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1. Theoretical background

In this section, we briefly survey the QTAIM and IQA methods of wave function analyses

exploited in this work. Succinctly, the QTAIM [1] utilises the topology of the electron density

of a system, to perform a partition of the 3D real space of a molecule or molecular cluster

under investigation into atoms or basins denoted as ΩA, ΩB. . . Since the electron density is the

expectation value of a Dirac observable, i.e., %(r) =
〈∑N

i=1 δ(ri − r)
〉

, wherein N is the number

of electrons in the system, the QTAIM results are independent on how the approximation of

the electronic wave function is constructed, e.g., using orthogonal Slater determinants or non-

orthogonal valence-bond functions. Furthermore, the QTAIM basins are quantum subsystems

for which one can compute the expectation value of quantum-mechanical observables such as,

the electron population (NΩA
) and energy (EΩA

QTAIM) among others. These average values can

be used to determine other relevant atomic properties. For instance, given the atomic electron

population, it is straightforward to calculate the QTAIM atomic charge as,

q(ΩA) = ZΩA
−NΩA

, (S1)

wherein ZΩA
and NΩA

are respectively the nuclear charge and the electron population of ΩA.

One can also determine the covariance between electron populations of two atomic basins, say

ΩA and ΩB. Such covariance is used as the basis for a measure of covalency in the interaction

between ΩA and ΩB, known as delocalisation index, [2]

δΩAΩB = −2cov(NΩA
, NΩB

). (S2)

We say in this case that there are δΩAΩB electrons delocalised between ΩA and ΩB.

Herein, we also considered the IQA energy partition of the electronic energy in net and

interaction energies: [3,4]

E =
∑
ΩA

EΩA
net +

1

2

∑
ΩA 6=ΩB

EΩAΩB
int . (S3)
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The IQA energy decomposition has been successfully exploited to study the chemical bonding

under many different circumstances [5–8]. The IQA interaction energies, EΩAΩB
int can be further

divided into classical and exchange-correlation contributions,

EΩAΩB
int = V ΩAΩB

cl + V ΩAΩB
xc , (S4)

in which V ΩAΩB
cl and V ΩAΩB

xc represent the ionic and covalent components to the interaction

between ΩA and ΩB respectively. Finally, we also considered the decomposition of the formation

energy of a given cluster G · · ·H · · ·I · · ·

G + H + I + · · · −−⇀↽−− G · · ·H · · ·I · · · , ∆E, (S5)

as a sum of the deformation and interaction energies of the species comprising G · · ·H · · ·I · · · , [3,4,9]

∆E =
∑

G

EG
def +

1

2

∑
G 6=H

EG H
int . (S6)

EG
def accounts for the difference of energy between G within the cluster G · · ·H · · ·I · · · and

the equilibrium energy of isolated G ,

EG
def = EG

net − EG
iso, (S7)

while EG H
int is the pairwise sum of interaction energies of the atoms comprising G and H ,

EG H
int =

∑
A∈G

∑
B∈H

EAB
int . (S8)

Furthermore, EG H
int can also be decomposed in classical and exchange-correlation components,

EG H
int = V G H

cl + V G H
xc , (S9)

as put forward in formula (S4).

Finally, we considered the deviation of planarity [10]

Qc =

√∑N
i

(
m · (ri − r)2)

N
(S10)
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for the investigated Aln and AlnSc clusters. Concerning the quantities in the RHS of equation

(S10), N is the number of atoms in the system, r is the position of their center of mass and ri is

the position of atom i n the system. Finally, m is the eigenvector with the smallest eigenvalue

of the moments matrix,

q =


∑N

i (xi − x)2
∑N

i (xi − x)(yi − y)
∑N

i (xi − x)(zi − z)∑N
i (yi − y)(xi − x)

∑N
i (yi − y)2

∑N
i (yi − y)(zi − z)∑N

i (zi − z)(xi − x)
∑N

i (zi − z)(yi − y)
∑N

i (zi − z)2

 . (S11)

A value Qc = 0 indicates that all the atoms are located in a plane, while high values of Qc

indicate large departures from planarity.

Figure S1: Adaptive orbitals based on real space natural density partitioning [21,22] of Al13.
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Figure S2: QTAIM charges within the icosahedral structure of Al14 for (i) the Al atoms interacting with and

(ii) those Al basins furthest way from the exterior aluminium.
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2. xyz files

In this link

https://doi.org/10.5281/zenodo.7834708

the interested reader can download the xyz files of the local minima of the Aln and Aln-1Sc (n

= 2–25) cluster addressed in this investigation.
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