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One of the major objectives of cluster science is to discover stable atomic clusters,
which may be used as building blocks for cluster-assembled nanomaterials. The
discovery and bulk synthesis of the fullerenes have sprouted new research
disciplines in chemistry and nanoscience and precipitated intense interest to
search for other similar stable clusters. However, despite major research efforts,
no other analogous gas-phase clusters have been found and yielded to bulk
syntheses. In this article, we review our recent discoveries in cluster beam
experiments of stannaspherene (Sn2�12 ) and plumbaspherene (Pb2�12 ), which are
highly stable and symmetric cage clusters. The names for these two clusters derive
from their icosahedral (Ih) symmetry and delocalized spherical �-bonding that are
characteristics of buckminsterfullerene C60. Stannaspherene and plumbaspherene
have diameters comparable to that of C60 and can be considered as inorganic
analogues of the buckyball. The large internal space in Sn2�12 has been shown to be
able to trap any transition metal atom to form new endohedral cage clusters,
M@Sn2�12 , analogous to endohedral fullerenes. The doped atom in M@Sn2�12
keeps its quasi-atomic nature with large magnetic moments. These endohedral
cages form a rich class of new building blocks for cluster-assembled materials
with tunable magnetic, electronic, and chemical properties. During our attempt to
synthesize endohedral stannaspherenes, we crystallized a new Pd2@Sn4�18 cluster,
which can be viewed as the fusion of two Pd@Sn2�12 clusters. This result suggests
that stannaspherene, plumbaspherene, and a large number of their endohedrally
doped species can be synthesized in the bulk.
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1. Introduction

Clusters are aggregates of atoms intermediate between individual atoms and bulk matter.

In the size regime from a few to a few hundred atoms, the chemical and physical properties

of clusters exhibit dramatic atom-by-atom size dependences, forming the foundation for

nanoscience. The quest for novel physically and chemically stable clusters that are

promising for cluster-assembled nanomaterials has been one of the major goals of cluster

science. The discovery of C60 in cluster beam experiments and its subsequent bulk

synthesis have heightened research efforts in this area.1,2 Experimental and computational

advances have now made it possible to elucidate detailed structures and chemical bonding

for fairly complicated cluster systems. Recent discoveries, such as the all-metal aromatic

clusters,3,4 planar and tubular boron clusters,5–8 novel planar, pyramidal, and hollow-cage

gold clusters,9–13 and special Al and Al hydride clusters,14–16 demonstrate that cluster

science remains a very active and exciting field of study.
Since the discovery of the fullerenes, there has been intense interest in hollow cage

clusters, particularly in the heavy congeners of carbon � Si and Ge. However, small Si and

Ge clusters seem to exhibit tetrahedral bonding features,17–44 very different from those of

carbon clusters. For example, the obvious valence isoelectronic Si60 cluster does not have

the same structure as C60.
45,46 Instead of a beautiful soccer-ball shape, Si60 seems to adopt

a rather low-symmetry structure.46 Elongated structures have been found for small Si and

Ge clusters of dozens of atoms,32–36 while more compact structures have been proposed for

larger ones. The growth pattern of tin clusters has also been suggested to resemble those of

Ge and Si clusters on the basis of ion mobility measurements.47,48 Thus, it was quite a
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surprise when we observed a unique photoelectron spectrum for Sn�12, which led to the

discovery of a tin cage cluster.49

In this article, we review the serendipitous discovery of the cage cluster Sn2�12
(stannaspherene)49 and the related Pb2�12 (plumbaspherene) cluster,50 which possess

icosahedral structures and delocalized spherical �-bonding. These highly symmetric

hollow cages have sizes comparable to that of C60 and can be viewed as inorganic analogues

of the fullerenes. More interestingly, these two cages can entrap a foreign atom to form

endohedral cage clusters, analogous to the endohedral fullerenes. A series of endohedral

stannaspherenes M@Sn2�12 , with M¼ transition metals including the f-block elements, have

been produced and investigated.51 The doped atom in M@Sn2�12 has been shown to keep its

quasi-atomic nature with large magnetic moments if M¼ transition metals with an open d-

or f-shell. These endohedral stannaspherenes yield a rich class of new building blocks for

cluster-assembled materials with potentially tunable magnetic, electronic, and chemical

properties. During our attempt to synthesize the endohedral stannaspherene, we have

crystallized a new Pd2@Sn4�18 cluster, which can be viewed as the fusion of two Pd@Sn2�12
clusters,52 suggesting that stannaspherene, plumbaspherene, and their endohedral species

can be synthesized in bulk.

2. Experimental method

In our laboratory, photoelectron spectroscopy (PES) of size-selected anions, often in

combination with ab initio calculations, is used to probe the electronic and geometrical

structures and chemical bonding of gas-phase atomic clusters.53–56 We chose cluster anions

for experimental PES studies for two primary reasons: (1) anions allow size-selection with

mass spectrometry; and (2) PES of anions yields spectroscopic information for neutral

clusters, which are of most interest. Experiments are carried out using a magnetic-bottle

time-of-flight photoelectron spectrometer, details of which have been described pre-

viously.57 Figure 1 shows a schematic of our magnetic-bottle PES apparatus with a laser

vaporization supersonic cluster source. Cluster anions are produced by laser vaporization

of a disk target with a helium carrier gas and analysed using a time-of-flight mass

spectrometer. Clusters of interest are mass selected by a three-grid mass gate and

decelerated before crossing with a detachment laser beam in the interaction zone of the

magnetic-bottle photoelectron analyser. Several different detachment photon energies are

usually used, ranging from the second to fourth harmonics of a Nd:YAG laser (532, 355,

266 nm), to 193 and 157 nm from an excimer laser.
We have found that cluster temperatures play the most critical role in determining the

quality of PES spectra using the laser vaporization cluster sources.58 Nascent clusters can

be quite hot due to the heat of formation and for negatively charged clusters the electron

affinities. We observed that with our source configuration well-resolved PES spectra can

be obtained by carefully selecting those clusters that have sufficient resident time in the

nozzle to be thermalized.59 Clusters with short resident time in the nozzle are relatively hot,

which usually yield poorly resolved PES spectra. Photoelectrons are collected at nearly

100% efficiency by the magnetic bottle and analysed in a 3.5-m-long electron flight tube.

Electron binding energy spectra are obtained by subtracting the kinetic energy spectra

from the photon energies of the detachment laser. The spectra are calibrated using the
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known spectra of atomic anions, such as Cu–, Rh–, Au– or Pt–. The apparatus has an

electron energy resolution of �E/E� 2.5%, i.e. about 25meV for 1 eV electrons.

3. Stannaspherene and plumbaspherene

3.1. The unique PES spectral pattern of Sn�12

Different from its lighter congeners, silicon and germanium which are semiconductors, the

normal allotrope of tin under ambient conditions (�-Sn) is a metal with a body-centred

tetragonal lattice, but it also has a small band gap semiconducting phase (�-Sn) with a

diamond lattice similar to Si and Ge that is stable at low temperatures.60 Prior

experimental47,61–64 and theoretical65–68 studies have suggested that small tin clusters

possess similar structures to those of Si and Ge. An interesting experimental observation is

that small tin clusters exhibit melting temperatures exceeding that of the bulk,61 consistent

with the notion that small tin clusters have similar bonding configurations as those of the

semiconductor Si and Ge clusters. Previous PES experiments69–71 also suggested that the

spectra of small Sn�n clusters are similar to those of the corresponding Ge�n clusters.

However, these PES experiments were all done at low photon energies (�4.6 eV) and under

relatively low resolutions.

Figure 1. Schematic view of the magnetic-bottle photoelectron apparatus with a laser vaporization
supersonic cluster source.
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Bulk tin is a metal under ambient condition, whereas the structures and bonding of

small Sn clusters have been suggested to be semiconductor-like. So there must be a

semiconductor-to-metal transition for Sn clusters as a function of size. We carried out a

PES study to probe the electronic structure evolution of Sn�n clusters, in particular, the

semiconductor-to-metal transition, at a higher photon energy (193 nm: 6.424 eV) and

improved spectral resolution.72 The obtained PES spectra revealed a distinct semicon-

ductor-to-metal transition for Snn clusters at n¼ 42. More importantly, our well resolved

PES spectra at the high photon energy immediately enabled us to recognize the

remarkably simple spectrum of Sn�12, leading to the discovery of stannaspherene.49

Figure 2 shows the PES spectra of Sn�n (n¼ 4–13) compared with those of the

corresponding Si�n and Ge�n clusters. For all the clusters in this size range (except n¼ 12),

the spectra of Sn�n are similar to those of Ge�n , suggesting they possess similar geometrical

structures. However, the spectrum of Sn�12 is very different from the spectrum of Ge�12 or

other Sn�n clusters in the similar size range. Whereas the spectrum of Sn�12 is rather

congested with numerous poorly resolved features, that of Sn�12 is very simple and
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Sn10−

Binding energy (eV)
0 2         4 6 0 2 4 6 0 2 4 6 0 2 4 6
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Figure 2. Photoelectron spectra of Sn�n (n¼ 4–13) at 193 nm compared to those of Si�n and Ge�n .
From ref. 72.

International Reviews in Physical Chemistry 143

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
B
r
o
w
n
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
2
3
:
4
8
 
2
9
 
M
a
r
c
h
 
2
0
1
0



well-structured. Four bands were resolved in the binding energy range from 3 to 4 eV,
followed by a large gap and two well-resolved bands around 5 eV. The lowest energy band
yielded an adiabatic detachment energy, i.e. the electron affinity of neutral Sn12, to be
3.23� 0.05 eV and a vertical detachment energy (VDE) of 3.34� 0.03 eV. Although low-
symmetry structures similar to Ge12 have been proposed for Sn12, the relatively simple and
characteristic PES spectrum of Sn�12 immediately suggested that it should possess a high-
symmetry structure different from that of Ge�12.

3.2. Structures of Sn�12 and Sn2�12

In search for the possible high-symmetry structures for Sn�12, we started from the highest
symmetry possible for a twelve-atom cluster � an icosahedral cage. However, the Jahn–
Teller effect led to a slightly lower symmetry C5v (

2A1) species (Figure 3a), which is only
slightly distorted from the Ih structure mainly by the depression of one apex atom. The
computed first VDE (3.27 eV) of the C5v Sn�12 is in excellent agreement with
the experimental value of 3.34 eV. By adding one electron to Sn�12, we found that the
resulting Sn2�12 species is a highly stable Ih cage with a closed electron shell (Figure 3b).
Several other low-symmetry structures, including those suggested for Ge12, have also been
calculated for Sn2�12 , but they are all much higher in energy (Figure 4). We were able to
produce Sn2�12 in the form of KSn�12 (Kþ[Sn2�12 ]) experimentally by laser vaporization of a
tin target containing �15% K. The photoelectron spectrum of KSn�12 (Figure 5b) is very
similar to that of Sn�12, suggesting that the Sn2�12 motif is not distorted greatly due to the
presence of Kþ. Our calculations showed that the Kþ counter ion is outside the Sn2�12 cage
with a C3v (1A1) symmetry (Figure 3c). Indeed, only relatively small structural
perturbations are observed in the Sn2�12 cage due to the Kþ coordination. The isomer
with Kþ inside the Sn2�12 cage is much higher in energy by 3.4 eV because of the large size of
the Kþ ion, which expands the cage diameter from 6.07 Å (Figure 3b) to �6.45 Å.

3.3. The chemical bonding in Sn2�12

To help understand the stability and chemical bonding of the Ih-Sn
2�
12 cage, we performed a

detailed analysis of its valence molecular orbitals. Sn has a valence electron configuration

Figure 3. Optimized structures of (a) Sn�12; (b) Sn2�12 ; (c) KSn�12. The bond distances and cage
diameters are in Å. From ref. 49.
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Figure 4. Alternative structures of Sn2�12 . The energies are relative to the Ih cage. All structures are
local minima calculated using Gaussion 03 at the B3LYP/3-21G level of theory. From ref. 49.

(b)

KSn12−

(a)

Sn12−

0             1             2            3            4             5            6

Binding Energy (eV)

(c)

X

A
B

C

D

(X)

(A)
(B)

(C)

(D)

Sn122- 
(SR)

Sn122- 
(SO)

Figure 5. Photoelectron spectra of (a) Sn�12 and (b) KSn�12 at 193 nm. (c) Scalar relativistic (SR)
energy levels of the 5p-based valence molecular orbitals of the Ih Sn2�12 and the correlation to the
spin–orbit (SO) coupled levels of Ih

* Sn2�12 , where the asterisk indicates the double-group symmetry.
From ref. 49.
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of 5s25p2. Because of the large energy separation between the 5s and 5p shells there is little
s-p hybridization in the Sn2�12 cage; the 5s2 electron pair is largely localized on each Sn
atom, leaving only the two 5p electrons participating in the bonding on the Sn2�12 cage.
Figure 5c shows the valence molecular orbital diagram at the scalar relativistic (SR) and
spin–orbit (SO) coupled levels. It is shown that the MO levels of Sn2�12 with SO effect are in
excellent agreement with the PES spectral pattern of Kþ[Sn2�12 ]: the observed spectral
features (X, A, B, C, D) are labeled in Figure 5c next to the SO levels.

Among the 13 valence molecular orbitals, four are delocalized radial � bonding
orbitals (ag and t1u) formed from the radial pz atomic orbitals. The remaining nine orbitals
(gu and hg) are delocalized in-sphere � bonding orbitals from the tangential px and py
atomic orbitals. The bonding pattern in Sn2�12 is remarkably similar to that in the well-
known closo-borane molecule B12H

2�
12 (Figure 6), which was first predicted to be a stable

molecule by molecular orbital theory73 and subsequently synthesized.74 The B12 cage
framework in B12H

2�
12 is also bonded similarly by four delocalized radial � bonding

orbitals and nine in-sphere delocalized � orbitals with 12 localized B-H bonds, which are
equivalent to the 5s2 electrons in the Sn2�12 cage. Because of the delocalized � bonding in
Sn2�12 and its spherical symmetry, a name, stannaspherene, is coined for this highly stable
and symmetric species.

3.4. Pb2�12 : plumbaspherene

Bulk lead is a metal like tin. In addition, because of the relativistic effect75 the 6s electron
pair in lead is expected to be even more inert and lead clusters should be primarily bonded

Figure 6. Comparison of the valence molecular orbitals of (a) Sn2�12 and (b) B12H
2�
12 . From ref. 49.
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by the 6p electrons. Thus, we expect that Pb2�12 should also be a highly stable cage like
Sn2�12 . We obtained the 193 nm PES spectra of Pb�n clusters and observed that the spectrum
of Pb�12 is special, similar to that of Sn2�12 . We found that Pb2�12 is indeed a highly stable Ih
cage,50 which has an even larger interior volume than stannaspherene. A disk of pure lead
was used as the laser vaporization target to produce the Pb�n clusters. For the Pb2�12
experiment, a lead target containing �15% potassium was used and the Pb2�12 cage was
produced in the form of KPb�12, i.e. K

þ[Pb2�12 ].

3.4.1. PES spectra of pure and doped lead clusters

Figure 7 displays the PES spectra of Pb�n (n¼ 11–13) at 193 nm. Clearly, the Pb�12 spectrum
is special relative to those of its neighbours, showing only four bands (X, A, B, C), whereas
much more complex spectral features are observed for Pb�11 and Pb�13. This observation
suggests that Pb�12 should possess a relatively high-symmetry structure. We also obtained
the spectrum of Pb�12 at 266 nm, which is compared to the 193 nm spectrum in Figure 8, as
well as to the corresponding spectra of KPb�12. The 355 nm spectrum of Pb�12 (not shown)
can only access the first detachment feature (X) around 3.1 eV. At 266 nm, the A and B
bands of Pb�12 between 3.5 and 4 eV are resolved into at least five spectral features. The
spectra of KPb�12 are nearly identical to those of Pb�12 (Figure 8), except that they are
shifted to lower binding energies due to charge transfer from K to the Pb12 moiety,
Kþ[Pb2�12 ]. At 266 nm, the first band (X) of KPb�12 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 Pb�12 and KPb�12
are due to a combination of imperfect background subtraction and possible multi-electron
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 Pb�12 and KPb�12 are measured to
be 3.14� 0.03 and 2.77� 0.03 eV, respectively. The PES spectra of Pb�12 and other small
Pb�n clusters have been measured previously at lower spectral resolution and lower photon
energies.69,71 The current experiment yielded better resolved spectra, more accurate
electron binding energies, and more spectral features to cover the valence spectral range.

3.4.2. Structure and bonding of Pb�12 and Pb2�12

Geometry optimization for Pb�12 from a high-symmetry icosahedral cage led to a Jahn–
Teller distorted lower symmetry C5v species (Figure 9a), analogous to Sn�12 (Section
3.2.). The computed first vertical detachment energy (3.08 eV) of the C5v Pb�12 is in
excellent agreement with the experimental value of 3.14 eV. Whereas ion mobility
experiment suggests that Pbþn clusters possess compact near-spherical structures,48

several theoretical studies have given various structures for neutral Pb12.
76–79 Two

recent works by Wang et al.78 and Rajesh et al.79 suggest distorted cage structures for
Pb12. However, we found that the doubly charged Pb2�12 species is a highly stable and
perfect Ih cage with a closed electron shell (Figure 9b). We were able to generate Pb2�12
stabilized by a counter ion in KPb�12 (Kþ[Pb2�12 ]), whose PES spectra are compared to
those of Pb�12 in Figure 8. The similar PES spectra between KPb�12 and Pb�12 suggest
that the Pb2�12 cage upon Kþ coordination is probably not distorted too much from the
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ideal Ih symmetry, which is borne out from our calculated structure (Figure 9c).

Our calculations showed that the Kþ counter ion prefers to stay outside the cage

with a C3v (1A1) symmetry, inducing very little perturbation to the Pb2�12 cage

relative to the ideal Ih symmetry. The isomer with Kþ inside the Pb2�12 cage is

much higher in energy by 2.37 eV because of the large size of the Kþ ion.

The calculated vertical detachment energy (2.78 eV) of the C3v KPb�12 agrees very

Figure 7. Photoelectron spectra of Pb�n (n¼ 11–13) at 193 nm. Note the relatively simple spectral
pattern of Pb�12 with respect to those of Pb�11 and Pb�13. From ref. 50.
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well with the experimental value of 2.77 eV, lending considerable credence to the

identification of the Ih Pb2�12 cage.
The PES spectra of both Pb�12 and KPb�12 can be understood from the valence

molecular orbitals of the Ih Pb2�12 , as shown in Figure 10. Under the Ih symmetry, the

6p-based valence orbitals of Pb transform into MOs t1u, hg, gu, and ag in Pb2�12 , which form

two groups with a large energy gap at the scalar relativistic level of theory (Figure 10). The

6s-based MOs are much more stable due to the so-called ‘inert electron pair effect’ arising

from the relativistic effects75; 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 Pb�12 and KPb�12.

However, when spin–orbit coupling effect, which is expected to be very large for Pb, is

considered, the orbital pattern becomes quite different (Figure 10). The strong SO

Figure 8. Photoelectron spectra of Pb�12 at 266 and 193 nm compared to those of KPb�12. From
ref. 50.

Figure 9. Optimized structures for (a) Pb�12, (b) Pb2�12 , (c) KPb�12. The bond distances and cage
diameters are in Å. From ref. 50.

International Reviews in Physical Chemistry 149

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
B
r
o
w
n
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
2
3
:
4
8
 
2
9
 
M
a
r
c
h
 
2
0
1
0



Figure 10. Scalar relativistic (SR) energy levels of the 6p-based valence MOs of the Ih Pb
2�
12 and the

correlation to the spin-orbit coupled levels of Ih
* Pb2�12 and the lower symmetry C3v

* Kþ[Pb2�12 ] and
C5v

* Pb�12 (the asterisk indicates the double-group symmetry). The 6s-based MOs are mainly
localized on each atom and are separated from the bottom of the 6p band by more than 4 eV. The
energy levels of Pb2�12 are shifted down by 2.63 eV to compare with the monoanions. From ref. 50.
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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 Pb�12 and KPb�12, suggesting that
further splittings of the MOs in the lower symmetry Pb�12 and KPb�12 are relatively small.
This is indeed the case, as illustrated in the energy correlation diagrams in Figure 10. The
small energy splitting is a result of the relatively small structural distortions from the Ih
structure in Pb�12 and KPb�12, indicating the structural robustness of the 12 atom Pb cage.

The canonical scalar-relativistic MOs of Pb2�12 shown in Figure 11 are similar to those
of the stannaspherene Sn2�12 , which has been shown to be valent isoelectronic to the B12H

2�
12

molecule (Figure 6). Among the 13 valence MOs, there are four radial � orbitals (ag and

Figure 11. Pictures of the valence molecular orbitals of Pb2�12 . From ref. 50.
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t1u) and nine in-sphere � MOs (gu and hg). Analogous to Sn2�12 , which has been named as
stannaspherene for its � bonding character and its nearly spherical structure,49 we suggest
‘plumbaspherene’ for the highly stable and robust Pb2�12 cage.

Plumbaspherene has a computed diameter of 6.29 Å, slightly larger than that of
stannaspherene (6.07 Å). Thus, it is expected that Pb2�12 can trap an atom inside to form
endohedral plumbaspherene, M@Pb12. This is indeed the case and will be discussed more
latter (see Section 6).

4. Endohedral stannaspherenes

The large interior volumes of stannaspherene and plumbaspherene suggest that they may
trap a foreign atom to form new endohedral clusters, analogous to the endohedral
fullerenes. We have carried out an extensive experimental and theoretical search for
endohedral stannaspherenes. We have produced Sn�12 clusters doped with one transition
metal atom, (MSn�12) throughout the transition metal series (M¼Ti, V, Cr, Fe, Co, Ni,
Cu, Au, Pt, Nb, Ta, Hf, Y, Gd) by laser vaporization of pressed Sn/M disk targets and
obtained their PES spectra.51 Both experimental and theoretical evidence shows that all
the transition metal atoms are endohedrally doped (M@Sn�12) and they maintain perfect or
pseudo-icosahedral symmetry with the central atom inducing very little distortion to the
Sn2�12 cage. More interestingly, the central atom in M@Sn�12 maintains its quasi-atomic
nature analogous to that in the endohedral fullerenes,80,81 yielding a rich class of potential
building blocks for new materials with tunable electronic, magnetic, or chemical
properties.

4.1. PES spectra of M@Sn�12

Figure 12 displays the 193 nm PES spectra of Sn�12 doped with 3d transition metals and a
few selected 4d and 5d dopants. More spectra with other dopants including rare earth
elements are given in Figure 13. All the spectra are well resolved with numerous distinct
electronic transitions. In general, the spectra of M@Sn�12 become more complicated as one
moves from Cu to the left of the transition series due to the open d shell and the relative
orbital-energy variation of the 3d electrons, which are core-like in Cu, but become frontier
levels in the early transition metals. Remarkably, there is a characteristic doublet feature
around 5 eV (labeled gu in Figure 12), which is present in all the spectra with little variation
among the different doped M@Sn�12 species. This spectral feature provides the key
experimental evidence for the endohedral nature of all the doped clusters and is important
to compare with theoretical calculations.

4.2. Structures and bonding of Cu@Sn�12 and Au@Sn�12

The doublet spectral feature around 5 eV in all the M@Sn�12 clusters (Figures 12 and 13)
bears considerable resemblance to similar spectral features primarily derived from the
on-sphere gu � orbitals in stannaspherene (see Figure 5), suggesting that all the doped
M@Sn�12 clusters possess similar electronic structures and that the Sn12 cage is intact in
M@Sn�12. To confirm the endohedral nature of M@Sn�12 and understand their electronic
structure, we performed extensive theoretical calculations. We first focused on the CuSn�12
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system because it possesses a closed-shell electronic structure. Figure 14 displays the
structure of the endohedral Cu@Sn�12 compared to those of several exohedral structures.

The theoretical results indicate that indeed the endohedral Cu@Sn�12 is overwhelmingly
more stable than any of the exohedral isomers. The calculated adiabatic and vertical

detachment energies and simulated photoelectron spectrum of the endohedral Cu@Sn�12
with spin–orbit coupling are in excellent agreement with the experimental data (Figure 15),
confirming unequivocally its stability and structure.

Figure 12. Photoelectron spectra of M@Sn2�12 (M¼Cu, Ni, Co, Fe, Cr, V, Ti, Au, Pt, Nb) at
193 nm. From ref. 51.
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Cu@Sn�12 is a perfect icosahedral cluster (Figure 14) with a Sn–Sn distance (3.21 Å),
very close to that in stannaspherene (3.19 Å), suggesting moderate interactions between the
central Cu atom and the Sn12 cage. The Cu-Sn distance (3.05 Å) in Cu@Sn�12 is
considerably longer than the Cu–Sn distance (2.6 Å) in diatomic CuSn,82 consistent with
the relatively weak covalent interactions between Cu and the Sn12 cage in Cu@Sn�12. In
fact, Cu@Sn�12 can be described as a Cuþ ion trapped inside stannaspherene, Cuþ@Sn2�12 ,
similar to the charge transfer complexes formed in endohedral fullerenes.83 Figure 16
compares the scalar relativistic and spin–orbit coupled energy levels of the valence
molecular orbitals of Cu@Sn�12 and those of stannaspherene. As shown above,

Figure 13. Photoelectron spectra of more endohedral stannaspherenes M@Sn�12 (M¼Hf, Ta, Y,
Gd) at 193 nm. From ref. 51.

Figure 14. Optimized structures of the global minimum endohedral Cu@ Sn�12 cluster and several
exohedral CuSn�12 and their relative energies at B3LYP level of theory.51
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stannaspherene is bonded by the Sn 5p electrons only, which transform into hg, t1u, gu, and

ag valence MOs (Figure 6), whereas the Sn 5s electrons are mainly non-bonding lone pairs.
Upon insertion of Cuþ into Sn2�12 , the radial bonding MOs (ag and t1u) are stabilized

because they are symmetry-allowed to interact with the d orbitals of the dopant, whereas

the purely tangential gu MO is not affected at all because of symmetry restrictions, as

shown in Figure 16. The hg HOMO, which has a small amount of mixing from the radial

orbitals is slightly destabilized. The filled 3d10 shell of Cu transforms into an hg orbital in

Cuþ@Sn2�12 , maintaining its fivefold degeneracy. When spin–orbit coupling is taken into

account, each degenerate orbital is split into two levels. The SO coupling in the

corresponding MOs in Cu@Sn�12 and Sn2�12 are very similar (Figure 16). The spin–orbit

split MO pattern of Cu@Sn�12 is in excellent agreement with the observed PES spectral

pattern, as labeled in the spectrum of Cu@Sn�12 (Figure 12). The Cu 3d10 levels and the ag
orbital have too high binding energies to be ionized at the photon energy used. The spin–
orbit splittings in the hg HOMO and the gu orbitals are large enough to be clearly resolved

experimentally. The spectrum of Au@Sn�12 is almost identical to that of Cu@Sn�12 except

Figure 15. Comparison of the simulated spectra of the endohedral Ih Cu@Sn�12 and Au@Sn�12, and
the exohedral C5v CuSn

�
12 and AuSn�12 to the respective experimental photoelectron spectra. Note

the dramatic difference between the simulated spectra for the global minima Ih endohedral cages and
the C5v exohedral isomers. The simulated spectra were obtained simply by fitting calculated spin–
orbital energies with gaussion functions, whereas the intensities were not calculated explicitly.51

International Reviews in Physical Chemistry 155

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
B
r
o
w
n
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
2
3
:
4
8
 
2
9
 
M
a
r
c
h
 
2
0
1
0



that the spin–orbit splitting in the t1u orbital is enhanced in Au@Sn�12, which is also borne
out from our calculations (Figure 15), confirming the endohedral nature of Au@Sn�12.
The first ADE and VDE of Cu@Sn�12 and Au@Sn�12 are very similar, as seen from the PES
spectra (Figure 15).

4.3. Structures and bonding of M@Sn�12 with open-shell 3d dopants

Although the Cu@Sn�12 cluster possesses perfect icosahedral symmetry, our calculations
show that the other endohedral M@Sn�12 clusters with open d shells on the central dopants
except Cr@Sn�12 (Figure 17) have slightly distorted structures. However, the structural
distortions are very small and the actual cage structure of all the M@Sn�12 clusters are very
close to the ideal Ih symmetry. The nearly identical doublet features around 5 eV in all the

Figure 16. Correlation diagram between the scalar relativistic (SR) valence levels of Sn2�12 and
Cu@Sn�12 and their spin-orbit split levels. The SR molecular orbital contour surfaces of Sn2�12 are
also shown. The lower hg orbital in Cu@Sn�12 is the Cu 3d10 shell. From ref. 51.
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spectra of the M@Sn�12 clusters are due to the same gu orbitals (Figure 12), which are
purely on-sphere � orbitals (Figure 16) and are not expected to be affected by the central

atom. This spectral characteristic provides a fingerprint for the endohedral cage structures
for all the M@Sn�12 clusters and reflects the robustness of the stannaspherene cage. The

more complicated spectral features in the lower binding energy range in the open d-shell
M@Sn�12 clusters are expected. For the late transition metal dopants (Ni, Fe, Co), our
calculations show that the 3d electrons are still significantly lower in energy and cannot be

detached at 193 nm. The extra spectral features in Co@Sn�12 and Fe@Sn�12 are likely due to
spin polarization of the hg HOMO and the t1u orbitals. For the early transition metal

dopants (Cr, V, Ti), the 3d electrons have similar binding energies as the Sn-derived
frontier hg and t1u orbitals, resulting in much more complex spectral patterns due to direct
detachment from the 3d valence levels in the low binding energy region (Figure 12). The 4d

and 5d dopants behave similarly as the 3d dopants, resulting in similar PES spectra for the
corresponding endohedral stannaspherenes. Our photoelectron spectra suggest that the

rare-earth atoms also form endohedral stannaspherenes, judged by the gu doublet spectral
fingerprint in the spectra of Y@Sn�12 and Gd@Sn�12 (Figure 13) and confirmed by our
theoretical calculations.

Figure 17. Optimized structures of the endohedral stannaspherenes M@Sn�12 with open shell 3d
endohedral atoms (M¼Ni, Co, Fe, Cr, V, and Ti). From ref. 51.
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All the M@Sn�12 anionic species can be described as [Mþ@Sn2�12 ], whereas the neutral
endohedral stannaspherenes (M@Sn12) can be described as [M2þ@Sn2�12 ]. For the 3d
dopants, all the endohedral stannaspherenes are magnetic with high spins, characteristic of
the atomic 3d electrons ranging from 3d2 in [Ti2þ@Sn2�12 ] to 3d8 in [Ni2þ@Sn2�12 ], giving
rise to a new class of cage clusters with tunable magnetic and optical properties. In
contrast to the encapsulated Si or Ge clusters, where the dopants are critical to stabilize
the cage structures,84–91 the stability of M@Sn12 derives from the intrinsic stability of
stannaspherene itself, much like the endohedral fullerenes. Our study indicates that all the
transition metal or f-block atoms can be trapped inside stannaspherene. This is quite
advantageous relative to the endohedral fullerenes, which can only trap the alkali, alkali
earth, or rare earth atoms while the chemically more interesting transition metal atoms
do not form endohedral fullerenes.83

5. Bulk synthesis of endohedral stannaspherene

5.1. Observation of Pd2@Sn4�18

The high stability of stannaspherene (Sn2�12 ) and plumbaspherene (Pb2�12 ) suggests that they
may be synthesized in solution and may be crystallized with appropriate counter ions.
Eichhorn and co-workers have synthesized a series of endohedral cage compounds,
M@Pb2�12 (M¼Ni, Pd, Pt), through chemical reactions of K4Pb9 and ML4 (M¼Pt, Pd,
L¼PPh3) in ethylenediamine (ED) and crystallized them as (2,2,2-crypt)Kþ salts.92–94

Inspired by the Eichhorn compounds, we started exploratory syntheses of endohedral
stannaspherenes. Interestingly, we found a new Pd2@Sn4�18 cluster, which has been
crystallized as a [(2,2,2-crypt)K]4(Pd2@Sn18)� 3ED salt during our attempt to synthesize
the endohedral stannaspherene Pd@Sn2�12 .

52 Its structure has been determined by single-
crystal X-ray diffraction and the Pd2@Sn4�18 cluster is found to consist of 18 Sn atoms
encapsulating two non-bonding Pd atoms and are in fact due to the fusion of two
endohedral stannaspherenes (Pd@Sn2�12 ) along their C3 axis by removing a Sn3 triangle
on each Sn12 unit at the cluster-cluster joint.

The [K(2,2,2-crypt)]4(Pd2@Sn18)�3ED compound was crystallized in an ED solution
via the reaction of K4Sn9 and Pd[P(C6H5)3]4. The Pd2@Sn4�18 anion is a closo-deltahedral
cluster, consisting of 18 Sn atoms encapsulating two Pd atoms. It only has an inversion
symmetry, but its overall prolate shape is pseudo-D3d. The Pd . . .Pd distance (3.414 Å) is
beyond the range of observed single Pd-Pd bond distances (2.53–2.70 Å),95,96 indicating
nonbonding interactions or simply two isolated Pd atoms. The structure of Pd2@Sn4�18 is
identical to that of Pd2@Ge4�18 reported previously by Sevov et al.97 However, the Pd-Pd
distance (2.831 Å) in Pd2@Ge4�18 indicates a weakly bonded Pd2 dimer, perhaps imposed
by the shorter Ge-Ge distances as suggested by Sevov et al. The Pd2@Sn4�18 cluster
also bears some similarity to a Pt-Sn cluster (Pt2@Sn4�17 ) recently reported by Eichhorn
and co-workers.98

5.2. The structure and bonding of Pd2@Sn4�18

The Pd2@Sn4�18 cluster consists of two identical PdSn2�9 units connected by an
inversion centre. More importantly, each of the PdSn2�9 unit is part of a Pd@Sn2�12
endohedral stannaspherene by removing a Sn3 triangle with very little structural relaxation
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(Figure 19c). Thus the Pd2@Sn4�18 cluster can be viewed as the fusion of two endohedral
stannaspherenes along their C3 axis. The Pd-Sn distance is about 2.90 Å within each
PdSn2�9 sub-unit, whereas the Sn-Sn distances are in the range of 3.012 to 3.145 Å, which
are shorter than the calculated Sn-Sn distance (3.19 Å) for stannaspherene due to the
Pd-Sn interactions. Only three Sn-Sn bonds are slightly elongated: Sn(7)-Sn(6), Sn(8)-
Sn(5), and Sn(9)-Sn(3), which are probably caused by the fact that Sn(6, 5, 3) have to
‘reach out’ to bond to the second Pd0Sn02�9 sub-unit (Figure 19b). The six horizontal Sn-Sn
bonds, i.e. Sn(1)-Sn(50), Sn(2)-Sn(30), Sn(3)-Sn(20), Sn(4)-Sn(60), Sn(5)-Sn(10), and Sn(6)-
Sn(40), which bridge the two PdSn2�9 units, are relatively short and almost identical to each
other (3.089–3.106 Å).

To elucidate the stability and the electronic structure of the new Pd2@Sn4�18 cluster, we
carried out quasi-relativistic density functional calculations at the PW91/TZ2P level.52

We optimized the structure of Pd2@Sn4�18 starting from the crystallographically
determined structure and also from stacking two ideal Pd@Sn2�12 endohedral stanna-
spherenes by removing a Sn3 triangle, i.e. from Figure 19c to 19a. Both led to the same and
more symmetric D3d species for the free Pd2@Sn4�18 cluster, which is confirmed to be a
minimum through vibrational frequency calculations. Molecular orbital analyses reveal
that it can be viewed as two neutral Pd atoms trapped inside a polyhedral Sn4�18 with a large
HOMO-LUMO gap of 1.44 eV (Figure 20) (compared to 1.70 eV for Pd@Sn2�12 and
1.66 eV for Pd2@Ge4�18 at the same level of theory), suggesting that it is a highly
electronically stable species.

Stannaspherene has been shown to be able to trap all transition metal atoms including
the f-block elements, analogous to endohedral fullerenes. Here we further note that the
structural evolution from the nearly spherical stannaspherene to the prolate Pd2@Sn4�18 is
also reminiscent of that from C60 to C70, as illustrated in Figure 21. Further extension of
C70 can lead to the formation of a single wall carbon nanotube. It is interesting to
speculate if the Pd2@Sn4�18 cluster can be further extended to form carbon nanotube-like
structures. Preliminary calculations suggest that insertion of up to two PdSn6 units into

Figure 18. ORTEP view of the structure of Pd2@Sn4�18 in [K(2,2,2-crypt)]4 (Pd2@Sn18)�3ED (50%
thermal ellipsoids). From ref. 52.
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Pd2@Sn4�18 still lead to stable structures, i.e. both Pd3@Sn4�24 and Pd4@Sn6�30 clusters are
stable with reasonable HOMO-LUMO gaps.

Starting from the nine-atom Zintl ions Ex�
9 (E¼Ge, Sn, Pb; x¼ 2–4),99 several

interesting new clusters have been synthesized.92–94,97,98,100–102 The recent synthesis of the
closo-Pd2�10 cluster101 from the Pd4�9 Zintl ion suggests that the parent stannaspherene
(Sn2�12 ) and plumbaspherene (Pb2�12 ) may also be obtained from the respective Ex�

9 Zintl
ions under appropriate reaction conditions. Indeed this work and the previous work on
M@Pb2�12 and Pt2@Pb4�17 , as well as the observation of other possible gaseous Cu-Sn core–
shell clusters,103 suggest that a whole class of endohedral stannaspherenes and
plumbaspherenes with various internal atoms, as well as other novel endohedral
structures, may be synthesized and crystallized.

Figure 19. Relationship of Pd2@Sn4�18 and stannaspherene Pd@Sn2�12 . (a) the Pd2@Sn4�18 cluster,
(b) the two halves (PdSn2�9 ) of Pd2@Sn4�18 separated along its pseudo-C3 axis for clear view,
(c) reconstruction of two endohedral stannaspherenes Pd@Sn2�12 by adding a Sn3 triangle (green) to
the two PdSn2�9 subunits. From ref. 52.
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6. Final remarks and perspectives

Although polyhedral cages are common in inorganic compounds,104 empty cage clusters
with large interior volumes are very rare. Cage structures involving Sn are known in
inorganic complexes and the Zintl phases.105,106 However, the Ih-Sn

2�
12 empty cage is not

known before. The high stability of this cluster suggests that it may be synthesized in the
solid state using suitable ligands or counter ions. The Sn2�12 cage has a diameter of �6.1 Å,
only slightly smaller than that of C60 and has been shown to be able to host a variety of
atoms, including all the transition metal and f-block atoms, even more versatile than the
fullerenes. A prior theoretical calculation has shown that Cd@Sn12 is a stable Ih cage.89

Figure 20. Scalar-relativistic molecular orbital levels of Pd@Sn2�12 (Ih) and Pd2@Sn4�18 (D3d). The
orbital energies of the Sn and Pd atoms and the Pd@Sn2�12 dianion are shifted up to match those of
the Pd2@Sn4�18 tetraanion. Note the large HOMO-LUMO gaps for both clusters. From ref. 52.
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A recent mass spectrometric study revealed stable Cu-Sn cluster compositions from high-
temperature annealing, suggesting larger core-shell type of cage structures.103 Thus, a
whole new family of endohedral stannaspherenes and larger Sn cage clusters may exist.

Plumbaspherene has a diameter slightly larger than that of stannaspherene. Thus, it is
also expected that Pb2�12 can trap an atom inside to form endohedral plumbaspherenes,
M@Pb12. Indeed, it has been shown computationally that plumbaspherene can even trap a
Pu atom to form a 32-electron endohedral Pu@Pb12 cluster,

107 as well as heavier group-13
atoms.108 In fact, several endohedral M@Pb12 clusters have been observed experimentally.
A series of [M@Pb12]

2– species (M¼Pt, Pd, Ni) have been synthesized in solution and
crystallized with Kþ(2,2,2-crypt) as counter ions.92–94 X-ray diffraction and NMR
experiments have confirmed that these clusters do possess Ih symmetry. They can be
viewed as a zero-valent Pt (Pd or Ni) atom trapped inside plumbaspherene, i.e. M@Pb2�12 .
In a laser vaporization experiment involving Pb and Al, a cluster with the composition
AlPb12

þ was observed to be unusually intense in the mass distribution.109,110 Density
functional calculations show that this cluster possesses an Ih structure with a closed
electron shell and it can be viewed as an Al3þ ion trapped inside plumbaspherene,
Al3þ@Pb2�12 , to give a total charge of þ1. In another laser vaporization experiment
involving Pb/Co, the CoPb�12 cluster was observed to be relatively intense in the mass
distribution and was proposed to be an icosahedral Co@Pb12 cage.

111

A very recent report describes the synthesis of an empty polyhedral Pb2�10 cage, which is
compared to the B10H

2�
10 borane.112 Our PES and theoretical investigations suggest that

Figure 21. Comparison of the structural evolution from Pd@Sn2�12 to Pd2@Sn4�18 to that from C60 to
C70. From ref. 52.
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the Pb2�12 plumbaspherene is also highly stable and can be synthesized in the condensed

phase. More importantly, our studies imply that the previously observed M@Pb12 clusters
are all due to the intrinsic stability of the empty plumbaspherene, rather than the effect of

the dopant atom. Hence, it is expected that a whole new family of stable M@Pb12
endohedral clusters should exist, similar to the endohedral stannaspherene family, with

Pt@Pb2�12 or Ni@Pb2�12 or [Al3þ@Pb2�12 ] as specific members of the new family of

endohedral plumbaspherenes. Metal-encapsulated Si or Ge clusters have been reported
previously.84–90 Icosahedral M@Au12 types of cage clusters have also been predicted113

and observed experimentally.114 However, the dopant atoms are critical for these cage
structures because the bare Si/Ge clusters or Au12 do not possess cage structures.9

The only other family of empty metallic cages are Au�16 and Au�17, which have been found

to be hollow cage clusters13 and can also trap a metal atom inside to form endohedral
golden cage clusters.115 Au32 has been proposed as an unprecedented Ih cage cluster on the

basis of theoretical calculations,116,117 but has not been observed or confirmed
experimentally.118

If flexible bulk synthetic methods can be found for the vast number of endohedral

stannaspherenes and plumbaspherenes, we anticipate the creation of novel cluster-
assembled materials with continuously tunable electronic, magnetic, or optical properties

across the entire transition series or the f-block elements. Our synthesis of Pd2@Sn4�18 , due

to the fusion of two Pd@Sn2�12 , and the prior synthesis of M@Pb2�12 (M¼Pt, Pd, Ni)
indicate that a whole class of endohedral stannaspherenes and plumbaspherenes with

various internal atoms, as well as other novel endohedral structures, should be able to be
synthesized and crystallized. It is also expected that combined experimental and theoretical

investigations with increased levels of sophistications will uncover many more interesting
and novel clusters, which may be considered as building blocks for cluster-assembled

nanomaterials.
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