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The QS- and IS-parameters obtained are given in Table 1.
The parameter values depend on such factors as the local symme-
try, the type of ligand, and so on; we note that the QS is zero
for bulk metal, in view of the cubic symmetry. Furthermore, the
IS values are given with respect to that for '’Au in bulk Pt
metal (—1.22 mm s "), carlier determined for Au foil relative to
a ""Au : Pt (bulk) source”.

The most striking feature in Table 1 is that the IS of the inner-
core sites in '°’AuPti equals, within the experimental error of
+0.05 mm s™', that found for '’Au in bulk Pt. As the inter-
atomic distance for this cluster is also equal to the Pt bulk value,
this warrants the conclusion that the 147 atoms of the inner core
behave as a minute piece of bulk Pt (the IS depends sensitively
on interatomic distance). For the 13-atom inner core of the Auss
clusters, we have found (in earlier studies) small but significant
deviation of the IS from the bulk value. The interatomic distance
in Auss is also ~3% smaller than in the bulk®’.

The implication seems to be that for PtipePhen3cOso. 10 the
effects of charge transfer between ligands and metal atoms, as
seen by Mossbauer spectroscopy, are restricted to the first layer
of surface atoms. This is perhaps not unexpected as far as the
Au 5d electron density is concerned, as the d-orbitals are known
to have strongly localized character. The IS value, however,
probes mainly the density of the more itinerant 6s electrons, and
it is therefore interesting in itself that for the inner atoms no
measurable effect of the surface-ligation is seen. We note that
the ‘metallic’ behaviour for the inner-core atoms in Ptsee
Phen#010.10 has also been inferred from the low-temperature
specific heat’, as well as from '*Pt-NMR measurements®. A
discussion of these results falls outside the scope of this Letter.

Lastly we comment on the parameter values found for the
other sites. The values of IS and QS for atoms at sites coordi-
nated by Phen* and O, are in a region common for Au surface
atoms in clusters’, and for various linearly coordinated, nomin-
ally Au(1) compounds, as might be expected. It is surprising that

the unligated surface sites exhibit a QS value of zero, with an
IS corresponding to nominally Au(v) compounds. On the other
hand, similar values have been found for (central) Au atoms in
small Au clusters, such as Aug, Aus and Auy, (see, for example,
ref. 6 and references therein). None the less, we have at present
no explanation for this result.

Further refinement and examination of alternative models for
the location of O, molecules (and thus of part of the bare surface
sites) is in progress. But the IS obtained for the core sites will
not be substantially influenced by alternative choices for the
different surface sites, nor by improvement of statistics and by
further refinement, and our conclusion that the core sites experi-
ence an s-clectron density comparable to that observed for
an Au atom in bulk Pt metal should not be sensitive to these
refinements. ]
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METALLOFULLERENES™” consist of metal atoms trapped inside
closed fullerene cages. Virtually nothing is known about the mecha-
nism of metallofullerene synthesis, although the possibility of a
condensed-phase mechanism has been suggested in recent
studies™*. Here we show that laser vaporization of a La,O;/graph-
ite rod produces a number of LaCs isomers, including the
endohedral metallofullerene and a variety of different isomers in
which lanthanum seems to be bound to polycyclic polyyne rings.
When heated, nearly all of the different ring isomers convert spon-
taneously into metallofullerenes, trapping the metal atom inside
the fullerene cage with remarkably high efficiency (>98%). We
suggest that in the first step of this annealing process the lanthanum
atom acts as a nucleation centre and the carbon rings arrange
themselves around the lanthanum atom before converting into a
fullerene cage.

Recent studies have shown that fullerenes can be synthesized
by annealing polycyclic polyyne rings’ ”. The work described
here was undertaken to determine whether a similar mechanism
could result in the formation of metallofullerenes. The experi-
mental approach has been described previously™®. LaCqt ions
were generated by laser vaporization of a La,Os/graphite com-
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posite rod’, and selected with a quadrupole mass spectrometer.
Pulses (50 us) of LaCg ions were injected (at various kinetic
energies) into a drift tube containing ~5 torr of He. The ions
travel across the drift tube under the influence of a weak electric
field, and the drift time depends on the geometry of the cluster’.
Clusters with compact geometries have shorter drift times than
clusters with less compact geometries.

Figure | shows the drift-time distributions recorded for Cg
and LaCg using low injection energies. These distributions
essentially reflect the isomer populations generated by the
source. The distribution for Cq, has been discussed in deiail
previously®. The narrow peak at ~800 ps is due to the fullerene,
and the broad distribution centred at ~1,600 us has been
assigned to a variety of polycyclic polyyne ring isomers’, like
the bicyclic ring shown in Fig. 1. The drift-time distribution for
LaCq has a narrow peak at ~800 ps that we assign to the
endohedral metallofullerene (see below) and a broad distribution
of non-fullerene isomers extending out to drift times of
~2,000 ps. The distribution of non-fullerene isomers for LaCgo
is broader than observed for Cg,. The LaCep isomers with drift
times of ~1,300-2,000 pus are probably due to La* attached to
roughly planar polycyclic polyyne ring isomers similar to those
observed for the pure carbon cluster. The LaCq, isomers with
drift times of ~800-1,300 ps are less compact than the metallo-
fullerene, but more compact than the planar polycyclic rings.
These are probably three-dimensional complexes of La' with
polyyne rings, although the precise nature of the bonding is not
known. The relative abundance of the non-fullerene LaCyp iso-
mers in Fig. 1 is ~50%. The relative abundances of the different
non-fullerene isomers were sensitive to the source conditions.
The results shown in Fig. 1 are an average of three typical data
sets.
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FIG. 1 Drift-time distributions recorded for a Cd, with an injection energy
of 100 eV, and b, LaCe, with an injection energy of 50 eV. The drift tube
is 7.62cm long and the drift field was 13.12Vcm™. The drift-time
distributions have been scaled to a helium buffer gas pressure of 5.00
torr. With the injection energies employed here the isomer populations
essentially reflect those generated by the source. The mass spectrum
generated by laser vaporization of the La,03/graphite rod is dominated
by peaks due to LaC, and C, . However, measurements of the isotope
distributions show that the peaks were not entirely pure LaCao. Studies
were performed as a function of isotopic composition and we are confi-
dent that the data presented here result from ions which are predomi-
nantly (>95%) LaCgo.

To anneal the clusters, the injection energy is increased so that
the ions experience a rapid transient heating cycle as their kinetic
energy is thermalized by collisions with the buffer gas. The ions
are then rapidly cooled by further collisions with the buffer gas.
Any fragmentation that occurs is monitored using a second
quadrupole mass spectrometer after the drift tube. Figure 2
shows drift-time distributions recorded for LaCg as a function
of injection energy. As the energy is increased to 150 eV the
relative abundance of isomers with drift times >1,300 ps (the
roughly planar polycyclic ring isomers) rapidly diminishes, and
at the same time there is an increase in the relative abundance
of non-fullerene isomers with shorter drift times. As the injection
energy is raised further, the relative abundance of the non-fuller-
ene isomers with shorter drift times decreases. The polycyclic
polyyne rings for LaCg, anneal at lower injection energies than
analogous Cq isomers, indicating that the activation energy for
annealing is lower for LaCg than for Cgj.

Not all the LaCg isomers anneal into an intact metallofuller-
ene. At high injection energies (300400 ¢V), up to ~10% of
the non-fullerene isomers fragment to products which appear to
result from sequential loss of C, units. Figure 3 shows the drift-
time distribution recorded for LaCs; resulting from injection of
LaCeo at 200 eV. These results demonstrate that the fragment
ions are entirely metallofullerenes. A careful search was per-
formed for other fragment ions. The only other dissociation
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FIG. 2 Drift-time distributions recorded for LaCg, as a function of injec-
tion energy (300, 150 and 50 eV). The experimental conditions were
identical to those in Fig. 1.

product observed was La* with a relative abundance of <1%.
Thus it appears that nearly all the non-fullerene LaCy;, isomers
anneal into metallofullerenes.

Figure 4 shows the drift-time distribution measured for

LaCsg® from LaCey*
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FIG. 3 Drift-time distribution recorded for LaCsg resuiting from LaCgy
injected into the drift tube at 200 eV. The experimental conditions were
identical to those in Fig. 1. The only other product observed (except for
the C, loss channels) was La™. La™ is substantially lighter than LaCeo,
so there is a concern that the La® product could be discriminated
against. Although there is no evidence for discrimination against the
lighter products in previous studies®, experiments were performed as a
function of buffer gas pressure to be sure that any La* formed before
the entrance to the drift tube was not scattered away by coilisions with
the buffer gas. In all cases, the relative abundance of La* was <1%.
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FIG. 4 Drift-time distribution (circles) recorded for LaCg, with an injec-
tion energy of 400 eV. The solid line shows the drift-time distribution
calculated from the transport equation for ions in the drift tube (see
text). The arrows show the expected drift times for an endohedral
La@ Ceo and exohedral La(Cso)” complex. The geometry of the exohed-
ral La(Ceso) " was assumed to be a La atom sitting 2.4 A from an unper-
turbed Ceo. The mobility was calculated using a simple hard-sphere
collision model*® (details are given elsewhere™).

LaCgqo with an injection energy of 400 ¢V. At this high injection
energy, all the non-fullerene isomers have annealed (or dissoci-
ated). The solid line in Fig. 4 shows the drift-time distribution
calculated from the transport equation for ions in the drift
tube'®. The excellent agreement with the experimental results
suggests that only a single LaCg, isomer remains. Because the
geometries of La” @Csg and La(Cgo) " are known, accurate drift
times can be calculated from momentum transfer theory'’.
Arrows show the expected drift times'' for an endohedral metal-
lofullerene (which is assumed to be the same as for fullerene
Ce;) and an exohedral complex (where the lanthanum atom sits
outside the fullerene cage). The measured drift time is in excellent
agreement with that expected for the endohedral metallofuller-
ene. The fragment ions (such as LaCs) also appear to be
endohedral metallofullerenes. A third isomer, where the lan-
thanum atom is incorporated into the fullerene cage, is also
possible. Aithough the goemetry of this isomer is not well estab-
lished, we estimate that the drift time for this species falls roughly
half way between the arrows shown in Fig. 4. Our data show
no signs of this isomer.

The remarkably high efficiency with which the non-fullerene
LaCg, isomers anneal into endohedral metallofullerenes indi-
cates that there must be a mechanism by which the lanthanum
atom is trapped inside the annealing fullerene. The distribution
of non-fullerene LaCg ions shifts to shorter times as the clusters
are annealed, indicating that in the first steps of the annealing
process the LaCe;, complexes become more compact. The oppo-
site behaviour is observed in the annealing of pure Cg;, where
the distribution of polyyne rings shifts to longer times as the
polycyclic rings open to form bicyclic and monocyclic rings
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before forming the fullerene®. Because the ionization energy of
La (5.577 eV)'? is substantially lower than that of fullerene Cqo
(7.62 eV)", the charge is probably localized on the lanthanum.
Therefore, a plausible explanation for the behaviour of the non-
fullerene LaCe, isomers is that the La’ acts as a nucleation
centre, and the carbon rings arrange themselves around the La™
so that when they anneal into the fullerene cage the lanthanum
atom is naturally encapsulated. Electrostatic interactions may
play an important role in arranging the carbon rings in the early
stages of the annealing process. This simple picture of the anneal-
ing mechanism accounts for both the shift to shorter times and
the high efficiency of endohedral metallofullerene formation. [
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MoLecuLEs composed of interlocking rings are termed catenanes.
Since the first synthesis of a two-ring catenane (a [2]catenane)
in 1960', these and related interlinked compounds have attracted
considerable interest”™'°, in part from the perspective of forming
molecular devices and nanoscale architectures''"'>. Here we report
the formation of a [2]catenane from two complete rings, reminisc-
ent of the trick of interlinking ‘magic rings’. This supermolecule,
1 in Fig. 1, exists in rapid equilibrium with the monomeric rings
2, as revealed by '"H NMR and electrospray mass spectrometry.
At low concentration of molecule 2, the equilibrium lies towards
the monomers, but at higher concentrations the catenane is the
overwhelmingly dominant species in solution.

Previous syntheses of catenanes have all taken the approach
of threading a ring on a thread and then linking the ends of
the thread. In the syntheses of Stoddart and coworkers® ¢, for
example, the ring and thread self-assemble so that the ends of
the thread lie adjacent to one another and can readily be capped
by a bridging unit. Our present approach exploits the relatively
labile nature of metal-ligand bonds, which comprise a part of
the rings, to interlock two preformed rings in solution.

When a D,O solution of the Pd(i1) complex (en)Pd(NO;),
(en, ethylenediamine) (3) (1 mM) was treated with the 1.0 molar
equivalent 1,4-bis[(4-pyridyl)methyl]benzene (4), 'H NMR
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