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Abstract: This review article focuses on the structures and
properties of novel hybrid nanocarbon materials, which
are created by incorporating atoms and molecules into
the hollow spaces of carbon nanotubes (CNTs); thus they
are called nanopeapods. After dealing with synthesis pro-
cedures, we discuss the structures and electronic proper-
ties of the hybrid materials based on high-resolution
transmission electron microscopy (HRTEM), electron
energy-loss spectroscopy (EELS), X-ray and electron dif-

fraction, scanning tunneling microscopy (STM), and field-
effect transistor transport measurements. Utilization of
the low-dimensional nanosized spaces of CNTs to produce
novel low-dimensional nanocluster, nanowire, and nano-
tube materials is also discussed.

Keywords: electron transport - fullerenes - nanopeapods -
nanostructures - nanotubes
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1. Introduction

Since the discovery of carbon nanotubes (CNTs),!l their
unique structure and properties have prompted tremendous
experimental and theoretical studies focused on CNTs and
related materials. In the past decade, many extraordinary
physical and chemical properties of CNTs, including me-
chanical,** photophysical,** transport,’"? and magnetic
properties,*® have been elucidated. Among these interest-
ing features, one of the most fascinating is the ability to en-
capsulate atoms or molecules in their central hollow space,
thus providing a brand new class of CNT-based hybrid mate-
rials with novel structures and properties.

The filling of the interior space of CNTs was first ach-
ieved by Ajayan and lijima by using multi-walled carbon
nanotubes (MWNTs) and Pb metal."”! They found that air
annealing of MWNTs with Pb particles deposited on their
surface results in an opening of the ends of the MWNTs and
the entrapment of Pb metal atoms inside; the ends of CNTs
are usually closed by fullerene hemisphere caps. This phe-
nomenon can be understood as a nanometer-scale capillary
condensation, which is essentially equivalent to macroscale
capillary condensation (it was later revealed that only mate-
rials of relatively low surface tension (<200 mNm™) could
be drawn inside MWNTs!'®). The presence of Pb atoms
inside nanotubes was clearly evidenced by high-resolution
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transmission electron microscopy (HRTEM) and energy dis-
persive X-ray analysis.

The incorporation of fullerene molecules into the hollow
space of CNTs was accidentally discovered in 1998.') Luzzi
and co-workers found that C4 molecules were incorporated
inside single-walled carbon nanotubes (SWNTs) to form 1D
regulated Cy, arrays, like many peas in a pod, while they
were studying purified open-ended SWNTs by TEM. Cy,
molecules, which are usually formed as a by-product during
the synthesis of SWNTs, are accidentally encapsulated
inside SWNTs during the purification process. This hybrid
nanocarbon material has been called “nanopeapod”, “nano-
tube peapod”, “fullerene peapod”, or merely “peapod”.
Herein, we refer to them as “nanopeapods”. Since the work
of Luzzi and co-workers, nanopeapods have attracted the at-
tention of many researchers, owing not only to their unique
structures but also to their interesting chemical and physical
properties. The development of methods for the synthesis
and investigation of nanopeapods under various physical
and chemical conditions have made peapod studies one of
the most fascinating and advanced areas of CNT research.

2. Synthesis and Structure of Nanopeapods
2.1. Synthesis of Nanopeapods

In the first report by Luzzi and co-workers, the degree of
nanotube filling with Cg molecules was only about 5%.
Since then, a technique has been developed to achieve fill-
ing ratios of about 80-85% for C4 nanopeapods. The syn-
thesis method is straightforward. Purified fullerenes and
open-ended SWNTs are normally vacuum-sealed in a quartz
tube, which is heated at 400-600°C in a vacuum (107° torr)
for two days. At this temperature and pressure, fullerene
molecules sublime and enter the hollow spaces of SWNTs
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through the open ends. One of the important points in ob-
taining high-yield filling is that we have to prepare highly
pure open-ended SWNTs whose diameters are large enough
to encapsulate fullerene molecules. Fullerene molecules
have a diameter of about 1 nm, based on the van der Waals
radius of carbon atoms (0.34 nm). SWNTSs can then be filled
with fullerene molecules by using those with diameters on
the order of or larger than about 1.38 nm. Nanotubes with
such diameters can be synthesized easily by incorporating
the laser-ablation (laser-furnace) or arc-discharge method.
After the fullerene-insertion process, fullerene molecules
adsorbed on the side walls of the SWNTs are removed by
ultrasonic cleaning with organic solvents such as toluene
and o-xylene.

Besides the gas phase, nanopeapods can also be synthe-
sized through liquid-phase reactions. The method involves
immersing open-ended SWNTs in a saturated solution of
fullerenes. The filling efficiency is not high enough to be
comparable to gas-phase filling (70% at most at pres-
ent).”*!I The solution method is, however, especially advan-
tageous in the incorporation of thermally unstable or nonvo-
latile molecules such as biological molecules (e.g., DNA)
and polynuclear metal complexes. A further development of
the solution method is, therefore, quite important and cru-
cial for expanding the variety of SWNT-based hybrid mate-
rials.
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2.2. Structure of Nanopeapods
2.2.1. Nanopeapods That Encapsulate Fullerenes

The structure of nanopeapods has been characterized by
HRTEM, electron diffraction (ED), and X-ray diffraction
(XRD) analyses. A typical HRTEM image and the corre-
sponding structure model of Cy, nanopeapods are shown in
Figure 1a and b, respectively. Ring-shaped contrasts are at-

Figure 1. a) Typical HRTEM image of the Cg nanopeapods. b) Structure
model of the C4, nanopeapod based on HRTEM.

tributed to encapsulated C4, molecules. Intermolecular dis-
tances of the 1D array of C, inside the SWNTs are very
uniform, to the extent that a 1D crystal of Cy, is considered
to be formed in the SWNTs.”>%! Although HRTEM is a
very powerful method of observation that provides us with
direct local structure information, it is difficult to evaluate
the bulk structure. ED and XRD analyses are complementa-
ry to HRTEM in giving information about the bulk struc-
ture.

According to the regular 1D array of Cg molecules in
nanopeapods, we can observe new diffraction peak(s) that
is/are absent in empty SWNTs.**>! Figure 2 shows an elec-
tron diffraction pattern of C4 nanopeapods; the position of
this peak provides information on the intermolecular distan-
ces of the encapsulated molecules. Interestingly, the inter-
molecular distance determined between encapsulated Cg,
molecules is shorter than that of bulk Cg, crystal; the inter-
molecular distance of a face-centered cubic (fcc) array of

Figure 2. Electron diffraction pattern of a)C, nanopeapods and
b) empty SWNT bundle.
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bulk Cq, crystal is 1.00 nm, whereas that of the Cy, nanopea-
pod is 0.95 nm.”! The interaction between the walls of the
SWNTs and Cg, is mainly van der Waals in nature. However,
once nanopeapods are formed, their structure becomes very
stable due to the formation of a deep interaction potential
well resulting from the specific nanostructure of the
SWNTs. It is suggested that the deep interaction potential
well of SWNTs induces a high-pressure effect towards en-
capsulated fullerene molecules, which leads to shortening of
the intermolecular distances. Theoretical studies predict that
the encapsulation process of Cg, is exothermic for SWNTs
of a certain diameter. For example, each C4, molecule is sta-
bilized by 0.51eV upon encapsulation in a (10, 10)
SWNT.

2.2.2. Nanopeapods That Encapsulate Endohedral
Metallofullerenes

Like C4, metallofullerenes such as Sc,@Cg,, Ti,C,@Cy,
La@Cyg,, La,@Cy,, Ce,@Cyg,, Ce@Cy,, Sm@Cy,, Gd@Cyg,, and
Gd,@C,, can also form nanopeapods (endohedral metallo-
fullerenes are usually denoted as M@C,, which means that
the metal atom M is encapsulated in the C, fullerene
cage).?? Figure 3 shows an HRTEM image of Gd@Cj,

Figure 3. HRTEM image of a)individual and b)bundled Gd@Cg,
nanopeapods.

nanopeapods.™ The dark spots seen in most of the ring-
shaped contrasts are attributed to encapsulated individual
Gd metal atoms. It is remarkable that single atoms can be
directly observed even at room temperature (Figure 3). The
intermolecular distance between encapsulated Gd@Cg, mol-
ecules is 1.1 nm, which is slightly shorter than that of the
bulk crystal.

One of the most interesting structural aspects of metallo-
fullerene nanopeapods is the dynamic behavior of metallo-
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fullerene molecules in SWNTs. As illustrated in Figure 3,
the fact that Gd atoms can be seen by HRTEM indicates
that the fullerene cages are not rotating on the timescale of
HRTEM, even at room temperature. However, dark spots
in some of the ring-shaped contrasts imply that some of the
fullerene cages are indeed rotating. An HRTEM analysis of
(Ce@Cy,),@SWNT revealed that incorporated Ce@Cg, mole-
cules show translational motion even inside apparently com-
pletely filled nanotubes.® The 1D Ce@Cg, crystal chains
formed inside the SWNTs undergo cooperative translational
motion such that the entire chain shifts in a short period of
time without changing the intermolecular separations. This
specific motion indicates that the energy barrier needed for
lateral motion in SWNTs is relatively small.

In contrast to lateral motion, the rotational motion of
Ce@Cyq, is somewhat restricted in SWNTs. A series of suc-
cessive HRTEM images (with 2-s camera exposure time and
~10-s interval between exposures) revealed that Ce@Cg,
molecules rotate discontinuously in SWNTs; a particular
Ce@Cg, molecule remains stationary at a certain position
for several seconds before jumping abruptly to a new stable
orientation. In the Ce@Cg, bulk crystal, Ce@Cg, molecules
freely rotate at temperatures above 80 K.*¥ Therefore, this
observation shows that the energy barrier for the rotation of
Ce@C,, molecules in SWNTs is significantly higher than
that in the crystal of Ce@Cyg,. As opposed to Ce@Cg, mole-
cules in SWNTs, the electrostatic field in the close-packed
crystalline Ce@Cyg, is highly symmetric, resulting in a small
energy barrier for rotation. The nearly free rotation of
Ce@Cyg, molecules in the crystal of Ce@Cyg, is substantially
inhibited in the case of (Ce@Cyg,),@SWNT as a result of the
lowering of the symmetry of the electrostatic potential for
each fullerene molecule.

HRTEM observations of rotational motion of encapsulat-
ed fullerene molecules were also reported for Sm@C,,,
La,@Cy,, Sc,@Cyg,, and Gd,@C,,, and different rotational be-
havior was observed for different metallofullerene nanopea-
pods.?3353) These results indicate that one may control
the rotational motion of fullerene peas in SWNTs by chang-
ing the fullerene molecules, which is important for applica-
tions of nanopeapods, such as recording devices and quan-
tum computations.’!)

2.2.3. Nanopeapods That Encapsulate Exohedral
Metallofullerenes

In an attempt to synthesize novel nanopeapods, not only en-
dohedral but also exohedral metallofullerenes have been in-
corporated in SWNTs. (KCy),@SWNT was synthesized by
introducing potassium vapor into the Cg, nanopeapods. Fig-
ure 4a—c show an HRTEM image, a simulated HRTEM
image, and a structure model of (KCy),@SWNT, respective-
ly. Dark spots observed between Cq molecules in the
SWNTs are due to individual potassium atoms. Doping of
potassium atoms into C4@@SWNT occurred inhomogeneous-
ly, and the potassium atoms seem to be located randomly in
the SWNTs. According to this structural feature, the K-C,
distances range from 0.6 to 0.8 nm.
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Figure 4. a) Typical HRTEM image of the K-doped C, nanopeapods,
b) best-fit simulation based on the structure model in c), and c)its
schematic model.

Notably, there is a structural similarity between
(KCg)),@SWNT peapods and superconducting bulk fullerite
crystal, K;C4,. Potassium atoms doped in Cg, crystals are
found in two types of sites: tetrahedral and octahedral. By
comparison with K;Cq, the potassium atoms in the peapod
occupy sites that are intermediate between tetrahedral and
octahedral in nature.

Recently, (CsCq)),@SWNT was synthesized by a new
chemical-reduction method™. In this method, CsCy, exohe-
dral metallofullerenes were synthesized first by a reaction
between Cq and CsOH in THEF, then CsCq, was doped into
SWNTs in a gas-phase reaction. The advantage of this
method over the method employed for (KCy;),@SWNT syn-
thesis is the following. In the method of alkali-metal subli-
mation, alkali metals were inserted randomly into the
SWNTs and have two different types of positions, intra- and
intertubular, where the control of the doping level is very
difficult. In contrast, one can control not only the doping
level but also the doping positions by using the chemical-re-
duction method. Figure5 shows HRTEM images of
(CsCq),@SWNT; the Cs atoms are indicated by arrows. The
Cs atoms on (CsCy),@SWNT show a stoichiometry of one
Cs atom per C4, molecule. The Cs atoms and Cg, molecules
can be replaced by other metal atoms and higher fullerenes
or even endohedral metallofullerenes, respectively.

In general, exohedral metallofullerenes such as CsCy, and
KCq, are very sensitive to oxidants and are not stable in air
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Figure 5. a) HRTEM image of (CsCq),@SWNT nanopeapods with
arrows indicating the Cs atoms. b) Schematic representation of the
HRTEM image.

and in solvents that contain dioxygen molecules. In contrast,
CsCq, and K;Cy, species in SWNTs are very stable even in
air, as these reactive fullerenes are protected from air by the
walls of the SWNTs.

3. Properties of Nanopeapods
3.1. Electronic Structures of Nanopeapods

Total-energy electronic-structure calculations of Cg nano-
peapods with the local density approximation (LDA) in den-
sity functional theory were performed by several
groups.”*#-4 The results show that the electronic structure
of the peapod is not a simple sum of those of fullerenes and
nanotubes. Figure 6 shows the energy-band structure of Cy,
encapsulated in a (10,10) nanotube and that of an isolated
(10,10) nanotube. Nearly free electron (NFE) states located
between the tube and the fullerenes are found to work as
acceptor states that control the relative locations of elec-

E/eV

Figure 6. Energy-band structure of a)Cg nanopeapods ((10,10)
nanotube) and b)isolated nanotube. Energies are measured from the
Fermi level.

Chem. Asian J. 2006, 1, 646 —655



Nanopeapods

CHEMISTRY

tronic levels and the Fermi energy. As a result, the nanopea-
pod is a metal with multicarriers, each of which is distribut-
ed either on the nanotube or on the 1D chain of the Cg, ful-
lerenes.

The rotation of the incorporated Cy, fullerenes can affect
the electronic properties of the peapod because the orbital
hybridization between fullerene molecules and SWNTs de-
pends on the orientation of the former inside the latter; so
do overlapping integrals. By using the Slater-Koster tight-
binding calculation, it was found that rotation of the encap-
sulated Cg, in the space of a (10,10) tube induces a small
energy change,™! and that the calculated density of states
varies depending on the orientational order of the Cy, mole-
cules. Therefore, we can expect that the novel electronic
properties of nanopeapods correlate with the rotation of the
fullerene pea. For example, a change in the electronic prop-
erties triggered by an external field is expected. In the case
of metallofullerenes, an electric or magnetic field can induce
an orientational change in the incorporated metalloful-
lerenes owing to their dipole moments and magnetic aniso-
tropy, which results in a change in electronic properties such
as electrical conductivity.

The electronic properties of the metal atom of a metallo-
fullerene encapsulated in an SWNT were investigated by
electron energy-loss spectroscopy (EELS).>*! The peak po-
sitions of the M edge of the rare-earth-metal atoms are a
good indicator of the valence (oxidation) state, and, conse-
quently, one can obtain information on the amount of
charge transfer from metal atoms to fullerene cages and
SWNT walls.

Figure 7 shows EELS spectra of a bundle of
(Gd@Cy,),@SWNT and of Gd** in Gd@Cy,. The peak posi-
tions of the M, and M, edges of the Gd atom in Gd@Cs, are
1184 and 1214 eV, respectively. This peak position is very
similar to that of (Gd@Csy,),@SWNT, which indicates that

I/au.

b)
1 1 ! 1 1 1 1 )
1160 1170 1180 1190 1200 1210 1220 1230 1240
Eloss/eV

Figure 7. EELS spectrum of a)a bundle of (Gd@Cg,)@SWNT and
b) Gd>* in Gd@Cy,. In this region, the Gd M,; absorption edges are
clearly observed.
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the valence state of the Gd atom of (Gd@Cy,),@SWNT is
the same as that of Gd@Cg,, and that encapsulation into
SWNTs does not change the valence state of the Gd atoms.
Similar investigations were carried out for other nanopea-
pods, and the valence state of rare-earth metals does not
vary upon incorporation into SWNTs: +2 for Sc, Ti, and
Sm, +3 for other rare-earth metals.

In contrast to the valence state, the electronic structure of
SWNTs is significantly affected by incorporation of fuller-
ene molecules, as revealed by low-temperature scanning
tunneling microscopy (STM) and scanning tunneling spec-
troscopy (STS).[*! Figure 8 shows a typical STM image and

Figure 8. 3D STS representation of an (11,9) SWNT (with Gd@Cy,) topo-
graph, 10.2 nm long in cyan. The corresponding 512 d//dV spectrum of
the center of the tube is shown for all positions along the tube. The x
axis indicates the position along the tube, the y axis the energy, and the z
axis dZ/dV. The value of df/dV (local density of states) decreases in going
from red to green to blue.

the corresponding STS measurements of
(Gd@Cy,),@SWNT; STS shows the spatial variation of dI/
dV along the tube axis, which corresponds to the local densi-
ty of the states (LDS) of (Gd@Cy,),@SWNT near the Fermi
level. Two strong van Hove singularity (VHS) peaks corre-
sponding to conduction and valence-band edges are clearly
seen, and the local band gap is easily evaluated by the width
of these two VHS peaks. As clearly illustrated in Figure 8,
the band gap is significantly modulated along the tube axis,
and the original band gap of the SWNT (0.43 eV) is nar-
rowed to 0.17 eV where the fullerene is expected to be lo-
cated.
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This band-gap modulation is explained by the interaction
and orbital hybridization between the NFE state of the
SWNTs (which has maximum electron density inside the
hollow space of SWNTSs) and the p orbitals of the fullerene
molecules. The degree of interaction depends on the type of
encapsulated fullerene molecule and the chirality of the
SWNT. Therefore, we can perform “local band-gap engi-
neering” at the site where a fullerene molecule is inserted,
which leads to applications as novel electric devices.

3.2 Transport Properties of Nanopeapods

The band-gap modulation discussed above causes a remark-
able change in the transport properties of SWNTs. The elec-
tronic transport properties of hollow SWNTs and several
nanopeapods, (Cg),@SWNT, (C3),@SWNT, (Cy,),@SWNT,
(Gd@Cy,),@SWNT, and (Dy@Cy,),@SWNT, were investigat-
ed by using these compounds as channels of field-effect
transistors (FETs); we can evaluate the transport properties
of a single bundle of SWNT and nanopeapod by using
SWNT and nanopeapod FETs.[?44

The measured drain current versus gate voltage (I vs.
Vs —40< V<40 V) curve for a hollow SWNT FET (di-
ameter of SWNT = 1.4 nm) indicates that SWNT FETs are
p-type dominated by hole transport, whereas nanopeapod
FETs show completely different transport behavior. Figure 9
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Figure 9. The I, versus Vgg FET curves for Cy@SWNT (green),
C;x@SWNT (blue), and (Dy@Cg)@SWNT (red) at Vpg=20mV, T=
23 K. Vg =source-drain voltage.

shows the I, versus Vg curves for (Cy),@SWNT,
(C%),@SWNT, and (Dy@Cyg,),@SWNT. As illustrated,
(Cy),@SWNT exhibited metallic behavior without any
pinch-off (insulating) region. However, in the case of
(C),@SWNT, the curve shows a distinct off state, hole
transport, and electron transport for 10< V;5<30V, Vi<
10V, and V5s>30V, respectively. This result implies that
(C),@SWNT exhibits ambipolar FET behavior with both n
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and p channels easily accessible by simple electrostatic
gates. Similar ambipolar behavior was observed for
(Dy@Cy,),@SWNT, apart from the width of the off-state
voltage (22 and 14V for (Cy),@SWNT and
(Dy@Csg,),@SWNT, respectively). Table 1 summarizes the
width of the insulating regions and the diameters for all the
nanopeapods investigated.

Table 1. The average width of the insulating regions and the diameters of
the fullerene peas for all the nanopeapods.

Pea Ceo Cs Cyp Gd@Cy, Dy@Cy,
AVgs [V] 25 22 0 15 14
d [nm] 0.71 0.81 0.87 0.83 0.83

The observed difference in the FET characteristics dis-
cussed above can be understood as follows. A semiconduct-
ing SWNT with a diameter of about 1.4 nm has a band gap
of around 0.6 eV. Therefore, to act as an n-type channel, suf-
ficiently high gate voltages are needed to shift down the
conduction band of the SWNT electrostatically. As a result,
SWNT FETs normally show only p-type behavior under the
measuring conditions (—40<Vgs<40V). In contrast, the
band gaps of SWNTs are significantly perturbed by the en-
closed fullerene peas, thus resulting in smaller band gaps
than that of hollow SWNTs; as discussed in the previous
section, STS studies clearly revealed local band-gap modula-
tion of nanopeapods.

In the case of (Gd@Cy,),@SWNT, the band gap is nar-
rowed to 0.17 eV at the sites where Gd@Cg, molecules are
incorporated. This small band gap can lead to carrier trans-
port through both the conduction and valence bands, which
results in ambipolar FET behavior. As the degree of band-
gap modulation of metallofullerene peapods is much larger
than that of hollow fullerene peapods, the former contain a
smaller band-gap (smaller insulating) region, as illustrated
in Table 1.

Control of transport properties by encapsulation can be
obtained not only by fullerenes but also by various organic
compounds.”” Electron-acceptor or -donor molecules such
as tetrakis(dimethylamino)ethylene (TDAE), tetramethyl-
tetraselenafulalene (TMTSF), tetracene, anthracene, tetra-
cyano-p-quinodimethane (TCNQ), and tetrafluorotetracya-
no-p-quinodimethane (F,TCNQ) have been utilized as
doping agents. These molecules are incorporated into
SWNTs by a gas-phase reaction. The charge transfer be-
tween SWNTs and incorporated organic molecules is con-
trolled by the ionization energy (IE) or the electron affinity
(EA) of the guests; the charge transfer occurs discontinu-
ously at a critical value of IE or EA. Although the EA of
Cg and TCNQ are very close to each other (2.65 and
2.80 eV, respectively), charge transfer occurs only in
(TCNQ),@SWNT. Resistivity measurements on
(TCNQ),@SWNT films by the four-probe method revealed
that the resistance of (TCNQ),@SWNT is smaller than that
of the hollow SWNT by approximately a factor of two at
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room temperature. A similar decrease in resistance was ob-
served for (TDAE),@SWNT, (TTF),@SWNT (TTF =tetra-
thiafulvalene), (TMTSF),@SWNT, and (F,TCNQ),@SWNT,
which is indicative of charge transfer resulting in doping
electrons or holes to SWNTs. (TTF),@SWNT and
(TMTSF),@SWNT FETs showed n-type action, whereas
(TCNQ),@SWNT FET showed p-type action.

4. Formation of Nanocluster, Nanowire, and
Nanotube Materials in CNTs

CNTs can be used as templates not only for 1D arrays of
fullerene molecules, but also for various nanocluster, nano-
wire, and nanotube materials. Due to the restricted 1D
space of CNTs, their internal van der Waals surface may
regulate the growth behavior of encapsulated materials in a
very precise fashion. In this sense, low-dimensional materi-
als synthesized in CNTs are usually hard to prepare by con-
ventional bulk syntheses, and novel materials with specific
low-dimensional structures and properties can be created by
using the nanospaces of CNTs.

A fusion reaction of fullerene peas in SWNTs can be uti-
lized to synthesize novel carbon cluster materials. Figure 10

Figure 10. a) Time-dependent HRTEM images of the Cg-containing
SWNT. b) The corresponding structure models.

shows a series of sequential HRTEM images of
(Cy),@SWNT with corresponding schematic representa-
tions.®] At the beginning of the observation (t=0 and 51 s),
the interlayer coupling between the wall of the SWNT and
the Cy, molecules, which is caused by the induced atomic
defect on the fullerene cage, was detected. At r=88s, two
of the interlayer couplings dissociated, and the defects ap-
peared to mend; then the two defect fullerene molecules
started to coalesce and form a stable peanutlike large fuller-
ene (t=123s). The presence of the pentagons of the fuller-
ene cage is one of the important reasons why the atomic
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defect is more likely to be induced at the fullerene site, al-
though the SWNT wall is more resistive.

Figure 11 shows HRTEM images of an individual Gd
mono- and dimetallofullerene encapsulating SWNT

a) "

Figure 11. a) A series of HRTEM images of the Gd@Cg,- and Gd,@C,,-
encapsulating SWNT. b) The corresponding structure models.

(((Gd,@Cyy),1,(Gd@Cy,),,),@SWNT) at the beginning of the
observation. At first, Gd metallofullerenes are aligned in a
1D way with an almost constant intermolecular spacing.
After irradiation for 65 s, the molecules began to coalesce in
the SWNT. Then one Gd atom moved into the left cage
through the induced atomic path connecting the two cages.
Further exposure resulted in coalescence or fusion, which
generated a fused peanutlike trimer encapsulating four Gd
atoms inside. Similar experiments were also carried out on
(Sm@Csg,),@SWNT.P! Not only did the fusion reaction take
place, a polymerization reaction of the fullerene molecules
also occured in the low-dimensional spaces of the
SWNTs.®  When potassium atoms are doped into
(C¢0)@SWNT, an electron transfer from the doped potassi-
um atom to the encapsulated C4 molecules initiated poly-
merization of Cq to form 1D C4 polymer chains in the
SWNTs. Resistivity measurements showed that the Cgq, poly-
mer chain formed in SWNTs has metallic character. The
electronic configuration of Cg, in the polymer chain was pre-
sumed to be C¢’" from Raman spectra and theoretical cal-
culations.™

A novel, low-dimensional ice phase was predicted inside
SWNTs by molecular dynamics simulations and confirmed
by synchrotron XRD measurements.” 'l XRD studies re-
vealed that confined water molecules inside SWNTs (aver-
age diameter 1.37 nm) behave as in the liquid state at room
temperature. As the temperature decreases, the confined
liquidlike water molecules transform into a crystalline or-
dered phase, the so-called ice nanotube, at 235 K. Figure 12
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Figure 12. Structure model of ice nanotubes formed in SWNTs.

shows the structure of an ice nanotube, which was proposed
based on the simulation of observed XRD patterns. The
heptagonal ice nanotubes satisfy the “bulk-ice rule”: each
oxygen atom has two donors and two acceptors of hydrogen
in a known four-coordinate configuration. The formation of
heptagonal ice nanotubes was observed at ambient pressure.
Although the computer simulations seem to coincide well
with the experimental results, the simulations were per-
formed under axial pressures of 50-500 MPa. Structural
transition temperatures range from 190 K for octagonal to
300 K for pentagonal ice nanotubes when the diameter of
the SWNT is decreased.

Sloan and co-workers prepared various metal-halide
nanostructures in CNTs and characterized the structures by
HRTEM.F*%) For example, “all-surface” 2x2 KI crystals
within 1.4-nm diameter SWNTs were reported. HRTEM
images showed that all the ions undergo a total decrease in
coordination from 6:6 to 4:4 resulting from the restricted
space of the SWNTs. Lattice distortions were also observed
in these 2x2 crystals. ED measurements along the SWNT
showed that the spots are spaced at average intervals of
about 0.35 nm, which corresponds to the {200} spacing of
cubic bulk KI crystals, whereas across the SWNT the spac-
ing increased to about 0.4 nm, which represents a roughly
14 % tetragonal distortion.

Another interesting 1D metal-halide chain is cobalt
iodide in the SWNTs.” The encapsulated cobalt iodide has
a 1D complex helix rotated structure, which is unique and
unrelated to the bulk state. The diameter of the SWNT
varies from 1.1 to 1.3 nm according to the rotational orienta-
tion of encapsulated cobalt iodide nanostructures. The re-
stricted space in the SWNT and the strong interaction be-
tween the encapsulated material and the encapsulating
SWNT play an important role in the formation of such un-
usual structures.

5. Summary

Various nanopeapods have been synthesized and structurally
characterized, and their structure and properties have been
discussed. These hybrid materials have properties that are
not a simple sum of the encapsulated species and the encap-
sulating fullerenes or CNTs. Finally, recent progress in the
synthesis of novel low-dimensional materials inside CNTs
was mentioned. As a result of their well-defined and compa-
ratively simple atomic structure, CNTs can be regarded as
excellent templates not only for the creation of novel low-
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dimensional materials with useful properties, but also for
the exploration of theoretical concepts in the physics,
chemistry, and materials science of low-dimensional systems.
The inner hollow space of CNTs will continue to provide an
excellent field for further research in nanometer-scale sci-
ence and technology.
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