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frequency. By comparison, the r.m.s. (root mean square) displacement xm of the C60 molecule in the mth vibrational level is given by
xm ¼ ð2m þ 1Þ1=2 x0 , where x0 ¼ ðhf =kÞ1=2 < 3 pm. Although the
exact values of these simple estimates change when the second
metal electrode is included in the model, the qualitative conclusions
of the model remain essentially the same. The present estimates
pertain to the situation where the coupling between C60 and two
electrodes is strongly asymmetric.
The C60 –surface vibration discussed above can account for the
5-meV conductance features in a unifying fashion. The first ]I/]V
peak at the boundary of the conductance-gap region is observed
when an electron hops on or off C60 with the system staying in the
ground vibrational level. Additional ]I/]V peaks on the Vg , Vc
(n+1)−
side appear when an electron hops onto Cn−
in
60 to generate C60
excited vibrational states. The ]I/]V peaks on the Vg . Vc
side signify, on the other hand, an event where an electron hops
off C(n+1)−
, leaving Cn−
60
60 in excited vibrational levels. Multiple ]I/]V
peaks on the same side of Vc indicate that multiple vibrational
quanta are excited.
This process is thus reminiscent of the Franck–Condon processes
encountered in electron-transfer and light-absorption processes in
molecules, where the vibrational excitation accompanies the electronic motion24. Within the harmonic approximation, the vibrational matrix elements for these processes can readily be calculated,
and the ratio d/x0 determines the number of vibrational quanta
typically excited by the tunnelling electron. According to the
estimates discussed above, d/x0 < 1 in a single-C60 transistor. The
number of ]I/]V peaks visible in Fig. 2 in general confirms this
expectation as only a few ]I/]V peaks are observed in most devices.
One device that does not follow this general trend is the one
shown in Fig. 2d. As described previously, this device exhibits many
]I/]V peaks on both sides of Vc. In addition, the peak intensities do
not show the simple variations expected from the single-mode
Franck–Condon situation24. The anomalous behaviour may be
related to the highly asymmetric coupling of C60 and the two
electrodes in this particular device. This asymmetry is demonstrated
by the different slopes of the upward and downward ]I/]V lines in
the V–Vg plane. The variations of peak intensities may be due to the
presence of other degrees of freedom in the system, such as the C60
motion perpendicular to the surface normal.
Unexplained features exist in other devices as well. In the data in
Fig. 2a, a small (# 1 meV) energy splitting is observed for many of
the lines. This splitting may arise from the C60 centre-of-mass
motion perpendicular to the surface normal discussed above.
Unfortunately, the nature of the potential for this motion is not
known, owing to the lack of detailed knowledge of the electrode
geometry near C60, and quantitative support of this assignment is
thus lacking at present.
The transport measurements presented here demonstrate that
single-electron-tunnelling events can be used both to excite and
probe the motion of a molecule: indeed, the single-C60 transistor
behaves as a high-frequency nanomechanical oscillator. Furthermore, the oscillations of the C60 molecule must be treated in a
quantized fashion, showing that this is a true quantum ‘mechanical’
system. We expect that the coupling between the quantized electronic and mechanical degrees of freedom will be generically important
in electron transport through nanomolecular systems25,26.
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Fullerenes are graphitic cage structures incorporating exactly
twelve pentagons1. The smallest possible fullerene is thus C20,
which consists solely of pentagons. But the extreme curvature and
reactivity of this structure have led to doubts about its existence
and stability. Although theoretical calculations have identified,
besides this cage, a bowl and a monocyclic ring isomer as lowenergy members of the C20 cluster family2, only ring isomers of C20
have been observed3–6 so far. Here we show that the cage-structured fullerene C20 can be produced from its perhydrogenated
form (dodecahedrane C20H20) by replacing the hydrogen atoms
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with relatively weakly bound bromine atoms, followed by gasphase debromination. For comparison we have also produced the
bowl isomer of C20 using the same procedure. We characterize the
generated C20 clusters using mass-selective anion photoelectron
spectroscopy; the observed electron affinities and vibrational
structures of these two C20 isomers differ significantly from
each other, as well as from those of the known monocyclic
isomer. We expect that these unique C20 species will serve as a
benchmark test for further theoretical studies.
The fullerene C20, which may be regarded as the carbon transliteration of ‘‘Plato’s universe’’7, is shown in Fig. 1 (compound 1).
Unlike C60, the fullerene C20 is not formed spontaneously in carbon
condensation or cluster annealing processes, as has been demonstrated by extensive ion mobility measurements6,8. It seemed to be a
safe prediction that cage 1, if it can be produced at all, would have
to be made from a precursor that bore a close structural resemblance
to 1. Furthermore, it would be necessary to produce 1 in the gas
phase, as extreme reactivity is expected to result from its strong
curvature and flagrant violation of the ‘‘isolated pentagon rule’’9.
Even the less-curved fullerene C36 is so reactive that it spontaneously
oligomerizes in the solid state10–12.

Figure 1 Isomers of C20. 1, cage; 2, bowl; 3, ring.
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An obvious starting point for the production of cage 1 is C20H20,
dodecahedrane (4 in Fig. 2; refs 13, 14); quantities of this compound
that are sufficient for synthetic purposes are now available through
the highly optimized ‘‘isodrin-pagodane route’’15,16. To transform 4
into 1, however, the strongly bound hydrogen atoms must first be
replaced by other, more weakly bound atoms, such as chlorine or
bromine. Unfortunately, functionalization with sterically less
demanding chlorine did not provide a good route to 1; cation
mass-spectroscopic measurements on C20Cl16–20 samples did show
elimination of chlorine atoms following electron impact ionization,
but significant cage fragmentation was also observed14. Functionalization of 4 with more weakly bound bromine atoms seemed the
way out of this dilemma. There was, however, a significant—and,
for a long time, unsolved14 —synthetic obstacle: the total (or at least
near-total) substitution of the small hydrogen atoms by the voluminous bromine atoms failed due to the build-up of excessive
molecular strain17,18. The way to avoid this obstacle proved to
be a ‘brute-force’ bromination protocol (see Methods), which
reproducibly gave a product of average elemental composition
C20HBr13 (denoted here as [C20HBr13]). This product was spectroscopically and chemically identified as primarily a multitude of
isomeric C20H0–3Br14–11 trienes, which—in spite of their strong
deviation from planarity19 proved oxygen-insensitive (Fig. 2a).
During the bromination process, elimination reactions provide
relief from the steric overcrowding on the molecular periphery
(Fig. 2b). Catalytic reduction of the bromination product back to 4
proved that the cage survived this treatment.
The cation mass spectrum of [C20HBr13] thus prepared (Fig. 3)
shows singly and doubly charged C20 ions with up to 14 bromine
atoms attached. The relative intensities of the C20H+n ions (1.0: 0.4:
0.2: 0.1 for n = 0, 1, 2, 3) indicate only minor loss of the residual
hydrogen atoms. The high intensity of the C+20 and C2+
20 ions and the
very low abundance of smaller fragments attests to the remarkable
kinetic stability of this C20 cluster.
In order to exclude the possibility that cage 1 might have
isomerized into the (possibly more stable) bowl 2 during the
course of the debromination, we pursued the independent generation of 2. This was likewise achieved by gas-phase debromination of
a [C20HBr9] precursor prepared by forcing bromination of corannulene 5 (ref. 20; see Fig. 2c and Methods). The 70-eV cation mass
spectrum of this material closely resembles that of brominated
dodecahedrane, showing C+20 clusters with up to nine bromine
atoms attached (relative intensities of the C20H+n ions 1.0: 0.8: 0.8:
0.3 for n = 0, 1, 2, 3).
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Figure 2 Preparation of precursors for cage 1 and bowl 2. a, Bromination of
dodecahedrane 4. b, Space-filling models of C20H20 and [C20HBr13] (see text). c,
Bromination of corannulene 5.
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Figure 3 Cation mass spectrum of [C20HBr13]; 70-eV electrons were used for ionization. A
series of singly charged clusters C20Br+n with n = 0–14 (circles), and a similar series of
doubly charged clusters C20Br2+
n (squares), can be distinguished. m/z, mass-to-charge
ratio.
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Electron-impact mass spectroscopy alone can neither distinguish
between the C20 species derived from these two very different
brominated hydrocarbons, nor even reveal whether or not they
are still different isomers. To establish this, we converted the C20
species to their anions, and examined them by photoelectron
spectroscopy (PES). In these experiments, a special ion source was
used (see Methods) that produces an intense and very stable
negative ion beam for several hours from a few milligrams of
material. The anion mass spectra obtained for brominated dodecahedrane and brominated corannulene (Fig. 4) resemble those of
the cation mass spectra, showing a sequence of brominated C−20
clusters, with the number of attached bromine atoms varying from
13 to 0 in the first case and from 9 to 0 in the second. Again, the high
kinetic stability of the C20 cluster is manifest.
Photoelectron spectra of mass-selected C−20 clusters obtained
from the two brominated precursors, and from graphite in a
standard laser evaporation cluster source, are shown in Fig. 5. The
spectrum in Fig. 5c is identical to published spectra that have been
safely attributed to ring 3 on the basis of ion mobility
measurements6. The spectra of Fig. 5a and b exhibit notably
different features. Both have a reduced electron affinity with respect
to ring 3, and show distinct vibrational patterns. Ring 3 has an
electron affinity of 2.44 6 0.03 eV, and exhibits a vibrational
progression of 2,260 6 100 cm−1. The isomer generated from
brominated corannulene has a significantly lower electron affinity
of 2.17 6 0.03 eV, but shows a similar vibrational progression of
2,060 6 50 cm−1. The isomer generated from brominated dodecahedrane has an electron affinity of 2.25 6 0.03 eV, and exhibits a

vibrational progression of 730 6 70 cm−1; at 0.27 eV above the first
ionization threshold, another progression sets in, this one having a
spacing of 260 6 40 cm−1. The spectra have been measured several
times and showed no dependence on the source conditions. Thus,
the PES data point to the presence of a single, unique C20 isomer in
each case. Exact mass selection, however, is crucial; admixture of
hydrogenated species C20H−1 or C20H−2 led to a blurring of the
vibrational structure. The fact that all three anions can be generated
selectively, moved over finite periods of time through various parts
of the apparatus, separated from other ions, and then photoionized
to the neutral carbon allotrope, demonstrates that all three C20
clusters, particularly the fullerene C20, have a lifetime of at least the
total flight time (0.4 ms).
The measured vibrational pattern of the bowl 2 is in qualitative
agreement with predictions (G. Seifert, personal communication).
As in ring 3, the additional electron occupies the lowest antibonding
orbital of the triple bonds. Detachment of the electron will thus lead
to a high-energy acetylenic stretching mode; the calculations predict
frequencies . 2,000 cm−1 for such modes21,22, which agree with the
frequencies observed in both cases. For cage 1, the situation is much
more complex; still, the observed 730 cm−1 progression is clearly
more consistent with that expected for a closed ‘polyolefinic’ cage
(1) than with the vibrational progression expected for any other
open polycyclic isomer that has acetylenic edges. Unfortunately, it is
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Figure 4 Anion mass spectra of [C20HBr13] (a) and [C20HBr9] (b). The molecules have been
debrominated and charged by insertion into a gas discharge. In both cases we see a series
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1.6

Figure 5 Photoelectron spectra of the mass-selected C−20 clusters. a, C−20 produced from
[C20HBr13]. The wavelength of the detachment laser was 380 nm (3.26 eV). b, C−20
produced from brominated corannulene, measured at 380 nm (3.26 eV). c, C−20 clusters
generated by a standard laser evaporation cluster source, measured at 308 nm (4.03 eV).
A KrF excimer laser was used as the evaporation laser, and room-temperature helium as
carrier gas.
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not yet possible to make definite assignments, in part because the
fourfold degeneracy of the highest occupied molecular orbital of the
cage is avoided by a Jahn–Teller deformation away from perfect
icosahedral symmetry, the nature of which is still disputed22.
Knowledge of the ground-state symmetry of the neutral cage,
however, is indispensable for the prediction of the vibrational
modes excited upon electron detachment. We note that there is
not even agreement on the relative heats of formation of 1 and 2 in
spite of intensive numerical efforts over many years2. The photoelectron spectrum of the unique C20 species derived from dodecahedrane thus stands as a benchmark test for quantum-mechanical
methods. It is hoped that the experimental results reported here will
stimulate further theoretical activities.
Until now fullerenes have been produced primarily by carbon
condensation processes. The route to cage 1 that we report here is, to
our knowledge, the first which makes use of a precursor with a
rationally designed carbon core.
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Methods
Bromination procedures
Bromination of 4: the solution of 4 in dry, deoxygenated bromine was refluxed under
visible light irradiation for 3 d in a pressure flask, allowing the generated HBr to leak out.
After extraction of the more hydrogen-rich components, the nearly insoluble, deep-red
product was sublimed at 300 8C. Bromination of 5: the solution of 5, bromine and FeCl3 in
1,1,2,2-tetrachloroethane was refluxed for 24 h.
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Chemical characterization
of bohrium (element 107)

Mass selection and PES characterization
The precursor substance was immobilized by a drop of toluene within a quartz tube,
which was electrically heated to a temperature of 150–250 8C. A pulse of ultrapure
helium flushed evaporated material into a copper tube, where a gas discharge was fired
by applying a short high-voltage pulse to an isolated pin. The gas discharge fragmented
the precursor molecules and negatively charged the products with a very high
efficiency. After expansion into the vacuum, the ions entered a reflectron time-of-flight
mass spectrometer23, which could be used either to measure mass spectra of the ions or
to insert ions of a given mass into a magnetic bottle photoelectron spectrometer. Here
the ions were decelerated and irradiated by a pulsed laser beam. The velocities of the
emitted electrons were measured and transformed into a kinetic-energy distribution.
The energy resolution of the spectrometer is better than 20 meV for electron kinetic
energies below 0.5 eV.
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The arrangement of the chemical elements in the periodic table
highlights resemblances in chemical properties, which reflect the
elements’ electronic structure. For the heaviest elements, however, deviations in the periodicity of chemical properties are
expected1–3: electrons in orbitals with a high probability density
near the nucleus are accelerated by the large nuclear charges to
relativistic velocities, which increase their binding energies and
cause orbital contraction. This leads to more efficient screening of
the nuclear charge and corresponding destabilization of the outer
d and f orbitals: it is these changes that can give rise to unexpected
chemical properties. The synthesis of increasingly heavy elements4–6, now including that of elements 114, 116 and 118,
allows the investigation of this effect, provided sufficiently longlived isotopes for chemical characterization are available7. In the
case of elements 104 and 105, for example, relativistic effects
interrupt characteristic trends in the chemical properties of the
elements constituting the corresponding columns of the periodic
table8, whereas element 106 behaves in accordance with the
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