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The structure of a one-dimensional crystal of Sb,O; encap-
sulated within a single-walled carbon nanotube and con-
formation of the latter have been solved simultaneously by
high resolution transmission electron microscopy.

In this paper we report the characterisation of a one-dimensional
crystal of Sb,Os, incorporated within a helical (21, —8) single-
walled carbon nanotube (SWNT) achieved by object wave
restoration from a focal series of high resolution transmission
electron microscopy (HRTEM) images.f Within the nano-
crystal, the atomic thickness in projection of individual
antimony columns was determined and a substantial lattice
contraction of the crystal along the tube axis observed. A
simultaneous analysis of asymmetric fringe contrast in the tube
walls provides convincing evidence for the chiral conformation
of the nanotube.

SWNTs were produced using a metal catalysed arc synthesis
technique similar to a method previously reported! and filled by
capillary wetting.2 Energy dispersive X-ray microanalysis
(LINK ‘ISIS’ system) performed with a 0.5 nm electron probe
confirmed the chemical identity of the filling material. HRTEM
simulations, giving the complex wave function of the objects in
question, were performed using a standard multislice algo-
rithm?3-4 utilising a code provided by Kirkland.5

Fig. 1(a) shows the experimental restored HRTEM phase
image of a 1.45 nm diameter SWNT containing an encapsulated
single crystal of Sb,O3. The right tube wall displays a periodic
lattice spacing of 0.224 nm, whereas the contrast variations on
the left wall are effectively random. The observed periodic
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Fig. 1 Composite diagram showing the experimental restored phase image
(a), the simulated phase image (b) and the structural model in the observed
projection (c) and in end-on view (d), single pixel line profiles through type
1 (e) and type 2 (f) layers, respectively.
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spacing on the right wall corresponds to the centre-to-centre
spacing (1.5dc_c = 0.216 nm) between neighbouring ‘zigzag’
rows of carbon atoms in the SWNT wall lattice viewed in
projection. The visibility of these spacings is determined by the
SWNT conformation, the tilt angle of the cylinder relative to the
electron beam and the HRTEM resolution (ca. 0.16 nm).

Fig. 2 illustrates the relationship between the observed wall
periodicity, nanotube conformation and tilt angle together with
corresponding simulations. Atomic coordinates for (n, m)
nanotubes were generated by mapping the strip {r10 < r- C),
< ICy?} of an unrolled hexagonal graphene lattice (with a
carbon—carbon distance dc_c = 1.44 nm and lattice vectors a;,
a,) onto a cylinder surface (Fig. 2). The structure of the SWNT
is uniquely defined by the integers (n,m) with n > 0 and —n/2
< m < ni via the chiral vector C), = na; + ma,.° (n,0) and (n,n)
represent the non-chiral zigzag and armchair configurations,
respectively. All other (n,m) nanotubes are chiral with (n + m,
—m) being the mirror image of (n,m).

The three differing conformation SWNTs shown in Fig. 2
(i.e. the (10,10) tubule in (a), the (18,0) tubule in (b) and the
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Fig. 2 (a)—(c) Schematic illustrations of the observable resolution of lattice
fringes along SWNT walls of armchair, zigzag and chiral conformations,
depending on the conformation, and the tilt angle . The left column shows
the unrolled graphene sheet, illustrating how the orientation of the chiral
vector C;, w.r.t. the unit vectors a; and a, defines the rolling of a strip of the
width IC,| into a nanotube of a specific conformation and diameter. The
middle column displays a modeled fraction of the SWNT, tilted by 8 = 15°
out of the image-plane. The right column shows simulated phase images of
the displayed models.
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(21,—8) tubule in (c)) all have diameters close to the ca. 1.4 nm
diameter SWNT shown in Fig. 1(a).

As illustrated on the right sides of the vector models, contrast
on the right tube wall is only observable when the ‘zigzag’ rows
of carbon atoms are well aligned to the projection direction, i.e.
when the difference 6, = la — (— )| between the chiral angle
o = Z(Cp.ay) = arctan (3m/(2n + m)) and the tilt angle S of
the tube axis out of the image plane is small. Similarly, contrast
on the left wall is observed when & = lor — Pl is small. As the
numbers of atoms in projection on the tube wall is small, strong
contrast will be visible for values of & of up to 10° and the
observed spacing will be given by 1.5dc_c cosf/coscr (Fig.
2(c)). For achiral tubes & = &, for any tilt angle and the contrast
will therefore be equal on both walls. For § = 0 strong contrast
will be visible on both walls of a zigzag-nanotube, whereas for
the armchair tube, the difference 6 = 30° is too large for an
observation of any contrast due to the projection of the spacing
between zigzag rows. Instead, the relevant projected spacing is
that of \3a/2 = 0.125 nm between hexagon edges and centres
(Fig. 1(b), left), which is too small to be resolved. For the chiral
(21, —8) tube shown in Fig. 1(c), strong contrast is observed on
the right wall when the top end of the tube is tilted towards the
viewer. By measurement of the change in defocus along the
tube, it was established that the top end of the tube was higher
in the electron beam path and hence this tube must also have
negative chirality.

The orientation of the incorporated crystal fraction can best
be matched to an approximately <1 0 —1) projection through a
fragment of Sb,O3 derived from the orthorhombic valentinite
structure, believed to be the high pressure form of Sb,03.7 The
bulk valentinite structure consists of infinite double chains of
SbOj3 units, running parallel to (0 0 1). In these double chains
each Sb atom within the infinite Sb,O5 chains is coordinated by
three oxygen atoms, one of which bridges between two Sb
atoms.” The other cubic senarmonite form of antimony oxide
consists of molecular SbsOq units.® Fig. 1(c) shows the
proposed structure model (Fig. 1(d), end-on view) of the Sb,03/
SWNT composite.

The white spots in the reconstructed phase image represent
atomic columns of antimony only in projection. The oxygen-
sublattice could not be resolved, due to the weak scattering
properties of oxygen and the staggering of the oxygen atoms in
projection. Multislice simulations of the restored phase of
Sb,05 lattice fractions of appropriate thickness confirmed that
the phase contrast due to the oxygen sublattice is negligible
compared to that due to the antimony sublattice.

In the observed Sb,O3/SWNT composite the <4 —1 2)
Sb,05 crystal direction, which subtends an angle of 78.3° with
the optimum (1 0 —1> viewing direction, is aligned along the
tube axis. Therefore, the tube inclination of § = 15°, applied to
the model and simulation in order to account for the observed
contrast within the tube wall, is plausible as a small deviation
from this viewing direction will not alter significantly the
observed contrast of the crystal. Other preferred orientations of
Sb,0O; were also observed but these always conformed to
fragments of the valentinite strucure rather than senarmonite.

The repeating structural motif of the imaged encapsulated
Sb,0j5 crystal can be described as an alternating sequence of a
layer containing three columns of Sb atoms (type 1 layer)
followed by a layer containing two columns of Sb atoms (type
2 layer) arranged perpendicular to the long axis of the tube (Fig.
1(a)). Within each layer, the intensities due to the individual
antimony columns vary in a complex fashion. The line profile
through a type 1 layer (Fig 1(e)) shows a stacking pattern of
3-2-3 Sb atoms in projection. By contrast the line profile
though a type 2 layer (Fig. 1(f)) gives two peaks of equal
intensity approximately equivalent to the higher peak within the
three-member layer indicating Sb columns three atoms in
thickness. The multislice simulation in Fig. 1(b) also shows
weak contrast close to the tube walls, resulting from single atom
columns at the edge of the encapsulated crystal fragment. These
were added to the periphery of the crystal model in order to
account for corresponding weak peaks at these sites in the
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obtained phase image. However, the intensity of these peaks are
not significantly higher than the background noise and it is
impossible to assign these peaks to single-atom columns
without a more accurate analysis of the phase contrast. The
proposed model therefore consists of a Sb,O5 crystal fragment
with sequences of 3-2-3 and (1-)3-3(-1) layers repeating every
fourth equivalent layer along the <4 —1 2> direction (Fig.
1(c)).

Since the oxygen sublattice was not resolvable, the oxygen
coordination is predicted from the bulk valentinite structure.
However, in order to fit the modeled Sb,O5 crystal into a 1.4 nm
diameter SWNT, some oxygen atoms on the crystal surface
were omitted. This can be justified in terms of an anticipated
reduction in coordination at the Sb,O3/SWNT interface (cf. 2 X
2 and 3 X 3 KI crystals formed in SWNTSs-10).

Significant lattice distortions were observed in the Sb,O;
crystal. A comparison with the bulk structure of valentinite,
shows that the encapsulated crystal displays a longitudinal
contraction of 13% along the <4 —1 2) axis (Fig. 1(a)—(c)). A
similar contraction was also observed in a 3 X 3 KI crystal
encapsulated within a SWNT.? In the Sb,O3/SWNT composite,
lattice measurements from line traces show an average spacing
of ca. 0.552 nm between type 1 or type 2 rows respectively,
whereas in bulk Sb,O; equivalent rows are spaced at ca. 0.638
nm. The observed lattice contraction may be caused by local
interactions between the Sb,O; crystal and the SWNT walls
although the wall periodicity of a chiral nanotube cannot be
commensurate with a periodic crystal over the long range, as
was noted previously.!! Additional distortions may be caused
by the reduction in coordination at the Sb,O3/SWNT inter-
face.

A more detailed account of this work is in press.!2
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Notes and references

T The product was examined at 300 kV in a JEOL JEM-3000F FEGTEM
(Cs = 0.57 nm; point resolution = 0.16 nm). Through focal series of
individual filled nanotubes were acquired at a microscope magnification of
X 600,000 using a GATAN 794 (1 k X 1 k pixel) CCD camera. From these
focal series, the image wave was obtained using a Wiener filter restoration
with abberations in the individual images.!!

+ The lower limit for m used here differs from the definition given in ref. 6,
to ensure that the chiral angle « lies in the range —30 < o < 30°.
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