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Although Si or Ge is not known to form empty cage clusters such as the fullerenes, we recently found a
unique 12-atom icosahedral tin cluster, Sn12

2- (stannaspherene). Here we report photoelectron spectroscopy
and theoretical evidence that Pb12

2- is also a highly stable icosahedral cage cluster and bonded by four
delocalized radialπ bonds and nine delocalized on-sphereσ bonds from the 6p orbitals of the Pb atoms.
Following Sn12

2-, we coin a name, plumbaspherene, for the highly stable and nearly spherical Pb12
2- cluster,

which is expected to be stable in solution and the solid state. Plumbaspherene has a diameter of∼6.3 Å with
an empty interior volume large enough to host most transition metal atoms, affording a new class of endohedral
clusters.

During recent photoelectron spectroscopy (PES) experiments
aimed at understanding the semiconductor-to-metal transition
in tin clusters, we found the spectra of Sn12

- to be remarkably
simple and totally different from the corresponding Ge12

-

cluster.1 This observation led to the discovery of aC5V cage
structure for Sn12

-, which is only slightly distorted from the
icosahedral (Ih) symmetry as a result of the Jahn-Teller effect.
However, adding an electron to Sn12

- resulted in a highly stable
and closed-shellIh Sn12

2- cage cluster. Owing to the large
5p-5s energy separation, theIh Sn12

2- cage was found to be
bound primarily by the 5p2 electrons, which form four radialπ
bonds and nine in-sphereσ bonds with the 5s2 electrons
behaving like lone pairs. The Sn12

2- cage was shown to be
isoelectronic to the well-known B12H12

2- molecule2,3 with the
5s2 lone pairs replacing the localized B-H bonds and was
named “stannaspherene” for itsπ bonding characteristics and
high symmetry. In this Letter, we report both experimental and
theoretical evidence that the corresponding Pb12

2- cluster also
exists as a highly stableIh cage, which has an even larger interior
volume than stannaspherene and can host most transition metal
atoms in the periodic table to form a new class of endohedral
cage clusters.

The photoelectron spectroscopy (PES) apparatus used in the
current study consists of a laser vaporization supersonic cluster
beam source and a magnetic bottle electron analyzer, which have
been described in detail previously.4,5 A disk of pure lead was
used as the laser vaporization target with a helium carrier gas
for the Pb12

- experiment. Negatively charged Pb clusters (Pbx
-)

were extracted from the cluster beam and analyzed in a time-
of-flight mass spectrometer. For the Pb12

2- experiment, a lead
target containing∼15% potassium was used and the Pb12

2-

species was produced in the form of KPb12
-, i.e., K+[Pb12

2-].

The cluster of interest was selected and then decelerated before
being photodetached by a laser beam (193 nm from an excimer
laser or 266 and 355 nm from a Nd:YAG laser). Photoelectrons
were analyzed by the magnetic bottle time-of-flight electron
analyzer and calibrated by the known spectra of Cu- and Au-.
The PES apparatus had an electron energy resolution of∆E/E
∼ 2.5%, i.e.,∼25 meV for 1 eV electrons.

Figure 1 displays the PES spectra of Pbx
- (x ) 11-13) at

193 nm. Clearly, the Pb12
- spectrum is special relative to those

of its neighbors, showing only four bands (X, A, B, C), whereas
much more complex spectral features are observed for Pb11

-

and Pb13
-. This observation suggests that Pb12

- should possess
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Figure 1. Photoelectron spectra of Pbx
- (x ) 11-13) at 193 nm (6.424

eV). Note the relatively simple spectral pattern of Pb12
- with respect

to those of Pb11
- and Pb13

-.
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a relatively high symmetry structure. We also obtained the
spectrum of Pb12

- at 266 nm, which is compared to the 193
nm spectrum in Figure 2, as well as to the corresponding spectra
of KPb12

-. The 355 nm spectrum of Pb12
- (not shown) can

only access the first detachment feature (X) around 3.1 eV. At
266 nm, the A and B bands of Pb12

- between 3.5 and 4 eV are
resolved into at least five spectral features. The spectra of
KPb12

- are nearly identical to those of Pb12
- (Figure 2), except

that they are shifted to lower binding energies due to charge
transfer from K to the Pb12 moiety, K+[Pb12

2-]. At 266 nm,
the first band (X) of KPb12

- at 2.7 eV is resolved into a doublet,
whereas a shoulder on the lower binding energy side is resolved
in the B band at∼3.6 eV. The weak continuous signals beyond
5 eV in the 193 nm spectra for both Pb12

- and KPb12
- are due

to a combination of imperfect background subtraction and
possible multielectron processes (shake-up processes). The
electron affinities of Pb12 and KPb12 are measured from the
threshold feature to be 3.09( 0.03 and 2.71( 0.03 eV,
respectively. The vertical detachment energies for the ground-
state transitions for Pb12

- and KPb12
- are measured to be 3.14

( 0.03 and 2.77( 0.03 eV, respectively. The PES spectra of
Pb12

- and other small Pbx- clusters have been measured
previously at lower spectral resolution and lower photon
energies.6,7 The current experiment yielded better resolved
spectra, more accurate electron binding energies, and more
spectral features to cover the valence spectral range.

Geometry optimization for Pb12
- from a high-symmetry

icosahedral cage led to a Jahn-Teller distorted lower symmetry
C5V (2A1) species (Figure 3a),8 analogous to Sn12

-.1 The
computed first vertical detachment energy (3.08 eV) of theC5V
Pb12

- is in excellent agreement with the experimental value of
3.14 eV. Whereas ion mobility experiment suggests that Pbx

+

clusters possess compact near-spherical morphologies,9 several
theoretical studies have given various structures for neutral
Pb12.10-13 We note that the two most recent works by Wang et

al.12 and Rajesh et al.13 suggested distorted cage structures for
Pb12. However, we find that the doubly charged Pb12

2- species
is a highly stable and perfectIh cage with a closed electron
shell (Figure 3b). We were able to synthesize Pb12

2- stabilized
by a counterion in KPb12

- (K+[Pb12
2-]), which has relatively

larger mass abundance than KPb11
- and KPb13

-. The photo-
electron spectra of KPb12

- are compared to those of Pb12
- in

Figure 2. The similarity between photoelectron spectra of
KPb12

- and Pb12
- suggests that the Pb12

2- cage upon K+

coordination is probably not distorted too much from the ideal
Ih symmetry, which is born out from our calculated structure
(Figure 3c). Our calculations show that the K+ counterion
prefers to stay outside the cage with aC3V (1A1) symmetry,
inducing very little perturbation to the Pb12

2- cage relative to
the idealIh symmetry. The isomer with K+ inside the Pb12

2-

cage is much higher in energy by 2.37 eV because of the large
size of the K+ ion. The calculated vertical detachment energy
(2.78 eV) of the C3V KPb12

- agrees very well with the
experimental value of 2.77 eV, lending considerable credence
to the identification of theIh Pb12

2- cage. In fact, we show next
that the PES spectra of both Pb12

- and KPb12
- can be understood

from the valence molecular orbitals (MOs) of theIh Pb12
2-, as

shown in Figure 4.14

Under theIh symmetry, the 6p-based valence orbitals of Pb
transform into MOs t1u, hg, gu, and ag in Pb12

2-, which form
two groups with a large energy gap at the scalar relativistic level
of theory (Figure 4). The 6s-based MOs are much more stable
due to the so-called “inert electron pair effect” arising from the
relativistic effects;15 they are separated by more than 4 eV from
the 6p-based MOs and cannot be accessed even at 193 nm in
our PES experiments for Pb12

- and KPb12
-. However, when

the spin-orbit (SO) coupling effect, which is expected to be
very large for Pb, is considered, the orbital pattern becomes
quite different (Figure 4). The strong SO coupling transforms
the MOs into three groups of energetically separated spinors:
(e1/2u, g3/2g), (g3/2u, i5/2g, e7/2u), and (i5/2u, e1/2g). This pattern of
spinors is in remarkable qualitative agreement with the observed
PES spectra for Pb12

- and KPb12
-, suggesting that further

splittings of the MOs in the lower symmetry Pb12
- and KPb12

-

are relatively small. This is indeed the case, as illustrated in
the energy correlation diagrams in Figure 4. The small energy
splitting is due to the relatively small structural distortions from
the Ih structure in Pb12

- and KPb12
-, indicating the structural

robustness of the 12 atom Pb cage.
The canonical scalar-relativistic MOs of Pb12

2- shown in
Figure 5 are similar to those of the stannaspherene Sn12

2-,1

which has been shown to be valent isoelectronic to the B12H12
2-

molecule.2,3 Among the 13 valence MOs, there are four radial
π orbitals (ag and t1u) and nine in-sphereσ MOs (gu and hg).

Figure 2. Photoelectron spectra of Pb12
- at 266 and 193 nm compared

to those of KPb12
-.

Figure 3. Optimized structures: (a) Pb12
-; (b) Pb12

2-; (c) KPb12
-. The bond distances and cage diameters are in Å.
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Analogous to Sn12
2-, which has been named as stannaspherene

for its π bonding character and its nearly spherical structure,1

we suggest “plumbaspherene” for the highly stable and robust
Pb12

2- cage.
Plumaspherene has a computed diameter of 6.29 Å, slightly

larger than that of stannaspherene (6.07 Å). Thus, it is expected
that Pb12

2- can trap an atom inside to form endohedral
plumbaspherenes, M@Pb12. In fact, two M@Pb12 icosahedral
cage clusters have been synthesized previously.16,17 A remark-
able endohedral compound, [Pt@Pb12]2-, has been synthesized
in solution and crystalline form with K+(2,2,2-crypt) as coun-
terions.16 X-ray diffraction and NMR experiments have con-
firmed that this cluster possessesIh symmetry. It can be viewed

as a zerovalent Pt atom trapped inside plumbaspherene,
Pt@Pb12

2-. In a laser vaporization experiment involving Pb and
Al, a cluster with the composition AlPb12

+ was observed to be
unusually intense in the mass distribution.17 Density functional
calculations show that this cluster possesses anIh structure with
a closed electron shell. This cluster can be viewed as an Al3+

ion trapped inside plumbaspherene, Al3+@Pb12
2-, to give a total

charge of+1. In another laser vaporization experiment involving
Pb/Co, the CoPb12

- cluster was observed to be relatively intense
in the mass distribution and was proposed to be an icosahedral
Co@Pb12 cage.18 A very recent report describes the synthesis
of an empty polyhedral Pb10

2- cage, which is compared to the
B10H10

2- borane.19 This result suggests that the Pb12
2- pluma-

spherene should also be a stable species in solution and can be
synthesized in the condensed phase. More importantly, the
current work implies that the previously observed M@Pb12

clusters were due to the intrinsic stability ofemptyplumba-
spherene, rather than the effect of the doped atom. Hence, we
can expect that a whole new family of stable M@Pb12 endo-
hedral clusters may exist, analogous to the endohedral fuller-
enes.20,21A very recent theoretical investigation on the MPb12

+

and MPb12 (M ) B, Al, Ga, In, Tl) clusters has provided details
of the electronic structures of M@Pb12 endohedral clusters.22
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