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Abstract

Magnetite nanoparticles in the size range of 3.2-7.5 nm were synthesized in high yields under
variable reaction conditions using high-temperature hydrolysis of the precursor iron(ll) and
iron(111) alkoxides in diethylene glycol solution. The average sizes of the particles were adjusted
by changing the reaction temperature and time and by using a sequential growth technique. To
obtain y-iron(l11) oxide particles in the same range of sizes, magnetite particles were oxidized
with dry oxygen in diethylene glycol at room temperature. The products were characterized by
DLS, TEM, X-ray powder diffractometry, TGA, chemical analysis, and magnetic measurements.
NMR r, and 5, relaxivity measurements in water and diethylene glycol (for OH and CH, protons)
have shown a decrease in the 7>/ ratio with the particle size reduction, which correlates with the
results of magnetic measurements on magnetite nanoparticles. Saturation magnetization of the
oxidized particles was found to be 20% lower than that for Fe30,4 with the same particle size, but
their r; relaxivities are similar. Because the oxidation of magnetite is spontaneous under ambient
conditions, it was important to learn that the oxidation product has no disadvantages as compared
to its precursor and therefore may be a better prospective imaging agent because of its chemical
stability.
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Supporting Information: TEM images of nanoparticles. Histograms of the number of particles versus particle size for different
nanoparticles. Powder X-ray diffractograms, magnetization versus field curves, and magnetization versus temperature curves for
nanoparticles. This material is available free of charge via the Internet at http://pubs.acs.org.
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1. Introduction

Iron oxides and transition-metal ferrites with cubic structure are the focus of extensive basic
and applied research because of their useful ferrimagnetic properties. These properties arise
from a disproportion in the number of ferromagnetically coupled metal ions in two
sublattices whose net moments are oriented oppositely. A sublattice formed by metal ions
located in octahedral holes of the fcc oxygen framework counts twice as many metal ions as
another sublattice, which is formed by ions located in tetrahedral holes of the same
framework.! Changing the unpaired electron count in each sublattice is one of the ways to
tune the magnetic properties of this and other spinel-structured materials.

The conversion from bulk to the reduced-dimension crystalline form (nanometer scale)
causes the competition between the thermal energy and the magnetocrystalline anisotropy
energy, which results in the transition from the ferromagnetic to superparamagnetic state
when the vector of magnetization fluctuates in the absence of an external magnetic field.
This transition takes place at the blocking temperature 7y, which is proportional to the
particle volume and magnetic anisotropy. Another important difference between the macro-
scale and nanoscale magnetic solids is that smaller particles may be less magnetic than the
same material in bulk form because they contain a substantially greater fraction of metal
ions located on the crystal surface, which may not contribute to the particle's net
magnetization.1:2

The physics of nanoscale magnetic materials combined with their colloid and surface
chemistry puts these materials on the front line of current research, in particular, that aimed
at the development of ultracompact information storage and microelectronics on one side
and labeling, imaging, delivery, and other therapeutic tools for biology and medicine on the
other side.

The application of superparamagnetic iron oxide nano-particles in biology and medicine
finds its rapidly developing emphasis on contrast agents for MR1.3-8 Positive contrast
imaging is frequently preferred in diagnostic practice; however, the existing gadolinium-
containing 7; contrast agents raise substantial toxicity issues? and their high mobility
shortens their presence in the vascular system. These drawbacks of the gadolinium contrast
agents motivate researchers' effort in the development of 7; contrast agents based on
ultrasmall superparamagnetic iron oxide particles.10-14

Because of their high magnetic moment, superparamagnetic nanoparticles enhance proton
relaxation predominantly via an outer-sphere mechanism and therefore act as negative ( 7)
contrast agents. In so-called positive (77) contrast agents, the inner-sphere relaxation
mechanism is utilized because of the interaction of protons with high-spin d® transition-
metal ions such as Mn!! and Fe!'! or, more commonly, the * Gd'!! ions.
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The best currently known blood pool MRI agents are based on iron oxides and are
considered to be nontoxic. Reducing the particle size to below 5 nm can lower their
magnetic moment and therefore the outer-sphere relaxivity .11 At the same time, a larger
surface-to-volume ratio of these small particles can cause a greater involvement of the iron
atoms in the spin- lattice relaxation process, which relies on direct water coordination and
exchange at the metal sites. Consequently, the particle size reduction can be the way to
obtain a better 7; contrast agent. One of the goals of this work was to study how the particle
size and magnetization affect the relaxivity properties. We intentionally used no capping
ligands or surfactants to make sure they would not interfere with water coordination and
exchange at the particle's surface, which is important for accurate 7; measurements.

It is known that magnetite spontaneously oxidizes in air, yielding y-iron(I11) oxide with a
similar crystal structure. The similarity of their structures reflects on the magnetic
properties: maghemite ()-Fe,Os3) has a saturation magnetization that is ~80% of the value
for magnetite.! It could be expected that particles with the same size but various oxidation
states of iron would show different 7, relaxivities proportional to their magnetic moments.
The r; relaxivities of magnetite and maghemite could be very diverse, however, because of
their different surface chemistry and physics. Study on how the iron oxidation state affects
the magnetic and relaxivity properties of the nanoparticles was another goal of this work.

2. Materials And Methods
2.1. Materials

Diethylene glycol 99%, anhydrous iron(l11) chloride, and iron(1l) chloride were purchased
from Sigma-Aldrich and used with no additional purification. Diethylene glycol was
degassed in a dynamic fore-vacuum with vigorous stirring for 1 h prior to use. Sodium metal
and oleic acid were purchased from Fisher Scientific. Anhydrous ethyl acetate was
purchased from Acros Organics and stored in a Schlenk bottle under nitrogen. Methanol was
distilled in an inert atmosphere over sodium metal and stored in a Schlenk bottle under
nitrogen. All reactions and operations with magnetite nanoparticles were performed with the
rigorous exclusion of air and water using a Schlenk line and techniques involving an
ultrapure-nitrogen-filled glovebox.

2.2. Methods

DLS measurements were carried out on a Zetasizer Nano ZS instrument (Malvern) in
diethylene glycol, toluene, or water in 1 cm glass cuvettes at concentrations of ~0.7 mmol/
kg. Powder X-ray diffractograms for isolated nanosolids were obtained using a Rigaku
MiniFlex Il X-ray diffractometer. The particle size and peak positions were obtained from
X-ray diffraction patterns with Jade 8 software. TEM images were obtained for
nanoparticles coated with oleic acid on a JEOL JEM 2010 transition electron microscope.
The iron oxide content was determined by thermogravimetric analysis (TGA) with a Perkin-
Elmer STA 6000 instrument.

71 and 7, relaxation time measurements were performed at 297 °C using T1IR and CPMG
pulse programs, respectively, on a Bruker Fourier 300 NMR spectrometer. Sample
concentrations were in the range of 1 x 107 to 3 x 10~ mmol/g in diethylene glycol and 1
x 1074 mmol/g to 3 x 1073 mmol/g in D,0 in the presence of H,0 (50 mg/2 g). D,O in a
coaxial sealed tube was used to lock the NMR signal in diethylene glycol. All samples in
diethylene glycol were prepared in a nitrogen-filled glovebox. The following equations were
used for the calculations of r; and r, relaxivity:
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Magnetic studies were performed on a Princeton Measurements vector vibrating sample
magnetometer (VSM) and on a Quantum Design MPMS-XL SQUID susceptometer. The
samples were prepared as solid solutions of oleate-capped particles (5 wt %) in paraffin wax.

2.3. Synthesis

All reagents were used in the form of stock solutions in diethylene glycol: FeClz and FeCly,
0.5 mol/kg each; H»0, 1 mol/kg; and NaHdeg, 1.3 mol/kg (obtained by reacting Na metal
with diethylene glycol). In a typical procedure, solutions of FeCls, FeCly, H,0O, and NaHdeg
were mixed in the following proportion: 6 g (3 mmol) + 3 g (1.5 mmol) + 7 g (7 mmol) + 10
g (13 mmol).

The obtained green-brown solution was stirred overnight, transferred to a syringe, and then
rapidly (2 s) injected into diethylene glycol (64 g) that had been preheated to a specified
temperature. The overall iron concentration in the obtained colloids was 0.05 mol/kg.

For the synthesis of regularly sized nanoparticles (4.8 nm), the temperature of the preheated
solvent was 245 °C. After the injection, it decreased to 190 °C and was maintained at this
level for 1 h. Then the temperature was raised within 30 min to 210 °C and maintained at
210-220 °C for 1 h.

For the synthesis of smaller (3.2 nm) nanoparticles, the temperature of the preheated solvent
was 220 °C. After the injection, it decreased to 180 °C, and the solution was held at this
temperature for 1 h.

For the synthesis of larger (7.5 nm) nanoparticles, a new portion of the precursor solution (9
mmol of Fe) was added to the colloid of 4.8 nm particles at ~100 °C, followed by a slow
temperature increase to 160 °C and then (in 30 min) to 210 °C, which was maintained at this
level for another 30 min. Two other additions of the precursor solution and reheating
resulted in the partial precipitation of the agglomerated magnetite. After its separation by
using magnet, the clear colloid obtained was used for all studies.

Colloids of y~iron(111) oxide were obtained by room temperature oxygenation of the
magnetite colloids with dry O, for 1 week. Vigorous stirring helped to speed up the process.
During oxygenation, the color of the solutions changed from brown-black to deep orange-
brown.

A relatively small portion of each colloid was used for NMR relaxivity and DLS
measurements. For chemical analysis, a portion of the diethylene glycol colloid was
coagulated by the addition of ethyl acetate followed by magnetic separation, multiple
washing of the precipitates with methanol and ethyl acetate, and drying in vacuum. Another
portion was used for the preparation of oleate-capped nanopowders for TEM studies, XRD,
and magnetic measurements. Precipitated magnetite oleate and maghemite oleate products
were washed with methanol and dried in vacuum.

2.4. Analysis

The iron(I1) to iron(I11) ratio in the samples was determined by redox titration. Powdery
samples (50-100 mg) were decomposed by dissolving in 10 mL of a 5% aqueous solution
containing sulfuric and phosphoric acids (1:1) upon heating. The obtained clear solution was
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analyzed by titration with 0.05 N KMnO,. The amount of Fe(ll) determined from this
titration was compared to the total iron content determined by TGA analysis in an oxygen
atmosphere (as Fe;03).

and Discussion

It is known that the structure, surface composition, and metal ion site distribution in spinel-
structured ferrite nanoparticles may vary depending on the synthesis method, and any
deviation can significantly affect their magnetic properties. It was reasonable to hypothesize
that such changes can also affect the NMR relaxivity properties of the nanoparticles.
Because the aim of this work was to study the influence of the particle size and iron
oxidation state on magnetic and NMR relaxivity properties, we deliberately attempted to
prepare a series of samples whose crystal structure and surface chemistry were identical
while the particle size and iron oxidation state were varied one at a time. To achieve this
goal, we used synthesis methods based on the same chemistry for all of the products
obtained. The parameters in the synthesis that were varied one at a time were the solution
concentration and the reaction time and/or temperature. In all of the syntheses, the reaction
stoichiometry was maintained with extreme care to ensure that the surface chemistry of the
nanoparticles was identical in all batches.

Our synthesis strategy was based on the high-temperature hydrolysis of iron(11) and iron(l11)
chelated alkoxide complexes in solutions of the parent alcohol, diethylene glycol (Hodeg).

[Fe(Hdeg),] +2 [ Fe (Hdeg) (deg)] +4H,0 — Fe3O4+6H,deg

Formulas in this equation stand for nonisolated intermediate products, which form in
diethylene glycol solutions of iron chlorides in the presence of base. (Evidence of their
composition will be reported elsewhere.)

Magnetite nanoparticles were obtained as colloids stabilized by electrical double layers of
the solvated ions and containing no capping ligands or surfactants, except for Hodeg. This
surfactant-free colloidal system demonstrates remarkable stability; however, our earlier
attempts to obtain magnetite particles with different sizes by changing the reaction
conditions resulted in similarly sized or agglomerated products.1® In the present work, we
report the synthesis of Fe3O4 nanoparticles between 3.2 and 7.5 nm. We believe that this
result was achieved by changing the Fe/H,O ratio from 1:6.67 in our earlier experiments to
1:1.56 in the current work. As a consequence, colloids with the lower water content in the
current experiments are stable whereas colloids in our earlier experiments were coagulating
by the end of the synthesis. All reactions and workup procedures were performed under an
ultrapure nitrogen atmosphere in a glovebox (monitored oxygen content of 1-1.5 ppm) or
with a Schlenk line. Regularly sized particles (4.8 nm) were obtained by injecting a
concentrated diethylene glycol solution of the precursors into a pure solvent preheated to
245 °C. The temperature, which dropped to 190 °C after the injection, was maintained
unchanged for 1 h. It was then increased to 210-220 °C and maintained at that level for
another hour.

Smaller particles were obtained under milder conditions: the solvent was preheated to 220
°C. After the precursor solution's injection, the temperature dropped to 180 °C, and it was
kept at this level for 1 h. Larger particles were obtained by a sequential growth method that
consisted of several steps. The first step was identical to the synthesis of regular 4.8 nm
nanoparticles. In the second step, a double portion of the precursor solution was added to the
presynthesized colloid after it was cooled to ~100 °C. The reaction mixture was then held at
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the temperature of 160 and 210 °C. This cycle was repeated twice under identical
conditions.

Dynamic light scattering tests obtained for as-synthesized diethylene glycol colloids are
presented in Table 1, along with results of the powder X-ray diffractometry and TEM. As
can be seen, a minor fraction of the scattered light is attributed to objects larger than the
reference nanoparticles. Taking into account that larger particles scatter light more strongly
than small ones, the number of the larger particles in our colloids can be regarded as
negligible. As we have also found, these aggregates usually break apart after the colloid is
diluted with the parent solvent and left for 1 to 2 days.

Oleate-capped nanoparticles isolated as solids were used for XRD and magnetization
experiments. Samples for TEM were prepared by the slow evaporation of toluene
dispersions of oleate-coated particles deposited on a carbon grid. The representative XRDs
are shown in Figure 1, and the TEM images are shown in Figure 2. More images, histograms
and diffractograms can be found in the Supporting Information file (Figures S1- S6).

Iron(111) oxide colloids were obtained by the oxygenation of the parent magnetite colloid.
This reaction was found to be slow at room temperature and was carried out by vigorous
stirring of the starting colloid under a dry oxygen atmosphere at room temperature for 5-7
days. In the course of this reaction, the color of the colloid changed from brown-black to
deep brown-orange. These colloids were examined by DLS and then by powder X-ray
diffractometry and TEM after isolation of the oleate solids in a powdery state (Table 1).

Powder X-ray crystallography did not confirm the transition of magnetite to maghemite on
the basis of the 0.3° difference in the 511 peak positionl’ because this peak was too broad
(Figures 1 and S5). To determine the degree of oxidation, we performed a chemical analysis
on both the 4.8 nm particles of magnetite and on the product of its oxidation.
Nanoparticulate solids were isolated from diethylene glycol colloids by precipitation with
ethyl acetate, washing with methanol, and drying in vacuum. Because all of our powdery
products contained a certain amount of the adsorbed diethylene glycol, the TGA method was
used first to determine the exact content. The iron(Il) content was determined by
permanganate redox titration of the samples dissolved in a 5% aqueous 1:1 mixture of
sulfuric and phosphoric acids. Prior to analysis, we determined that under the same
conditions diethylene glycol undergoes oxidation much more slowly than does Fe!! so that
our titrations would be reliable. The average results obtained for several magnetite samples
showed the ratio of Fe!l/Fe!!l to be 1:3.17; the oxidized samples showed this ratio to be 1:
50. Because Fe!l oxidation in these samples was essentially complete, the analyzed products
can be regarded as Fe,O3. Powder X-ray diffractometry provided the evidence that this
oxide is spinel-structured, which identifies it as y-Fe,O3 (maghemite).

The reduced content of iron(ll) in magnetite samples can be attributed to partial oxidation
during their isolation from the original colloids, associated with using large volumes of the
washing solvents and with separation procedures. The samples of ligand-free magnetite are
generally more oxygen-sensitive than those that are oleate-capped.

Samples for magnetic measurements were prepared as 5 wt % dispersions of the oleate-
coated particles in a paraffin wax. This method of preparation helped to improve the
accuracy in the sample load to protect the magnetite samples from oxidation and to
minimize the interparticle magnetic interactions. The zero-field-cooled (zfc) and field-
cooled (fc) magnetization curves were obtained for regularly sized (4.8 nm) oxidized and
nonoxidized nanoparticles at a constant field of 50 Oe and in the temperature range of 4-300
K (Figure 3a,b). Both samples exhibited a blocking temperatures of 15 to 16 K. A
magnetization study performed as a function of the magnetic field shows hysteretic behavior
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at 5 K with a coercivity of 175 Oe for magnetite (Figure 4a,b) and 150 Oe for y-iron(I11)
oxide. Remanent magnetization values are 19 and 13 emu/g, and the saturation
magnetization values at 5 K and 50 kOe are 75 and 59 emu/g for Fe30,4 and Fe;Os3,
respectively. It is worth noting that the magnetization reaches 95% of its maximum value for
magnetite and 97% of its maximum value for y~iron(l11) oxide in fields as low as 10 kOe.
These values are approximately three-fourths of the saturation magnetization of bulk
magnetite and maghemite (100 and 80 emu/g, respectively).! Somewhat greater values of
the saturation magnetization and blocking temperature that we reported earlier'8 are likely to
be attributed to the interparticle magnetic interaction in the samples prepared with no
dilution.

As expected, the room-temperature curves show no coercivity or remanence, and the
maximum magnetization values in a 50 kOe field reach 58 and 46 emu/g for 4.8 nm
magnetite and y-iron(I11) oxide, respectively. The magnetization curves for 3.2 and 7.5 nm
particles can be found in the Supporting Information (Figures S7-S10).

The effect of the particle size and iron oxidation state on the magnetic properties can be
evaluated from the magnetization values obtained at room temperature and a field of 15
kOe, as presented in Table 2. As follows from these data, the larger particles of magnetite
exhibit greater magnetization than smaller particles, and the magnetization value for »-
iron(111) oxide particles of the same size (4.8 nm) constitutes ~80% of the corresponding
magnetization value for magnetite. These observations are expected and are in agreement
with well-known trends.

Relaxivity NMR experiments were performed in pure diethylene glycol (Table 2) and in
D,0 (Table 3). Because 7; relaxation experiments performed in this study could be strongly
affected by the surface chemistry of iron oxide nanoparticles, the as-produced magnetite
colloids were simply diluted with pure diethylene glycol. The only group of samples that
went through a postsynthesis modification were the ones treated with dry oxygen. These
samples are composed of y-iron(I11) oxide nanoparticles.

For diethylene glycol-based systems, we report two sets of r; values obtained for the protons
of OH and CH groups (Table 2). As can be seen, the relaxation of both OH protons and
protons of CH, groups is strongly dependent on the particle size. The OH groups are
involved in direct interactions with the surface of iron oxide nanoparticles, which enables
the inner-sphere (spin—lattice) proton relaxation mechanism. The CH, protons of diethylene
glycol can be regarded as second-sphere protons, which explains why their relaxation also
appears to be strongly influenced.

There is a linear relationship between the r; values and the particle size for magnetite and -
iron(111) oxide samples (Figure 5), with the slope being greater for OH protons. As
considered for magnetite, the observed pattern correlates with the values of saturation
magnetization of the corresponding particles.

Even though the saturation magnetization of y~iron(l11) oxide is ~20% lower than the
saturation magnetization of magnetite, there is no distinct effect of this difference on the r
relaxivity values for most of the samples (Table 2). This result is rather unexpected, and the
reason for this phenomenon is presently unknown. Because this is the case for both OH and
CHoy, protons, we cannot attribute this fact to a specific interaction of the proton-bearing
groups with Fe!l! or Fe!l atoms on the nanoparticle surface. In conclusion, using y-iron(l11)
oxide as an MRI contrast agent would be beneficial for practical purposes because it is
chemically more stable and consequently less toxic.
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To the best of our knowledge, no reports are available on the relaxivity studies involving
diethylene glycol. We were interested, however, in finding a suitable reference system. The
commonly used gadolinium diethylenetriaminepentaacetate (GADTPA, magnevist) was
found to be insoluble in diethylene glycol, so we could not use it directly as a reference. The
71 and 7, NMR experiments were performed with this complex dissolved in deuterium
oxide, and the obtained results are in agreement with published relaxivity values in this
solvent.18 The behavior of y-iron(l11) oxide was also tested in dilute acidified D,O
solutions. Prior to these tests, we checked and found that the rate of sample aggregation was
slow compared to the time needed for the NMR experiment. This allowed us to perform a
set of 7; and 7, experiments with 3.2, 4.8, and 7.5 nm y-Fe,O3 (Table 3). The magnetite
samples were not tested in D,O because of the high probability of their spontaneous
oxidation in this solvent, which could not be used in a glovebox.

As evident from Table 3, the r, values are more strongly affected by the particle size than
the r, values; consequently, the r»/r ratios decrease with the particle size. Since it is known
that the magnitude of the outer-sphere relaxivity, r,, for larger particles is greater because of
their higher magnetic moment, our result is in agreement with this trend. These findings also
provide evidence that smaller particles can be utilized as positive-contrast-enhancing MRI
agents.

4. Conclusions

Uncoated magnetite and y-iron(l11) oxide nanoparticles from 3.2 to 7.5 nm in size were
synthesized as stable diethylene glycol colloids. The nanocrystalline solids isolated from
these colloids had a narrow size distribution based on TEM and X-ray powder
diffractometry and high saturation magnetization values. The notable finding concerning
their magnetic properties was that y-iron(I11) oxide particles have ~20% lower saturation
magnetization than magnetite particles of the same size. The NMR relaxivity studies
revealed similar longitudinal (r;) relaxivity values for both types of particles and proved the
smaller particles to have a smaller 5/ relaxivity ratio, which enhances their potential for
use as MRI positive-contrast agents. On the basis of magnetic and relaxivity properties, the
y-iron(I11) oxide particles would be even better candidates for this role because they are
chemically more stable and consequently less toxic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

70

Powder X-ray diffractograms for magnetite samples. The particle size was estimated using
Scherrer's formula: (A) 2.9, (B) 3.9, and (C) 7.8 nm.
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Figure 2.
(a) TEM image for a magnetite sample with a 4.8 nm particle size. Scale bar = 20 nm. (b)
TEM image for a magnetite sample with a 7.5 nm particle size. Scale bar = 20 nm.
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Figure 3.
(a) Zero-field-cooled (zfc) and field-cooled (fc) curves for 4.8 nm Fe30,4 particles in a 50 Oe

field. (b) Zero-field-cooled (zfc) and field-cooled (fc) curves for 4.8 nm y-Fe,O3 particles in
a 50 Oe field.
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Figure4.
(a) Magnetization curves for 4.8 nm Fe30,4 particles at different temperatures. (b)
Magnetization curves for 4.8 nm y-Fe,O3 particles at different temperatures.
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Dependence of r; relaxivity values on the particle size.
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Table 1

Summary of the Particle Size Deter mined by Different Physical Methods

sample? DLS(d, nm; %)2 XRD (d,nm) TEM (d, nm; std %)
Fes0,3.2nm  4.9;67 2.9 3.19; 14
Fe0,4.8nm  7.2;66 3.9 4.75; 16
Fes0,7.5nm  18.9; 100 78 75;14

Fe,033.2nm  5.1; 80 26

Fe,034.8nm  7.2;80 5.4 4.80; 16

aThe particle size in the sample code comes from TEM. The same codes are used in Table 2 and the text below.

b . .
% intensity.
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Magnetization of the Particles Dispersed in Par affin (at 300 K) and Relaxivity in
Diethylene Glycaol

magnetization, emu/g2

sample 15kOe 50kOe ri(OH)  ry(CHy)
Fes0432nm 30 49 0.65 0.29
Fes044.8nm 52 58 2.72 1.04
Fes047.5nm 66 70 4.74 2.24
Fe,033.2 nm 0.68 0.39
Fe,0;48nm 41 46 2.84 1.22
Fe,03 7.5 nm 5.97 2.16

a . .
Per gram of pure iron oxide.
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Relaxivity of y~Iron(l11) Oxide Nanoparticlesand Magnevist in Deuterium Oxide

Table 3

sample

51

rolry

GdDTPA
Fe,03 3.2 nm
Fe,03 4.8 nm

Fe,03 7.5 nm

481
3.00
3.52
10.8

3.84

23.75
28.26
204.2

0.80
7.92
8.03
18.91
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