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delocalization enhances thermodynamic stability
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The stability and electronic structure of B,Siz? (g = +, 0, —, 2— and 3-), LizB,Siz and LizB1oH3 clusters have
been investigated through a comprehensive isomer search, with a focus on the perfect triangular planar

isomer T* of B;Siz". Despite its double aromaticity, this form is thermodynamically unstable. Two

strategies for the stabilization of the triangular form are proposed: (i) sequential addition of ¢ electrons

and (i) incorporation of Li atoms to reduce excessive negative charge. The former reveals that the

addition of up to four electrons gradually improves its stability, with T2~ being the most favourable

isomer in this charged state. The latter strategy leads to the star form emerging as a global minimum of

the ternary LisB;Sis cluster, which is significantly more stable. To elucidate the origin of these
stabilizations, ring current maps and AdNDP, ELF; and ETS-NOCV analyses were employed. Results
show a shift from the dominant ¢ aromaticity in T to a more balanced -7 aromatic character in
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LizB,Siz, akin to benzene. The AdANDP analysis reveals that T* possesses four ¢ delocalized bonds,

whereas LizB;Siz contains only three, serving as one of the indicators of reduced c-delocalization. ELF
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rsc.li/rsc-advances

1. Introduction

As one of the simplest aromatic hydrocarbons, benzene holds
a unique position in the field of chemistry. Since its discovery in
1825 by Michael Faraday,"” benzene has continuously chal-
lenged scientists due to its unusual geometry, electronic struc-
ture, high thermodynamic stability, and peculiar chemical
behavior.>® It took more than a century from that initial
discovery of benzene to the formulation by Hiickel of the elec-
tron counting rule of (4N + 2) in the early 1930s,® which has
since provided chemists with a theoretical framework to ratio-
nalize its high stability through the concept of aromaticity
defined by cyclic delocalization of 7t electrons. This theoretical
milestone has fundamentally advanced the understanding of
the chemical bonding phenomena and aromatic behavior of
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analysis further revealed an enhanced peripheral ¢ delocalization in LizB;Sis, highlighting the critical role
of edge-localized electrons in stabilizing planar aromatic clusters.

organic compounds. Nowadays, the aromatic character has also
been extensively applied to different classes of atomic clusters
that have been assigned not only as a single 7 aromatic, but also
as a single o aromatic,®** double (o + 7t) aromatic, or even as
a d aromatic.’>"”

Several factors contribute to the stabilization of a molecular
system. It is generally observed that in atomic clusters where
aromaticity is present, such as in benzene, there is a dominant
stabilizing factor; most of the reported stable clusters exhibit
a double aromaticity, and this characteristic is often regarded
as a hallmark of their structural stability. In contrast, less
stable structures are typically characterized by a lack of
electron delocalization or, in other words, by an absence of
aromaticity. In some rare cases, a cluster isomer that exhib-
its double (¢ + ) aromaticity is found to be unstable. This
raises a legitimate question as to whether a decrease in
electron delocalization, of either the ¢ or w system, in a struc-
ture is associated with enhanced thermodynamic stability.
This is an apparently absurd question within the chemical
orthodoxy, but it is worth raising. In this context, we set out to
search for such a compound using quantum chemical compu-
tations. Our extensive search led to the stable configurations
of the binary B,Siz" cluster cation and subsequently, the
ternary Li;B,Si; cluster. Herein, we report a strategy for stabi-
lizing this type of isomer and explore how variations in the
o electron delocalization influence the stability of planar
clusters.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Computational methods

Each cluster considered is individually explored through
a combination of a stochastic algorithm' and a genetic algo-
rithm™ for structural generation. Initial geometries are opti-
mized using density functional theory with the PBE* functional
and the 6-31G(d) basis set,”>* without performing vibrational
frequency calculations. Stationary points located within 3 eV
from the most stable structure are further re-optimized using
the same PBE functional but with the larger 6-311+G(d) basis
set,”»** and harmonic vibrational analyses are subsequently
carried out to identify the energy minima structures. The most
stable isomers are validated by single-point electronic energy,
with coupled-cluster theory CCSD(T) computations using the
aug-cc-pVIZ basis set. The Gaussian 16 program™ is used to
carry out all relevant electronic structure calculations.

Using the BHandHLYP functional with the 6-311+G(d) basis
set, origin-independent current densities CTOCD-DZ2 (ref. 25)
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and bond current strengths (BCS)* were calculated, and these
parameters were further decomposed into 7 and ¢ contribu-
tions. The BHandHLYP functional was calibrated by a recent
benchmark study for reliably describing magnetic properties.””
Magnetic current density maps and BCS were computed and
visualized by using the SYSMOIC*® software package. All current
density maps of planar structures were computed in the
molecular plane and in a plane located at 1 Bohr above and
parallel to the molecular plane, under the influence of
a magnetic field applied perpendicular to the molecular plane.
The ring current is characterized by following the convention on
the direction of the induced current, that is, a clockwise circu-
lation indicates a diatropic current, which is associated with
aromatic character, whereas a counterclockwise circulation
corresponds to a paratropic current, which is associated with
antiaromatic character.

Chemical bonding characteristics are also analyzed using
the Adaptive Natural Density Partitioning (AdANDP) method> as

@
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Fig.1 Optimized geometries of the B,Sis? cluster (q = +, 0, —, 2—, and 3—) obtained at the PBE/6-311+G(d) level. Relative energies (kcal mol™)
were calculated using (U)CCSD(T)/aug-cc-pVTZ//PBE/6-311+G(d), with values from PBE/6-311+G(d) given in parentheses. All energies include
zero-point energy (ZPE) corrections evaluated at the PBE/6-311+G(d) level.
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implemented in the Multiwfn program suite.**** Electron
localization function (ELF)**** maps are constructed using the
Dgrid 5.0 package®** and visualized by ChimeraX software.**

Energy decomposition analysis (EDA) combined with the
natural orbital for the chemical valence (NOCV) method was
performed at the B3LYP-D3B]/def2-QZVP?** level using the ORCA
program package.’” In this scheme, the interaction energy
(AE;y,) is partitioned into electrostatic (AEcsta), Pauli repulsion
(AEpauii), orbital (AE,y), and dispersion (AEg;p,) contributions.

Ab initio molecular dynamics (AIMD) simulations are carried
out with the ORCA program package,*” using the PBE exchange-
correlation functional with D3 dispersion correction and the
def2-TZVPD basis set.**** The simulations were performed
using a Nosé-Hoover chain thermostat at 300 K. A time step of
2.0 fs was employed to simulate 20 ps of AIMD to 20 ps, with
atomic positions recorded every 10 fs.

3. Results and discussion

3.1. Instability of a doubly aromatic cluster structure

Geometrical structures of the most stable isomers of the binary
clusters B,Si;? in five different charge states, ¢ =+, 0, —, 2—, and
3—, are presented in Fig. 1 with additional structures provided
in Fig. S1. The isomers are labeled B,Si;?.Xwith X =1,2,3, ... to
denote their ordering in relative energy with respect to the most
stable structure. The global energy minimum B,Si;".1 of the
cation is formed by the attachment of two Si atoms to the edge
of a B,Si umbrella-like structure.*® Accordingly, B,Si;*.1 is more
stable than the second lowest-lying isomer B,Si;".2 by up to
14 keal mol " in relative energy, making it particularly note-
worthy for an in-depth analysis. However, we focus in the
present study on a different type of isomer denoted as T? (T
denotes a triangle shape) in Fig. 1. Let us consider the cation T",
which exhibits a perfect triangular planar shape resulting from
the attachment of three Si atoms to three opposite edges of a B,
unit. It possesses an imaginary frequency of 243i cm™" and is

’ o
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HOMO LUMO
(m) 1a," (0) 42’ (0) 22,
HOMO -5 HOMO -2 HOMO -1

Fig. 2 Three w-MOs and the frontier 6-MO shapes of T*.
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less stable by ~40 kcal mol " than the corresponding lowest-
lying B,Si;*.1 isomer.

Fig. 2 presents three m-MOs and frontier 6-MOs, including
the doubly degenerate o LUMO of T* (B,Si;".13). The addition of
electrons to T* to transform the degenerate LUMO into the
HOMO can increase only the number of o electrons but retains
its 6 7 electrons. Consequently, this allows us to figure out how
changes in the ¢ electron number can influence structural
stability. To further investigate this issue, we incrementally
added electrons to the B,Si;*. Stable structures of B,Si;? are also
presented in Fig. 1. The addition of one electron to T* elimi-
nates the imaginary frequency, making the corresponding
neutral T (B,Siz.11) a local energy minimum and reducing its
relative energy with respect to the global minimum B,Si;.1 to
19 keal mol~*. Further electron additions continue to reduce
the relative energy to ~12 and ~4 kcal mol ™" for T~ (B,Si;.7)
and T>~ (B,Si;>.3), respectively, regarding their global minima.
Upon full occupation of the degenerate LUMO of T* with four
electrons, the resulting trianion T*>~ (B,Siz>.4) becomes less
stable than B,Si,*> .1 by ~4 kcal mol?, along with the emer-
gence of double-chain ribbon isomers such as B,Siz* .1 and
B,Si;*".3. This observation is in line with earlier findings sug-
gesting that the accumulation of electrons in an atomic cluster
generally leads to a reduction in structural dimensionality; that
is, going from 3D — 2D — 1D.*'
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Fig. 3 Optimized geometries of LizB,Siz (abbreviated as LiSi) and
LizBioH3 (abbreviated as LiH) obtained at the PBE/6-311+G(d) level.
Relative energies (kcal mol™?) were calculated using (U)CCSD(T)/aug-
cc-pVTZ//PBE/6-311+G(d), with values from PBE/6-311+G(d) given in
parentheses. All energies include zero-point energy (ZPE) corrections
evaluated at the PBE/6-311+G(d) level. The natural atomic charges of
LiSi.1 and LiH.1 are also provided.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In view of the inherent instability of highly charged poly-
anions with respect to electron rejection, a commonly employed
approach to stabilize them is the incorporation of alkali metals
into the structures. As shown in Fig. 3, this approach proves to
be effective, with three lithium atoms supplying three electrons
to the cluster.

An isolobal substitution Si = [BH] is thus carried out,
revealing perfectly planar Dj;, LiSi.1 (Li3B,Si; is abbreviated as
LiSi) and LiH.1 (Li3B;0H; is abbreviated as LiH) structures
emerging as the global energy minima for both Li;B,Si; and
Li3B,oHj3, respectively. Such planar arrangements are excep-
tionally rare because Li* ions typically favour the formation of
three-dimensional structures when bonding to boron clus-
ters.*>** Moreover, a planar geometry of boron clusters is
advantageous for their synthesis via deposition onto solid
surfaces.*** The substitution of three Si atoms with three [BH]
units increases the number of atoms in the cluster by three,
resulting in a greater number of possible isomers. Nevertheless,
LizB,0H; still prefers a planar configuration as the most sta-
ble form, LiH.1, with the next-lowest-energy isomer LiH.2
adopting a distorted geometry and lying only ~4 keal mol ™"
above LiH.1. In this study, we focus on elucidating the stability
of LiSi.1, while the case of LiH.1 is explained in an entirely
analogous manner, with the corresponding discussion provided
in the SI.

The T; diagnostic values from single-point CCSD(T)/aug-cc-
PVTZ calculations for the structures presented in Fig. S1 and
3 are summarized in Table 1. The results indicate that several
isomers exhibit T; values exceeding the thresholds of 0.02 for
closed-shell and 0.04 for open-shell systems.** However, the
most stable isomers (B,Siz*.1, B,Sis.1, B,Siz .1, B,Si;> .1, and
B,Si;* .1), as well as the triangular form (T9), display T, values
within the reliability limits for a single-reference description.
Notably, upon the addition of three Li atoms, the structures
exhibited an even more pronounced single-reference character,
as reflected by the lower T, values of Li3B,Si; and LizB;oH3
isomers.

Table 1 Bond current strengths (BCS) for selected bonds. The values
are presented separately for ¢ and  electron contributions, including
their relative ratios, as well as for the total contributions from all
electrons. All BCS values are given in nA T™*

Species  Electron  B1-B2  B2-B3 B1-Si1  Total of B ring®
T o 14.9 17.5 7.0 97.2
T 3.7 4.8 0.6 25.5
o/T 4.0 3.6 11.7 3.8
All 18.6 22.3 7.6 122.7
LiSi.1 [ 5.2 14.9 5.2 60.3
TC 4.7 5.8 1.2 31.5
o/t 1.1 2.6 4.3 1.9
All 9.9 20.7 6.4 91.8
LiH.1 [ 5.9 14.0 10.7 59.7
T 5.3 6.4 2.3 35.1
o/t 1.1 2.2 4.7 1.7
All 11.2 20.4 12.7 94.8

“ The B ring is the B1B2B3B4B5B6 ring.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2. Chemical bonding and aromaticity

The most fundamental difference between T* and LiSi.1 is that
the doubly degenerate ¢ LUMO of T® becomes the doubly
degenerate c HOMO of LiSi.1, as shown in Fig. 4. The following
analysis aims to clarify the effect of the addition of ¢ electrons
to the structure, which transforms the LUMO into the HOMO.

Firstly, the magnetic current density maps for T* and LiSi.1
are presented in Fig. 5, in comparison to those of benzene,
showing contributions from o, 7, and all electrons at 1 Bohr
above the molecular plane, and the maps contributed from o
electrons located in molecular planes are shown in Fig. S2 (SI).
Their bond current strengths (BCS) are shown in Fig. 6; each
arrow in the figure represents the net current strength as
a percentage relative to the reference value of 12 nA T, which
corresponds to the net diatropic current strength of benzene.”
The corresponding figures for LizB,oH3.1 are also provided in
the SI as Fig. S3 and S4. The BCS of selected bonds for T*, LiSi.1,
and LizB;0H;.1 are also presented in Table 1, with units in nA
T

From the magnetic ring current maps of T* shown in Fig. 5,
the first remarkable observation is that the T" cation exhibits
double aromaticity, even though it possesses an imaginary
frequency and a high energy location. The aromatic character of
different compounds can be compared by evaluating the
magnitude of BCS values calculated for the bonds in the
B1B2B3B4B5B6 ring of T* and LiSi.1 (¢f. Fig. 6 for atom labels),
relative to the C-C bonds in benzene. Ring current maps indi-
cate that the o aromaticity is significantly pronounced, whereas
the w-aromaticity is relatively weak. Although T* possesses, like
benzene, 6 T-electrons, the 7= BCSs for the B1-B2 and B2-B3
bonds of T" amount to 3.7 and 4.8 nAT ™, respectively, whereas
w electrons in benzene contribute 5.8 nA T~ ' to C-C bonds.
While the o electrons in benzene are localized, the diatropic

(7) le"
HOMO — 1

Fig. 4 The HOMO, LUMO and three -MOs shapes of LiSi.1.

(7) 1a,"
HOMO - 6
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Fig. 5 Magnetic current density maps of T* (top), LiSi.1 (middle) and benzene (bottom) from c-electron contribution (left), -electron
contribution (center), and all-electron contribution (right) at 1 Bohr above the molecular planes. Diatropic and paratropic domains are marked by

green and red rings, respectively.

domain in the outer ring is larger than the paratropic domain in
the inner ring, resulting in large ¢ BCSs for C-C bonds, reaching
a value of 6.1 nA T~ ".>® The o electron ring current map of T*
shows a strong diatropic current throughout the entire struc-
ture, without any paratropic domain observed, indicating that ¢
electrons in this structure are mostly delocalized. The BCS
values of the B1-B2 and B2-B3 bonds formed from o electrons
in T" are up to remarkably high values of 14.9 (126%) and 17.5
nA T ' (147%), respectively.

The total BCS of the whole B1B2B3B4B5B6 ring in T of ¢
electrons of 123 nA T~ ' is nearly four times as great as that of
the corresponding 7 electrons (97 nA T~ ). Thus, an imbalance
emerges between delocalization of the ¢ and 7 electrons in the
T" species. If this imbalance can be reduced, leading to an
increased structural stability, it can be viewed that a planar
geometry can confer a greater thermodynamic stability when
the aromatic contributions from ¢ and m electrons become
more balanced.

33848 | RSC Adv, 2025, 15, 33844-33853

A similar analysis was conducted for LiSi.1, in which four ¢
electrons were added from the electron transfer of Li atoms to
the two-fold degenerate LUMO (5¢') of T (¢f. Fig. 2), turning it
into the two-fold degenerate HOMO in LiSi.1 (¢f Fig. 4),
revealing a shift in behaviour that more closely resembles that
of benzene. As six w electrons remain, the 7 aromaticity in
LiSi.1 slightly increases compared to that in T", as reflected by
the 7-BCS values for the B1-B2 and B2-B3 bonds that amount to
4.7 and 5.8 nA T, respectively (cf, Table 1). In contrast, despite
an increased number of ¢ electrons, the o-BCS values for the
B1-B2 and B2-B3 bonds tend to decrease to 5.2 and 14.9 nAT
respectively. The reduction in o electron BCS values at the B1-
B2 bond is substantial in going from 14.9 nAT " in T* to 5.2 nA
T ' in LiSi.1.

While a strong diatropic outer ring current near B1-B2 can
still be observed in LiSi.1, the emergence of a significant para-
tropic inner ring current (indicated by the red circle in Fig. 5)
contributes largely to this BCS decrease. The B atom in the [BH]

© 2025 The Author(s). Published by the Royal Society of Chemistry
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group appears to facilitate a better m-electron delocalization
from its 2p, orbital in LiH.1 than contributions from the 3p,
orbital of Si and the 2p, orbital of B in LiSi.1. As a result, the
total BCS value of LiH.1 (35.1 nA T ') is higher than that of
LiSi.1 (31.5 nA T~ ). The BCS contribution from & electrons in
LiH.1 (59.7 nA T~ ') was observed to be slightly lower than that
in LiSi.1 (60.3). Overall, these results indicate that the ¢ BCS to
7 BCS ratio (¢f. Table 1) in LiH.1 (~1.7) is smaller than that in
LiSi.1 (~1.9). These preliminary results suggest that LiH.1
possesses a higher thermodynamic stability than LiSi.1, which
will be further verified by the ELF analysis presented in the
following section.

This observation also suggests a shift in the o electron
delocalization from the entire structure in T* toward the
periphery in LiSi.1. This hypothesis is further supported by
AANDP and ELF, analyses presented in the following
paragraphs.

The AANDP analyses of T* and LiSi.1 are presented in Fig. 7,
and LiH.1 is presented in Fig. S5. Each structure possesses six 7
electrons, thus satisfying Hiickel's counting rule. Their

© 2025 The Author(s). Published by the Royal Society of Chemistry

aromatic character is clearly manifested, as illustrated in the
corresponding ring current maps (c¢f Fig. 5). As initially ex-
pected, changes in the number of ¢ electrons significantly affect
the structural stability. The lone pairs on Si and localized elec-
trons in both T* (¢f. (1), (2), and (3) bonds) and LiSi.1 (cf. (7), (8)
and (9) bonds) are quite similar to each other, with bonds in
LiSi.1 containing higher occupation numbers (ONs). T*
contains one 9c-2e ¢ bond (5) and three 10c-2e ¢ bonds (6),
indicating that T* possesses eight delocalized o electrons. Upon
the addition of four o electrons to T, the resulting LiSi.1
structure did not contain 12 delocalized o electrons as might be
expected, but instead only six delocalized (11c-2e) ¢ electrons
as indicated in bonds (11). The remaining six localized (3c-2¢) o
electrons of LiSi.1 formed three ¢ bonds as indicated in bonds
(10) (¢f: Fig. 7). This suggests that the addition of ¢ electrons to
T" induces a radical reorganization of its o electronic structure,
redistributing the delocalized and localized electrons. As
aresult, LiSi.1 exhibits fewer delocalized ¢ and more localized &
electrons, which is reflected in the change in aromatic character
observed in the B1B2B3B4B5B6 ring. The results of the AANDP
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indicated.

analysis of LiH.1 yield are internally consistent with those of
LiSi.1, demonstrating the isolobal relationship between these
two isomers.

The change in the behaviour of o electrons in going from T*
to LiSi.1 is remarkable. Therefore, analysis of the electron
localization function of ¢ electrons (ELF,) was carried out for
these two species to further elucidate this specific behaviour.
The ELF, for both T*, LiSi.1, and LiH.1 are presented in Fig. 8 at
different isosurface values, with red circles (with the label from
bif(a) to bif(h)) added to highlight the locations of bifurcations
corresponding to each isosurface value.

The determining bifurcation values for both T" and LiSi.1 are
all greater than 0.8, indicating a high degree of delocalization of
o electrons within these structures.*® The bifurcation observed
at the bif(a) positions reflects the electronic separation of either
the Si lone pair (in T* and LiSi.1) or the B-H 2c-2e bond (in
LiH.1) from the rest of the molecular domain. The bifurcation
observed at the bif(c) positions reflects delocalization in
peripheral regions. The bifurcations at other positions corre-
spond to a delocalization inside the structure. Except for the
bif(a) at the critical ELF = 0.63 in LiH.1, the other domains split
at critical ELF values above 0.8, indicating a high degree of

33850 | RSC Adv, 2025, 15, 33844-33853

electron delocalization. The highest bifurcation value of T is
0.91 at the bif(d) position. The bif(d) position corresponds to
the high degree of electron delocalization observed in the
delocalized bond (5), as revealed by the AANDP analysis of T*
(Fig. 7).

A similar delocalization bond (5) is not present in LiSi.1;
instead, it is replaced by three localized 3c-2e bonds (bond (10)
in Fig. 7), indicating a reduction to a lower critical ELF value of
0.85 at bif(f) of LiSi.1. This transformation also leads to the
formation of three localized 3c-2e basins associated with the
B1B2B7, B3B4B7, and B5B6B7 triangles in the LiSi.1 and LiH.1
structures, resulting in a more uniform distribution of c-elec-
trons throughout the framework. This observation suggests that
excessive electron delocalization can reduce structural stability,
and the redistribution of electrons to lower aromatic character
can be an effective means of enhancing stability. Thus,
although the degree of ¢ aromaticity tends to reduce in going
from T" to LiSi.1 (and LiH.1), as reflected by a marginal reduc-
tion in the highest bifurcation value of ELF; from 0.91 to 0.89
(and 0.88), the structural stability increases.

To gain deeper insights into the bonding characteristics,
ETS-NOCV analysis was carried out for LiSi.1 using the [Liz]**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and [B,Siz]>” fragmentation scheme, based on the natural
atomic charges from the NBO analysis, as illustrated in Fig. 3.
The results, as summarized in Table 2, reveal that the interac-
tion is strongly dominated by the electrostatic attraction
(AE¢jstac = —704 keal mol ), consistent with the large opposite
charges of the fragments. In addition, a substantial orbital
contribution (AE,y, = —185 keal mol ™) indicates significant
orbital overlap and charge-transfer effects, highlighting that the
bonding is not purely ionic but involves a noticeable degree of
covalency. The Pauli repulsion 1is relatively small
(+76 kecal mol ') compared to the attractive terms, and disper-
sion plays only a minor stabilizing role (—10 kcal mol™%).
Overall, the total interaction energy (AEi,, = —823 kcal mol ")
points to an exceptionally strong and stable bonding situation
that combines predominant ionic character with appreciable
covalent stabilization. The first five deformation densities and
the corresponding eigenvalues and energetic contributions for
LiSi.1 are depicted in Fig. S6 (SI). Among them, the first three o-
type channels exhibit very large eigenvalues (~0.92 e) with

Table 2 Results of EDA (B3LYP-D3(BJ)/def2-QZVP) for LiSi.1 with
[Lis]** + [B,Sis]®~ as fragments. Energy values are in kcal mol™

AEint AEorb AEelstat AEPauIi AEdisp

—822.7 —184.9 —704.4 76.1 —10.4

© 2025 The Author(s). Published by the Royal Society of Chemistry

a combined stabilization energy of —308 kcal mol ™", indicating
that o interactions dominate the bonding. The deformation
density plots (Aps) reveal charge depletion (red) near the Li
centers and charge accumulation (blue) in the vicinity of Si,
consistent with a pronounced ¢ back-donation from the Li
atoms directly into the orbitals of Si. In contrast, the two T-type
channels have smaller eigenvalues (~0.24 e) and minor ener-
getic contributions (~6-7 kecal mol™"' each), suggesting only
a secondary role in the overall interaction. These results clearly
demonstrate that the [Li;-B,Si;] bonding is primarily governed
by strong electrostatic attraction, complemented by significant
o back-donation, while 7 contributions remain negligible.
Importantly, this finding is consistent with the above conclu-
sion regarding the attenuation of ¢ aromaticity, which in turn
enhances the overall stability of LiSi.1.

The potential energy profile of LiSi.1 at 300 K (Fig. 9) exhibits
stable fluctuations around a constant mean value without
significant drifts or abrupt changes, confirming that the planar
structure remains dynamically robust throughout the 20 ps
AIMD trajectory. In addition, AIMD trajectory analyses from
both top and side views (see SI: file Li3B7Si3.mp4) clearly reveal
that the Li atoms exhibit small oscillatory excursions above and
below the boron plane, but no net out-of-plane migration was
observed; the oscillations are reversible and the Li atoms
returned to their equilibrium positions throughout the 20 ps
simulation.
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4. Concluding remarks

In the present theoretical study, we first conducted a structural
isomer search to identify the stable configurations of the
B,Si;"”>7®~ in five charge states, Li;B,Si; and Li;BoH;
clusters. While the survey revealed that the most stable isomer
of B,Si;" has a ribbon-type shape, our study focuses on the T*
isomer of B,Si;", whose star shape exhibits properties contrary
to conventional expectations. Specifically, this T" cationic
isomer contains a double aromaticity but turns out to be an
unstable structure.

Given that the LUMO of the T" isomer is a doubly degenerate
o MO, the addition of four electrons is considered an effective
approach to stabilize this star form. Incremental electron
addition was carried out up to the trianionic charge state, and
the relative energy between 17 and the lowest-lying isomer of
B,Si;? was found to consistently decrease in going to the di-
anion T~ and the trianion T%".

A second strategy for stabilization involves the replacement
of the polyanionic charges by introducing lithium atoms that
are capable of donating electrons while reducing the overall
negative charge. This approach leads to the ternary Li;B,Si3
cluster whose global energy minimum remains planar, given
that the T* form is originally less stable than the lowest-energy
isomer B,Siz*.1 by as much as 40 kcal mol .

In employing five analytical methods, namely the ring
current map, bond current strength (BCS), AANDP, ELF, and
ETS-NOCYV, the origin of the enhanced stability resulting from
the addition of ¢ electrons was determined. The ring current
maps point out that the LiSi.1 species retains a double (o + )
aromaticity, similar to that of T". However, a key difference is
observed: in T", the ¢ aromaticity is predominant over the 7
aromaticity, while in LiSi.1, the 7t aromaticity is enhanced while
the o aromaticity is reduced, approaching a BCS balance
between both sets of ¢ and 7 electrons, as seen in benzene.

The AANDP analysis indicates that the T" form possesses
four delocalized o bonds, a feature that contributes to its
instability. Although the electronic structure of LiSi.1 arises

33852 | RSC Adv, 2025, 15, 33844-33853
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from the addition of four ¢ electrons to the doubly degenerate
LUMO of T, the AANDP results show that LiSi.1 features only
three delocalized ¢ MOs, consistent with the stability expected
from Hiickel's counting rule. This suggests that the resulting
structure not only gains electrons but also undergoes a reorga-
nization of its ¢ electron framework. Subsequent ELF,; analysis
is consistent with all other analytical methods, indicating that
a reduction in o electron delocalization contributes to an
enhanced structural stability.

The 20 ps AIMD simulations at 300 K demonstrate that LiSi.1
retains a dynamically robust planar structure, with Li atoms
exhibiting only small reversible oscillations above and below
the boron plane without any net out-of-plane migration.
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