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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,8n (stannaspherene). Here we report photoelectron spectroscopy
and theoretical evidence that b is also a highly stable icosahedral cage cluster and bonded by four
delocalized radialr bonds and nine delocalized on-spheréonds from the 6p orbitals of the Pb atoms.
Following Sn2?", we coin a name, plumbaspherene, for the highly stable and nearly spherigaldister,

which is expected to be stable in solution and the solid state. Plumbaspherene has a diarv@@Rofvith

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 Pb,4” |
in tin clusters, we found the spectra of;3nto be remarkably AT
simple and totally different from the corresponding 1&e [ ATYA

cluster! This observation led to the discovery ofGa, cage WAL R
structure for S, which is only slightly distorted from the I S Vil
icosahedrallf) symmetry as a result of the Jahmeller effect. X| AB

However, adding an electron to Snresulted in a highly stable Pby2” I W e

and closed-shell, S~ cage cluster. Owing to the large it
5p—5s energy separation, thg Sn*~ cage was found to be nrt
bound primarily by the 5pelectrons, which form four radiat AN
bonds and nine in-sphere bonds with the 5 electrons I VN
behaving like lone pairs. The A~ cage was shown to be 1
isoelectronic to the well-known BH;2~ moleculé= with the
5¢ lone pairs replacing the localized-B4 bonds and was i |’"|| .|"
named “stannaspherene” for itsbonding characteristics and e
high symmetry. In this Letter, we report both experimental and LA REITRWL
theoretical evidence that the corresponding Pbcluster also SV —
exists as a highly stablg cage, which has an even larger interior 0o 1 2 3 4 5 6
volume than stannaspherene and can host most transition metal Binding Energy (eV)
atoms in the periodic table to form a new class of endohedral Figure 1. Photoelectron spectra of P{x = 11—13) at 193 nm (6.424
cage clusters. eV). Note the relatively simple spectral pattern ofiPhwith respect
The photoelectron spectroscopy (PES) apparatus used in theo those of Pb~ and Phs .
current study consists of a laser vaporization supersonic cluster
beam source and a magnetic bottle electron analyzer, which haveThe cluster of interest was selected and then decelerated before
been described in detail previoudi§ A disk of pure lead was  being photodetached by a laser beam (193 nm from an excimer
used as the laser vaporization target with a helium carrier gaslaser or 266 and 355 nm from a Nd:YAG laser). Photoelectrons
for the Phz~ experiment. Negatively charged Pb clusters(iPb ~ were analyzed by the magnetic bottle time-of-flight electron
were extracted from the cluster beam and analyzed in a time-analyzer and calibrated by the known spectra of @nd Au.
of-flight mass spectrometer. For the;5b experiment, alead  The PES apparatus had an electron energy resolutidvE(E
target containing~15% potassium was used and the,Pb ~ 2.5%, i.e.,~25 meV for 1 eV electrons.
species was produced in the form of KPh i.e., K"[Plby2]. Figure 1 displays the PES spectra of,Px = 11-13) at
193 nm. Clearly, the Rb~ spectrum is special relative to those
I*Corr‘e]sE)onding authors. E-mail: Is.wang@pnl.gov (L.S.W.); jun.li@ of its neighbors, showing only four bands (X, A, B, C), whereas
pnfg\],%s(hi'né){on State University. much more complex spectral features are observed for Pb
* Pacific Northwest National Laboratory. and Phs™. This observation suggests thatPbshould possess
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Figure 2. Photoelectron spectra of Bb at 266 and 193 nm compared
to those of KPIy.
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a relatively high symmetry structure. We also obtained the
spectrum of P~ at 266 nm, which is compared to the 193

nm spectrum in Figure 2, as well as to the corresponding spectra(zl78 eV) of the Cs, KPbis

of KPbyo~. The 355 nm spectrum of P (not shown) can
only access the first detachment feature (X) around 3.1 eV. At
266 nm, the A and B bands of Bb between 3.5 and 4 eV are
resolved into at least five spectral features. The spectra of
KPby;~ are nearly identical to those of Bb (Figure 2), except
that they are shifted to lower binding energies due to charge
transfer from K to the Ph moiety, K'[Pb227]. At 266 nm,

the first band (X) of KPl,~ at 2.7 eV is resolved into a doublet,

Letters

al1?2 and Rajesh et dB suggested distorted cage structures for
Phyo. However, we find that the doubly charged;#b species
is a highly stable and perfett cage with a closed electron
shell (Figure 3b). We were able to synthesizePbstabilized
by a counterion in KPR~ (KT[Pbi27]), which has relatively
larger mass abundance than KPband KPhs™. The photo-
electron spectra of KRp~ are compared to those of Bb in
Figure 2. The similarity between photoelectron spectra of
KPby,~ and Phy~ suggests that the P8~ cage upon K
coordination is probably not distorted too much from the ideal
In symmetry, which is born out from our calculated structure
(Figure 3c). Our calculations show that the" Kounterion
prefers to stay outside the cage withCa, (*A1) symmetry,
inducing very little perturbation to the PB~ cage relative to
the ideall, symmetry. The isomer with Kinside the Pp?~
cage is much higher in energy by 2.37 eV because of the large
size of the K ion. The calculated vertical detachment energy
agrees very well with the
experimental value of 2.77 eV, lending considerable credence
to the identification of thé, Pb >~ cage. In fact, we show next
that the PES spectra of both2band KPh,~ can be understood
from the valence molecular orbitals (MOs) of thePb 2, as
shown in Figure 44

Under thel, symmetry, the 6p-based valence orbitals of Pb
transform into MOs 4, hg, gy, and g in Pb»*~, which form

whereas a shoulder on the lower binding energy side is resolved™© 9roups with a large energy gap at the scalar relativistic level

in the B band at-3.6 eV. The weak continuous signals beyon
5 eV in the 193 nm spectra for both Bband KPh,~ are due
to a combination of imperfect background subtraction and
possible multielectron processes (shake-up processes). Th
electron affinities of Pf» and KPh, are measured from the
threshold feature to be 3.02 0.03 and 2.714+ 0.03 eV,

respectively. The vertical detachment energies for the ground-

state transitions for Rb~ and KPRz~ are measured to be 3.14
+ 0.03 and 2.7 0.03 eV, respectively. The PES spectra of
Pbio,~ and other small Bb clusters have been measured
previously at lower spectral resolution and lower photon
energie$:” The current experiment yielded better resolved

g 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 effectst® they are separated by more than 4 eV from

dhe 6p-based MOs and cannot be accessed even at 193 nm in

our PES experiments for Pb and KPR,~. 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:
(Er/2w Gar2g), (P32 isi2g €7120), @nd (k2w €172g). This pattern of
spinors is in remarkable qualitative agreement with the observed
PES spectra for Rb and KPh,~, suggesting that further

spectra, more accurate electron binding energies, and moresPlittings of the MOs in the lower symmetry Bb and KPh,~

spectral features to cover the valence spectral range.
Geometry optimization for R~ from a high-symmetry
icosahedral cage led to a JahTeller distorted lower symmetry
Cs, (A1) species (Figure 3&),analogous to Sa~.! The
computed first vertical detachment energy (3.08 eV) ofGhe
Phi,~ is in excellent agreement with the experimental value of
3.14 eV. Whereas ion mobility experiment suggests that Pb
clusters possess compact near-spherical morpholdgmseral
theoretical studies have given various structures for neutral
Ph;,.19-13 We note that the two most recent works by Wang et

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 I structure in Py~ and KPRy, indicating the structural
robustness of the 12 atom Pb cage.

The canonical scalar-relativistic MOs of 5 shown in
Figure 5 are similar to those of the stannasphereng?Sh
which has been shown to be valent isoelectronic to thel B2~
molecule?3 Among the 13 valence MOs, there are four radial
7 orbitals (g and %) and nine in-sphere MOs (g, and ).

Pby; Cs, (PAy)

Pby* I (*Ag)

KPby, Csy (*Ay)

Figure 3. Optimized structures: (a) Rb; (b) Ph2?"; (c) KPh . The bond distances and cage diameters are in A.



Letters J. Phys. Chem. A, Vol. 110, No. 34, 20080171

“Ar as a zerovalent Pt atom trapped inside plumbaspherene,
Pt@Ph2?". In a laser vaporization experiment involving Pb and
Al, a cluster with the composition AIRp" was observed to be
unusually intense in the mass distributigrDensity functional
calculations show that this cluster possesséds amucture with
a closed electron shell. This cluster can be viewed as &h Al
ion trapped inside plumbaspherene3Z®Ph 2", to give a total
charge oft+1. In another laser vaporization experiment involving
Pb/Co, the CoPh™ cluster was observed to be relatively intense
in the mass distribution and was proposed to be an icosahedral
Co@Ph, cage®® A very recent report describes the synthesis
of an empty polyhedral R§~ cage, which is compared to the
B1oH1?~ borane!® This result suggests that the Fb 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@#Pb
clusters were due to the intrinsic stability emptyplumba-
spherene, rather than the effect of the doped atom. Hence, we
can expect that a whole new family of stable M@#pPéndo-
o= hedral clusters may exist, analogous to the endohedral fuller-
3t Pb,2 Pby2 KPb,, Pbyy enes?®21A very recent theoretical investigation on the MPb

A IL* Gy Gyt and MPh, (M = B, Al, Ga, In, Tl) clusters has provided details
Figure 4. Scalar relativistic (SR) energy levels of the 6p-based of the electronic structures of M@Bhendohedral clusters.
valence molecular orbitals of thk Pb,?>~ and the correlation to . .
the spin-orbit coupled levels of} Pbi?~ and the lower symmetry Acknowledgment. This work was supported by the National
C, K*[Pbyi?] and C;, Phiz, where the asterisk indicates the double-  Science Foundation (DMR-0503383) and the John Simon
group symmetry. The 6s-based MOs are mainly localized on each atomGuggenheim Foundation and performed at the EMSL, a national
and are separated from the bottom of the 6p band by more than 4 eV.scientific user facility sponsored by DOE's Office of Biological
The energy levels of R~ are shifted down by 2.63 eV to compare  and Environmental Research and located at the Pacific North-
with the monoanions. west National Laboratory (PNNL), operated for DOE by
Battelle. The calculations were accomplished partially via the

. Molecular Science Computing Facility (MSCF) located at
t * EMSL, PNNL.
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