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Gd(OH)3 nanorods, Gd(OH)3 nanoparticles, and Gd2 O3 nanoparticles were prepared, and their
longitudinal water proton relaxivities (r1 s) were investigated. They are important for application
to highly sensitive T1 MRI contrast agents. The r1 s did not much depend on either composition or
morphology but on particle diameter such that an optimal particle diameter (∼1.6 nm) exists for a
maximal r1 (∼12.4 s−1 mM−1 ). This is interpreted such that surface Gd(III) ions mainly contribute
to the r1 .
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I. INTRODUCTION
Magnetic nanoparticles and nanorods have drawn
much attention from scientists because they can be applied to magnetic resonance imaging (MRI) as contrast
agents. Here, MRI is a non-invasive technique that is
now widely used in diagnosing diseases [1]. Research on
MRI contrast agents is now rapidly expanding and can
be classified into three, i.e., preparation [2], functionalization [3], and applications [4].
Two kinds of MRI contrast agents exist. They are T1
(or positive) and T2 (or negative) MRI contrast agents.
The latter have been extensively studied by using iron
oxide nanoparticles [2-5]. In fact, they are now clinically available. One example is a liver specific Resovist [6]. The latter have very high transverse water
proton relaxivities (r2 s) of 100 – 300 s−1 mM−1 , depending on their particle diameter such that the r2 increases with increasing particle diameter [4]. However,
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for clinical applications, the particle diameter should be
as small as possible for intravenous injection. The r2
value is roughly proportional to the square of the magnetic moment of the nanoparticles [7,8]. Recently, ferrite
nanoparticles showed very high magnetic moments [9].
As a result, their r2 values are higher than those of iron
oxide nanoparticles even though their particle diameters
are smaller than those of iron oxide nanoparticles.
This work deals with T1 MRI contrast agents. So
far both gadolinium oxide [10-13] and manganese oxide
nanoparticles [14] have been exploited for their possible
use as T1 MRI contrast agents. Here, the Gd(III) ion
is known to be the best ion for T1 MRI contrast agents
because it has seven unpaired S-state electrons in its
4f -orbital [7,8]. The longitudinal water proton relaxivity (r1 ) is roughly proportional to the square of the
spin magnetic moment [7,8], and the Gd(III) ion has the
highest spin of S = 7/2 in the periodic table. Therefore,
further exploitation of the MRI properties of gadolinium
oxide and hydroxide nanoparticles is very important.
In this work, we investigated the r1 of Gd(OH)3
nanorods, Gd(OH)3 nanoparticles, and Gd2 O3 nanoparticles. The T1 MRI contrast agents should have high r1 .
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Table 1. Morphology, average size, crystal structure, and lattice parameter of five samples.
Sample
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5

Composition
Gd(OH)3
Gd(OH)3
Gd(OH)3
Gd2 O3
Gd2 O3

Morphology
nanorod
spherical
spherical
spherical
spherical

Size (nm)
90 × 6
2.5
20
3
25

Crystal structure
hexagonal
hexagonal
hexagonal
fcc
fcc

Lattice parameter (Å)
a = 6.339, c = 3.615
a = 6.353, c = 3.652
a = 6.329, c = 3.635
a = 10.278
a = 10.752

Here, the r1 may depend on various factors, and thus, its
dependence on these factors should be well understood in
order to design highly sensitive T1 MRI contrast agents.
We considered three factors in this work, particle diameter, composition, and morphology. Here, the composition includes Gd(OH)3 and Gd2 O3 , and the morphology
includes nanorod and nearly spherical nanoparticle. We
observed that the r1 critically depends on particle diameter, but not on either composition or morphology.

II. EXPERIMENTAL
Five samples were prepared. The Gd(OH)3 nanorods
(sample 1) were prepared by reacting 5 mmol of
GdCl3 ·xH2 O with 15 mmol of NaOH dissolved in 35 ml
of triply distilled water. This mixture was magnetically
stirred for 2 hours at 70 ◦ C. The Gd(OH)3 nanoparticles
(sample 2) were prepared by magnetically stirring the
above sample 1 in 50 ml of ethyl-L-lactate for 6 hours
at 110 ◦ C in order to remove any remaining CH3 OH in
solution and then, at 150 ◦ C for 24 hours. The Gd(OH)3
nanoparticles (sample 3) were prepared by magnetically
stirring the above sample 1 in 50 ml of tripropylene glycol
for 6 hours at 110 ◦ C in order to remove any remaining
CH3 OH in solution and then, at 200 ◦ C for 24 hours. All
of the final products were washed with 100 ml of CH3 OH
three times. The Gd2 O3 nanoparticles (sample 4) were
prepared by annealing sample 2 at 260 ◦ C in air for 48
hours. The Gd2 O3 nanoparticles (sample 5) were prepared by annealing the above sample 3 at 260 ◦ C in air
for 48 hours. For all five samples, half of each sample
was dried in air to obtain a powder sample, and the remaining half was dispersed in triply distilled water for
relaxivity measurements.
Both the morphology and the particle diameter were
characterized by using both a high voltage electron microscope (HVEM) (JEOL, JEM-ARM 1300S, 1.2 MeV
acceleration voltage) and a high resolution transmission electron microscope (HRTEM) (JEOL, JEM 2100F,
200 kV acceleration voltage). A 200-mesh copper grid
covered with an amorphous carbon membrane was placed
onto a filter paper, and one drop of a sample solution prepared in triply distilled water was placed onto the copper
grid by using a micropipet (Eppendorf, 2 – 20 µL). An Xray diffraction (XRD) spectrometer (Philips, X-PERT)

Fig. 1. HRTEM and HVEM images of (a) and (b) sample 1, (c) sample 2, (d) and (e) sample 3, (f) sample 4, and
(g) and (h) sample 5. The circles in both (c) and (f) indicate
nanoparticles.

was used to measure crystal structures of five powder
samples. The XRD patterns were recorded by using
CuKα (λ = 1.54184 Å) radiation for 2θ = 15 – 100◦ . A
superconducting quantum interference device (SQUID)
magnetometer (Quantum Design, MPMS-7) was used to
characterize the magnetic properties of the five powder
samples. Both M - H curves (-5 ≤ H ≤ 5 tesla) at
temperatures (T ) of 5 and 300 K and zero-field-cooled
(ZFC) M - T curves (3 ≤ T ≤ 330 K) at an applied
field (H) of 100 oersted (Oe) were recorded. To measure these curves, we added an exact mass (10 – 20 mg)
of a powder sample into a nonmagnetic capsule. An inductively coupled plasma atomic emission spectrometer
(ICPAES) (Thermo Jarrell Ash Co., IRIS/AP) was used
to measure the Gd concentration of five sample solutions prepared in triply distilled water. Then, several
solutions (i.e., 0.00156 – 0.025 mM Gd) for each sample
solution were prepared by diluting it with triply distilled
water and were then used for relaxation time (T1 and T2 )
measurements. A 1.5 tesla MRI instrument (GE Signa
Advantage, GE Medical System) equipped with a Knee
coil (EXTREM) was used to measure both T1 and T2 .
The measurement conditions have been described in detail elsewhere [15].

III. RESULTS AND DISCUSSION
Figure 1 shows HVEM and HRTEM images of all five
samples from 1 to 5. Sample 1 has lengths and thick-
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Table 2. Net magnetization (M ) of Gd(III) ions in five
samples at H = 5 tesla and their r1 and r2 values at a 1.5
tesla MR field.
Sample
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Gd2 O3 [11]
Gd(III)-TETA

M
r1
r2
−1
−1
−1
(emu/g)
(s mM ) (s mM−1 )
5 K 300 K
177
6.8
1.8 ± 0.1
8.2 ± 0.1
135
3.7
5.7 ± 0.1
6.3 ± 0.1
149
9.0
0.9 ± 0.1
3.4 ± 0.1
143
6.9
4.1 ± 0.1
16.2 ± 0.1
119
7.6
0.8 ± 0.1
5.7 ± 0.1
–
–
9.9
–
[8]
–
–
2.1
–

Fig. 2. XRD patterns of five samples. Assignments are the
Miller indices (hkl ) and are only given for samples 1 and 5
because both samples 2 and 3 have the same crystal structure
as that of sample 1 and because sample 4 have the same
crystal structure as that of sample 5.

nesses ranging from 50 to 120 and 4 to 8 nm, respectively.
The particle diameters of samples 2 and 3 range from 1
to 4 and 5 to 40 nm, respectively. Those of samples 4
and 5 range from 2 to 5 and 10 to 45 nm, respectively.
Average sizes are summarized in Table 1.
Figure 2 shows XRD patterns of all five samples from
1 to 5. Samples 1 to 3 possess a hexagonal structure of
Gd(OH)3 . Both samples 4 and 5 have a face centeredcubic (fcc) structure of Gd2 O3 . These observed structures are consistent with those reported in the literature
[16]. Lattice parameters are estimated from the observed
peak positions and are provided in Table 1. The broad
peaks in sample 4 are due to the small particle size [17].
Both M - H curves (−5 ≤ H ≤ 5 T) at T = 5 and
300 K and ZFC M – T curves (3 ≤ T ≤ 330 K) at H
= 100 Oe were recorded to characterize magnetic properties of all five samples, as shown in Fig. 3. Magnetiza-

Fig. 3. (Color online) M – H curves at T = 5 and 300
K and M – T curves at H = 100 Oe, showing that all five
samples are paramagnetic down to T = 3 K.

tions were corrected by dividing sample masses by either
m(Gd)/m(Gd(OH)3 ) (= 0.7551) or m(2Gd)/m(Gd2 O3 )
(= 0.8676) to obtain the net magnetizations of Gd(III)
ions in each powder sample. The M – H curves at T
= 5 and 300 K show that both the coercivity and the
remanence are zero for all five samples (i.e., no hysteresis). This lack of hysteresis, as well as the lack of a no
magnetic transition down to T = 3 K in the ZFC M –
T curves shows that all five samples are paramagnetic
down to T = 3 K. This paramagnetism is consistent
with the neutron beam and the combined magnetometer
- galvanometer experiments for Gd2 O3 [18] and Gd(OH)3
[19], respectively. From the M – H curves at T = 5 K
and H = 5 tesla, magnetizations were estimated to be
177, 135, 143, 149, and 119 emu/g for the five samples
from 1 to 5, respectively (Table 2). These values are less
than 244 emu/g for Gd(III) ions in Gd2 O3 [20]. This is
likely because of some errors in the sample masses and incomplete saturation of the M – H curves at H = 5 tesla.
The magnetizations at T = 300 K and H = 5 tesla are,
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Fig. 5. (Color online) Plot of the r1 relaxivities of Gd2 O3
nanoparticles as a function of particle diameter. The Gaussian function fit provided the optimal particle diameter and
the maximal r1 of 1.6 nm and 12.4 s−1 mM−1 , respectively.

Fig. 4. (Color online) Plots of 1/T1 (= R1 ) and 1/T2 (=
R2 ) as a function of Gd concentration. The slopes correspond
to the r1 and r2 relaxivities, respectively.

however, small for all five samples, ranging from 3.7 to
9.0 emu/g (Table 2), depending on samples, because all
five samples are paramagnetic at T = 300 K.
Both the r1 and the r2 values are obtained from the
slopes of the 1/T1 (= R1 ) and 1/T2 (= R2 ) plots as
a function of Gd concentration, as shown in Fig. 4.
These values are also provided in Table 2. Paramagnetic
nanoparticles can efficiently induce longitudinal water
proton relaxation if the metal ions have high spin magnetic moments. In fact, all five samples were found to be
paramagnetic in the above magnetic studies. Furthermore, the Gd(III) ion has a high spin magnetic moment
with S = 7/2, as mentioned before.
In this work, we will discuss how the r1 is affected by
particle diameter, morphology, and composition. First,
let’s consider how the r1 depends on particle diameter.
The r1 s of samples 2 and 4 with average particle diameters of 2.5 and 3.0 nm, respectively, are larger than that
of Gd(III)-TETA [8] whereas those of samples 3 and 5
with average particle diameters of 20 and 25 nm, respectively, are smaller than that of Gd(III)-TETA. This indicates that the r1 initially increases and then, decreases
with increasing particle diameter. This implies that a
maximal r1 exists at a certain particle diameter. In order to estimate a maximal r1 and an optimal particle
diameter corresponding to the maximal r1 , the r1 s of
Gd2 O3 nanoparticles were plotted as a function of par-

ticle diameter and were then fitted to a Gaussian function, as shown in Fig. 5. Here, the particle diameter of
Gd(III)-TETA was roughly set to 0.1 nm because it is
a molecular complex. From the fit, the maximal r1 and
the optimal particle diameter were estimated to be 12.4
s−1 mM−1 and 1.6 nm, respectively. A similar fit will
also be obtained by using the r1 s of Gd(OH)3 nanoparticles because their observed r1 s are not much different
from those of Gd2 O3 nanoparticles with similar particle
diameters (Table 2). This indicates that the most sensitive T1 MRI contrast agent by using gadolinium oxide
or hydroxide nanoparticles can be designed with a particle diameter of ∼1.6 nm. This result can be rationalized
only if surface Gd(III) ions mainly contribute to the longitudinal water proton relaxation. That is, the Gd(III)
ions close to water (i.e., mostly the surface Gd(III) ions)
actively contribute to the r1 whereas internal Gd(III)
ions do not. Therefore, the r1 will initially increase as
the particle diameter increases because most Gd(III) ions
are surface ions and will then decrease after they reach
a maximal diameter because the ratio of active to inactive Gd(III) ions will decrease as the particle diameter
increases further.
Next, let’s consider the compositional dependence
(i.e., Gd(OH)3 and Gd2 O3 ) of the r1 . Both samples
2 (Gd(OH)3 ) and 4 (Gd2 O3 ) with similar particle diameters and the same spherical morphology have similar
r1 s. In a similar way, both samples 3 (Gd(OH)3 ) and
5 (Gd2 O3 ) show similar results, indicating that the r1
does not depend on composition.
Finally, let’s consider the morphological dependence
(i.e., nanorod and spherical nanoparticle) of the r1 . Sample 1 is a nanorod whereas both samples 2 and 3 are
nearly spherical nanoparticles. All of them have the same
Gd(OH)3 composition. Taking the average of 48 nm from
the rod dimensions of 90 × 6 nm in sample 1, the observed r1 (= 1.8 s−1 mM−1 ) of sample 1 is somewhat
larger than that (= 0.9 s−1 mM−1 ) of sample 3. This can
be understood if in case of the rod, the diameter is more
important than the length because the surface to volume
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ratio will mainly be determined by the lower dimension.
Therefore, since the diameter (= 6 nm) of sample 1 is
larger than that (= 2.5 nm) of sample 2 but smaller than
that (= 20 nm) of sample 3, the r1 will follow the order
of r1 (sample 3) < r1 (sample 1) < r1 (sample 2), which
is consistent with the observation. This implies that the
r1 does not depend on morphology.

IV. CONCLUSION
The dependence of r1 on particle diameter, composition, and morphology was investigated by preparing
five samples that included Gd(OH)3 nanorods with an
average length and thickness of 90 × 6 nm, Gd(OH)3
nanoparticles with average particle diameters of 2.5 and
20 nm, and Gd2 O3 nanoparticles with average particle
diameters of 3 and 25 nm. From both the M – H and
the M – T curves, all five samples were found to be paramagnetic down to T = 3 K. We found that the r1 did
not depend on either composition (i.e., Gd(OH)3 and
Gd2 O3 ) or morphology (i.e., nanorod and spherical) but
critically on the particle diameter such that an optimal
particle diameter existed for a maximal r1 . The Gaussian
function fit to the observed r1 s from this and other works
provided an optimal particle diameter of ∼1.6 nm and a
maximal r1 of 12.4 s−1 mM−1 . This result is attributed
to the fact that surface Gd(III) ions mainly contribute
to the longitudinal water proton relaxation.
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