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decreasing growth in the early limb bud,
such as inhibition of the growth of blood
vessels9, could also contribute later to
decreased growth of the skeletal elements,
leading to shortening of the long bones.
Although this is not strictly a patterning
defect, it is commonly observed in thalido-
mide cases.

Finally, after the period of exposure to
thalidomide, the progress zone would
recover, leading to the range of patterning
defects occasionally seen, including amelia
(absence of limbs), phocomelia, and radial
aplasia (lack of development of the radius).
The limb patterning defects of thalidomide
are therefore the understandable and
expected result of decoupling distalization
from outgrowth during limb pattertning.
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Mistakes not n ecessary
for MŸllerian mimic ry

In a recent News and Views article1, Ruxton
showed with admirable clarity how the inge-
nious simulations by MacDougall and Stamp
Dawkins2 of defensive mimicry in animals
highlight the role of cognitive limitations of
predators in the generation of relationships
involving mimicry. However, Ruxton mis-
represents my work3, on which MacDougall
and Stamp Dawkins have drawn, thereby
giving a misleading impression that mistakes
in prey recognition by predators are neces-
sary for the generation of MŸllerian mimic-
ry. In fact, the Ôvirtual predatorÕ on which
MacDougall and Stamp Dawkins and others4

base their work quite ably generates MŸller-
ian mimicry without depending on predator
discrimination errors.
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rather than a heavier element. Most circles
are 1.0 nanometre apart, centre-to-centre,
which is the nearest-neighbour spacing in
face-centred-cubic C60 (ref. 3), but this sep-
aration is slightly less for two pairs.

The HRTEM image shown in Fig. 2 also
indicates the presence of contained
fullerenes. It shows the cross-section of a
rope of single-walled nanotubes that is
curved such that the tubule axes are approx-
imately parallel to the electron beam. The
image of each tubule is a dark circle 1.3 to
1.4 nanometres in diameter. The tubules are
packed hexagonally and are separated by
approximately 0.3 nanometres, the expected
Van der Waals spacing of tubes in a rope.
Three tubes that clearly have an inner con-
centric circle are interspersed in the lattice.
These inner circles cannot be Fresnel arte-
facts because adjacent tubes in the same
focus condition show no internal contrast.
The inner circles are about 0.7 nanometres
in diameter and are interpreted as the
images of contained fullerenes the size of
C60 molecules.

After extended exposure to a 100-kilovolt
electron beam, the endofullerenes were
sometimes seen to coalesce into longer cap-
sules that were oblong, with C60-like caps at
the ends. The long parallel walls maintained
a nearly uniform spacing of 0.3 nanometres
from the walls of the outer tube. Lengths
corresponding to the coalescence of three or
four spherical molecules were seen. This
behaviour may be understood by consider-
ing that the energy of binding of a carbon
atom to a C60 ÔbuckyballÕ is about 0.6 elec-
tronvolts less than to a nanotube4. For an
electron beam of a given energy, this differ-
ence means that that a carbon atom is more
likely to be displaced from C60 than from a
nanotube. The coalescence may therefore
be the reconfiguration of damaged C60 into
more stable capsule structures, with the
dimensions constrained by the surrounding
nanotube.

Most nanotubes do not contain
fullerenes, although many such assemblies
were seen. Stable, closed, carbon shells exist
inside single-walled carbon nanotubes, and
there is strong evidence that many of these

FFiigguurree  11 A sing le-walled carbon nanotube contain -

ing a r ow of closed carbon shells concentric with

the tubule axis. The diameter and centr e-to-centre

spacing of the internal shells ar e consistent with a

chain of C 60 molecules. The nanotube is surr ounded

by a v acuum. Scale bar , 2.0 nanometr es.

Encapsulated C60 in
carbon nan otubes

Pulsed laser vaporization of graphite in the
presence of certain metallic catalysts pro-
duces both carbon nanotubes and C60 mole-
cules1. In nanotube production, most of the
C60 is removed, along with other residual
contaminants, by purification and anneal-
ing. It has been suggested that C60 may be
trapped inside a nanotube during this elabo-
rate sequence, but this has not been detected.

Here we use high-resolution transmis-
sion electron microscopy (HRTEM) to show
that closed carbon shells are contained 
within appropriately sized, single-walled
nanotubes. Measurements of the diameter
of these endofullerenes suggest that many of
them are C60 molecules. Some of them are
observed as self-assembled chains with 
nearly uniform centre-to-centre distances
and resemble a nanoscopic peapod. The
endofullerenes coalesce into longer capsules
under the action of the electron beam.

HRTEM observations were made on
purified nanotube material that had been
synthesized by pulsed laser vaporization
(from A. G. Rinzler and R. E. Smalley). An
HRTEM image of an isolated single-walled
nanotube is shown in Fig. 1. The image is
dark where the electrons encounter the
most carbon atoms and are maximally scat-
tered. The parallel lines are the images of
opposing tubule walls that are at a tangent,
or nearly so, to the electron beam. The lines
are separated by between 1.3 and 1.4
nanometres, which is consistent, within the
resolution of the microscope, with the
diameter of a typical nanotube. Between the
lines are ten collinear circles approximately
0.7 nanometres in diameter and spaced 0.3
nanometres from the tubule walls.

These are the expected measurements
for C60 contained within the tube and sepa-
rated from it by a graphitic Van der Waals
gap2. Furthermore, contrast from the circles
is similar to that from the tubule walls, so
the constituent atoms are probably carbon

FFiigguurree  22 Cross-sectional imag e of a r ope compris -

ing hexagonally pack ed par allel sing le-walled car -

bon nanotubes. At least thr ee tubes contain

concentric cir cular featur es that ar e consistent with

C60-sized fuller enes. Scale bar , 2.0 nanometr es.


