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0= with m = 1-2 and n = 3-15 are

Singly and doubly scandium-doped aluminum clusters Sc,,Al,_m
systematically investigated using density functional theory (DFT) with the PBE functional and the def2-TZVP
basis set. Incorporation of scandium atoms significantly enhances the thermodynamic stability of aluminum

clusters, following the trend of ScAl, »™%~ > ScAl, /%~ > AL,

. Structural evolution of these systems is
constructed from three building units, including a three-atom triangle, a six-atom octahedron and a thirteen-
atom icosahedron. Owing to the isovalent nature of Sc and Al the doped clusters exhibit extensive
delocalization of valence electrons, giving rise to metal aromaticity that spans all structural centers. The
bonding network consists of unpolarized Al-Al interactions combined with polarized A’*—Sc®~ or AP —AL>"
bonds, where Sc atoms primarily act as electron acceptors. Progressive electron filling across charge states
reveals the 20- and 40-electron shell closure tendencies for the six- and thirteen-atom clusters, respectively.
The six-atom clusters show a progressive tendency to achieve the [(15)%(1P)%(25)2(1D)*] electron shell,
whereas the thirteen-atom clusters tend toward the [(1S)2(1P)®(25)%(1D)°(2P)®(1F)*4] configuration,
corresponding to their octahedral and icosahedral structures, respectively. These spherical shell fillings
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1. Introduction

Aluminum-based alloys have long been recognized as light-
weight structural materials offering an excellent balance of
strength, ductility and corrosion resistance. Continuous efforts
have been devoted to enhancing their mechanical and physical
properties through alloying and microstructural refinement.*
Among various alloying strategies, the addition of metal
elements has proven effective. Scandium, in particular, is
regarded as one of the most powerful microalloying elements
for strengthening aluminum alloys.> Despite the scandium's
scarcity and complexity of its extraction process, which make it
one of the most expensive alloying additions,® mixed Sc-Al
alloys have attracted significant attention due to their
outstanding performance in aerospace, automotive and trans-
portation applications.**
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electronic and geometric features observed in both cluster families.

The beneficial effects of scandium doping arise from several
well-known properties, namely, (1) solid-solution strength-
ening, (2) precipitation hardening through the formation of
Al;Sc phases,® (3) suppression of recrystallization, (4) promotion
of nucleation of strengthening precipitates, (5) enhanced
corrosion resistance, (6) grain refinement, and (7) mitigation of
hot cracking during welding.*”® However, given the high cost
and limited availability of scandium, optimization of its
concentration and understanding of its role at the atomic level
are crucial for development of cost-effective high-performance
alloys. One key information is the effects of scandium at
reduced dimension where size-dependent phenomena such as
grain refinement and quantum confinement become domi-
nant.® In this context, Sc-doped aluminum nanoclusters emerge
as ideal model systems for exploring fundamental bonding and
stability characteristics between scandium and aluminum
atoms.>*°

Aluminum clusters themselves are well known for their
unique structural and electronic properties, including remark-
able thermodynamic stability and superhalogen behavior most
notably represented by the Al;; cluster.”** Elemental doping
has widely been explored, both experimentally and theoreti-
cally, as an effective strategy to tailor their electronic and
chemical properties. Main-group dopants such as Be, C, Si, Li,
Na, K and Mg...,”** as well as transition-metal dopants
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Fig.1 Structures, multiplicities (M, in bracket) and relative energies (rE, kcal mol™) of the low-lying neutral ScAl,,_; with n = 3-9 calculated at the

PBE/def2-TZVP + ZPE method.

including V, Ti, Cr, Cu, Pd, Nb, Mo, Co, Pt and Au...,”*?¢ tend to
induce significant modifications in cluster structure and
stability. Among these, scandium doping to aluminum clusters
has received increasing attention because it introduces new
bonding characteristics and can enhance catalytic activi-
ties.”'**”** Moreover, combined photoelectron spectroscopy
and DFT studies indicated that although icosahedral Al;,Sc™ is
isovalent with Al,;~, its molecular orbital characteristics differ
much from those of Al;;.*°

Previous theoretical studies on Al-Sc clusters (AlScy, x +y =
13) revealed that the cluster stability remains nearly constant
for low scandium contents (y = 0-4) but decreases gradually for
y = 4-7 and significantly at larger scandium components.*
Moreover, experimental alloy data indicated that the optimal
scandium content in bulk Sc-Al alloys should not exceed ~0.35-
0.40 wt% to achieve maximum strengthening effects.® These
findings suggest that singly and doubly Sc-doped Al clusters

© 2026 The Author(s). Published by the Royal Society of Chemistry

represent ideal systems for investigation of intrinsic properties
of Sc-Al mixtures at the atomic scale.

Guevara-Vela et al.*® recently reported the structures and
electronic characteristics of singly Sc-doped aluminum clusters,
ScAl, (n = 1-24), in their neutral charge state. However, the spin
states of the most stable isomers were not explicitly specified in
this report. Building on results of the latter, the present study
performs a comprehensive investigation of both singly and
doubly scandium-doped aluminum clusters across different
charge states, cationic, neutral, and anionic Sc,Al,_, """
clusters (m = 1-2 and n = 3-15), along with an examination of
different multiplicities. Our present analysis focuses on eluci-
dation of structural, electronic and chemical properties gov-
erning the stability and bonding nature of Sc-Al nanoclusters,
thereby providing deeper insights into the microscopic origins
of scandium's strengthening effects in aluminum-based
materials.
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2. Computational methods

In this study, electronic structure calculations are carried out
using the Gaussian 16 software package.*' Previous work by
Guevara-Vela et al.’® showed that the PBE density functional,*>*
in combination with the def2-TZVP basis set* yields reliable
geometrical and energetic predictions with respect to results
obtained at higher levels. Therefore, we adopt in the present
work the PBE/def2-TZVP level to ensure methodological
consistency and thereby facilitate meaningful comparison with
earlier findings.

To investigate the low-energy configurations, starting struc-
tures of Sc,,AlL, 7%~ including m = 1-2 and n = 3-15 clusters
are generated by manually positioning scandium atoms at
various locations within the global structures of neutral and
charged Al,””~ and ScAl,_; (n = 3-15) clusters.'®**>% Larger
structures are also constructed by sequentially adding atoms to
different structural regions, such as vertices, edges and faces, of
smaller clusters. In addition, structural motifs from reported
investigations of the Al-Sc, Al-B and Sc-B systems,*'****>* are
consulted, given the similar valence electron counts between

View Article Online
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these and the present clusters. All preliminary structures are
optimized using the PBE functional using the small LANL2DZ
basis set.

To further expand the set of possible configurations for
ScmAlL, 0 (m = 1-2, n = 3-15) clusters, a stochastic algo-
rithm,** an enhanced form of the random kick procedure,*>*
is employed. Details of this search approach were provided in
our earlier publication.®® The resulting structures are opti-
mized at the PBE/LANL2DZ level. Whenever a geometry
converged at a particular spin state, additional optimizations
are performed for different multiplicities. When nearly
degenerate structures are obtained, they are re-optimized
under symmetry constraints to confirm their geometry and
symmetry.

All local minima with relative energies within 3 eV
(~69 kcal mol ") from the global minimum for each system are
subsequently re-optimized and followed by harmonic vibra-
tional frequency calculation using the PBE functional with the
def2-TZVP basis set. Zero-point energy (ZPE) corrections are
included in evaluation of relative energies.
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Fig.2 Structures, multiplicities (M, in bracket) and relative energies (rE, kcal mol™?) of the low-lying neutral ScAl,_; with n = 10-15 calculated at

the PBE/def2-TZVP + ZPE method.
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Electronic structure analyses, including natural electron
configuration (NEC) and spin density evaluations, are con-
ducted using the NBO 5.0 program.*® The adaptive natural
density partitioning (AANDP)*” analysis is performed by Mul-
tiwfn program®® to further investigate the bonding characteris-
tics within the clusters.

3. Results and discussion

3.1 Building units and structural evolution of Sc,,Al,,_,,
clusters

+/0/—

As for a convention, a systematic x.y.Z.v labeling is employed to
denote the Sc,Al,_,,””~ (m = 1-2, n = 3-15) clusters. In this
notation:

e x denotes the charge state, where x = ¢, n, a and da
correspond to cationic, neutral, anionic and di-anionic clusters,
respectively.

e y represents the number of atoms in the clusters.

View Article Online
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¢ Z indicates the doping type, with Z = A for pure aluminum
clusters, Z = B for singly Sc-doped, and Z = C for doubly Sc-
doped clusters.

e The subscript v with v = 1, 2, 3,... distinguishes isomers
according to increasing relative energy.

For instance, n.3.B.1 refers to the lowest-energy isomer of the
neutral ScAl, cluster, whereas n.3.C.1 corresponds to the lowest-
energy isomer of neutral Sc,Al.

Fig. 1-4 illustrate the low-lying isomers of the singly doped
ScAl,_; and doubly doped Sc,Al,_, clusters in their neutral
state. The corresponding global structures of pure Al,"%~
clusters are shown in Fig. S1 of the SI, while Fig. S2-S13 present
the charged counterparts of the singly and doubly Sc-doped
clusters. Due to numerous local minima present on the poten-
tial energy surface, only isomers with relative energies within
23 keal mol ™" from the global minimum are displayed in these
figures.
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Fig. 3 Structures, multiplicities (M, in bracket) and relative energies (rE, kcal mol™?) of the low-lying neutral ScAl,_, with n = 3-9 calculated at

the PBE/def2-TZVP + ZPE method.

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2026, 16, 16788-16803 | 16791


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09683a

Open Access Article. Published on 26 March 2026. Downloaded on 6/12/2026 10:19:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
Isomer (M) - rE Isomer (M) - rE Isomer (M) - rE
(1) 0.0
(3)1.8 (1)0.9 (3)2.6
(2)0.0 (2) 2.0 (2) 2.5
(1)0.0 (1) 4.0 (1)4.1
(2) 6.5
(2)0.0 (2)0.2 (4)16.8
(1)0.0 (1)3.1 (1)3.6
(2)0.0 (2)4.1

Al /

n.15.C.1

n.15.C.3

Fig.4 Structures, multiplicities (M, in bracket) and relative energies (rE, kcal mol™Y) of the low-lying neutral ScoAl,_, with n = 10-15 calculated at

the PBE/def2-TZVP + ZPE method.

Most of the lowest-lying neutral geometries of the singly Sc-
doped clusters, ScAl,,_; (n = 2-15), agree with those reported by
Guevara-Vela et al.," except for the sizes n = 4 and n = 12. For n
= 4, our isomer n.4.B.1 is lower in energy by ~5 kcal mol~" than
their reported structure (which is the n.4.B.2 isomer). For n =
12, the present n.12.B.1 is essentially isoenergetic with the
previously reported structure, being 1.4 kcal mol " lower in
energy than their structure which is the present n.12.B.2
isomer.

In addition, the spin multiplicities of all low-lying isomers
are now explicitly reported alongside their relative energies (see
Fig. 1-4). Singly doped clusters with an odd number of electrons
preferentially adopt a doublet state. For even-electron clusters,
triplet ground states are favored at smaller sizes (n = 4, 6 and 8),
whereas singlet states become preferred at larger sizes (n = 10,
12 and 14). For doubly doped clusters, near-degeneracies are
found at smaller sizes (n = 3-10), with both singlet and triplet
states being very close in energy for even-electron systems and
doublet and quartet states for odd-electron systems. At larger
sizes, this near-degeneracy diminishes, and a single spin state

16792 | RSC Adv, 2026, 16, 16788-16803

(typically singlet for even-electron clusters or doublet for odd-
electron clusters) becomes clearly preferred.

Overall, the structures of both pure AL, and Sc,,Al,_,,
clusters considered are constructed from three fundamental

+/0/—

structural motifs. Smaller clusters are developed from a trian-
gular unit, medium-sized clusters are built around an octahe-
dral core containing six atoms, and larger clusters relate to an
icosahedral framework composed of thirteen atoms. Fig. 5 and
S14-S15 in SI file clearly illustrate that the triangle, octahedron
and icosahedron serve as primary building blocks guiding the
structural evolution patterns of these clusters.

Due to their larger atomic radius, Sc atoms preferentially
occupy outer positions within the Al framework, thus favouring
exohedral configurations. Such a size difference causes the
singly and doubly Sc-doped clusters to deviate from the simple
addition or substitution patterns derived from the structures of
pure Al clusters. Instead, each doped series follows its own
structural evolution pattern, governed by the three fundamental
motifs described above. Moreover, since Sc atoms act as elec-
tron acceptor centers, they exhibit high local electron density
(as discussed in the next sections). Consequently, in the doubly

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09683a

Open Access Article. Published on 26 March 2026. Downloaded on 6/12/2026 10:19:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
2
o0—0
Alg
7\
0—0 o p TRAT
Al, Als
o—o o4

ScAl,

7 N\

ScAl  ScAl, ScAl, ScAlg ScAl,

ScAlg

ScAl, ScAly, ScAl;, ScAly5 ScAl,

o C

o o

SczAI SczAI4

A -b R &-ER- g

Sc,Al, ScZAI3 Sc,Alg Sc,Alg

Sc,Al,

Fig. 5 Structural evolution of the neutral clusters, (A) Al,, (B) ScAl,_; and (C) ScoAl,_» with n = 3-15.

doped clusters, the two doped Sc atoms tend to repel each other
and thus occupy distant positions within the cluster framework.

3.2 Thermodynamic stability

The thermodynamic stability of the lowest-lying Sc,,Al,_,,"%~

clusters is evaluated in cationic, neutral, and anionic charge
states through the average binding energies (E,). The corre-
sponding expressions for calculating the average binding
energies are given in eqn (1)-(13).

+ For cationic pure aluminum clusters:

Eo(Al,") = [(n — DE(A]) + E(AI") — E(AL,"))n (1)
« For neutral pure aluminum clusters:
Ey(Al,) = [nE(A]) — E(Al,)Jn @

© 2026 The Author(s). Published by the Royal Society of Chemistry

&
Sc,Alg Sc,Alg Sc,Aly,  ScAlL, Sc,Al 5
+ For anionic pure aluminum clusters:

EyAl) = [(n - DEAD + EAL) — EAL ln— (3)

« For cationic singly Sc-doped clusters:

Ey(ScAl, ;™)
= [(n — 2)E(Al) + E(AI") + E(Sc) — E(ScAl,_")Jn  (4)
Or
En(ScAl,_*) = [(n — DE(A]) + E(Sc*) — E(ScAl,_n  (5)
< For neutral singly Sc-doped clusters:
En(ScAl, ) = [(n — DE(Al) + ESc) — EScAl,_)Jn  (6)

+ For anionic singly Sc-doped clusters:

RSC Adv, 2026, 16, 16788-16803 | 16793
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Ep(ScAl,_1 )
= [(n — DE(Al) + E(Sc™) — E(ScAl,_ )J/n 7)

Or

Ey(ScAl,_,7)
— [(n — 2EAl) + EAI) + E(Sc) — EScAl, )Jn  (8)

+ For cationic doubly Sc-doped clusters:

Ep(ScoAl,_5")
= [(n — 3)E(Al) + E(A1") + 2E(Sc) — E(ScyAl,_>")n (9)

Or

Ep(ScrAl, 5")
= [(n — 2)E(Al) + E(Sc*) + E(Sc) — E(Sc>Al,_»"))/n (10)

+ For neutral doubly Sc-doped clusters:

En(ScrAl,_s) = [(n — 2)E(Al) + 2E(Sc) — E(Sc,Al,_»)ln (1)

+ For anionic doubly Sc-doped clusters:

Ey(ScrAl,_57)
= [(n — 2)E(Al) + E(Sc) + E(Sc™) — E(Sc,Al, > ))/n (12)

Or

Ep(ScoAl,27)
— [(n — 3)EAI) + KAL) + 2E(Sc) — ESeAlL, o )in
(13)

In these equations:

e E(Sc), E(Sc") and E(Sc™) denote the total energies of an
isolated scandium atom, scandium cation, and scandium
anion, respectively.

e E(Al), E(Al') and E(Al") represent the total energies of an
isolated aluminum atom, aluminum cation, and aluminum
anion, respectively.

e E(AL,"), E(Al,) and E(Al, ") correspond to the total energies
of the lowest-lying cationic, neutral, and anionic aluminum
clusters.

e E(ScAl,_,"""") and E(Sc,Al,_,"”") denote the total ener-
gies of the most stable singly and doubly Sc-doped clusters in
the respective charge states.

For the doped systems, both E(Al") and E(Sc") are considered
for evaluating Ej, of cationic clusters (¢f eqn (4), (5), (9) and
(10)), while both E(Al™) and E(Sc™) are considered for anionic
clusters (¢f eqn (8), (12) and (13)). Comparative results
summarized in Tables S1-54 (SI file) indicate that the binding
energies obtained when the charge is assigned to Al atoms are
slightly lower than those when assigned to Sc atoms with
differences in energies of <0.1 eV. Consequently, the data
derived from charge localization on Al atoms are used for
subsequent analysis and are illustrated in Fig. 6. Furthermore,
this negligible differences in energies suggests that charge
localization on either Al or Sc atoms has minimal effect on the

16794 | RSC Adv, 2026, 16, 16788-16803
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Fig. 6 Average binding energies (Ey, eV) of the (A) anionic, (B) neutral and
(C) cationic Al, ™=, ScAl,_1*~ and ScoAl,_»™%~ clusters (n = 3-15).
Values are obtained from PBE/def2-TZVP + ZPE calculations.

overall stability, reflecting the comparable chemical nature of Sc
and Al atoms in these clusters.

The Sc-doped clusters display higher binding energies than
their corresponding pure Al, counterparts in all three charge
states, following the stability order of Sc,Al,_,"*~ > ScAl,_, "%~
> AlL,"”'~ (¢f Fig. 6). Thus, incorporation of scandium atoms
inherently enhances the thermodynamic stability of aluminum
clusters, with the doubly doped systems being more stable than
the singly doped ones. Furthermore, charged clusters are
generally more stable than their neutral counterparts, with the
anionic species exhibiting the highest stability among the three

© 2026 The Author(s). Published by the Royal Society of Chemistry
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from PBE/def2-TZVP + ZPE calculations.

charge states (Fig. S16, SI). The calculated dissociation energies
(D) further confirm this stability preference for charged clus-
ters over neutral ones. Both pure and doped clusters show
a distinct energetic preference for detaching a neutral Sc or Al
atom rather than their charged counterparts, suggesting
a consistent tendency for charge retention within the remaining
fragments upon dissociation. The detailed computational
formulas and D, data are provided in the Tables S3 and S4 (SI
file).

The preference for charged states is also supported by values
of adiabatic ionization energies (IE,) and adiabatic electron
affinities (EA,) illustrated in Fig. 7A and B. Except for the
irregular behaviors observed at cluster sizes of 6 and 13 atoms,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) Adiabatic ionization energies and (B) adiabatic electron affinities of Al,, ScAl,,_; and ScoAl,_; clusters (n = 3-15). Values are obtained

Table 1 Average binding energy values (Ey, eV) of the lowest-lying six
and thirteen-atom clusters at different charge states, calculated at the
PBE/def2-TZVP level

Cluster
Charge state Alg ScAls; Sc,Al, Aly; ScAly, Sc,Aly
Dianion 2.11 2.12 2.10 — — —
Anion 2.40 2.41 2.44 2.82 2.85 2.89
Neutral 2.02 2.10 2.24 2.58 2.66 2.73
Cation 1.93 2.12 2.38 2.59 2.68 2.79
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(6c-2e)

Fig. 8 The metallic aromaticity arising from (6c—2e) delocalized bonds in the di-anionic octahedral da.6.A.1 isomer via AdNDP analysis.
Occupation numbers (ONs) are indicated below each electron distribution.

1IE, values generally decrease with respect to increasing cluster
size, indicating that electron detachment becomes progressively
easier as the cluster grows. In contrast, the EA, values display an
overall increasing trend with size, suggesting that larger clusters
more readily accept additional electrons.

The anomalous behaviours observed at cluster sizes n = 6
and 13 can be attributed for to the combined influence of both
geometric and electronic effects. At these sizes, both pure and
Sc-doped clusters tend to adopt closed-shell, nearly spherical
configurations. This phenomenon drives a distinct tendency to
gain or lose electrons (Fig. 7A and B) in order to achieve the
magic numbers of 20 or 40 delocalized electrons, corresponding
to particularly stabilized electronic shells. Specifically, while the
20 electrons magic number is achieved for six-atom clusters in
their di-anionic state, the 40 electrons magic number is ob-
tained for thirteen-atom clusters in their anionic state. Notably,

ON

ON 1.9999

2.0000

2.0000

cationic and neutral clusters at these sizes adopt increasing Ey,
with higher Sc content whereas anionic and di-anionic six-atom
clusters, as well as the anionic thirteen-atom clusters, display
nearly unchanged E; values, signifying exceptional intrinsic
stability at these specific charge states. A comparison of binding
energies for these two systems across different charge states
(going from dianion to cation for n = 6 and from anion to cation
for n = 13) is summarized in Table 1.

3.3 Chemical bonding in six- and thirteen-atom clusters

As previously noted, the equivalent valence electron contribu-
tions from Al and Sc atoms promote similar chemical charac-
teristics, resulting in a comparable and well-distributed
electron density within the mixed-metal clusters.*

Natural bond orbital (NBO) population analyses for the pure
Al clusters (Tables S5 and S8, SI file) reveal that the electron

2.0000

(6c-2e)

Fig. 9 The metallic aromaticity arising from (6c—2e) delocalized bonds in the di-anionic octahedral da.6.B.1 isomer via AANDP analysis.
Occupation humbers (ONs) are indicated below each electron distribution.
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(6¢c-2e)

Fig. 10 The metallic aromaticity arising from (6c—2e) delocalized bonds in the di-anionic octahedral da.6.C.1 isomer via AANDP analysis.
Occupation humbers (ONs) are indicated below each electron distribution.

occupancy of 3s atomic orbitals (AO-3s) decreases by ~0.5-0.7
electron, while that of 3p orbitals (AO-3p) increases by about
0.3-0.9 electron, indicating a 3s-3p hybridization. In particular,
for the Al,;"%~ species, the central Al atom exhibits a notably
higher electron population (>4 electron) and a stronger
hybridization degree (s: p ratio ~1:4 as compared to ~1:1 in

ON 2.0001
ON 2.0001
ON 2.0000
ON 2.0001

1.9999

1.9999

2.0001

peripheral atoms). The central atom thus participates in
stronger bonding interactions, reinforcing the structural
bonding of cluster cores.

In singly and doubly Sc-doped Al clusters (Tables S6, S7, S9
and S10, SI file), the AO-3s electron occupancy of Al atoms
decrease by ~0.5-0.8 electron, while the AO-3p electron

2.0000

1.9998

(13c-2e)

Fig. 11 The metallic aromaticity arising from (13c—2e) delocalized bonds in the anionic icosahedral a.13.B.1 isomer via AANDP analysis.
Occupation humbers (ONs) are indicated below each electron distribution.
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Fig. 12 The metallic aromaticity arising from (13c—2e) delocalized bonds in the anionic icosahedral a.13.C.1 isomer via AANDP analysis.
Occupation humbers (ONs) are indicated below each electron distribution.

occupancy of Al atoms increase by ~0.4-0.9 electron, again
reflecting strong 3s-3p hybridization. In the 13-atom doped
clusters, the central Al atom retains a high electron population
(>4 electrons) and result in a comparable hybridization ratio (s :
p = 1:4), similar to that in the pure Al,; system. Notably, Sc
dopants in both six-atom and thirteen-atom systems carry
higher electron populations (~0.35 electron greater than in
isolated Sc atoms) and display distinctive s—-d-p hybridization,
with the 4s electrons significantly redistributed into the 3d and
4p orbitals. In addition to the central Al atom, the Sc dopant
centers thus also participate actively in bonding interactions,
thereby enhancing the overall electronic delocalization and
structural connection of the mixed-metal clusters.

Except for the pure Alg"” />~ clusters that possess only
unpolarized Al-Al bonds with nearly uniform charge distribu-
tion, other systems including the doped six-atom clusters and
both pure and doped thirteen-atom clusters display a mixture of
unpolarized Al-Al bonds (among peripheral Al atoms) and
highly polarized AI**-Sc® or AI**-Al* bonds. In these cases, the
negative charge is primarily localized on the Sc dopants and
central Al atoms across all charge states.

Because Sc and Al share an isovalent nature, the doped
clusters display extensive valence-electron delocalization,
leading to a metal aromaticity across all structural centers and
exhibiting characteristics similar to those of their

16798 | RSC Adv, 2026, 16, 16788-16803

corresponding pure Al counterparts. The adaptive natural
density partitioning (AANDP) analysis (Fig. 8-12 and S17-534,
SI) confirms the absence of electron localization in both the six-
and thirteen-atom clusters. Instead, all valence electrons are
fully delocalized over the entire cluster frameworks, indicating
strong metallic bonding characters. The electron distribution
follows molecular orbital (MO)-type symmetries. In the six-atom
systems, delocalized orbitals mainly appear in regions of S, P
and D-type symmetries, whereas in the thirteen-atom systems,
the delocalization extends further to include F-type shells. In
addition, the electron delocalization is symmetrically centered
around the core and dopant sites, reflecting an enhanced
orbital overlap in these regions as well as demonstrating
a synchronization between both structural and electronic
features.

3.4 Electronic structure in six- and thirteen-atom clusters

Because of the nearly spherical symmetry inherent to their
octahedral and icosahedral geometries, the six- and thirteen-
atom clusters are ideally suited for spherical electron shell
filling.

3.4.1 Six-atom systems. Both the pure and doped six-atom
clusters tend to attain the closed-shell electron shell of
[(1S)*(1P)%(2S)*(1D)"?] for their octahedral structures. Specifi-
cally, the progressive filling of electron configuration from the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.13 Energy levels of molecular orbitals (MOs) of the singlet da.6.A.1
(PBE/def2-TZVP).

cationic to the di-anionic charge states can be described as
follows:

e For pure Alg"” >~ (¢f. Fig. 13 and $35-S37, SI):

The cationic isomer having 17 electrons and a doublet state
adopts the shell configuration of [(1S)*(1P)°(2S)*(1Dyy)’
(1D,_,?)*(1Dy,)*(1D,,)'] which evolves to the neutral isomer (18
electrons, singlet) [(1S)*(1P)°(2S)*(1Dxy)*(1Dse—12)*(1Dy,)*

é«a%x&
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1D.?

2P, — weuene 4l
iD,, 1D —
yz A
Xz 1DZZ 3
1D, 24
25 1
1Dx2- yZ
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Dt
y
...... LUMO 83T
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Fig. 14 Energy levels of molecular orbitals (MOs) of the da.6.B.1 at
singlet state, calculated at PBE/def2-TZVP level.
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(1D,,)?], and then to the anionic isomer (19 electrons, doublet)
[(18)*(1P)°(2S)*(1D,y)*(1Dx>—y2)*(1D,,)*(1Dyx,)*(1D,2)"], ultimately
resulting in the fully closed electron shell of
[(1S)*(1P)%(2S)*(1D)"°] at di-anionic state.

e For singly doped ScAl;"* >~ (¢f. Fig. 14 and S38-540, SI):

The cationic isomer (17 electrons, doublet state) is charac-
terized by a shell configuration of
[(18)*(1P)°(25)*(1Dyy)*(1Dx>—y2)*(1Dy,)*(1Dy,) "], which progresses
to the neutral isomer (18  electrons, triplet)
[(1S)*(1P)°(2S)*(1Dyy)*(1Ds_y2)*(1D,)*(1Dx;)'(1D22)"], and then
to the anionic isomer (19 electrons, doublet)
[(1S(1P)°(2S/(1D,,)°(1De (1D, (1D °(1D,)"], finally
achieving the fully closed configuration of 20 electrons
[(1S)*(1P)°(2S)*(1D)"?] at di-anionic state.

e For doubly doped Sc,Al;""” >~ (¢f. Fig. 15 and $41-S44, SI):

The cationic isomer (17 electrons, doublet) has the config-
uration [(1S)*(1P)°(2S)*(1Dyy)*(1Dx>—?)*(1Dy,)*(1D,,)"], evolving
to the neutral isomer (18 electrons,  singlet)
[(18)*(1P)°(25)*(1Dyy,)*(1Dx—y2)*(1D,,)*(1Dy,)’], and then to the
anionic isomer
[(1S)*(1P)°(2S)*(1Dxy)*(1Ds_y2)*(1Dy,)*(1Dy,)*(1D;2)'], ultimately
leading to the fully closed shell of 20 electrons
[(1S)*(1P)°(2S)*(1D)"?] at di-anionic state.

In the di-anionic Sc,Al,>” cluster, a positional rearrange-
ment of the Sc atoms occurs within the octahedral framework as
compared to the other charge states. Sc atoms occupy positions
at a rectangular base (da.6.C.1) rather than the pyramidal tips
(da.6.C.2). This is presumably for optimizing bonding interac-
tions; the corresponding Wiberg bond indices of Sc atoms
amount to 4.7 for the da.6.C.1 isomer and 4.4 for the da.6.C.2
isomer. Despite this geometric adjustment, the closed-shell
electronic configuration remains unchanged (¢f Fig. 3 and
S3), highlighting the electronic preference of maintaining the

090&6‘%‘
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1D.2 i
25
1P, 0+
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il
------ wwo | 1S B
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Fig. 15 Energy levels of molecular orbitals (MOs) of the da.6.C.1 at
singlet state, calculated at PBE/Def2-TZVP level.
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Fig. 16 Energy levels of molecular orbitals (MOs) of the n.13.C.1 at doublet state, calculated at PBE/def2-TZVP level.

[(1S)*(1P)°(2S)*(1D)*°] configuration of 20 electrons for the
octahedral framework at this size.

3.4.2 Thirteen-atom systems. Consistent with previous
studies,* both singly and doubly Sc-doped thirteen-atom clus-
ters display a strong tendency to achieve the closed-shell 20
electrons configuration [(1S)*(1P)%(2S)*(1D)'°(2P)°(1F)"*] in their
icosahedral geometries at the anionic state, analogous to the
well-known Al;;™ cluster. Let us now examine the progressive
electron filling from cationic to anionic state to clarify the origin
of such a stabilized 40 electron shell.

In the singly doped ScAl,, series (¢f: Fig. S45-547, SI file), the

electron filling progresses as follows: from
[(15)2(11))6(25)2(1D)10(2P)6(1nyz)z(le(xz7y2])2(1Fx(x273y2])2
(1Fy3e—y»)’(1F2)’(1F,2)’] in the cationic state (38 electron,
singlet) — [(1S)*(1P)°(2S)*(1D)"*(2P)*(1F,y,)*
(1F,2—y2) (1Fxe—32) (1Fya2—y2) (1F2) (1F)2)*(1F)'] in  the
neutral charge (39 electrons, doublet) — a fully closed-shell
configuration [18*1P°1D'°28*2P°1F'*] in the anionic charge
state.

In the doubly doped Sc,Al,; series (¢f. Fig. 16,17 and S48 and
S49, SI file), the electron filling follows the pattern:
[(1S)*(1P)°(28)*(1D) *(2P)°(1Fsyz)*1F (x> y)) 1 F (a2 _3y%)”

16800 | RSC Adv, 2026, 16, 16788-16803

1Fy3x2-y?) (1Fx2)’(1F,2)°] in the cationic state (38 electron,
singlet) — [(15)°(1P)°(25)(1D) *2P)°(1Fyyel 1F.qe o)
1, 1y (F (1R, (1)
[(18)*(1P)°(2S)*(1D) *°(2P)°1Fy(x2—3y2)) 1F 30—y *(1F )
1F,(2—y2) (1F2)(1F)2)*(1F )] in the neutral charge (39 elec-
trons, doublet) — and finally the fully closed-shell 40 electrons
configuration [(1S)*(1P)%(2S)*(1D)'°(2P)°(1F)**] in the anionic
state.

or

An interesting feature arises in the neutral Sc,Al;; cluster
where two nearly degenerate isomers (n.13.C.1 and n.13.C.2)
coexist. The n.13.C.1 isomer has two Sc atoms located at the
apex positions (the tips of opposite pentagonal pyramids),
whereas the n.13.C.2 places the Sc atoms at the equatorial sites
of a pentagonal antiprism. These geometries adopt distinct
electronic configurations that influence how the next electron is
accommodated in the anionic state.

In n.13.C.1 which resembles the cationic counterpart, the
unpaired electron occupies the (1Gz,2_y2) shell instead of the
(1F»), thus leading to the electron configuration
[(13)2(1P)G(ZS)Z(1D)10(ZP)6(1sz)z(lFz(xtyz))z(1FX(x273y2))2
(1Fyx—y2) (1F2)’(1F)2) (1G2(2—y2)"] (¢f. Fig. 16). The corre-
sponding anionic configuration of this structure is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Energy levels of molecular orbitals (MOs) of the n.13.C.2 at doublet state, calculated at PBE/def2-TZVP level.

[V (1P)*(2S(1D) 2P (1Fsyef (s (Fs )’
(1Fyary2) (1F2)*(1F,2)*(1G2pe—y2)’], which is ~15 keal mol ™ less
stable than the lowest-energy a.13.C.1.

In contrast, n.13.C.2, which is only 0.2 kcal mol™" higher in
energy than the n.13.C.1, has the electron configuration of
[(1S(1P)°(28(1D) *(2P) (1o o) (1Fy(ar_y) (1F:)
(1F,2-)*(1Fx2)*(1F,,2)*(1Fyy,)'] which yields the closed-shell
electron configuration [(1S)*(1P)%(2S)*(1D)"°(2P)°(1F)"*] upon
electron addition in the anionic state, corresponding to the
most stable a.13.C.1 isomer.

Geometric rearrangement of the Sc atoms in the neutral
charge state not only reflects a preference for optimized electron
filling but also demonstrates enhanced bonding interactions.
The corresponding Wiberg bond indices of the Sc atoms
amount to 4.5 for n.13.C.1 and 4.8 for n.13.C.2, confirming
a stronger bonding in the latter.

4. Concluding remarks

In the present theoretical study, both singly and doubly
scandium-doped aluminum clusters ScAL, 0 including m
= 1-2 and n = 3-15 are investigated using density functional

© 2026 The Author(s). Published by the Royal Society of Chemistry

theory (DFT) at the PBE/def2-TZVP level. The key findings are
summarized as follows:

(i) The structural evolution of the Sc,,Al, ,,
m = 1-2 and n = 3-15 follows three growth motifs. The smallest
clusters originate from a triangular (three-atom) unit, inter-
mediate clusters adopt octahedral frameworks of six atoms, and
the larger species relate to icosahedral architecture constructed
from thirteen atom.

(ii) Incorporation of scandium dopants enhances the ther-
modynamic stability of aluminum clusters. Doubly doped
systems become more stable than singly doped counterparts,
and among the charge states considered, the anionic charge
induces the greatest stability, followed in turn by the cationic
and neutral ones.

(iii) Similar patterns of electronic redistribution are observed
in both singly and doubly doped systems. Aluminum atoms
exhibit strong 3s-3p hybridization whereas scandium atoms
display notable 4s-3d-4p hybridization. The doped clusters
feature unpolarized Al-Al interactions among peripheral atoms,
together with polarized AI*’-Sc® or AI°*-Al” bonds with the
negative charge is localized on the Sc dopants and central Al
atoms.

o/~ clusters with

RSC Adv, 2026, 16, 16788-16803 | 16801
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(iv) Because both Sc and Al elements share an isovalent
nature, the doped clusters result in extensive valence-electron
delocalization and metal aromaticity across all structural
centers, closely resembling the behavior of their pure Al coun-
terparts. As a result, no localized electron basins appear in
either the six- or thirteen-atom systems; instead, the valence
electrons are fully delocalized across the entire cluster frame-
work. This delocalization manifests predominantly through S-,
P-, and D-type symmetries in the six-atom clusters and extends
to include F-type shells in the thirteen-atom clusters, high-
lighting the enhanced electronic coherence and structural -
electronic synchronization introduced by Sc doping.

(v) Progressive electron filling in going from the cationic to the
dianionic states for the six-atom clusters and from the cationic to
the anionic states for the thirteen-atom clusters, are performed to
elucidate their electron configuration tendencies. The six-atom
clusters exhibit a preference for the closed electron shell of 20
electrons [(1S)*(1P)%(2S)*(1D)"’] within their octahedral structures,
whereas the thirteen-atom species favor the configuration of 40
electrons [(1S)*(1P)°(2S)*(1D)'°(2P)°(1F)"**] which is also closed and
characteristic of icosahedral structures. These nearly spherical
shell fillings account for the exceptional stability and well-ordered
electronic configuration of the dianionic six-atom clusters and the
anionic thirteen-atom clusters.
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