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We report the longitudinal water proton relaxivities (r1 ) of several 3d and 3f transition metal
oxide nanoparticles. These include ultrasmall iron oxide, manganese oxide, europium oxide, gadolinium oxide, and dysprosium oxide nanoparticles. The nanoparticles ranged from 1.0 to 3.0 nm in
diameter. Ultrasmall metal oxide nanoparticles with metal ions of high and pure S-state electron
magnetic moments showed high r1 relaxivities. The measured relaxivities indicate that ultrasmall
gadolinium oxide nanoparticles with a high r1 relaxivity of 12.6 mM−1 s−1 may be suitable for use
as a sensitive T1 MRI contrast agent.
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I. INTRODUCTION
Design of a new magnetic resonance imaging (MRI)
contrast agent by using nanoparticles is a very challenging subject because nanoparticle MRI contrast agents
can provide us with a very high contrasting power
through their enhanced magnetic properties [1–4]. This
capability of nanoparticles will allow us to easily detect
diseases through an ultra-sensitive and high-resolution
MR image.
A key parameter for the design of a MRI contrast
agent is the water proton relaxivity (or simply relaxivity). Clinically used T1 MRI contrast agents are all
molecular Gd3+ -complexes, which possess r1 relaxivities
of 3 - 5 mM−1 s−1 [5,6]. In these complexes, one water is
bound to a central Gd3+ ion; thus, the Gd3+ ion induces
water proton relaxation. However, longitudinal (r1 ) relaxivities of nanoparticles can be higher than these values
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because in them are many metal ions that together can
induce water proton relaxation.
It is an intrinsic question what type of electron magnetic moment among S- and L-state electron magnetic
moments significantly contributes to the longitudinal
(T1 ) relaxation of the water proton. L-state electrons,
which have very rapid electron spins, may not be suitable for water proton relaxation whereas S-state electrons, which have slow electron spins, can be closely in
tune with water proton relaxation [6]. Therefore, metal
oxide nanoparticles composed of metal ions soley with
high S-state electrons are expected to efficiently induce
T1 relaxation of the water proton and, thus, will provide
a high r1 relaxivity.
In this work, we investigated the r1 relaxivities of various ultrasmall metal oxide nanoparticles. These include
3d transition metal oxide nanoparticles, such as iron oxide and manganese oxide nanoparticles, and 4f inner
transition metal oxide nanoparticles, such as europium
oxide, gadolinium oxide, and dysprosium oxide nanoparticles. The nanoparticles ranged from 1.0 to 3.0 nm in
diameter. We experimentally found that only the ultra-
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small iron oxide, manganese oxide, and gadolinium oxide
nanoparticles showed reasonable r1 relaxivities. Especially, ultrasmall gadolinium oxide nanoparticles showed
a very high r1 relaxivity. We successfully discuss this
in terms of the electron magnetic moments of the metal
ions in ultrasmall metal oxide nanoparticles.

II. EXPERIMENTAL METHOD
The ultrasmall metal oxide nanoparticles were synthesized in solution as follows. 5 mmol of a metal
precursor (FeCl3 ·6H2 O, MnCl2 ·4H2 O, Eu(NO3 )3 ·5H2 O,
GdCl3 · xH2 O, or Dy(NO3 )3 · xH2 O ) was added to 40
ml of triethylene glycol at room temperature. The reaction solution was magnetically stirred at 250 ◦ C for
24 hours while air was bubbled through it. After having been cooled to 150 ◦ C, 2 mmol of D-glucuronic acid
as a surface coating material was added to the reaction
solution. The reaction solution was magnetically stirred
at 150 ◦ C for 24 hours, after which the reaction solution
was cooled to room temperature. The D-glucuronic acid
coated metal oxide nanoparticles were washed with 400
ml of distilled water twice. To do this, 400 ml of distilled
water was added to the reaction solution and then centrifuged. The top solution was decanted. This procedure
was repeated twice. Half of the sample was re-dispersed
in distilled water for the relaxivity measurement, and the
remaining sample was dried in air to obtain a powder
sample for other characterizations. All chemicals used in
this experiment were purchased from Aldrich.
Particle diameters were estimated by using a highresolution transmission electron microscope (HRTEM).
For the measurements, the nanoparticles were dispersed
in methanol and then deposited onto a copper grid covered with an amorphous carbon membrane. The magnetic properties were characterized by using a superconducting quantum interference device (SQUID) magnetometer and a powder sample. For the mass correction
for the magnetizations, the exact masses of powder samples were obtained from the thermogravimetric analysis
by using a thermogravimetric analyzer (TGA). The surface coating with D-glucuronic acid was confirmed by
using a FTIR absorption spectrometer to determine the
Fourier transform infrared (FTIR) absorption spectra.
To record the FTIR spectra, a pallet was prepared for
each sample by pressing a mixture of KBr and a powder
sample. The r1 relaxivities were measured by using a
MRI instrument equipped with a knee coil (EXTREM)
at a field strength H = 1.5 Tesla and room temperature.
Five metal-ion concentrations for each sample (for example, 1.0, 0.5, 0.25, 0.125, 0.0625 mM) were prepared in
distilled water to measure the T1 relaxation times. The
experimental conditions for the measurements of the T1
relaxation times are described on Ref. 7. The r1 relaxivities were then obtained from the slopes of the plot of
the inverse T1 relaxation times versus metal-ion concentration.

Fig. 1. HRTEM micrographs of D-glucuronic acid coated
ultra small (a) iron oxide, (b) manganese oxide, (c) europium oxide, (d) gadolinium oxide, and (e) dysprosium oxide
nanoparticles. The particle diameters are nearly monodisperse and range from 1.0 to 3.0 nm.

Fig. 2. FTIR spectra of D-glucuronic acid coated ultra
small iron oxide, manganese oxide, europium oxide, gadolinium oxide, and dysprosium oxide nanoparticles.

III. RESULTS AND DISCUSSION
Figures 1(a)-(e) show HRTEM micrographs of Dglucuronic acid coated ultra smalliron oxide, manganese
oxide, europium oxide, gadolinium oxide, and dysprosium oxide nanoparticles, respectively. The particle diameters are nearly monodisperse and range from 1.0
to 3.0 nm. Surface coating by D-glucuronic acid was
done because nanoparticles should be biocompatible for
biological applications [8]. The surface coating by Dglucuronic acid was confirmed by using Fourier transform infrared (FTIR) absorption spectra, as shown in
Fig. 2. Functional groups of D-glucuronic acid, such as
the C=O stretching at ∼1610 cm−1 and the C-H stretch-
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Fig. 5. Plots of 1/T1 inverse relaxation times as a function
of metal ion (Mn+ ) concentration. The slopes correspond to
the r1 relaxivities.

Fig. 3. M -H curves at T = 300 K.

Fig. 4. M -T curves at H = 100 Oe.

ing at ∼2910 cm−1 , confirmed the surface coating by
D-glucuronic acid [9].
Magnetic properties were characterized by recording
both M - H curves at temperature T = 300 K (Figs.
3(a)-(e)) and zero-field-cooled (ZFC) M -T curves at an
applied field H = 100 Oe (Figs. 4(a)-(e)). From these
curves, major magnetic states (superparamagnetic or

paramagnetic) were determined and are provided in Table 1. Ultrasmall iron oxide nanoparticles almost showed
superparamagnetism with a blocking temperature (TB )
of ∼5 K. They also showed some paramagnetism. Other
metal oxide nanoparticles showed paramagnetism because their corresponding bulk materials had a paramagnetic spin structure [10–12], except for manganese oxide nanoparticles, which had an antiferromagnetic spin
structure [13,14]. Ultrasmall manganese oxide nanoparticles are paramagnetic because of uncancelled surface
spins. Ultrasmall metal oxide nanoparticles, except for
ultrasmall europium oxide nanoparticles, showed some
magnetic moments at H = 5 Tesla. Ultrasmall europium
oxide nanoparticles showed a tiny magnetic moment because the Eu3+ ion possesses J = 0.
Figure 5 shows plots of 1/T1 (= R1 ) inverse relaxation
times versus metal-ion concentration (metal ion = Fe3+ ,
Mn2+ , Eu3+ , Gd3+ , and Dy3+ ). The slopes correspond
to the r1 relaxivities. The relaxivities estimated from
the corresponding slopes are provided in Table 1. The
r1 relaxivities are quite different, depending on the kinds
of metal ions in the ultrasmall metal oxide nanoparticles.
This is due to different electronic states of the metal ions.
Surface coating is necessary for a MRI contrast agent
because the MRI contrast agent should be biocompatible, as mentioned before. For surface coated nanoparticles, direct contact between the metal ions and a water
proton is prohibited, as shown in Fig. 6. In this situation, the outer sphere relaxation model can be applied
to the T1 relaxation of the water proton [5]. A simplified
outer sphere relaxation model for the r1 relaxivity may
be written as
r1 = ∼ ANS S(S + 1),

(1)

in which A is a constant, Ns is the number of metal
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Table 1. Relaxivities (r1 ) and particle diameters (d) of ultrasmall metal oxide nanoparticles.
Metal oxide
nanoparticle
Iron
Manganese
Europium
Gadolinium
Dysprosium

Metal
ion
Fe3+
Mn2+
Eu3+
Gd3+
Dy3+

Electronic state
and S value
6
S5/2 , 5/2
6
S5/2 , 5/2
7
F0 , 3
8
S7/2 , 7/2
6
H15/2 , 5/2

r1
(mM−1 s−1 )
3.0
7.0
0.11
12.6
0.27

Fig. 6. Schematic diagram showing that several (four in
the figure) surface metal ions together induce the T1 relaxation of the water proton through an interaction between the
electron magnetic moments and the water proton spin magnetic moment.

ions that interact with a water proton, and S is the total
spin quantum number of 3d or 4f electrons of a metal ion.
Here, both A and Ns are common to all metal ions; thus,
S will determine the r1 value of ultrasmall metal oxide
nanoparticles. The electronic state of a metal ion and
its S value are given in Table 1. Based on the S value,
the r1 of ultrasmall metal oxide nanoparticles is expected
to be in the order of gadolinium oxide nanoparticles >
europium oxide nanoparticles > iron oxide nanoparticles
= manganese oxide nanoparticles = dysprosium oxide
nanoparticles. As can be seen in Table 1, however, the order in r1 is gadolinium oxide nanoparticles > manganese
oxide nanoparticles > iron oxide nanoparticles > dysprosium oxide nanoparticles ≈ europium oxide nanoparticles. This is primarily due to the different types of the
electron magnetic moments of metal ions in ultrasmall
metal oxide nanoparticles, as will be described below.
Both Dy3+ and Eu3+ ions possess both orbital and
spin magnetic moments whereas Fe3+ , Mn2+ , and Gd3+

r2 /r1
1.3
9.0
11.4
1.0
60.3

d
(nm)
1.6
1.5
2.0
1.5
2.0

Major magnetic
state
superparamagnetic
paramagnetic
paramagnetic
paramagnetic
paramagnetic

ions only possess spin magnetic moments. Electrons
with large electron orbital magnetic moments, as in both
Dy3+ and Eu3+ ions, lead to very rapid electron spin relaxations [15], which is not suitable for a slow relaxation
of the water proton. However, the pure S-state electron
magnetic moments, as in Fe3+ , Mn2+ , and Gd3+ ions,
lead to slow electron spin relaxations, which are closely
in tune with the water proton relaxation. Especially,
Gd3+ ions possess the highest S = 7/2 in the periodic
table and, thus, can most efficiently induce water proton relaxation, which explains the very high r1 relaxivity
of ultrasmall gadolinium oxide nanoparticles. The next
metal ions with large and pure S-state magnetic moment
are Mn2+ and Fe3+ ions. They possess S = 5/2. This
explains why ultrasmall iron oxide and manganese oxide
nanoparticles have r1 values larger than those of ultrasmall europium oxide and dysprosium oxide nanoparticles, but smaller than that of ultrasmall gadolinium oxide
nanoparticles.
Note that the r1 relaxivity of ultrasmall gadolinium
oxide nanoparticles is much larger than those (= 3 - 5
mM−1 s−1 ) of molecular Gd3+ -complexes [5,6] because
ultrasmall gadolinium oxide nanoparticles have many
Gd3+ ions that can induce water proton relaxation.
This can be explained from Eq. (1). Molecular Gd3+ complexes have Ns = 1 whereas ultrasmall gadolinium
oxide nanoparticles can have Ns > 1 because they possess many Gd3+ ions. For 1 - 3 nm nanoparticles, at least
several hundreds of Gd3+ metal ions exist. However, not
all of them contribute to water proton relaxation because the r1 of ultrasmall gadolinium oxide nanoparticles is three to four times as large as that of molecular
Gd3+ -complexes. Therefore, about three to four Gd3+
ions close to a water proton may significantly contribute
to the water proton relaxation, as shown in Fig. 6, implying that Ns = 3 - 4. The same explanation is applied to both ultrasmall iron oxide and manganese oxide
nanoparticles. That is, the r1 relaxivities of ultrasmall
iron oxide and manganese oxide nanoparticles are also
three to four times larger than those of Fe3+ - and Mn2+ complexes [5], respectively, supporting that Ns = 3 - 4.
The relaxivities in Table 1 suggest that ultra small
gadolinium oxide nanoparticles will be extremely good
for use as a T1 MRI contrast agent because they possess
a very high r1 relaxivity and a r2 /r1 ratio that is close
to one, corresponding to an ideal condition for a T1 MRI
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contrast agent. A further in vivo study will be necessary
in order for surface coated ultrasmall gadolinium oxide
nanoparticles to be clinically useful as a T1 MRI contrast
agent.

IV. CONCLUSION
We produced ultrasmall iron oxide, manganese oxide,
europium oxide, gadolinium oxide, and dysprosium oxide
nanoparticles and investigated their r1 relaxivities. The
particle diameters ranged from 1.0 to 3.0 nm. Ultrasmall metal oxide nanoparticles composed of metal ions
with pure S-state electrons showed high r1 relaxivities
because S-state electrons can more efficiently induce water proton relaxation than L-state electrons. We found
that ultrasmall gadolinium oxide nanoparticles possessed
properties that are ideal for its use as a T1 MRI contrast
agent (i.e., a high r1 relaxivity and a r2 /r1 ratio close to
one), implying that they are excellent candidates for a
T1 MRI contrast agent, because the Gd3+ ion possesses
S = 7/2, which is the highest value in the periodic table.
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