Nano Res (2008) 1: 152-157
DOI 10.1007 / s12274-008-8013-8
Research Article

High Yield Synthesis and Characterization of the Structural
and Magnetic Properties of Crystalline ErCl; Nanowires in
Single-Walled Carbon Nanotube Templates

Ryo Kitaura', Daisuke Ogawa', keita Kobayashi', Takeshi Saito®*, Satoshi Ohshima®, Tetsuya Nakamura®*,
Hirofumi Yoshikawa', Kunio Awaga', and Hisanori Shinohara' (<)

' Department of Chemistry and Institute for Advanced Research, Graduate School of Science, Nagoya University, Nagoya 464-8602, Japan
*Nanotube Research Center, National Institute of Advanced Industrial Science and Technology, Tsukuba 305-8565, Japan

*PRESTO, Japan, Science and Technology Agency, 4-1-8 Honcho kawaguchi, Saitama 332-0012, Japan

*Japan Synchrotron Radiation Research Institute, Hyogo 679-5198, Japan

Received: 2 May 2008/ Revised: 13 June 2008 /Accepted: 17 June 2008
©Tsinghua Press and Springer-Verlag 2008

ABSTRACT

Crystalline ErCl, nanowires have been fabricated in single-walled carbon nanotubes (SWCNTs) with high
yield (~90%), and the structural and magnetic properties of the resulting ErCl; nanowires encapsulated in
SWCNTs (ErCl;@SWCNTs) characterized. Encapsulation under high temperature and vacuum using high
quality SWCNTs results in a high filling-ratio of ErCl; nanowires in the SWCNTs. The high filling-ratio of ErCl,
nanowires and the use of highly pure SWCNTs with only a small amount of residual Fe catalyst nanoparticles
enabled us to observe the magnetic properties of ErCL;@SWCNTs. Structure determination based on simulated
annealing calculations and high-resolution transmission electron microscope (HRTEM) image simulations
revealed that the structure of the ErCl; nanowires is unusual with respect to the coordination environment of
the Eu’ ions. This work opens up new possibilities to fabricate various metal complex nanowires with high
yield and may also be of more general importance in understanding and exploring magnetic properties in low-
dimensional magnetic systems.
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Considerable research efforts have been devoted to nanometers in order not only to find specific structures

the fabrication of low-dimensional nanomaterials
because of their specific structures and properties [1-
7]. On this basis, we have focused on the development
of a facile method for preparing compositionally
diverse low-dimensional crystalline materials with
diameters in the range of sub-nanometer to several
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resulting from such low-dimensionality, but also to
understand the intrinsic properties of low-dimensional
nanostructures where quantum size effects play an
important role.

One of the most interesting ways to fabricate

low-dimensional nanomaterials is to utilize
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nanometer scale channels as a template, and the one-
dimensional nano-channel of single-walled carbon
nanotubes (SWCNTSs) is suitable for the fabrication
and characterization of such novel nanomaterials
[8-11]. In fact, metal salts, alloys, and molecules
including fullerenes and metallofullerenes have
been encapsulated into nano-channels of carbon
nanotubes in order to produce low-dimensional
arrays of these materials [12-17]. A high filling-
ratio and precise structural characterization is
crucial in order to understand the properties of low-
dimensional nanomaterials fabricated in the nano-
channels of SWCNTs. Therefore, in the present
study, we have developed an encapsulation method
which gives high filling-ratios and a structure
determination procedure that is based on a high-
resolution electron microscope (HRTEM) image
simulation by the multi-slice method and structure
construction by the simulated annealing method [18].
These methods have been applied in the synthesis
and characterization of ErCl; nanowires encapsulated
in SWCNTs (ErCl,@SWCNTs).

Furthermore, we have successfully measured
the magnetic properties of the encapsulated ErCl,
nanowires in ErCL,@SWCNTs by using high quality
SWCNTs with only a small amount of Fe impurities.
The method can be more generally applied to
fabricate various low-dimensional metal complex
nanowires and characterize their structural and
magnetic properties. This will open up new fields in
the science and technology of carbon nanotubes and
related low-dimensional nanomaterials.

SWCNTs were synthesized by the so-called
extended direct injection pyrolytic synthesis (e-DIPS)
[19], and the raw products were annealed at 1200 °C
for 24 hours in order to remove any remaining
Fe catalyst nanoparticles and amorphous carbon
impurities. Figure 1 shows the thermal gravimetric
analysis (TGA) trace of the purified SWCNTs. The
sharp drop in sample weight at 500 °C and the small
amount of residual material (0.87 wt%) indicate the
high quality of the purified SWCNTs. Before the
encapsulation reaction, the SWCNTs were heated
under dry airflow at 600 °C for 30 min in order to
remove the end-cap. Open-ended SWCNTs were
vacuum-sealed (107 Torr) in a quartz tube with
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Figure 1 TGA trace of the purified SWCNTs. The sharp drop in
sample weight at 500 °C and the small amount of residual material
indicate the high quality of the purified SWCNTs

anhydrous ErCl,, and heated at 800 °C for 72 hours.
At this temperature, ErCl; melted and became
encapsulated within the core of the SWCNTs. The as-
prepared products were washed with MeOH in order
to remove any ErCl, adsorbed on the outer surface of
the SWCNTs and then dried at room temperature at
80 °C for 12 hours.

Figure 2 shows a low magnification transmission
electron microscope (TEM) image of ErCl;@SWCNTs.
Strong contrasts arranged in a regular fashion can
be clearly seen, and virtually no ErCl; attached to
the outer surface of the SWCNTs was observed.
Fast Fourier transform (FFT) analysis of the image
(shown in the inset to Fig. 2) clearly shows lines that
originate from the regular array of dark contrasts.
We observed many TEM images, and found that
SWCNTs without ErCl, inside were very rarely seen.
The estimated filling-ratio from the TEM images
is more than 90%. This high filling-ratio was also
confirmed by TGA of ErCl,@SWCNTs: the weight
percentage of residual material is much larger than
that of purified SWCNTs (40.6 wt% and 0.87 wt% for
ErCL,@SWCNTs and purified SWCNTs, respectively).
The filling-ratio is substantially higher than that
previously reported for metal salts encapsulated
in SWCNTs. The use of high quality SWCNTs
synthesized by e-DIPS, together with carrying out
the encapsulation reaction under high vacuum at an
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Figure 2 TEM image of a bundle of synthesized ErCl;@SWCNTs. The
inset shows the fast Fourier transform (FFT) of the TEM images

optimized temperature are probably the key factors
responsible for such high filling-ratios.

Figure 3(a) shows the observed high-resolution
TEM (HRTEM) image of ErCl;@SWCNTs. Two
columns of dark ellipsoidal spots aligned in a
regular fashion are clearly observed in the SWCNT;
this regular array indicates the formation of one-
dimensional crystalline materials in the SWCNTs.
The contrast of dark ellipsoids is stronger than that
in SWCNTs themselves, which strongly suggests that
the dark ellipsoids originate from species heavier
than carbon.

We have also performed direct lattice measure-
ments using the HRTEM image and determined that
the unit cell length of the one-dimensional crystal is
4.3 A. An energy-dispersive X-ray (EDX) spectrum
observed in the same area shows strong peaks that
can be attributed to Er Ma, Ko, K and Cl Ko and
KB . The dark spots are not observed in SWCNTs
prior to the ErCl; encapsulation reaction, and the
corresponding EDX peaks from Er and Cl are also
not observed. Therefore, we can safely conclude that
the dark spots originate from encapsulated Er and Cl
atoms in ErCL,@SWCNTs.

Based on the observed TEM image, we have
constructed a structural model of the nanowires in

()

Figure 3 (a) HRTEM image of ErCl;@SWCNTs. (b) Observed (left)
and simulated (right) HRTEM image of ErCl;@SWCNTs

SWCNTs. Simulated annealing calculations have
been applied to find the optimum structure with the
lowest Coulomb potential energy. In the calculations,
the composition ratio of Er/Cl is assumed to be 1:3,
and the unit cell length of the one-dimensional crystal
is fixed at 4.3 A. Trivalency of Er ions (i.e., Er’) was
confirmed by X-ray absorption spectrum at the Er M;
absorption edge, which was identical to that of Er,O;
(Fig. 4). Any interaction between the encapsulated
species and SWCNTs was not considered, i.e., it is
assumed that the SWCNTs act only as a template
that restricts the space where Er’* and Cl” ions are
encapsulated.

Figure 5 shows the final constructed possible
structure model of ErCl,@SWCNTs. Four columns of
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Figure 4 X-ray absorption spectra of ErCl;@SWCNTs and Er,0s,
confirming the presence of Eu** in both species. Filled and open
circles represent ErCl;@SWCNTs and Er,O;, respectively

)
Figure 5 Possible structure model of the encapsulated crystalline
ErCl; nanowire: (a) the atomic structure of the ErCl; nanowire in one
unit cell; (b) the expanded atomic structure

Er’ ions are aligned along the axis of the SWCNTs.
In the structure model, there are two different types
of Er’" coordination: (1) distorted square pyramidal
coordination (coordination number 5) and (2)
distorted octahedral coordination (coordination
number 6). Rare earth ions usually have high
coordination number ranging from 6 to 10. In
particular, Er’* ions in hydrated and anhydrous ErCl,
have coordination numbers of 6 and 8, respectively.
The reduced coordination number of Er’" in ErCl,@
SWCNTs presumably results from the confinement
effect of the nano-channel of SWCNTs: CI” ions
cannot freely coordinate Er’* ions due to the restricted
space of SWCNTs, which leads to the observed
low coordination number. The restricted space of
SWCNTs is, therefore, well suited to create unusual
low-dimensional metal complex nanowires with
specific coordination environments.

Using the constructed structure model, HRTEM
image simulation by the multi-slice method (at a
defocus of 60 nm) has been performed. As illustrated
in Fig. 3(b), the simulated HRTEM image reproduces
well both the observed dark ellipsoids and their
intensities. The possibility of a two or three ErCl,
chain model was excluded by the simulations,
because such structure models cannot reproduce the
observed intensity ratio between the dark ellipsoids
within the SWCNTs and the carbon walls of the
SWCNTs. The SWCNTs used in this study possess
a relatively large diameter distribution whose mean
diameter is around 1.8 nm. The structure of the
encapsulated one-dimensional ErCl; crystal changes
according to the diameter of the encapsulating
SWCNTs. The above determined crystal structure of
ErCl; was formed in SWCNTs of 1.8 nm diameter,
which is the most common type in the sample.

The magnetic susceptibility of ErCl,@SWCNTs
has also been measured using SQUID magnetometry.
Figure 6 shows the variation with temperature
of the magnetic susceptibility of purified empty-
SWCNTs and ErCl,@SWCNTs. The magnetization
of purified empty-SWCNTs is sufficiently low in
the temperature region studied to enable us to
observe the magnetization of the encapsulated ErCl,
nanowires in ErCL,@SWCNTs. The high filling-ratio
of ErCl, together with the removal of the Fe catalyst
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Figure 6 Magnetization of ErCl;@SWCNTs and purified empty-
SWCNTs as measured by SQUID magnetometry. Filled and open
circles represent magnetization of ErCl;@SWCNTs and purified
empty-SWCNTs, respectively

nanoparticles by high-vacuum annealing are the
crucial factors in allowing the observation of the
magnetization of the encapsulated species.

The magnetization behavior of ErCl;@SWCNTs
can be fitted by the Curie-Weiss law, which provides
a Curie constant and Weiss temperature. The
observed Curie constant corresponds to an effective
magnetic moment of 10.7 uz, which is consistent
with the 4f" electronic configuration of Er’* ions.
The obtained Weiss temperature was —9.1 K, which
indicates a weak antiferromagnetic interaction
between Er’*ions. The observed magnetization
behavior of ErCL@SWCNTs was essentially the same
as that of bulk anhydrous ErCl,. This is because the
spatial spread of the radial wavefunction of the 4f
orbitals, which is responsible for the magnetization
of Er’* ions, is very small leading to a weak magnetic
interaction between neighboring Er’* ions. Therefore,
the magnetization of Er’* ions is insensitive to its
coordination environment. We can expect a stronger
magnetic interaction will be observed by using 3d
transition metal complexes; further characterization
of the magnetic properties of 3d transition metal
complex nanowires formed in SWCNTs is currently
under way.

In conclusion, we have successfully fabricated
novel low-dimensional crystalline ErCl; nanowires

encapsulated in SWCNTs with high yield (~90%)
and characterized their structural and magnetic
properties. Encapsulation reactions carried out under
high temperature and high vacuum conditions
using high quality SWCNTs are necessary in order
to obtain such a high filling-ratio synthesis of ErCl,@
SWCNTs. A structure determination method based
on the simulated annealing method and HRTEM
image simulation has been shown to be useful in
characterizing the crystal structure of metal complex
nanowires formed in SWCNTs. This opens up new
possibilities to fabricate various low-dimensional
metal complex nanomaterials in SWCNTs with high
yield and may also be of more general importance in
understanding and exploring magnetic properties in
low-dimensional magnetic systems.
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