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The stable iron ferrite nanoparticles were formulated by using direct coprecipitation of an aqueous
solution of iron salt and a tetramethylammonium hydroxide (TMAOH) solution. These superparamagnetic nanoparticles were found to have uniform sizes of about 7 nm and showed no coalescence
in the aqueous solution for a few months. The relaxation times, T1 and T2 , of the hydrogen protons
in the aqueous solution of these nanoparticles were measured using a nuclear magnetic resonance
(NMR) spectrometer at room temperature over a wide range of concentrations of the nanoparticles
in the aqueous solution. The inverses of the relaxation times were observed to directly depend on
the concentration of nanoparticles.
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7 nm. From vibrating sample magnetometer measurements with the powder sample, we found that the formulated nannoparticles were superparamagnetic [12]. Also,
we observed that the aqueous solution of these particles did not show any coalescence for a few months.
The temperature dependence of saturation magnetization was also observed using a superconducting quantum interface device (SQUID) magnetometer at a field
strength of 2 Tesla. The relaxation times, T1 and T2 ,
of hydrogen protons in the colloidal aqueous solution of
magnetic nanoparticles were measured using a nuclear
magnetic resonance (NMR) spectrometer over a wide
range of concentrations of nanoparticles. The inverses
of the relaxation times was observed to directly depend
on the concentrations of nanoparticles. These results will
be used in controlling the relaxation times by adjusting
the concentrations of nanoparticles in the MRI contrast
agents.

I. INTRODUCTION

Recently, magnetic nanoparticles have attracted great
attention for their practical application as a contrast
agent in magnetic resonance imaging (MRI). In this case,
the size of nanoparticles should be controllable to less
than 10 nm for superparamagnetic and magnetic singledomain behaviors [1]. Also, the nanoparticles need to be
coated using biocompatible organic molecules to avoid
coalescence in high magnetic fields and consequently to
avoid possible vascular remnants which depend on the
size, the thickness of the coating, and other structures
of nanoparticles. Various methods for formulating the
nanoparticles have been introduced [2–6], and techniques
for controlling the particle size have been studied [2, 7,
8]. Techniques for obtaining stable colloid solutions of
nanoparticles by using various catalysts and by changing
the conditions during synthesis have also been reported
[2,4,9], and coating techniques using various biocompatible materials have been introduced [7]. However, the
detailed physical properties for the magnetic nanoparticle [6,10,11], such as the temperature dependence of the
magnetization for the superparamagnetic nanoparticle,
and the effect of the concentration of nanoparticles on
the relaxation times, have rarely been reported.
We formulated stable, uncoated iron-ferrite nanoparticles (Fe3 O4 ) by using direct coprecipitation of an aqueous solution of iron salt and a tetramethylammonium
hydroxide (TMAOH) solution. The size of nanoparticles was found to be uniform with a diameter of about
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II. EXPERIMENTAL
A 0.1M (mole) iron salt solution was made by mixing FeCl2 · 4H2 O (ferrous chloride) and FeCl3 · 6H2 O
(ammonium hydroxide). The iron-ferrite nanoparticles
(Fe3 O4 ) were coprecipitated by adding a 1M-solution of
TMAOH as a catalyst into the above iron-salt solution.
The coprecipitation process was performed inside a glove
box filled with the N2 gas. During this coprecipitation
process, ultrasonic energy was applied to the solution for
a better reaction. After the reaction was completed, the
iron-ferrite nanoparticles were separated using a magnet
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Fig. 1. TEM picture of the aqueous solution of nanoparticles.
Fig. 3. Temperature dependence of the saturation magnetization.

while the by-products of the reaction were cleaned off
with pure water, methanol, and acetone. The water contained in the collected nanoparticles was evaporated in
a vacuum heater at a temperature of 400 C for several
hours. Finally, a powder sample of iron-ferrite nanoparticles was obtained.
The size of the nanoparticles was estimated to be
about 7 nm from the transmission electron microscope
(TEM) picture, as shown in Fig. 1. From the Xray diffraction (XRD) patterns, the nanoparticles could
be identified as Fe3 O4 . The iron-ferrite nanoparticles
showed a superparamagnetic behavior [12], which could
be seen from the M-H curve obtained from a vibrating sample magnetometer with the powdered sample of
nanoparticles. No sizable hysteric behavior could be seen
in the M-H curve of Fig. 2.

Fig. 2. M-H curve for the powdered sample.

III. DISCUSSION

The iron-ferrite solution was made by mixing the powder sample in distilled water. This aqueous solution
of nanoparticles did not show any coalescence for a
few months and, thus, could be assumed to be a stable colloidal solution. The concentration of iron-ferrite
nanoparticles was measured as ppm (part per million)
by using an inductively coupled plasma (ICP) emission
spectrometer.
The magnetization of the iron-ferrite solution with a
nanoparticle concentration of 640 ppm was measured at
various temperatures around 310 ◦ C, the temperature of
the human body. The SQUID magnetometer was used
to measure the magnetization by sweeping the magnetic
field up to 2 Tesla for complete saturation of the nanoparticles. The temperature dependence of the saturation
magnetization can be seen in Fig. 3. In this figure, we
can see that the saturation magnetization decreases linearly as the temperature increases, which is as expected.
The saturation magnetization at the human body temperature is 2.92 [emu/g]. From Fig. 3, rate of decrease of
the saturation magnetization with temperature is 0.0115
[emu/g · K].
The T1 and T2 relaxation times of hydrogen protons in
aqueous solutions of various concentrations of nanoparticles ranging from 10 ppm to 640 ppm were measured
using an NMR spectrometer. In the solution, the relaxation times are influenced by the presence of superparamagnetic iron-ferrite nanoparticles and become smaller
than those in the pure water. The decreases in the relaxation times become greater as the concentration of
nanoparticles in the aqueous solution increases. The
T1,nano and T2,nano of hydrogen protons in an aqueous
solution of nanoparticles are related with the T1 and T2
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1
versus [C] are shown
ous solution. The plots of Ti,nano
in Figs. 4 and 5. We can see that the linearity in both
figures is well preserved. The slopes are 0.0239 [1/sec ·
ppm] and 1.112 [1/sec · ppm] for T1 and T2 , respectively.
Using these results, we will be able to control the relaxation times by adjusting the concentration of magnetic
nanoparticles in an MRI contrast agent.
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Fig. 4. Linearity check of
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versus [C].
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where i = 1 or 2, Ri ’s denote the relaxivity of the magnetic nanoparticles, and [C] represents the concentration
of nanoparticles homogeneously distributed in the aque-
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