation was determined. Several analyzes were performed, including the X-ray Absorption Near Edge Structure (XANES) analysis with the Linear Combination Fitting (LFC) method of Mn3O4, Mn2O3 and MnO2 oxides. It was found that there is more Mn+3 than other valence states Mn+2 and Mn+4, resulting in an average oxidation of +3. Such analysis collaborates with the result of LFC was the absorption edge shift determined with the first derivative of the normalized X-ray absorption spectroscopy (XAS) signal. The Rietveld refinements of X-ray Powder Diffraction (XPD) and Neutron Powder Diffraction (NPD) by Martins and the Pair Distribution Function (PDF) made by Moreira, both performed for non-stoichiometric ferrites, showed an increase in the oxygen occupancy rate. The value of χm further undergoes a reduction of its value with the formation of the iron rich shell (γ-Fe2O3). Thus, we find a value of χm=0.22 much smaller than an ideal ferrite that is 0.33. Based on the non-stoichiometric core of the manganese ferrite and the magnetite shell and using the results of the χm, it was possible to determine the thickness of the shell (th=0.57 nm). The calculation of the molar fraction is given by, χm = [Mn]/([Mn] + [Fe]). Studies correlated to this mechanism of the core-shell model were reported in the works of Gomes et al. [34], Martins et al. [23], and Pilates et al. [26].



Figure 1a presents the TEM picture of the sample and shows that the NPs are roughly spherical. The NPs size distribution was estimated by measuring the size of about 300 particles, using a log normal law of size distribution which corresponds to the probability density that a particle has a diameter dTEM=7.1 nm, with a standard deviation σTEM=0.25. Figure 1b presents the normalized room temperature magnetization curve for NPs; the full line is the best fit of Langevin, adjusting the experimental data, which allowed us to determine ms = 172 kA/m, dmag = 6.8 nm and σmag = 0.26.



Figure 2 shows the two-dimensional patterns ((a) 2D isotropic pattern; (b) 2D anisotropic pattern) at Small-Angle X-ray Scattering of the ferrofluid sample with manganese ferrite core-shell type (MnFe2O4+δ@γ-Fe2O3) nanoparticles [23]. Figure 2b shows the external magnetic field of intensity is H=538 mT applied perpendicular to the direction of propagation of the incident beam. The curve 1D, intensity scattering I(q) is calculated after averaging in a constant radius, ring with the aid of FIT2D software [35]. In relation to the two-dimensional, anisotropic, we don’t integrate the entire surface of the image to obtain the curves 1D, I(q,H=0), and yes, we delimit two distinct integration regions. These regions correspond to azimuthal averages over ±5° in the image, in the perpendicular directions I⊥(q,H) and parallel I‖(q,H) to the applied magnetic field [36,37]. Angular sector was used in the integration of the 2D pattern in order not to have a radial intensity variation with the angle, since for larger angles we could have regions with intensity variations due to a radial anisotropy of the intensity in the integration area (Figure 2b).



In Figure 3 we show the small angle scattering curves, with the Guinier and Porod components for the two levels of structure as presented in Equation (1). In the Guinier region, all curves have a non-zero inclination, there is a behavior of globally attractive systems, probably associated to the presence of primary clusters of NPs. In case of a system without interaction, we would have a plateau in the region of Guinier, that is, I(q)∼q−0. In Figure 3c the curve of I⊥(q,H), the slope is less pronounced than I‖(q,H) (Figure 3b) and I(q,H=0) (Figure 3a), that is, it is a less attractive system. In I⊥(q,H) there is a correlation peak at qpeak∼0.034 Å−1, characteristic of a globally repulsive system with a mean distance between the primary clusters of ξpeak∼181 Å (ξpeak=2π/qpeak). In the curves with a large q we observe the law of power q−4 corresponding to the interface hard of nanoparticles



The number of NPs per cluster involved in the first structure level is Nclust=(Rg1/Rg2)P1 , using the values Rg1 and Rg2Table 1, which respectively describes the clusters and individual particles by the Beaucage model (Equation (1)). The values found were Nclust∼10, Nclust‖∼5.3 and Nclust⊥∼1.8, respectively, without field, field applied parallel and orthogonally. Only with the correlation of the values found of Nclust‖ and Nclust⊥ is it possible to obtain information about the cluster in the field action.



In Figure 4, we have the schematic representation of the spatial configuration of the NPs, so we have that, the same quantitative of particles have reorganized, repositioning in the direction of the field, the fact that collaborates for such effect and the relation found Nclust‖×Nclust⊥≈Nclust. In Figure 4a,b the radial distribution analysis of the scattering curves obtained by means of Equation (4) allowed a maximum size for the scattering object; in the case, without field, we have DmaxH=0;p(r)=210 Å.



In the case with the applied magnetic field, we have a rearrangement of the spatial configuration of the object due to the action of the field, the particles are oriented in the direction of the field and, in the perpendicular direction, the objects have a distancing behavior for the formation of chains in the direction of the field. We then see that Dmax‖;p(r)=160 Å and, in the direction perpendicular to the field, two regions were determined; the first Dmax⊥;p(r)=90 Å and then another Dmax⊥;p(r)=70 Å, with a range of ξp(r)∼180 Å .



For a better understanding, see the schematic illustration in Figure 4. The result DmaxH=0;p(r)>Dmax‖;p(r), is given by the alignment of the dipole moments of the NPs, thus increasing the magnetic interaction, consequently decreasing the distance between particles.



In Figure 4a and Table 2, in a system without field, pH=0(r) is quasi-symmetric indicating an object scattered approximately in a sphere, this is due to the profile of the curve being almost symmetric, with radius of the clusters of RclustH=0;p(r)∼90 Å. In Figure 4b, the distribution p⊥(r) in the direction of the field, of Rclust‖;p(r)∼74 Å, at p‖(r), in the direction of the field perpendicular to the field, the radius of the clusters is Rclust⊥;p(r)∼51 Å. The analysis of the radial distribution perpendicular and parallel allows us to obtain the dimensions of the thickness and the length of the clusters, as represented schematically in Figure 4.



We see a decrease in Dmax for the signs p‖(r) and p⊥(r), this is due to the reorganization of the scattering objects before the field action. We also have that due to the limitation of the degrees of freedom for the scattering objects on the action of the magnetic field, it is possible to verify by the values of the radius of gyration by the Beaucage method (Table 2) is Rg1H=0;Beau=105>Rg1‖;Beau=81.5>Rg1⊥;Beau=57.5 Å. To better understand this relationship, the calculation of the theoretical radius of gyration was performed using Equations (6b) and (7b). In the case of the system without field: RgtheoH=0=103.2 Å and dtheoH=0=105 Å; and with field, we have due to the limitation, degrees of rotational freedom. Thus, two of these components of Equation (7a) are zero, Rgtheo‖=84 Å and dtheo‖=53 Å and Rgtheo⊥=58.2 Å and dtheo⊥=37 Å. The values determined for the radius of gyration by the method of Beaucage are in agreement with those determined by the theoretical calculation. The average distance between the particles with magnetic field is obtained by means of the projections of the distances obtained by the analysis of the signal in the parallel and perpendicular direction: dtheoH=538mT=(dtheo‖2+dtheo⊥2)=(532+372)=64.63 Å.



It is observed that dtheoH=0>dtheoH=538mT, this is due to the spatial reorganization of the scattering objects, since there is a greater alignment of the dipoles moments of the NPs towards the field, resulting in greater intraparticle interaction. The average radius of the individual particles Rpart=35 Å and the polydispersity σ=0.24 were determined using the expressions for spherical scattering objects (slope in I(q)∼q−4) in the Beaucage Equation (2). The values for diameter and polydispersion in the techniques of morphological characterization (TEM) and magnetic (magnetization curve) are in good agreement with that determined using the SAXS technique. We see that the diameter dpart=(2Rpart), dmag, dTEM≈70 Å, and polydispersion σpart, σmag, σTEM≈0.25.




5. Conclusions


It was very promising to study the local structure of these dispersions using the SAXS technique, since it was possible to have access to the spatial organization of the nanoparticles in clusters in two regimes with and without applied magnetic field. In this sense, one can better measure the size of the clusters and the individual nanoparticles. In addition to information about the mean distance between particles and between the chains of particles when the field is applied. The calculation performed for theoretical radius of gyration for the clusters, even if simplistic, proved to be very consistent with the values found in the analyzes using the unified global equation and the radial distribution function. The results showed the behavior of a globally repulsive colloidal system in the direction perpendicular to the field and globally attractive in the direction of the magnetic field. For the repulsive system, we have that the distance between clusters is ξpeak, ξP(r), ξBeau≈180 Å. The analysis of the globally attractive curves helped us to understand the dimensions of the clusters, as to the form and quantity of particles involved in their formation. In this way, we find that the number of particles in the clusters follows the relation, Nclust‖×Nclust⊥≈Nclust reaffirming the spatial reconfiguration of the particles on the action of the magnetic field. It was also evidenced the good agreement of the values for diameter and polydispersion in the techniques of morphological characterization (TEM) and magnetic with the technique of SAXS. We intend to study, in the light of this work, the relation of the volumetric fraction and the intensity of the magnetic field applied in the formation of the clusters.
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Figure 1. (a) TEM picture of the nanoparticles (NPs), the insert display with size distribution histogram adjusted with ( [image: Condensedmatter 04 00055 i001]) log-normal distribution, and (b) Reduced magnetization of ( [image: Condensedmatter 04 00055 i007]) sample as function of the applied magnetic filed. The solid line ( [image: Condensedmatter 04 00055 i002]) is the fit to the data using the Langevin formalism. 
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Figure 2. Two-dimensional X-ray scattering patterns for ferrofluid based on manganese ferrite nanoparticles. (a) isotropic pattern, with no applied magnetic field; (b) anisotropic pattern, Ferrofluid with external magnetic field application of H = 538 mT, the white lines limit are azimuthal averages over ±5° in directions perpendicular and parallel to the magnetic field to obtain 1D curves shown in Figure 3b,c. 
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Figure 3. The X-ray scattering curves normalized by the volumetric fraction. Better fit results, following the ( [image: Condensedmatter 04 00055 i002]) unified Beaucage expression described in the text. Contribution of the ( [image: Condensedmatter 04 00055 i003]) Guinier and ( [image: Condensedmatter 04 00055 i004]) components related to the first level of the structure corresponding to the largest object in the dispersion, ( [image: Condensedmatter 04 00055 i005]) Guinier and ( [image: Condensedmatter 04 00055 i006]) Porod components referring to the second structure level are relative to the isolated NPs, and ( [image: Condensedmatter 04 00055 i001]) S(q) is the structure factor. (a) I(q,H=0) scattering curve without external field application; (b) I‖(q,H) scattering curve obtained in the integration of the 2D pattern in the direction parallel to the magnetic field; (c) I⊥(q,H) scattering curve perpendicular to the magnetic field. 
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Figure 4. Parameter distribution function ( [image: Condensedmatter 04 00055 i008]) corresponding to the Fourier transform to the Small Angle X-ray Scattering (SAXS) curves and the schematic drawing of the spatial configuration of the NPs, taking into account the information obtained by the Beaucage model and the curves of p(r) and the theoretical radius of gyration (dtheoH=538mT, Equation (7b); dtheoH=0mT, Equation (6b) is and the theoretical distance calculated with and without field; DmaxH=0,‖,⊥;p(r) determination the size of the scattered object, that RmaxH=0,‖,⊥;p(r) is the average of the scatter object; Nclust‖,⊥ and Nclust is the number of NPs in the cluster with and without field; Rg1,2Beau) is the radius of the gyration): (a) H = 0 T; (b) with field, the formation of chains of particles with a mean inter-cluster distance of ξ ∼ 181 Å. 
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Table 1. Fitting parameters obtained the SAXS data analysed using the Beaucage model. The parameters Rg1 and P1 refer to the clusters; Rg2 and P2, the individual particles; k and ξ parameters of the structure factor and Nclust are related to the number of nanoparticles per clusters.
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	Rg1 [Å]
	P1
	Rg2 [Å]
	P2
	k
	ξ [Å]
	Nclust





	I(q,H=0)
	105
	2.7
	46
	3.95
	-
	-
	∼10



	I‖(q,H)
	81.5
	2.79
	45
	4.00
	-
	-
	∼5.3



	I⊥(q,H)
	57.5
	2.3
	45
	3.85
	2.01
	181
	∼1.8
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Table 2. DmaxH=0,‖,⊥;p(r) is the maximum of the pair distribution, with RclustH=0,‖,⊥;p(r) being the maximum point of p(r)H=0,‖,⊥, respectively. The RgtheoH=0,‖,⊥ is the theoretical radius of gyration of the clusters that is calculated by the moments of inertia and dtheoH=0,‖,⊥ and the distance between particles in the clusters.
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	DmaxH=0,‖,⊥;p(r) [Å]
	RclustH=0,‖,⊥;p(r) [Å]
	RgtheoH=0,‖,⊥ [Å]
	dtheoH=0,‖,⊥ [Å]





	H=0
	210
	90
	103.2
	105



	‖
	160
	74
	84.0
	53



	⊥
	90
	51
	58.2
	37
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