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We report a combined experimental and computational study of scandium doped copper clusters. The
clusters are studied with time-of-flight mass spectrometry after laser fragmentation. Enhanced stabilities for
specific cluster sizes in the mass abundance spectra are discussed using both electronic (shell closing) and
geometric (symmetry) arguments. The exceptional stability observed for Cu;¢Sc* is investigated in detail
computationally. Density functional geometry optimizations at the Becke-Perdew 1986-LANL 2-double-zeta
(BP86/LANL2DZ) level result in a Frank-Kasper tetrahedron, encapsulating a scandium atom in a highly
coordinated position. The high stability is therefore interpreted in terms of extremely stable dopant encapsu-
lated structures featuring a closed electron shell. The thermodynamic stability, as indicated by the stable
backbone and large binding energy per atom, the relatively small ionization energy, and the moderate electron
affinity of the neutral Cu;¢Sc cluster show that it has a superatom character, chemically similar to the alkaline-

metal atoms.
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Copper, silver, and gold clusters have been extensively
studied over the last two decades. Among them, gold clusters
attracted most attention, not in the least because of their un-
expected geometric structures that have been identified in
recent years. While small gold clusters were found to form
planar structures up to fairly large sizes (Auy, N<12) [1,2],
symmetric cage structures have been computationally pre-
dicted for larger species [3-6]. Because of the analogy with
carbon clusters, which can form structures as diverse as
chains, rings, graphene sheets, cages (fullerenes), and tubes
(nanotubes), the term “golden fullerenes” quickly arose.
More recently experimental evidence for the existence of
hollow Auy (N=16-18,20) cages was deduced from poten-
tial energy surface (PES) data [7]. Calculations suggest that
these cages can easily accommodate a guest atom with very
little structural distortion; M @ Auy (N=9-17) obeying the
18 electron rule, were predicted computationally [8,9]. Start-
ing from N=9, the heteroatom (M) prefers to be entirely
surrounded by gold atoms to attain the lowest energy struc-
ture. In particular, WAu,,, ZrAu,4, ScAu;s, and YAu,s stand
out in stability, as concluded by their high binding energy per
atom (>2.40eV) and large highest-occupied-molecular-
orbital-  (HOMO) lowest-unoccupied-molecular-orbital
(LUMO) gap (>1.70 eV). The latter explains the very large
abundances observed experimentally for the isoelectronic
cations YAu, and ScAuj,, in previously reported photofrag-
mentation studies [10,11].

Concerning silver clusters, a combined experimental and
computational study attributes the enhanced stability ob-
served for Ag;Co* to a symmetric structure of ten silver
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atoms surrounding the central Co atom, whose magnetic mo-
ment is completely quenched [12]. Among the slightly larger
sizes, exceptional stabilities were recorded for Ag;,V*,
Ag;sTi*, and Ag;eSc*.

As its higher mass congeners silver and gold, copper clus-
ters have been studied extensively starting from the early
years of metal cluster physics until today [13-18]. Simulta-
neously, transition metal doped copper clusters are inten-
sively considered computationally [19-24], mainly because
of the interest in the local magnetism in dilute systems of
magnetic impurities in nonmagnetic metals (Kondo effect).
Experimental information, however, is very scarce [25,26].

In this paper we report the size dependent stability of
scandium doped copper clusters CuySc*, which are produced
in a dual-target dual-laser vaporization source. Stability pat-
terns follow from photofragmentation mass spectrometry and
are discussed in terms of the phenomenological shell model.
The exceptional stability observed for Cu;¢Sc*t is studied
computationally in detail using density functional theory at
the BP86/LANL2DZ level.

For the production of (doped) copper clusters, the dual-
target dual-laser vaporization source [27] was operated at
liquid nitrogen temperature. The source parameters (gas
pressure, laser powers, time delays between the opening of
the gas valve and the firing of the lasers) are carefully opti-
mized for stable production of copper clusters containing
only a few dopant atoms. After passing a skimmer, the clus-
ter beam is irradiated with high fluence laser light stemming
from an ArF excimer laser (\=193 nm, >5 mJ,,/ cm?). The
clusters are heated by multiphoton absorption and cooling
occurs through the sequential evaporation of atoms, ions, or
even larger fragments in the extraction region. Following the
acceleration in the extraction zone, the fragments are mass
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FIG. 1. Mass abundance spectrum of scandium doped copper
clusters (CuySc*, N=1-30) recorded with the cluster source oper-
ating at liquid nitrogen temperature and following high fluence ir-
radiation with an ArF excimer (A\=193 nm, >5 mep/cmz). The
mass peaks connected with a solid line correspond to pure Cuy,
clusters. Singly doped species are connected by a dashed line.

separated in the field free drift region of the reflectron time-
of-flight mass spectrometer and detected by a dual micro-
channel plate detector. The resulting photofragmentation
spectra reveal a size distribution with higher abundances for
clusters with an enhanced stability (see Ref. [28], and refer-
ences therein).

The photofragmentation mass spectrum for CuySc*
(N=1-30) is shown in Fig. 1. Pure Cuy, clusters are con-
nected with a solid line and steps in abundance after N=9,
21, 41, and 59 (41 and 59 not in the figure) are observed, in
agreement with earlier investigations and corresponding to
the known electronic shell structure with shell closings at a
total number of 8, 20, 40, and 58 delocalized valence 4s
electrons [13]. Next to peaks stemming from pure copper
clusters also peaks corresponding to singly and doubly scan-
dium doped clusters are visible. In this work, we focus on the
singly doped CupSc* clusters (dashed line in Fig. 1). The
abundance spectrum reveals pronounced peaks and steps af-
ter specific cluster sizes. Enhanced abundances are observed
for CugSc* and Cu ¢Sc*. Assuming that each copper atom, as
for pure Cu;'v clusters, delocalizes its 4s electron, these sizes
correspond to the magic numbers 8 and 18 for electronic
shell closing (1s2/1p®/1d'°) provided that the Sc atom delo-
calizes its three valence electrons (3d'4s?). While the magic
number 8 is also observed for pure Cu;(, clusters, 18 is not.
Instead the magic number 20 occurs for pure Cuy,. The shift
from 20 to 18 valence electrons induced by Sc doping can be
interpreted in a two-step phenomenological shell model for
doped metal clusters [29]. The corresponding enhanced en-
ergy gap between the 1d'" and 25 spherical levels originates
from a central increase in the background potential stemming
from a more electropositive central dopant compared to its
surrounding host atoms. A central hump in the background
potential is disadvantageous for orbitals with central electron
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FIG. 2. (Color online) The geometrical structures of the most
stable clusters and their relative energies (in eV, compared to the
most stable structure), and the vertical singlet-triplet gaps (in eV,
indicated in parentheses). The scandium atom is indicated by light
gray spheres.

density (s levels). As such, the 20 to 18 magic number shift
suggests that the Sc dopant (which is less electronegative
than Cu) holds a central position in the Cu,¢Sc* cluster.
Because of its exceptional stability, the Cu;sSc* cluster is
investigated computationally in more detail. Computations
were performed by the GAUSSIANO3 quantum chemical pro-
gram package [30]. Geometries were optimized without con-
strains, and harmonic vibrational frequencies were computed
using the Becke-Perdew 1986-LANL 2-double-zeta BP86/
LANL2DZ level of theory [31-33] which has been chosen
by comparison with ab initio computations on a CusSc clus-
ter (see the supplementary material for details [34]). Our test
computations on Cu, show excellent agreement with the ex-
perimental results [35]: bond length d_,;.=2.230 A (dexpt
=2.220 A), vibrational frequency w.,.=274.6 cm™ (@eyy
=264.5cm™), and binding (cohesive) energy D, .
=2.04 eV (D, exp=1.97 eV). The density of states (DOS)
was computed by the PYMOLYZE code [36], while the
C-squared [37] population analysis was used for fragment
DOS computation. Natural bond orbital (NBO) analysis was
performed by the NB03.0 [38] code built into the GAUSSIAN
program. Due to the large number of atoms in this cluster, it
is not possible to locate all the minima on the PES. However,
we have carried out an extensive study to find the stable
clusters, as described in the supplementary material. The
most stable minima together with the relative energies (com-
pared to the lowest energy cluster) and the vertical singlet-
triplet gaps are available in Fig. 2. Other structures are avail-
able in the supplementary material [Fig. 2(S)]. The most
stable geometric structure, i.e., the lowest energy structure, is
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FIG. 3. (Color online) The total and fragment density of states
of the T; symmetric Cu;Sc* cluster 1. The Kohn-Sham molecular
orbital energies are indicated in eV.

labeled with 1, while structure 14 has the highest energy. All
the compounds have only real vibrational frequencies, and
due to the positive vertical singlet-triplet gap, it is expected
that the triplet PES lies above the singlet. According to our
computations, the most stable cluster is the 7, symmetry
Frank-Kasper tetrahedron (cluster 1), which also has been
reported by ab initio computations on Au,¢Si [39]. However
the second (cluster 2) is lying higher by only 0.24 eV
(0.19 eV at the more accurate BP86/Stuttgart RSC 1997
level of theory [40]), and therefore it is expected that during
the experiments, both clusters can be formed. To ensure that
their ground state is singlet, we computed the adiabatic
singlet-triplet gaps, which are 1.88 and 1.67 eV for clusters 1
and 2, respectively.

The most stable clusters have endohedral scandium. The
relative energies of the clusters increase if the scandium
atom is placed outside the copper-cage (as in the 5, 6, 7, 8,
and 14 clusters), while the relative energy is much lower if
the scandium remains endohedral and only the copper atoms
are rearranged (as in cluster 3). This suggests that scandium
prefers a large coordination number. Consistently, the total
Wiberg bond index (i.e., the valency) of scandium atom is
6.5 in the case of cluster 1, while it is 1.3-1.4 (depending on
the position) in the case of copper atoms. This can be ex-
plained by the electron donation from the copper to the d
orbitals of scandium: according to the NBO analysis, the
natural electronic configuration of the valence shell of
copper atoms slightly changes depending on the position
and is approximately [Ar]4s*83d%5p"%, while it is
[Ar]4s°83a°°4d%15p%3 for the scandium. Consistently, clus-
ter 4 with an endohedral scandium atom is more stable than
its analogs where the scandium is on the surface of the clus-
ter (7, 9, 10, 11, 12, 13).

Now we will focus on the electronic structure and prop-
erties of the most stable (7; symmetry, structure 1) Cu;¢Sct
cluster. Figure 3 shows the total and fragment DOS of
Cu,¢Sct, and some important assigned molecular orbitals.
The fragment DOS shows that the low-energy part of the
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band (up to —12 eV) is formed mainly by the 4s orbitals of
copper and scandium. The next two large peaks (at —10.9 and
-9.8 eV)—consistent with the NBO analysis—mainly con-
sist of the 3d orbitals, however, the contribution from the 4s
electrons is also noteworthy. The remaining occupied orbitals
have considerably high contributions from both the 4s and
4p, and the 3d orbitals of the copper cage. We have assigned
the orbitals which posses most shell model character, i.e., the
orbitals that correspond to peaks with considerably high 4s
contribution. These orbitals involve 18 electrons in total, in
agreement with the experimental stability of Cu;,Sc*. The
shape of the orbitals corresponding to the two large peaks
also resembles that from the shell model and they are also
localized at the surface of the cluster; however, due to the
large contribution of the d-atomic orbitals, they are not as
diffuse as the orbitals shown on Fig. 3. The r, HOMO and
the e symmetry HOMO-1 are quasidegenerate (E=0.05 eV),
showing clearly that these five orbitals correspond to the 1d
shell of the cluster. The relatively large HOMO-LUMO gap
(2.05 eV) shows the stability of this cluster and is consistent
with the 1.96 eV vertical singlet-triplet separation.

According to the shell model, the Cu%g structure is iso-
electronic with the Cu;¢Sc* cluster, both have a closed
15%/1p%/1d" electronic configuration. Moreover, similar to
cluster 1, its hollow Cu; analog (labeled by A in Fig. 2) is a
minimum on the PES. The similarity of their electronic struc-
ture is also reflected by the occupied part of the density of
states (shown in Fig. 3S in the supplementary material). The
HOMO-LUMO gap (0.98 eV) is a factor of 2 smaller than in
the case of Cu;Sc*, which implies that the scandium dopant
atom increases the stability of the cluster.

According to the Nucleus Independent Chemical Shift
(NICS) in the center of the Cufg cage (—65.5 ppm) and the
closed electronic shell structure, similar to the previously
reported 7, symmetrical fullerenes, structure A can be spheri-
cally aromatic [41], which induces the stability of the iso-
electronic cluster 1. Similarly, the backbone of Au4Si is the
Frank-Kasper tetrahedron-shaped Au%g dianion [39]. The
hollow Cu%g analog of structure 2 (B in Fig. 2), however, is
a second-order saddle point on the PES, the NICS in the
center of the cage is —60.8 ppm, inducing also a spherically
aromatic character. According to Ref. [42], the endohedral
dopant atom stabilizes the cluster, therefore the doped de-
rivative becomes a minimum on the PES.

The neutral Cu¢Sc cluster involves 19 electrons on the
orbitals corresponding to the shell model. According to this,
the electronic structure can be stabilized by electron detach-
ment (reaching the 18 electron closed shell configuration) or
electron attachment (leading to the stable 20 electron con-
figuration). According to the very small adiabatic ionization
energy [5.03 eV, comparable to the 5.14 eV value of lithium
and even smaller than the 5.8 (5.9) eV value for the Cuyg
(Cuy;) cluster [43]] and the relatively large electron affinity
(1.95 eV on the (BP86/LANL2DZ) level of theory, and
2.07 eV using the BP86/6-311++G"" method, larger than
the 0.62 eV of the lithium atom, and similar to the 1.43 eV
first electron affinity of oxygen), both can be feasible pro-
cesses. The binding energy per atom (-2.62 e¢V) is also
larger than the —2.2 (=2.3) eV value for Cu,4 (Cu;7) indicat-
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ing the thermodynamic stability of this cluster. Therefore it is
expected that this cluster has a superatom behavior, chemi-
cally similar to the alkaline-metal atoms. Similar to the hol-
low Aulg, Cu’y is a robust backbone, which properties can
be tuned by the dopant atom [39].

In conclusion, we reported the experimental discovery of
exceptionally stable Cu;¢Sc* clusters. Geometry optimiza-
tions at the BP86/LANL2DZ level of theory reveal that
Cu,¢Sct is a Frank-Kasper tetrahedron, encapsulating the
scandium atom in a highly coordinated position. Density of
states computations confirmed the high stability by as well

RAPID COMMUNICATIONS

PHYSICAL REVIEW A 76, 011201(R) (2007)

the relatively large (2.05 eV) HOMO-LUMO gap, as by the
fact that the most diffuse orbitals involve 18 electrons in
total. The relatively small ionization energy and moderate
electron affinity calculated for the neutral Cu¢Sc cluster
suggest that it mimics the chemistry of the alkaline-metal
atoms.
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