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The Al5yCp*;, Cluster — A 138-Electron Closed Shell (L = 6) Superatom
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Metal clusters stabilized by a surface ligand shell represent
an interesting intermediate state of matter between molecu-
lar metal-ligand complexes and bulk metal. Such “metal-
loid" clusters are characterized by the balance between
metal-metal bonds in the core and metal-ligand bonds at the
exterior of the cluster. In previous studies, the electronic sta-

bility for the Al;(Cp*4, cluster was not fully understood. We
show here that the known cluster Al;(Cp*;, can be consid-
ered as an analogue to a giant atom ("“superatom”) with 138
sp electrons organized in concentric angular momentum
shells up to L = 6 symmetry.

Introduction

Aluminum clusters and nanoparticles have long been
studied owing to their rich chemistry and possible applica-
tions as cluster assemblies with tunable properties, as hydro-
gen storage materials, or as catalysts.!! The electronic struc-
ture of bulk aluminum metal in the fcc lattice structure is
simple, with a rather spherical Fermi surface and metallic
properties of the partially filled sp conduction band derived
from the atomic 3s?3p! configuration (three free electrons
per atom). Very small clusters with just a few Al atoms have
an incomplete sp hybridization and can exhibit multival-
ency and a weak tendency for directional bonding with or-
ganic ligands. The wide size range between molecule-like
Al-ligand complexes and the bulk-like, metallic, larger
nanoparticles includes many “metalloid” clusters, that is,
systems with more Al-Al bonds than Al-ligand bonds. A
series of metal-rich aluminum cluster complexes protected
by Cp (cyclopentadienyl, CsHs) or Cp* (pentamethylcyclo-
pentadienyl, CsMes) ligands has been synthesized and
structurally characterized by Schnoéckel and co-workers (for
recent reviews, see refs.>#). It is a profoundly interesting
question to consider the bonding in these systems and its
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effects on the physical properties as they gradually converge
towards those of the bulk matter.

A remarkable metalloid cluster Als,Cp*;, (1) was re-
ported in 2004,1%) which forms a stable intermediate step
between long-known small Al,Cp*; complexes and bulk
AL In this communication, the underlying reasons for the
stability of this cluster, arising from its special electronic
structure, are analyzed and shown to be in accordance with
the so-called superatom complex (SAC) model for ligand-
protected metal clusters, which recently has been used suc-
cessfully to describe the bonding and stability of gold clus-
ters protected by thiolate, phosphane, and halide li-
gands.”°1 This analysis provides an unambiguous view of
1 possessing 138 free sp electrons, organized in globular
shells of increasing angular momentum according to
Scheme 1, with 11?¢ (L = 6) configuration for the highest
occupied set of orbitals. Our analysis provides an alterna-
tive reasoning why exactly the composition 50-12 should
be stable, which is complementary to the analysis recently
discussed by Schndckel and collaborators.l'® Furthermore,
the electron shell view discussed here should be useful in
the future to understand better the spectroscopic properties
of the title cluster.
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Scheme 1. Filling of angular momentum shells in a spherical sys-
tem.

We wused the grid-based projector-augmented wave
(GPAW) DFT codel'!! to optimize cluster 1 with no sym-
metry constraints starting from the experimental structure
previously reported by Schnockel and co-workers.[?l The
technical details of the DFT calculation and the analysis of
the electronic structure are given in the Experimental Sec-
tion.
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Results and Discussion

The AlsoCp*y, cluster is composed of an interior Alg
shell, surrounded by 30 aluminum atoms with an outermost
shell of 12 Al atoms, which are decorated by the Cp* li-
gands (Figure 1). The twelve AlCp* units are arranged in
an icosahedral symmetry. We observed that our relaxed
structure agrees well with both the experimental and the
previous theoretical structures (see Table 1).15) For example,
the Al-Cc,+ average distance in the experimental structure
is reported as 2.32 A, while this work gives 2.33 A (Table 1).
It is interesting to note that the Al-C distance in a single
AlCp* is 2.1 A,l'2 which is slightly shorter than that found
in 1. AI-Al distances within the innermost Alg shell, within
the second Al shell, and between the outermost 12 Al
atoms and the Alsg shell show improvement over the pre-
vious theory as well.

Figure 1. The optimized structure of 1. The blue, gray, and white
balls represent the aluminum, carbon, and hydrogen atoms, respec-
tively.

Table 1. The average nearest-neighbor distances in the AlsoCp*|,
cluster (in A). The values calculated in this work are compared to
the previously reported experimental and theoretical values.

This work Experiment!! Theoryl!

Al-Al 2.83 2.77 2.85
Al-Ccps 2.33 2.32 2.37
CeprCopr 1.42 1.42 1.44

e Cate 1.50 1.49 1.50
Alg shell 2.66 2.66 2.71
Alyg shell 2.76 2.77 2.80
Alyg-Alj» 2.86 2.87 2.95

The (quasi)spherical geometry of the AlsqCp*;, cluster
has previously been compared to fullerene-like structures;
however, here we would like to point out the similarities to
ligand-protected gold clusters. Many ligand-protected gold
clusters are composed of a metallic Au core with a metallo-
organic shell composed of gold-ligand units [for example,
in thiolate-protected clusters, the units are RS(AuSR), with
x =1 or x = 2].%131 One could view 1 in a similar fashion
by assigning the AlCp* units to the outer metallo-organic
2650

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

shell [Al5oCp*;» = Alsg(AlICp*),5].1'% Our calculated value
for the binding energy of one AICp* unit to 1 is 1.76 ¢V,
being somewhat larger than the previously determined te-
tramerization energy (around 1 eV per unit) of Al,Cp*,.l'4
Bader charge analysis!!3! on cluster 1 reveals that each of
the outer 12 aluminum atoms loses approximately 1 |e| to
Cp*, making Cp* formally a closed-shell anion Cp*©). This
metal-to-ligand charge transfer is significantly higher than
those in the gold/thiolate cases.

Taking into account the charge-transfer (or charge local-
ization) effects in the metallo-organic shell, we will argue
here that one can account for the number of the remaining
delocalized (“itinerant”) sp electrons in cluster 1 by using
the simple formula

ne = Naizar — Nep* (1)

where N, is the total number of Al atoms, z4; = 3 is the
valence, and Nc¢p+ is the number of Cp* ligands. We note
that a conceptual similarity exists in relation to (i) the thio-
late-protected gold clusters where Equation (1) can be used
as well by considering a one-electron-withdrawing ligand,
that is, the radicals (RS-Au-SR) or (RS-Au-RS-Au-SR)
with z5, = 1, and (ii) phosphane/halide-protected clusters
where AuCl units take the role of AICp* units in 1.7:8]

Using Equation (1) to account for the number of sp elec-
trons for 1, we find n, = 138, which is a magic number
according to Scheme 1, closing the manifold of 2F'43P°®11%°.
The correctness of this simple prediction can immediately
be tested by analyzing the angular momentum character of
the valence orbitals as described previously.[¥ The result is
shown in Figure 2. It is instructive to see that 1 provides a
textbook example of the orbital filling sequence,
2F!43P°11%° indeed being the highest occupied manifold of
orbitals. Owing to the (quasi)spherical Als, core, the high
pseudofullerene atomic symmetry results in highly degener-
ate orbitals in a given angular momentum shell and accord-
ingly clear energy gaps between the shells also for the lower
L values.
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Figure 2. Projected density of states (PLDOS) for 1 with the shell
closing numbers marked. The HOMO energy is set to zero.
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The AlsoCp*;, Cluster

Further manifestation of the electronic stability of 1 is
shown by the appreciable HOMO-LUMO gap, calculated
to be 0.9 eV, which is comparable to that of the 14-electron
cluster Ausg(SMe),4,1 the 34-electron cluster Auzo(PHs) 4-
Clg (0.8eV),’al and the 58-electron cluster Au;p(p-
MBA),, (0.5¢eV).34 Our calculated values for the ioniza-
tion potential and electron affinity are 4.22 eV and 1.73 eV,
respectively, in line with the electronic stability of 1. The
shell-closing effects and a significant HOMO-LUMO gap
reflect an increased chemical stability as well, analogously
to what has been discussed in the case of “magic” gas-phase
simple metal clusters.'® A well-known case is the icosa-
hedral Alj;~ anion, for which DFT calculations and re-
corded photoelectron spectra have shown the closing of the
40-electron shell (closing of 2P° in Scheme 1)['”! and molec-
ular beam experiments have shown an increased stability
towards oxidation.['®!

The superatomic electronic structure may explain many
of the experimental observations reported for 1. The elec-
tronic structure suggests strong metal-metal transitions
based on the 2F—2G symmetry (AL = 1 allowing for a
strong dipole transition). Figure 3 shows that the calculated
absorption spectrum of 1 has features at 2.4, 2.7, 2.9, and
3.1 eV, with a gradual increase of absorption towards blue
in the visible region, in qualitative agreement with the dark
red color of solutions of 1.1 Further implications may be
found in the (dia)magnetic properties: the computed 27Al
chemical shifts (-270 ppm, —370 ppm, +110 ppm) of 1 in
solution, said to agree substantially with the solid-state
NMR measurements, are quite different from those for
either (AlCp);4 (-90ppm, -150ppm) or bulk Al
(+1600 ppm).P! Using the concept of “spherical aromatic-
ity” discussed for fullerenes and /hollow metallic clusters,[!°]
the enormous diamagnetic shielding, experienced by both
the 30-atom shell (=370 pm) and the inner 8-atom shell
(270 ppm), may arise from “ring currents” dominantly lo-
cated at the cluster surface, that is, outside the shell-of-30
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Figure 3. Theoretical photoabsorption spectrum (folded oscillator
strengths, FOS) of 1. The sticks denote the oscillator strengths of
individual optical lines. The inset shows a zoomed view in the low-
energy region.
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but inside the shell-of-12, as required by the deshielding of
the latter (+110 ppm). The surface-dominance arises be-
cause of the high L of the “frontier shell-orbitals”, particu-
larly 1G'8, 1H??, and 11%°, which account for 66 of the 138
delocalized electrons.

Finally, it is interesting to note that the stability of two
gallium metalloid clusters, Ga,,[N(SiMes)-]io>~ (2) and
Ga;[N(SiMes)s]i; (3), could, in fact, be explained by using
a similar electron-counting idea as applied here.l*’] Both 2
and 3 can be understood as systems of 58 sp electrons, tak-
ing into account the valence zg, = 3, the one-electron-
localizing nature of N(SiMejs), (leaving one lone-pair at N),
and the extra anionic charge of 2. Our analysis of the angu-
lar momentum character of the frontier orbitals of 2 and 3
has confirmed this picture (to be reported later). This indi-
cates that the power of the simple theory contained in
Equation (1) extends beyond aluminum in group 13 and to
the ligand N(SiMes), as well.

Conclusions

We have shown here that the special stability of the
AlsoCp*, cluster can be explained within the superatom
complex model in terms of the filled spherical shells of 138
delocalized Al sp electrons, in accord with Equation (1),
analogously to many known ligand-protected gold clusters.
On this basis, the electronic structure of 1 is consistent with
the view of an aluminum core composed of fifty trivalent
aluminum atoms surrounded by twelve electron-with-
drawing Cp* units. This analysis is complementary to and
not in contradiction with the previous analysis!'% of the clus-
ter written as Al;g(AlCp*);,, which also yields 38 X3 +
12 X2 = 138 sp electrons, since the AICp* may be consid-
ered as a 2-electron lone-pair donor when it is bound at the
surface of the Alsg core (see the Supporting Information).
The electron shell effects analyzed here are useful to under-
stand optical absorption and trends found in the 2’Al NMR
diamagnetic shielding factors of 1. This opens up the pos-
sibility to analyze, understand, and predict physical and
chemical properties of analogous metalloid clusters for
group 13 organometallic chemistry, giving hope that in a
long run, the intermediate state of matter between “molecu-
lar” and “bulk metal” will become clear.

Computational Details

The DFT calculations were carried out by using the grid-based
projector-augmented wave (GPAW) codel'!l with the generalized-
gradient approximation of Perdew, Burke, and Ernzerhof (PBE) to
account for the exchange—correlation interaction.?'l H(ls),
C(2s2p), and Al(3s3p) electrons are treated in the valence, and the
electron density is solved in a grid with 0.18 A spacing. Cluster 1
was fully optimized with no symmetry constraints starting from the
experimental structure reported in ref.!*! The structure optimization
was continued until the residual forces were below 0.05 eV/A. To
analyze the superatomic electronic structure, the Kohn-Sham mo-
lecular orbitals were projected on center-of-mass spherical harmon-
ics in a spherical volume of radius R, including the metal core with
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the center of expansion taken to be the center of mass (ref.%2)). The
weights of different angular momenta L were calculated as

cu®)=S [ P, (r)
M

and

Pion (1) = fd';yf:\!(;)wr'(r)

where i is the index of the Kohn—Sham state and Yj y, is the spheri-
cal harmonic function. We considered angular momenta up to L
=6 (I-symmetry). The optical absorption spectrum of 1 was calcu-
lated by using the linear-response time-dependent DFT (LR-
TDDFT) module of the GPAW code.[!1b-11e]

Supporting Information (see footnote on the first page of this arti-
cle): Energy level diagram of the sigma donating AICp molecule.
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