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ABSTRACT. 5Fe2O3(3Gd2O3 micropowder and 5Fe2O3(3Gd2O3–dextran nanoparticles were prepared and studied by magnetic susceptibility and nuclear magnetic resonance measurements. Magnetic susceptibility data suggest the presence of antiferromagnetic interactions between the magnetic ions ( Fe+3, Fe+2 and Gd+3 ) of the samples. These interactions are stronger for the micropowder sample. The relaxivities are almost the same but the R1 relaxivity of the nanoparticles is higher than that of the micropowder sample. The decrease of the particles size in the 5Fe2O3(3Gd2O3–dextran to nanometer range determines modifications of their magnetic properties.

INTRODUCTION


In the last years the study of the nanoparticles have received increasing attention. Altered electrical, magnetical, electrooptical and chemical properties accompany reducing of particle size to nanometer range. These special properties are caused by the changes of band structure with quantum – size effect [1].


In this paper we studied the magnetic properties of 5Fe2O3(3Gd2O3 micropowder and 5Fe2O3(3Gd2O3–dextran nanoparticles by magnetic susceptibility and nuclear magnetic resonance measurements. 

EXPERIMENTAL

Synthesis of 5Fe2O3(3Gd2O3 microparticles was made in the following way: to iron oxide and gadolinium oxide taken in ratio 3Gd2O3 : 5Fe2O3 methanol was added and the suspension was stirred about 6h with a magnetic agitator. The homogeneous mixture was dried for 5h at 105°C. Furthermore, the mixture was calcined for more than 2h at 1200(C in air atmosphere and then transformed into micropowder [2]. The size of the 5Fe2O3 3Gd2O3 micropowder was about 2-10(10-2 (m. The particles size was determined by width of the peaks from X-ray diffraction spectrum. X-ray diffraction analyses were performed on a DRON3 diffractometer using CuK( radiation.


The 5Fe2O3(3Gd2O3–dextran nanoparticles were prepared by microemulsion method using a water and toluene system. The starting materials FeCl3/GdCl3 in molar ratio of 5:3 were converted to the corresponding oxides by treating then in a system of 420ml of water and 120ml of toluene on a water bath for about 10-12 hours. We used oxides/dextran molar ratio of 1:1. The molecular weight of dextran was 40000. We appreciated that the median diameter of the dextran-stabilized particles was distributed between 800Å and 1200Å, whereas the (5Fe2O3(3Gd2O3) core mean diameters were about 35-45Å. 


The source of Fe2O3( and Gd2O3 (99.9% purity) was E. Merck, Darmstadt. 


Magnetic susceptibility measurements were performed on a Faraday type balance in the temperature range 80-300K.


Measurements of the longitudinal and transverse relaxation rates T1-1 and T2-1 respectively, of dextran coated nanoparticles have been carried out on 1H in aqueous solutions as a function of molar concentrations, while the water-insoluble micropowder was maintained in carboxymethylcellulose solutions. All measurements have been made at room temperature (about 25°C) at a proton Larmor frequency (0 = 90MHz.


The pulsed NMR spectrometer utilized was a commercial Bruker SXP4/100 spectrometer. Transverse relaxation rates were measured using the Carr-Purcell method, while longitudinal relaxation rates measurements using the inversion recovery pulse sequence, 180(-(-90(. All data exhibited single – exponential behavior.


The T1,2-1  values were obtained by fitting experimental data with the expression
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ti being the times at which the magnetization values Yi was measured. The fitting error was about 1% and the accuracy for the longitudinal rates was about 2-3% while the accuracy for the transverse relaxation rates was about 5-7%.


R1 and R2 relaxivities, in mM-1s-1 were obtained from the least-squares determination of the slopes of plots 1/ T1,2 versus molar concentration of the compound, using at least five independent measurements at several concentration between 0 and 2mM.

RESULTS AND DISCUSSION


Figure 1 shows the dependence of the inverse magnetic susceptibility as a function of temperature for the 5Fe2O3(3Gd2O3–dextran nanoparticles and also for the 5Fe2O3(3Gd2O3 micropowder. The data collapse to straight lines indicating that the magnetic susceptibility follows a Curie-Weiss type behavior.
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where C is the Curie constant and (p is the paramagnetic Curie temperature. The solid lines in Figure 1 represents the computer fit of experimental data according to Eq. (2). These plots permitted to derive the two important magnetic parameters namely (p and Cm (the molar Curie constant). The values obtained for these constant are (p= -40K, Cm=103.68emu(K/mole for 5Fe2O3(3Gd2O3–dextran nanoparticles and (p= -52K, Cm=66.74emu(K/mole for 5Fe2O3(3Gd2O3 micropowder. The paramagnetic Curie temperature (p is a rough indicator of magnetic interaction between the iron and gadolinium ions ( Fe+3, Fe+2 and Gd+3 ). The negative values obtained for (p suggest that the interaction between the magnetic ions is antiferromagnetic and its intensity is higher for the micropowder sample.
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The measured R1 and R2 relaxivities of nanoparticles and micropowder studied in aqueous and carboximethylcellulose solutions are shown in table 1. For purpose of comparison the R1 and R2 relaxivities of magnetite and SPIOs (the commercial magnetite coated in dextran) are shown too. 
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Table 1.  

R1 and R2 relaxivities for the studied particles
Compound                                              R1(mM-1s-1)               R2(mM-1s-1)              R2/R1

5Fe2O3(3Gd2O3                                            2.54                           207.83                    81.82

5Fe2O3(3Gd2O3 – dextran                            61.78                          201.4                        3.26

Magnetite [3]                                               3.02                            55.29                     18.31

SPIOs [4]                                                  30                                100                           3.33


The proton relaxation rates (Figures 2 and 3) are linearly dependent on concentration of compounds. This certifies the absence of solute – solute interaction [5].


The relaxation rate increase produced by magnetic particles is a contribution of several complex mechanisms. The size and the composition of these particles represent the essential parameters. The particles possess very large magnetic moments in the presence of a static magnetic field. Dipolar interactions between the magnetic cores and surrounding solvent protons results in increasing both longitudinal and transverse relaxation rates, especially for nanoparticles (below 100Å). Smaller particles are adequately described by the microscopic outersphere theory [6] which predicts that the transverse relaxivity R2 of water will increase with the radius of the particle, whereas the longitudinal relaxivity R1, will first increase then reach a maximum for (I(R ( 1 and finally decrease. (I is the proton Larmor frequency and (R is the time required for a water molecule to diffuse over a distance equal with radius of the particle. Due to the small dimension of the magnetic core, iron oxide – gadolinium oxide –dextran nanoparticles and also SPIOs have higher values for R1 and consequently lower values for the ratios R2/R1.


The susceptibility difference between the particles and the surrounding medium generates strong magnetic field gradients, particularly around the periphery of each inclusion. Diffusion of protons leads to an irreversible dephasing of the transverse magnetization that cannot be completely rephased by application of a 180( radio-frequency pulse. Thus in a Carr-Purcell (90 - ( -180) sequence, where ( is the spacing between the 90( and 180( pulse, the estimated transverse relaxation rate is considerably increased. The magnetized particles with large size domains (up to 100 Å) affect T2 more that T1. For this case the mechanism of action can be related more to diffusion-induced magnetic field gradients than to dipole-dipole interactions.

CONCLUSIONS


5Fe2O3(3Gd2O3 micropowder and 5Fe2O3(3Gd2O3–dextran nanoparticles were prepared and their magnetic susceptibilities and R1 and R2 relaxivities were measured. Magnetic susceptibility data suggest the presence of antiferromagnetic interactions between the magnetic ions ( Fe+3, Fe+2 and Gd+3 ) of the samples, these interactions being stronger for the micropowder sample. The increase or decrease of R1 and R2 relaxivities depends on the number of factors as compound mass, size and composition, and is the combined result of more than one type of relaxation processes. 
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Fig. 1. Temperature dependence of the inverse magnetic susceptibility
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Fig.3. Proton transverse relaxation rates as a function of particle concentration
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Fig. 2. Proton longitudinal relaxation rates as a function of particle concentration
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