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Theoretical design of stable small
aluminium-magnesium binary clusterst
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Edison Osorio,*®° Alejandro Vasquez,® Elizabeth Florez, Fanor Mondragon,

Kelling J. Donald*¢ and William Tiznado*®

We explore in detail the potential energy surfaces of the Al,Mg, (x, y = 1-4) systems as case studies to test
the utility and limitations of simple rules based on electron counts and the phenomenological shell model
(PSM) for bimetallic clusters. We find that it is feasible to design stable structures that are members of this
set of small Al-Mg binary clusters, using simple electron count rules, including the classical 4n + 2 Huickel
model, and the most recently proposed PSM. The thermodynamic stability of the title compounds has been
evaluated using several different descriptors, including the fragmentation energies and the electronic
structure of the systems. Three stable systems emerge from the analysis: the Al;Mg, Al,Mg, and Al;Mg,
clusters. The relative stability of Al;Mg is explained by the stability of the Al,>~ subunit to which the Mg
atom donates its electrons. Here the Mg?* sits above the aromatic 10 m-electron Al,2~ planar ring. The
Al,Mg, and Al;Mgy, clusters present more complicated 3D structures, and their stabilities are rationalized as
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Introduction

There has been considerable interest over the past few decades
in the study of pure and doped metal clusters. In particular,
mixed-metal systems provide particularly good test sets for
models that purport to explain the often unexpected stability
and reactivity patterns present among atomic clusters with
certain numbers of the constituent atoms. The potential utility
of stable heteroatomic metal clusters as basic units in building
specialized materials with tailored properties appears to be an
attractive proposition as well."™* Mixed metal (inter-metallic
and alloy) systems are known to have modified and often desirable
properties relative to the pure phases of the individual metal,
including improved corrosion resistance, low density and malle-
ability. Pure aluminium inherently has several of these advantages
over other pure metals. However, even those characteristics can
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a consequence of their closed shell nature in the PSM, with 10 and 20 itinerant electrons, respectively.

be improved in Al by doping to a small extent with other metals.
The potential utility of Mg as a dopant has been examined by
Varano et al. in 2010, for example.’

The arrangement of electrons that determines the properties
of a compound in chemistry is often represented by the
electron configuration, and there are several simple models
used to interpret and predict stability due to that configuration.
For example, simple electron count rules are used to describe
aromatic compounds; the most popular is the Hiickel (4n + 2)
rule,®® which has been used typically to describe aromaticity in
planar cyclic hydrocarbons (annulenes) and has been employed
more recently to describe aromaticity and consequently stability in
even metallic clusters, like Al,>~.° The Hiickel model has also been
applied to three-dimensional systems, such as fullerenes:'® see, for
example, the electron count rules that have been formulated by
Hirsch et al™ One more general model, which in principle
takes account of planar and spherical aromaticity, is the
phenomenological shell model (PSM). The main assumption
of this model is that itinerant electrons in a cluster are confined in a
box according to the shape of the cluster. So, a three-dimensional
system approximating a spherical shape should present relatively
high stability when N = 8, 18, 20, 34, 40, 58,... Where N is the
number of itinerant or valence electrons in the molecular system."?

Recently, we designed theoretically a set of stable silicon-
lithium clusters, SisLi;" (Dsy) and SiyLiy (T4), for which the
stability was explained using planar aromaticity rules and PSM,
respectively.”**? That study convinced us that with the proper
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use of these simple electrons count rules, it is possible to predict
the appropriate stoichiometric combination of pairs of elements
to build stable heteronuclear clusters. However, for clusters, these
rules are limited. In the case of SisLie, which, as a system isovalent
with benzene, satisfies the 4n + 2 rule for aromaticity, the isomer
with a hexagonal Sis ring surrounded by six terminal Si-Li single
bonds is not the thermodynamically preferred option."** Experi-
mentally, atomic clusters are produced in the gas-phase under
“annealing” conditions, which tend to privilege the lowest energy
isomers. So, for clusters, experimental confirmation would be
anticipated for only the lowest energy isomers. An important
contribution that computational chemistry makes, therefore, is
to contribute to a knowledge of what isomers are energetically
feasible, and an understanding of why that is so.

In this paper, we propose that with the proper stoichio-
metric combinations of Al and Mg atoms, it is possible to
generate small and relatively stable clusters following the
electron counting rules mentioned in the preceding paragraphs
(4n + 2 and PSM). The proposed clusters all fall within the
Al,Mg, (x, y = 1-4) series. The most viable candidate for a
planar-aromatic cluster within this series is the Al,Mg (Cy,),
which is expected to contain the Al,>~ aromatic ring, which has been
previously reported by Mandado et al'* The three-dimensional
clusters that could be stable according to PSM would be: Al,Mg,
and AlMg, with 10 and 20 itinerant electrons, respectively. In
addition to the thermodynamic stability of the complexes, we
analyze the electronic structure and the bonding patterns of the
selected group of Al-Mg clusters. Our results suggest that it is
feasible to design stable clusters by following as our preliminary
guide very simple electron counting rules. In particular, we found
that the Al,Mg, (D,q) cluster presents high relative stability and
should be a good candidate for experimental synthesis. Additionally,
predictive calculations of the vertical electron detachment
energies are reported for the anionic species AlMg,, since
in the most reliable experiments on atomic clusters the charged
species are relatively easily generated, detected, and studied.

Computational details

The potential energy surfaces of the title compounds have been
surveyed in detail employing the gradient embedded genetic
algorithm (GEGA) program.'®>™"” All of these GEGA calculations
were done using the B3LYP'®'® functional in conjunction with the
Stuttgart-Dresden pseudopotentials and their respective basis sets
(SDD).>*?' The geometries and harmonic frequencies were recalcu-
lated for all the title clusters at the B3LYP/def2-TZVPP*” level. Total
energies of the structures that are local minima on the potential
energy surface were calculated at the CCSD(T)**/def2-TZVPP//B3LYP/
def2-TZVPP level. To gain some insights into the bonding, a natural
population analysis (NPA)** was performed. All calculations were
carried out with the Gaussian 03 program.?

Different energy indices have been evaluated for the ground
state arrangements in order to assess their stabilities: the
average binding energy (BE) was calculated using the following
expression: BE(AL,Mg,) = [xE(Al) + yE(Mg) — E(AL,Mg,)]/(x + ). In
order to complement the stability evaluation of these clusters
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we have calculated some dissociation energies associated with the
following reactions: ALMg;, — Al, + Mg,; Al,Mg, — Al,_;Mg, + Al
Al Mg, — Al,Mg, , + Mg. The energies associated with these
reactions are called the fragmentation energies (FE), the alu-
minium abstraction energies (AE(Al)) and the magnesium
abstraction energies (AE(Mg)), respectively. Here (AE(Al)) and
(AE(Mg)) are the costs in energy to detach adiabatically an Al
and Mg atom from the cluster, respectively.

We have computed as well the adiabatic electron affinities
(EA) of the cluster as the difference between the electronic
energies of the neutral and anionic cluster in their ground
states (EA = E(Al,Mg,) — E(Al,Mg,")). Now, it is well-known that
the gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO),
i.e. the HOMO-LUMO gap is directly related to the electronic
stability of chemical species.>®*” So, we have included in this
report an enumeration of that parameter as well.

The phenomenological shell model (PSM) was originally devel-
oped in nuclear physics to describe the energetic ordering in the
nucleus (nuclear configuration).”® In its application to describe
molecular stability, the model takes into account the possible states
of a single electron confined in a potential well of a given shape.*
PSM has been used successfully to explain qualitative electronic shell
effects in size-dependent properties of simple (alkali, noble metal)
clusters,**? where the valence electrons of the constituent atoms
can be considered itinerant. For spherical clusters, the confining
potential gives rise to a spherical shell of molecular orbitals, whose
shapes are similar to those of the dominant atomic orbitals.

The molecular orbital shells (called shell orbitals) are denoted by
capital letters S, P, D, F, G,... corresponding to the angular
momentum quantum number L = 0, 1, 2, 3, 4, ..., respectively.
For a given quantum number L, the lowest shell orbital has the
principal quantum number N = 1. An ideal sequence of pheno-
menological shell orbitals in a spherical potential is 1S, 1P, 1D, 25,
1F, 2P, 1G, 2D, 3S, ... However, the energy ordering of the shell
orbitals and the degeneracies (sub-shells) can be changed according
to the potential, which depends on the details of the structural
arrangement and the atomic charges.*® According to the PSM, the
clusters evolve to achieve closed electronic shells of 1% 15> 1P°, 15>
1P° 1D, 1S* 1P° 1D 28” and so on. So, systems with 2, 8, 18, 20, ...
electrons will be the most stable.

Theoretical vertical electron detachment energies (VDEs) were
calculated using two levels of theory: the Outer Valence Green
Function method (ROVGF****/def2-TZVPP) and the time-dependent
DFT method TD**-B3LYP/def2-TZVPP on the optimized B3LYP/
def2-TZVPP geometries. In the time-dependent DFT framework,
the first VDE was calculated as the lowest transition from the
anion into the neutral cluster at the geometry of the anion. The
vertical excitation energies of the neutral species in the geometry
of the anion were then added to the first VDE to attain the second
and higher VDEs.

Structures and bonding

In general, we find that the potential energy surfaces (PES) of
the Al Mg, clusters are rather flat, with a variety of local minima

Phys. Chem. Chem. Phys, 2013, 15,2222-2229 | 2223
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Fig. 1 Lowest energy isomers for Al,Mg, (x, y = 1-4) at the CCSD(T)/Def2-TZVPP//B3lyp/def2-TZVPP. The blue and green spheres represent aluminium and magnesium
atoms, respectively. The magnesium rich clusters are enclosed by dashed lines; the aluminium rich clusters are enclosed by solid lines.

close in energy to each other. For the full series of systems
studied in this work, the most stable isomers found in
the range of 10 kcal mol ™" relative to the global minima (at
the CCSD(T)/def2-TZVPP//B3LYP/def2-TZVPP level) are listed
in Fig. S1-S14 in the ESL} All the clusters have been
studied in their minimum possible multiplicities - singlet
and doublet states for systems with even and odd numbers
of electrons, respectively. Higher spin species are assumed
to be higher in energy, which excludes further consideration
after an exhaustive exploration of the PES using genetic
algorithms.

The most stable isomers for each of the species are depicted
in Fig. 1. The nomenclature used to identified the clusters is
x_y, where x and y correspond to the numbers of Al and Mg
atoms, respectively.

2224 | Phys. Chem. Chem. Phys., 2013, 15,2222-2229

AlMg,

Fig. 1 shows the lowest energy structures of the AIMg, clusters
from y = 1 to 4 (see ESIT for the relevant Cartesian coordinates,
electronic energies and zero-point corrections). The clusters in
this series are doublets in their ground state conformation. For
AlMg, the linear Al-Mg unit has a bond distance of 2.94 A. Our
results indicate that the most stable isomer of the AlMg, is a Cy,
triangular 1_2 structure, with a Mg-Mg distance of 3.22 A and
an Al-Mg distance of 2.80 A. In AlMg;, the extra magnesium
atom caps the AIMg, triangle forming a distorted tetrahedral
structure with C;, symmetry; the Al-Mg bond in this case
elongates a bit to 2.84 A while the Mg-Mg distance contracts
to 3.10 A. When the fourth Mg atom is added, it bonds to the Al
atom of the distorted tetrahedron AIMgj;, to give rise to the

This journal is © the Owner Societies 2013
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AlMg, C;, 1_4 structure (Fig. 1). The additional Mg atom
perches atop the C;, AlMg; fragment to form a Mg-Al bond
of 3.14 A.

Overall, in this series of clusters, one structural element
appears to persist as y increases: the Mg-Al-Mg triangular
structure formed by AlMg, reappears in the two higher order
AlMg,, clusters. The AIMg; tetrahedron also persists going from
y =3 toy = 4. However, that fragment does not appear in any of
the other clusters. The fourth Mg atom seems to bond at the Al
vertex of the tetrahedron rather than bonding to one of the
other Mg vertices primarily because of the strength of the AIMg
bond relative to the Mg-Mg interaction — not because of the
stability of the AIMg; tetrahedron per se.

Alegy

All of these clusters are closed shell structures. The lowest
energy Al,Mg system is a triangular C,, cluster with an Al-Al
distance of 2.46 A and an Al-Mg distance of 2.76 A, the additional
Mg caps the Al,Mg triangular face to form a distorted tetrahedral
Cyy Al,Mg, structure with an Al-Al distance of 2.67 A and a Mg-Mg
distance of 3.10 A.

In the C; Al,Mg; cluster one Mg atom is bonded to one of the
Mg atoms on the Al,Mg, fragment; the latter fragment remains
almost invariant and the new Mg-Mg bond distance is 3.31 A.
The Al,Mg, (C,, symmetry) retains the Al,Mg, distorted tetra-
hedron fragment, but in this case one Mg, fragment is bonded
along the Al-Al edge (see Fig. 1). Each Mg-Al distance in
that planar unit is 2.81 A and the Mg-Mg distance is 3.14 A.
In this series, the Al,Mg triangle and later the Al,Mg, pseudo-
tetrahedron persist as n increases, which is in agreement with
our prediction based on the PSM about the anomalous stability
of the (10-electron) Al,Mg, cluster.

A|3ng

The Al;Mg cluster is a distorted tetrahedron with Cy symmetry,
the Al-Al separations are 2.64 A and 3.16 A and the Al-Mg
distances are 2.68 A and 2.96 A. The planar Al;Mg, (Cs,) cluster
shows a triangular Al; fragment capped along two edges by Mg
atoms, the Al-Al and Al-Mg are 2.72 A and 4.68 A, respectively.
The next larger cluster in the series (Al;Mg3) is a planar C,,
structure, which emerges as an Al; triangular fragment
with three Mg atoms capping the three edges of the triangle,
with Al-Al distances of 2.52 A and 2.73 A, and Mg-Al distances
of 2.89 A and 2.80 A. The Al;Mg, (C) appears as the result of
capping the two outer Al,Mg triangular sectors of the Al;Mg,
cluster, with a Mg atom, plus some perturbation in the resulting
structure. In this series, the triangular Al; fragment prevails in all
the clusters. As in the previously described series, the Al atoms
prefer to remain coordinated among themselves — while also
acting to mediate the Mg-Mg interactions. So, the Al, sub-unit
seems to typically end up in the middle of clusters where the
number of Mg atoms is large enough, as in the Al;Mg, and all
other x_4 species.

This journal is © the Owner Societies 2013
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A|4ng

The Al,Mg cluster is in fact a square planar structure defined by
an Al, square capped by one Mg atom. The Al;Mg, structure has
no obvious structural relationship with Al;Mg: in that case the
global minimum is a pentagonal pyramidal form with an Al
atom at the capping position. The Al;Mg; could be seen as a
distorted bipyramid with the new Mg atom added into the
pentagon, displacing an Al atom to the open capping position.
Finally the Al;Mg, adopts a 3D structure with D,4 symmetry,
where the persistent Al, fragment is in the central part of the
structure.

To gain qualitative insight into the nature of the Al-Mg
interactions in AL,Mg, clusters, we have calculated point charges
on the Al, fragment by computing the natural population
analysis (NPA).>* As is clear from Fig. 2, the interactions present
a significant amount of ionic character, the negative charge over
the Al, sub-unit increases as the number of Mg atoms increases
in the clusters. However, the Mg does not donate all their valence
electrons. Note that we have plotted the modulus of the negative
charges in Fig. 2. The actual values are all negative. This strongly
polar covalent bonding in the cluster is indeed in complete
agreement with the small electronegativity differences between
Al and Mg, and their metallic character.

Stability

The thermodynamic stability of the entire series of clusters was
analyzed in terms of the Mg and Al abstraction energies
(AE(Mg) and AE(Al), respectively); the energy change associated
with the fragmentation reaction: Al,Mg, — xAl + yMg and the
binding energy divided by the number of atoms which com-
prise the cluster (BE). Additionally we considered two descrip-
tors associated with the resistance of the system to changes in
the electronic charge, the electron affinity (EA), and the HOMO-
LUMO gap (see Fig. 3). The graphs in Fig. 3 are partitioned into
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In graph (d) BE is also an average binding energy (the binding energy per unit atom). All of the values plotted in the graphs above are in eV.

four regions. The vertical line divides the set of clusters
according to their size, that is, small clusters are on the left
and large clusters at the right side of the line. The horizontal
lines are drawn in the middle of the graph; the systems for
which the computed quantities appear above this line are
expected to present quite high relative stabilities.

As shown in Fig. 3a, the AE(Al) values tend to increase as the
number of Al atoms increase: Al;Mg, has the largest abstraction
energy and AIMg has the lowest. However, the variation in those
AE values as a function of both x and y for any sub-group of
clusters is quite irregular, definitely far from linear. For AIMg,,
for example, it is easier to remove an Al atom when y =1 and 4,
than it is to do so when y = 3. For Al,Mg,, however, the y = 3 case

2226 | Phys. Chem. Chem. Phys., 2013, 15,2222-2229

has the lowest abstraction energy. No rule seems to emerge.
Indeed, the Mg abstraction energies (graph (b) in Fig. 3) are far
lower and show even less ordering than the Al data.

Now, the substantial opposition of Al;Mg and especially
AlMg, to Al removal follows the general increase in AE(Al) with
X, so it is not clear from the AE(Al) data alone that the stability of
that cluster is enhanced by any ‘magic’ electron count. However,
the AE(Mg) values for Al,Mg and Al,Mg, are higher than the
AE(Mg) values for all the other clusters by at least 0.5 eV, which
implies a special overall stability for both clusters. The computed
binding energies (Fig. 3d) are also highest for those two species and
the fragmentation energy per atom, (Fig. 3c), which is a normalized
value ignoring the differences in the valence structure of Al vs. Mg

This journal is © the Owner Societies 2013
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is still far larger for Al;Mg,. Put another way, the Al;Mg, is the
most resistant cluster in the entire series to fragmentation.
In the smaller cluster regime, Al,Mg, is the most stable.

For the smaller clusters, the AIMg and the AlMg, are the
most resistant to reduction (higher 1/EA, Fig. 3e). In general the
EA increases as the cluster size increases, but there is a
prominent discontinuity at Al;Mg,; the latter is the most stable
cluster in the region of the larger clusters against reduction —
which is in total agreement with the character of the closed
shell system in the PSM model.

Another electronic structure based descriptor associated with
the electronic stability of clusters is the HOMO-LUMO gap. Large
values for such gaps are typically indicative of relatively high
thermodynamic stability in compounds. In this case, the stable
systems predicted based on simple electron counting rules (such
as ALMg,, Al,Mg, and Al;Mg,) do not present the highest gaps
along the complete series. This may be due to the increase in the
metallic character of the system as the clusters size increases such
that the HOMO-LUMO gap reduction indicates an incremental
move towards metallicity. So the gap can, unfortunately, not be
used to explain stability across systems of very different sizes. It
should be noted, however, that those three clusters present
relatively high gaps compared to the other systems neighboring
them in the specific ALMg, and Al,Mg, series (Fig. 3f).

Molecular orbital and PSM analysis of Al;Mg,
Alb,Mg, and Al;Mg,

The global minimum energy isomer of Al,Mg (Cy,,) is a pyramidal
structure in agreement with the theoretical prediction of Mandado
et al™* This system could be viewed as one Al,>~ ring stabilized by
the counter-ion Mg”*. The NPA analysis previously discussed shows
that interaction between Mg and the Al, ring is indeed quite ionic,
with a net charge on the Al, ring of approximately —0.60e. The Al,>~
ion has been exhaustively studied both theoretically and experimen-
tally and its stability has been attributed to the presence of ¢ and n
aromatic character.>*

MOs-Al2

MOs-Al;Mg /

* (3a,) e P ¢

1 (1e) (1e
1Pe %
e 411,69
" ‘ © ’
18 { (1a Poescomenn o dag gy

—— 1§

Spherical

Fig. 4 Molecular orbital pictures and the electronic shell assignation according
to PSM.
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Fig. 5 Molecular orbital pictures and the electronic shell assignation according to
PSM. (a) Al;Mg; and (b) Al;Mgy

The molecular orbitals of Al,>~ and AlMg are compared in
Fig. 4. In the PSM model, the shell becomes closed when all the
three P or all the five D orbitals are filled with 6 or 10 electrons,
respectively, and the system adopts a nearly spherical shape. How-
ever, when these shells are partially occupied, the electronic struc-
ture can lead to Jahn-Teller distortions, generating low symmetry
structures. Clemenger exhaustively analyzed this situation*! adapt-
ing the Nilsson model to (reference) metal clusters (called the
Clemenger-Nilsson model, CNM). This model is an extension of
the PSM, but is not restricted to spherical systems. According to the
model, the oblate shape stabilizes the orbitals which have no xy
nodal plane, like Py,P;,Dyy,D>—y2, and destabilizes the orbitals which
have such planes, like P, and D. As is shown in Fig. 4, the Al,>~
orbitals should correspond to a highly distorted oblate cluster shape.
Nevertheless, in the case of the Al;Mg the structure of the system
evolves to a spherical shape, which leads to changes in the electronic
configuration; the P, orbital is stabilized (red dotted lines in Fig. 4)
due to the changes in the confining potential by the inclusion of the
Mg into the structure.

Looking at the shapes of the valence-MOs and the ordering of the
energy levels allows us to rationalize the stabilities of Al,Mg, and
Al,Mg, using the phenomenological shell model (PSM). The electro-
nic shell configurations of the clusters in this model should be:

AlLMg, — 18*1P®2S® and Al,Mg, — 1S*1P°1D'°28>

From Fig. 5, it is apparent that the valence molecular
orbitals in Al,Mg, and Al,Mg, resemble atomic orbital shapes
and the energy ordering is in agreement with the PSM. So, the
relative stabilities of these clusters are in agreement with the
expected closed shell configuration in the PSM.

Photoelectron spectroscopy of Al;Mg,

A consensus among the stability descriptors suggests that
AlMg, is the most stable among the studied clusters. It
presents a closed shell (20 valence electrons) highly stable
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Table 1 Theoretical VDEs (eV) for the two lowest energy isomers of Al4Mg,~ (AE = 0.0 and 2.3 kcal mol™")

Cluster Final state and electronic configuration UOVGF* TD-B3LYP?

4A-1 Al,Mg,~ (Dag) ®B, (0.0) A, 1a,%1e*1b,%2a,%2b,%2e*1b,%32a,%3b,° 1.56 (0.90) 1.52
3B, 1a,%1e*1b,%2a,%2b,%2e*1b,%3a,'3b," 2.58 (0.86) 2.48
B, 1a,%1e*1b,%2a,%2b,%2e*1b,%3a,'3b," ¢ 2.59
3A, 1a,%1e*1b,%2a,%2b,%*2e*1b,*3a,%3b," 2.59 (0.86) 2.56
A, 1a,%1e*1b,%2a,%2b,%2e*1b,3a,%3b," ¢ 2.57
’E 1a,”1e*1b,%2a,%2b,%2e31b,%3a,%3b," 2.83 (0.85) 2.92
E 1a,%1e*1b,%2a,%2b,%2e31b,%32a,%3b," ¢ 3.08
A, 1a,”1e*1b,%2a,%2b,"'2e"1b,?3a,%3b," 2.96 (0.85) 3.14
A 1a,%1e*1b,%*2a,%2b,"'2e*1b,%3a,%3b," ¢ 3.58

4A-2 Al,Mg,~ (C) %A’ (2.3) A/ 1a’*2a'*1a"*3a'%4a'*2a"*52"%6a'>7a'*3a"*8a’* 1.88 (0.90) 1.69
o\ 1a’*2a'*1a"%3a’%4a’%2a"*5a'*6a’*7a'*3a" *8a"" 2.44 (0.86) 2.41
IA// 1a/22a/21a//23a/24a/22a//25a/26a/27a/23a//18a/1 c 2.47
A/ 1a’*2a’*1a"%3a'%4a’*2a"*5a'%6a’>7a''32"*8a’" 2.51 (0.86) 2.44
lA/ 1a/22a/21a//23a/24a/223//25a/26a/27a/13a//283/l c 2.61
A/ 1a’*2a’*1a"%3a'%4a’*2a"*5a'%6a’ ' 7a'>32"*8a’" 2.88 (0.85) 2.96
1A/ 1a/Zza/Z1a//23a/Z4alzza//25a/zea/17a/233//28311 c 3.13
A 1a’*2a’*1a"*3a'%4a’*2a"*5a" 6a’>7a'*32"*8a’" 3.01 (0.86) 3.06
lAr 1a/22a/21a//23a/24a722a//25a/16a727a123a1128a/1 c 3.26

% The VDEs were calculated at the UOVGF/def2TZVPP//B3LYP/def2TZVPP level of theory. ” The VDEs were calculated using the TD-B3LYP/
def2TZVPP//B3LYP/def2TZVPP. ¢ The VDEs in the final singlet states were not calculated because of the multi-configurational nature of the

final singlet state.

electronic structure in the PSM. Given that the structures
reported in this work (Fig. 1) are global minima on their
corresponding potential energy surfaces, we propose them as
good candidates for experimental detection.

In that context, it is important to provide theoretical predictions
that could be compared with experimental data in the future. The
predictions reported here were evaluated in monoanionic species,
which are the typical targets of photoelectron spectroscopic experi-
ments on clusters. We have explored the energy surfaces for all
of the anionic species of the evaluated clusters, and the global
minimum energy structures are reported in the ESLT

Among the various experimental methods of analysis for
studying mass-selected clusters, photoelectron spectroscopy has
attracted attention due to the possibility of studying electronic
properties of clusters as well as vibrational fine structures.*>™** We
have calculated the VDEs for the Al,;Mg, ™ in their two lowest-lying
isomers 4A-1 and 4A-2 (AE = 0.0 and 2.3 kcal mol ", see ESIT),
which are summarized in Table 1, where the calculated VDEs at
various levels of theory are listed. These VDEs should correspond
to the maximum values of each experimental photoelectron
spectra, and could be used to assign the corresponding structures.

The first peak for 4A-1 and 4A-2 should be at about 1.6 and
1.9 eV, respectively, while the second peak should be at about
2.6 and 2.4 eV, respectively. The gap between the first and the
second VDEs for 4A-1 and 4A-2 is 1.0 and 0.5 eV, respectively.
The spectra of 4A-1 and 4A-2 may present a very broad band,
which also contains two overlapping detachment transitions
(second and third peaks), where the differences between two
signals, for the two isomers, are small. The forth and fifth
peaks for 4A-1 should be at about 2.8 and 3.0 eV, respectively,
while the forth and fifth peak for 4A-2 are essentially at the
same position (3.0 and 3.0 eV). So, the gap between the first and
the second VDEs for 4A-1 and 4A-2 may be important for the
assignment of the structure in the experimental photoelectron
spectrum of Al,Mg,".

2228 | Phys. Chem. Chem. Phys., 2013, 15,2222-2229

Concluding remarks

We have explored in detail the potential energy surfaces of the
Al,Mg, (x,y = 1-4) series of clusters. We find that Al,Mg, Al,Mg,
and Al,Mg, present high relative stabilities according to a set of
theoretical descriptors used in the analysis. In the case of the
Al,Mg structure we find that the electronic configuration is
similar to that of the Al,>~ system, which is an aromatic species
according to the 4n + 2 rule of planar rings. Our analysis of the
electronic configuration of the Al,;Mg indicates a connection
between this polar covalent structure in the phenomenological
shell model (PSM) and the 4n + 2 rule. The clusters Al,Mg,
and Al,Mg, form stable 3D structures, and their stability are
rationalized as a consequence of their closed shell nature in
terms of the PSM, with 10 and 20 itinerant electrons respec-
tively. The VDEs for the monoanionic species derived from the
AlMg,” — AlMg, + le  are reported with the purpose of
providing predictive data for future experimental verification.
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