1D lanthanide halide crystalsinserted into single-walled carbon nanotubes
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1D crystals of lanthanide halides of the form LnCl; (Ln =
La, Nd, Sm, Eu, Gd, Tb or Yb) have been inserted into single-
walled carbon nanotubes (SWNTs) using the molten salt
capillary filling method; ca. 20-40% of all the observed
SWNTs were filled with melts in the range 650-910 °C with
no observable damage to the carbon tubules; high resolution
transmission electron microscopy (HRTEM) studies showed
that the nanostructures of the encapsulated crystals varied
with tubule diameter.

The unique physical properties of carbon nanotubes! have
generated considerabl einterest and the expectation of new types
of materials with useful practical applications. Theoretical
studies?-5 suggest that the introduction of foreign materialsinto
their hollow cavities will have interesting effects both on the
properties of the filling material and the filled nanotubes.
Recently, the filling of SWNTswith Ru, silver metal and other
species has been demonstrated.¢-10 Related work has shown
that the doping of the interstices of SWNTs with vapour or
liquid phase species, including alkali metals, bromine, or
charged iodine chains, leads to a 10-100 fold decrease in their
measured resistivities and to charge transfer behaviour detect-
able by Raman spectroscopy.11-12 Lanthanide (or rare earth)
ions have optical and magnetic properties that are particularly
interesting when they are situated in a confined geometry.
Additionally, as their spectral and dynamic properties alter
when the reduced dimensions also affect the chemica and
physical properties of the host, these species can act as a local
probe for the chemistry and structure of the host material .13 We
present here preliminary results with respect to the incorpora-
tion and low-dimensional crystallisation properties of lantha-
nide halides within SWNTSs.

Single-walled carbon nanotubes can be filled both by
solution—deposition® or by capillarity™10 providing, in the latter
case, that the filling medium has a surface tension in the range
100-200 mN m—1 and a melting temperature ideally below
900 °C.7:24 The lanthanide halides LnClz (Ln = Y, La, Pr, Nd,
Gd or Dy) have surface tensionsthat fall below thisthreshold in
the temperature range 820-950 °C.15 In this study, we describe
thefilling properties of three of these halides (Ln = La, Nd and
Gd) and four additional halides (Ln = Sm, Eu, Tb and Yb) for
which surface tension data were unavailable (Table 1) but for
which similar melting behaviour is assumed.

Samples of SWNTs were prepared by a high yield arc
synthesis method.16 The as-prepared SWNTSs (ca. 30 mg) were
intimately mixed with the anhydrous halides (ca. 70 mg) by
grinding in an agate mortar and pestle under dry-box conditions.
The samples were sealed under vacuum in a silica quartz
ampoule that was then attached to the tip of athermocouple and
placed in a tube furnace. The temperature was slowly raised
(3-5 °C min—1) to atarget temperature of ca. 10-50 °C above
the melting point of the respectivelanthanide chloride (Table 1),
held at thistemperature for 1 h and then furnace cooled to room
temp. The specimens were characterised in a JEOL JEM-3000F
FEGTEM operated at 300 kV (coefficient of spherical aberra-
tion (Cy) = 0.57; point resolution = 0.16 nm). Images were
acquired digitally on a Gatan model 794 (1 k x 1 k) CCD
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camera, and the magnification was calibrated accurately using
Si <110> lattice fringes. Energy dispersive X-ray micro-
analysis (EDX) was performed with a LINK ‘ISIS system
using a 0.5 nm diameter electron probe.

All the lanthanide halides in Table 1 filled 20-40% of the
observed SWNTs with continuous lanthanide halide single
crystals. The HRTEM micrograph in Fig. 1(a) shows an
example of ThCl; filling observed within a SWNT bundle. An
enlargement of the tubule on the periphery of the bundle

Table 1 Surfacetension dataand synthesis conditions for lanthanide halides
incorporated into SWNTs

SWNT Heating Melting Target Surface
filling ramp rate/ tempera- tempera- tensiona/
material °Cmin—1 ture/°C ture/°C mN m—1
LaCl3 3 860 910 109.407
NdCl3 5 784 834 102.093
SmCl3 5 686 706 —
EuCls 3 850 860 —
GdCl3 3 609 659 91.7798
ThCl3 5 588 638 —
YbCl3 3 854 904 —

a Data not available for Ln = Sm, Eu, Tb or Yh.

Fig. 1 (8) HRTEM image of TbCl; filling within a SWNT bundle. (b)
Enlargement from boxed region in (&) showing a ‘zigzag' arrangement of
dark spots attributed to a 1D polyhedral chain of ThCl polyhedra (scale bar
= 1.6 nm). (c) Structura representation of a 1D polyhedral chain
incorporated in a (12,12) SWNT. (d) Detail (left) and schematic depiction
(right) of three polyhedra from the encapsulated chain shown in Fig. 1(c).
The indicated dimensionsin the schematic depiction are estimated from the
lattice image [i.e. from (a) and (b)].
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Fig. 2 (8) HRTEM micrograph showing atwisted 1D chain of GdCl; formed
within a(10,10) SWNT. (b) Enlargement of boxed region from (a) showing
a linear array of dark spots which terminates towards the right of the
micrograph (scale bar = 1 nm). (c) Structura representation showing a
‘top-down’ view of (b) [i.e. similar to Fig. 1(c) but rotated 90°] about the
SWNT axis). (d) Bundle consisting of onewide (ca. 2.5 nm) and one narrow
(arrow = ca. 1.6 nm) SWNT both filled with NdCls. (€) Enlargement of the
boxed region in (d) showing the unusual microstructure of the NdCl filling.
(f) Suggested structural model for ().

[Fig. 1(b)] revealsthat the crystal images as a‘zigzag' array of
dark spotswhich wetaketo beachain of ThCl, polyhedra. Most
of the dark contrast in the 1D arrays must originate from the
strongly scattering Th3+ centres with the coordinating Cl-ions
being effectively invisible. Groups of three adjacent spots are
arranged into nearly equilateral triangles of side ca. 0.47 nm.
The bulk structure of TbClz consists of ThClg polyhedra
arranged into a 3D hexagona network (i.e. UCl;-typel”.18),
Within the confines of the 1.6 nm diameter SWNT in Fig. 1(b),
it is possible only to accommodate 1D polyhedral chains from
the 3D structure, as shown in Fig. 1(c). The individual
polyhedra within the chains are likely to be of reduced
coordination owing to | atti ce terminations enforced by capillary
confinement and the likeliest candidate structure is therefore a
1D network of edge-sharing TbCls octahedra as depicted on the
right of Fig. 1(c) (cf. CdCl»18) and in detail in Fig. 1(d). We have
recently reported a related reduction in coordination of 6:6 to
4:4 coordination for bilayer Kl crystals incorporated into
SWNTs.19

Fig. 2(a) shows a 1D chain of GdCl; incorporated into a
1.4nm SWNT. The SWNT isbent into an ‘elbow’ and, on either
side of the bend, the crystal images with different contrast
suggesting a different orientation formed as a result of a twist
induced by the bend. On the right of the bend, the crystal images
as an apparently linear array of dark spots, as can be seenin the
enlargement in Fig. 2(b). In this case we assume that the crystal
has a similar structure to that depicted in Fig. 1(c) but that it is
rotated 90° about the SWNT axis [i.e. relative to Fig. 1(c)] so
that the polyhedral chain isviewed in ‘top down’ projection as
depicted in Fig. 2(c). Thiscrystal can also be seem to terminate
within the SWNT capillary.

Fig. 2(d) shows a bundle of two SWNTSs, one wide (ca.
2.5 nm) and the other narrow (ca. 1.6 nm), corresponding
approximately to (12,12) and (20,20) SWNTSs, respectively,
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both of which are continuously filled with crystalline NdCla.
Thiscrystal has an unusua microstructure as can be seen by the
enlargement in Fig. 2(e). The encapsulated crystal consists of
two linear 1D arrays of dark spots separated, in the middle, by
a continuous series of groups of four dark spots arranged into
diamonds. This microstructure cannot readily be reconciled
with the bulk structure of NdCls,8 but may instead correspond
to the suggested arrangement in Fig. 2(f) in which ‘diamond’
arrays of NdCly polyhedra formed along the centre of the
SWNT are bounded by 1D arrays of NdCl, polyhedra formed
along their walls. This arrangement is based using a similar
interpretation as for Figs. 1(b) and 2(b), i.e. that each dark spot
corresponds to a heavy Ln3* centre within one or more LnCl
polyhedra viewed in projection.

In conclusion, we have demonstrated the first example of
lanthanide halide insertion into SWNTs in high yield by a
simple and reproducible method, and have also found that the
diameter of the host SWNT profoundly influences the obtained
structure of the filling material. The nature of these related
crystallisation phenomena within SWNTs will be discussed
more fully in a forthcoming publication. Experiments are also
under way in our laboratory to understand the filling mechanism
and to investigate the physical properties of these novel
composites.
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