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and increasing the conductance. An example of the formation of
channel–Fab9 crosslinked species and their liberation upon the
addition of digoxin is shown in Fig. 4. A control is also shown in
which the addition of thyroxine fails to elicit a response. The
absence of biotins on the lipid tether, the absence of the streptavidin
linker or the correctly targeted Fab9 eliminates the response. A
quantitative measure of analyte concentration may be obtained
from either the absolute initial rate of admittance increase, or the
equilibrium fractional admittance change (see Supplementary
Information). These are essentially proportional to each other
over the sensitivity range of the competitive assay. The range may
be adjusted by varying the immobilised Fab9 surface density.

By varying the nature and type of receptor in the ICS biosensor,
we have applied the technique to blood typing, the detection of
bacteria, virus particles, DNA, drugs, antibodies and electrolytes.
Receptors include antibodies, enzymes, DNA, binding proteins and
synthetic ligands. The ion-transport properties of channels and
ionophores other than gramicidin have also been studied17,18. For
example, we have incorporated the Kþ ionophore valinomycin into
a tethered membrane and successfully measured potassium con-
centration over physiologically relevant concentrations. The bio-
sensor functions in human serum, plasma and whole blood. The
biosensor may be assembled and measured on electrodes of dimen-
sions from square centimetres to square micrometres. As the
membrane area is decreased, the membrane leakage conductance
decreases proportionally, but the conductance per channel remains
constant. This means that with small electrodes (,30 mm diameter)
it becomes possible to resolve the current transients associated with
individual channels. Operation of the biosensor under these con-
ditions of low channel density, coupled with the use of multi-
electrode arrays of such membranes, promises to increase
significantly the sensitivity of the device. M
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The discovery and large-scale synthesis of fullerenes have aroused
interdisciplinary interest in these closed-cage molecules1–6. C60

can be photopolymerized into a form in which the cages are
thought to be linked by cyclic C4 units in a [2 þ 2] cycloaddition7,
provoking theoretical studies of the C60 dimer8–15, the smallest
subunit of such a polymer. The C60 dimers C120O (refs 16, 17),
C121H2 (ref. 17) and C120O2 (ref. 18) have been reported, in which
the two C60 molecules are linked by, respectively, a furan group, a
cyclopentane ring and a cyclobutane ring plus two oxygen
bridges; but the simplest dimer, C120 linked by a cyclobutane
ring alone, has not so far been observed. We now report that this
dumb-bell-shaped molecule can be synthesized by a solid-state
mechanochemical reaction of C60 with potassium cyanide. Our
X-ray structural analysis shows that the C4 ring connecting the
cages is square rather than rectangular—the latter is predicted
theoretically8,9,13–15. The dimer dissociates cleanly into two C60

molecules on heating or one-electron reduction, but in the gas
phase during mass-spectrometric measurements it undergoes
successive loss of C2 units, shrinking to even-numbered fullerenes
such as C118 and C116 in a sequence similar to that seen for other
large fullerenes19,20.

Recently, we developed a new method to derivatize C60 in the
solid state by the use of a ‘vibrating mill’21. The key feature of this
method is a high-speed vibration technique, which can activate the
reaction system by bringing the reagents into very close contact at
the preparative scale and by providing extra mechanical energy,
much more effectively than the ball-milling technique22. The reac-
tion of C60 with KCN in the solid state has led to the first preparation
of dumb-bell-shaped C120 (1) instead of formation of C60H(CN)
(2)23 after quenching with trifluoroacetic acid.

A mixture of C60 and 20 molar equivalents of KCN powder was
vigorously vibrated for 30 min under nitrogen according to our
previous procedure21. Analysis by high-performance liquid chroma-
tography of the reaction mixture dissolved in o-dichlorobenzene
(ODCB) on a Cosmosil Buckyprep column with toluene as the
eluent showed only one major product besides unchanged C60.
Separation by flash chromatography on silica gel, eluted with
hexane–toluene and then with toluene–ODCB, gave 70% of recovered
C60 and 18% of C120 (1). Its structure was unequivocally determined
as the [2 þ 2] adduct of C60 based on the evidence shown below.

The product, isolated as a dark brown powder, has very low
solubility in CS2 and toluene, but is reasonably soluble (1–
2 mg ml 2 1) in ODCB. The 13C NMR spectrum (Fig. 1) exhibited
15 signals (including one overlapped signal) in the sp2 region and
one signal at 76.22 p.p.m. in the sp3 region, which are fully consistent
with the assigned structure with D2h symmetry. A comparison of the
present data with the 13C magic-angle spinning (MAS) NMR
spectra of C60 polymers prepared under high pressure24,25 has
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established that the dumb-bell-shaped C120 is indeed the essential
subunit of these polymers.

The Fourier-transform infrared spectrum of 1 showed more
infrared-active peaks than C60 and resembled that of polymer
prepared by photo-irradiation7, thus giving a strong support for
the presence of the [2 þ 2] structure in the photoproduced polymer.
Just like other 1,2-dihydro[60]fullerenes, the colour of 1 in toluene
and in ODCB is brown. The ultraviolet–visible spectrum of 1 in
toluene exhibited absorptions at 328, 434 and 698 nm, which are
typical for 1,2-dihydrofullerene derivatives. The elemental analysis
of 1 showed complete absence of any hydrogen or nitrogen.

Several mass-spectral techniques including fast atom bombard-
ment (FAB), atmospheric pressure chemical ionization (APCI) and

electrospray ionization (ESI) in both positive- and negative-ion
modes did not show any molecular ion peak of 1 but a strong peak
for C60. Only a weak peak at mass/charge m/z 1,441 (Mþ) together
with a series of peaks corresponding to the loss of C2n (n ¼ 1–5)
from C120 and a base peak at m/z 720 for C60 were observed in both
Fourier-transform ion cyclotron resonance (FTICR) (Fig. 2) and
matrix-assisted laser desorption-ionization (MALDI) time-of-
flight mass spectra. This intriguing result indicates that C120 not
only dissociates into C60 but also reduces its size by extruding C2

units and rearranging into even-numbered fullerenes C118, C116 and
so on19,20.

The structure of 1 was determined by X-ray crystallography for the
single crystal grown in an ODCB solution. As shown in Fig. 3, dimer 1

Figure 1 The 13C NMR (150.8MHz) spectrum of fullerene dimer 1 in ODCB-d4:

chemical shift d (p.p.m.); 151.42 (8C),147.14 (4C),146.08 (8C 3 2),145.97 (8C),145.65

(8C), 145.48 (4C),145.18 (8C),144.37 (8C),142.97 (4C),142.73 (8C),142.56 (8C),142.02

(8C),141.99 (8C),140.70 (8C),139.02 (8C), 76.22 (4C). The signal at d 142.79p.p.m. is

that of C60.

Figure 2 The positive-ion Fourier-transform ion cyclotron resonance (FTICR)

mass spectra of fullerene dimer 1. a, An expanded plot showing the molecular ion

peak of C120 at m/z 1,441 (intensity 1.0%) (plus isotopic peaks) and a series of

peaks for C120 2 C2n (n ¼ 1–5), that is, m/z 1,417 (C118, 2.2%),1,393 (C116, 2.3%),1,369

(C114,1.9%),1,345 (C112,1.2%) and 1,321 (C110,1.0%). The spectrum also exhibits a very

weakpeak at m/z 1,465, which indicates the formationof a small amount of C122 by

the process of C120 þ C2. b, A full-range spectrum showing a base peak for C60 at

m/z 720 (intensity 100%) and a cluster of peaks around m/z 1,440.
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is composed of two C60 cages sharing a cyclobutane ring. Previous
theoretical studies predicted the intra-cage bond (C1–C2 in Fig. 3)
to be rather long (1.59–1.62 Å)8,913–15 compared with the inter-cage
bond (C1–C1* in Fig. 3). Present results show that there is no great
difference in the length of these bonds. The former bond length is
1.581(7) Å, which is rather short compared to reported values for
the corresponding bond in substituted 1,2-dihydrofullerenes26. The
relative elongation of the inter-cage bond (1.575(7) Å) compared
with the ordinary C(sp3)–C(sp3) single bond is well reflected in its
ready thermal cleavage, as will be discussed below.

Differential scanning calorimetry was used to follow the thermal
behaviour of 1 in the range 80–220 8C at a rate of 1 8C min 2 1. An
endothermic peak from 150 to 175 8C and centred at 162 8C was
observed in the heating process, whereas no such peak was observed
in the cooling scan. Moreover, C120 was found to dissociate quan-
titatively into C60 by heating its ODCB solution at 175 8C for 15 min.
This decomposition temperature is near to those reported for
polymers prepared by photo-irradiation27 and under high
pressure28,29.

Cyclic voltammetry of 1 (0.25 mM in ODCB/0.05 M Bu4NBF4; Pt
disk and Pt wire as working and counter electrodes, respectively;
scan rate, 20 mV s 2 1) exhibited three reversible reductions at E1/2

2 1.14, 2 1.53 and 2 1.99 V versus ferrocene/ferrocenium, which
are almost the same as those of C60 ( 2 1.12, 2 1.52 and 2 1.99 V)
observed under the same conditions. The only noticeable difference

in the electrochemical behaviour between 1 and C60 is the presence
of a small shoulder at the first reduction peak of 1 in both cyclic
voltammetry and differential pulse voltammetry. Taken together,
these results indicate that dimer 1 readily dissociates into the C60

anion radical and C60 immediately after C120 acquires one negative
charge.

The very close reduction potentials of C120 and C60 suggests that
C120 should have equal chemical reactivity to C60. In fact, the
versatile Bingel reaction30 was found to be able to functionalize 1.
Reaction of dimer 1 in ODCB solution with one equivalent each of
diethyl bromomalonate and 1,8-diazabicyclo[5.4.0]undec-7-ene for
30 min at room temperature afforded monoadduct of 1 in 44%
yield along with 24% of unchanged 1 after separation on
JAIGEL ¹ 1H þ 2H preparative gel permeation chromatography
(GPC) columns eluted with toluene. The adduct was a mixture of at
least three positional isomers as judged from HPLC and 1H NMR
data.

The dimerization of C60 did not take place without KCN in the
solid state. Furthermore, no cyanated product 223 was isolated in the
solid-state reaction of C60 with KCN. The highly selective synthesis
of C120 observed here is ascribed to a reaction pathway totally
different from that in the liquid phase23, and to the unique property
of cyanide ion behaving both as a nucleophile and as a good leaving
group. The solid-state reactions of C60 with other nucleophiles did
not afford C120 (ref. 21). We suppose that the present dimerization

Figure 3 a, Structure of fullerene dimer 1, as determined by X-ray crystallography.

Selected bond lengths (Å) and angles (degrees) are: C1–C1*, 1.575(7); C1–C2,

1.581(7); C2–C3,1.530(8); C3–C4,1.374(7); C4–C5,1.468(8); C5–C6,1.358(9); C6–C1,

1.528(7); C6–C7,1.445(8); C7–C8,1.457(9): C2–C1–C6,115.4(5); C2–C1–C9,115.2(4);

C6–C1–C9,100.7(4); C2–C1–C1*, 90.3(4); C1–C2–C2*, 89.7(4). b, A crystal packing

diagram. The R and Rw values were 0.067 and 0.096, respectively. The solvent

molecules were contained in a 4 : 1 ratio in the crystal of 1, but are omitted from

these figures for clarity. Further material characterizing 1, including X-ray struc-

ture details, are available as Supplementary Information.

Figure 4 Proposed reaction mechanism for the formation of dimer 1.
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occurs in a similar fashion to the so-called benzoin condensation31.
As shown in Fig. 4, cyanide ion first adds to C60 to form C60(CN) 2

(3), which can react with the closely located molecule of C60 in the
1,4-addition mode to minimize steric congestion and gives anion 4.
Then an intramolecular SN29 reaction of 4 furnishes the [2 þ 2]
dimer 1. A further reaction of dimer 1 with cyanide ion could occur,
but this would make 1 acquire a negative charge together with a
cyano group, and would cause the rupture of its [2 þ 2] bonds as
inferred from the above-mentioned electrochemical behaviour of 1.
Thus the overall reaction results in the highly selective formation of
dimer C120 instead of oligomers and polymers.

In single crystals of 1 obtained in the present study, the C120

molecules are arrayed in highly ordered layers, different from the
face-centred cubic arrangement of C60. Photo-irradiation of this
crystalline material should lead to the formation of a C60 polymer,
which might have a more well-defined structure than previously
reported ones7,32. The present result indicates that a thermally
forbidden [2 þ 2] process of a highly electron-deficient and strained
double bond such as that in fullerenes can take place under solid-
state reaction conditions catalysed by cyanide ion. Application of
the present method to C70 is expected to lead to another new carbon
allotrope, C140. M
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UMR-CNRS 5570, 69364 Lyon cedex 7, France

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

It remains controversial whether burial and exhumation in
mountain belts represent episodic or continuous processes1–20.
Regional patterns of crystallization and closure ages of high-
pressure rocks may help to discriminate one mode from the
other but, unfortunately, metamorphic geochronology suffers
from several limitations. Consequently, no consensus exists on
the timing of high-pressure metamorphic events, even for the
Alps—which have been the subject of two centuries of field work.
Here we report lutetium–hafnium (Lu–Hf) mineral ages on
eclogites from the Alps as obtained by plasma-source mass
spectrometry. We find that the Lu/Hf ratio of garnet is particularly
high, which helps to provide precise ages. Eclogites from three
adjacent units of the western Alps give (from bottom to top)
diachronous Lu–Hf garnet ages of 32:8 6 1:2, 49:1 6 1:2 and
69:2 6 2:7 Myr. These results indicate that the Alpine high-
pressure metamorphism did not occur as a single episode some
80–120 Myr ago6,7,10,18, but rather that burial and exhumation
represent continuous and relatively recent processes.

With the discovery of the coesite-bearing quartzites of Dora
Maira in the western Italian Alps1, the exhumation history of
rocks that had been buried to ,100 km depth during the formation
of the Alps provided fresh insight into alpine tectonic processes.
Published data, however, emphasize both the extent of inconsis-
tency of the chronological data on high-pressure metamorphism
and its far-reaching geodynamic implications2–5. The Eoalpine age
(100–120 Myr) inferred from a discordant array of zircons6 and
from 39Ar–40Ar dating in phengites7,8 seems to support a widely
accepted view that the exhumation of eclogites is coeval with the
continuing subduction of the oceanic Tethyan lithosphere under the
African plate9. Eclogite burial and exhumation also appear to be
Eoalpine in age in the Sesia-Lanzo unit with Rb–Sr, K–Ar and U–
Pb ages in the range 60–114 Myr (refs 10–12). In contrast, the Late
Eocene–Early Oligocene age found for Dora Maira13,14—as a lower
concordia intercept defined by zircons and as a U–Pb isochron on
ellenbergerite, which was later confirmed by U–Pb ion-probe data
on zircons15—rather suggests that burial and exhumation are far
more recent and coeval with the collision between the Apulian and
European plates. Sm–Nd and U–Pb Eocene ages are also known
from other eclogite localities in the western and central Alps16–18. As
these eclogites seem to have been overprinted in the greenschist
facies during the Oligocene (25–35 Myr ago) at the latest7,19, the
value of the exhumation rate may vary from a fraction of a
millimetre to several centimetres per year depending on which age
is accepted for the high-pressure metamorphism.

Other than K–Ar, of which the significance is obscured by the


