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Abstract: When (4n +2) π-electrons are located in single
planar ring, it conventionally qualifies as aromatic.
According Hückel’s rule, systems possessing ten π-
electrons should be aromatic. Herein we report a series
of D5h Li6E5Li6 sandwich structures, representing the
first global minima featuring ten π-electrons E5

10� ring
(E=Si� Pb). However, these π-electrons localize as five
π-lone-pairs rather than delocalized orbitals. The high
symmetry structure achieved is a direct consequence of
σ-aromaticity, particularly favored in elements from Si
to Pb, resulting in a pronounced diatropic ring current
flow that contributes to the enhanced stability of these
systems.

Introduction

The concept of aromaticity, initially confined to organic
chemistry, has undergone expansion with the integration of
quantum mechanics and innovative experimental
approaches.[1] A significant breakthrough occurred in 2001
with the proposal of all-metal aromaticity,[2] which has since
played an invaluable role in understanding the structural
and bonding characteristics of various metallic[3] and non-
metallic clusters.[1b,4] Particularly, this concept has been
relevant in the context of boron clusters, shedding light on
their planarity and stability.[5]

In addition to π-aromaticity, it has been proposed that
electrons in σ-, δ-, or φ-orbitals can also undergo delocaliza-
tion, resulting in various forms of aromaticity (σ-, δ-, or φ-
aromaticity). Furthermore, it has been postulated that these
modes of aromaticity may coexist with similar contributions,
giving rise to scenarios of multiple or conflicting
aromaticity.[3,6] Despite the growing body of literature on
this topic, these concepts still face scrutiny and skepticism
within the scientific community.[7] Specifically, σ-aromaticity
was introduced by Dewar to elucidate the anomalous
magnetic properties of cyclopropane.[8] However, several
groups have suggested that cyclopropane should not be
classified as σ-aromatic, given its subtle stabilization energy
relative to propane.[9] Nevertheless, this concept remains
integral to modern chemistry, particularly in explaining why
specific highly symmetrical isomers exhibit greater stability
than others.[10]

In the realm of tetrel chemistry (compounds of 14 group
elements), the pentagonal ring E5

6� (where E=Si, Sn, and
Pb) shares structural and isoelectronic similarities with the
cyclopentadienyl anion (D5h C5H5

� ).[11] This ring has been
identified in several compounds. These include Zintl phases
like Li12Si7,

[12] Na8BaPb6, Na8BaSn6, Na8EuSn6,
[13]

Li9@xEuSn6+x, Li9-xCaSn6+x, Li5Ca7Sn11, and Li6Eu5Sn9.
[14]

This E5
6� moiety, comprising 26 valence electrons distrib-

uted among five σ-lone pairs, five E� E σ-bonds, and three
delocalized π-bonds, satisfies Hückel’s rule of aromaticity.
However, the non-solubility of certain Zintl phases poses
challenges in isolating these intriguing entities.[14] Some of us
theoretically reported these rings in the D5h� M7E5

+

(E=C� Pb and M=Li� Cs) structures.[11b,15] D5h Si5
6� has

been recognized as a suitable building block for larger
clusters like (Li6Si5)2–5 systems.

[16]

Numerous strategies have been proposed to stabilize
aromatic hydrocarbons with ten π-electrons.[17] These
strategies often involve starting with six π-electrons rings,
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like benzene, and introducing four additional electrons
through doping. Another approach is ensuring that π-
electrons are not fully engaged in forming covalent bonds,
promoting electron delocalization, and preserving or
enhancing aromaticity. While these strategies apply to
rings like CnHn (where n=6–8), they do not favour n=5.
Consequently, the absence of reported structures accom-
modating a pentagonal tetrel ring with ten π-electrons
motivates us to search for such fascinating E5

10� rings that
are viable to be realized.

In this study, we introduce the D5h Li12E5 (with
E=Si� Pb) systems, revealing the first global minima con-
taining pentagons composed by tetrel atoms. These systems
embody a [Li6]

5+[E5]
10� [Li6]

5+ sandwich configuration, with
the E5 pentagon connected through five E� E σ-bonds and
accommodating five σ- and five π-lone-pairs. Despite
satisfying the Hückel 4n+2 rule for aromaticity (with ten
π-electrons), these electrons avoid forming delocalized
bonds. The high symmetry structure achieved is a direct
consequence of σ-aromaticity, particularly favored in ele-
ments from Si to Pb, resulting in a pronounced diatropic
ring current flow that contributes to the enhanced stability
of these systems.

Results and Discussion

Our exploration begins by juxtaposing star-shaped clusters
with D5h symmetry, namely Li7C5

+ and Li7Si5
+. Despite both

possessing six π-electrons, Li7Si5
+ displays also σ-aromatic-

ity, as confirmed by induced magnetic field analysis. These
results were validated by analyzing the ring current strength
passing through the Si5 or C5 ring bonds (using AIMAll[18] at
the PBE0[19]-D3(BJ)[20]/def2-TZVP[21] level). The σ- and π-
ring current strengths for Li7C5

+ (2.2 and 11.0 nA/T) and

Li7Si5
+ (9.8 and 11.2 nA/T) underscore the pronounced σ-

aromatic character of Li7Si5
+, a quality nearly absent in

Li7C5
+. This contrasts sharply with its organic counterpart,

C5H5
� , where the current strengths for the σ- (1.9 nA/T) and

π-components (13.1 nA/T) emphasize the dominance of the
latter (Figure S1). Consequently, we hypothesize that the
presence of σ-aromaticity in Li7Si5

+ and its absence in
Li7C5

+ may be attributed to the position of silicon in the
third period, which confers the capability to exceed the octet
rule, thus providing the possibility for bonding electrons to
delocalize. Under this assumption, the pentagonal rings E5

(E=Si� Pb) emerge as strong candidates to host ten π-
electrons.

Using AUTOMATON,[22] we systematically explored
the potential energy surfaces (PESs), in both singlet and
triplet states of Li12E5 combinations. Geometry optimiza-
tions were performed at the PBE0/SDDAll[23] level. The
candidates were reminimized at the PBE0-D3(BJ)/def2-
TZVP level. True minima were confirmed through fre-
quency analyses at the same level. The energy of the best
structures was further refined at the DLPNO-CCSD(T)[24]/
CBS[25]//PBE0-D3(BJ)/def2-TZVP level.

Low-lying energy isomers for the Li12E5 combinations
are depicted in Figures S2–S5, and the Cartesian coordinates
are collected in the Supporting Information. The D5h

sandwich-type structure (1) is the most energetically favored
among these. The second isomer varies based on the atom:
tetrahedral structure for Si, a E5 bent chain configuration for
Ge, and dissociated structures for E=Sn and Pb. The
relative energies between 1 and the closest energy isomer
are 15.8 (Si), 17.2 (Ge), 12.1 (Sn), and 11.6 (Pb) kcal/mol
(see Figures S2–S5).

Structure 1 comprises an E5 ring sandwiched between
two quasi-planar Li6 moieties, adopting inverted pentagonal
pyramid motifs (Figure 1). The E� E bond lengths exceed

Figure 1. Selected bond lengths in Å and different views of the global minimum sandwich isomer (1) of Li6E5Li6.
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the E� E referential single covalent bond lengths by 0.2 to
0.4 Å.[26] Among the Li atoms, three distinct Li� Li bond
lengths are discernible: the peripheral Li atoms are sepa-
rated by 3.2 Å, the distance between the peripheral Li and
the central Li is approximately 2.8 Å, and the separation
between the two central Li atoms is around 2.6 Å. The first
distance is larger than the latter two, which closely approach
the reference single Li� Li bond length of 2.66 Å.[26] The
Li� E bond lengths of �2.6 Å aligns with the reference Li� E
single bond length (2.49 for Si, 2.54 for Ge, 2.73 for Sn,
2.77 Å for Pb).[26]

The bond dissociation energy (BDE) for the process 1!
E5+2Li6 is remarkably high (270.9 (Si), 266.9 (Ge), 260.2
(Sn), 242.4 (Pb) kcal/mol), highlighting the stability of the
structure against fragmentation. To delve into the kinetic
stability of 1 against isomerization, we carried out Born-
Oppenheimer molecular dynamics (BOMD) simulations[27]

at 400 and 500 K using the PBE0-D3/def2-SVP[21a] level,
with a 0.5 fs step size over 10 ps. The consistently small
median root-mean-square deviation (RMSD) values (rang-
ing from 0.2 to 0.3 Å) across all trajectories (Figure S6)
indicate minimal structural perturbations or isomerization,
corroborating the kinetic stability of Li6E5Li6.

Lithium clusters typically stabilize through multicentric
bonds, such as 3c–2e or 4c–2e bonds. In contrast, our system
features Li atoms that predominantly act as Li+ ions,
contributing to the electrostatic stabilization of the
D5h� Si5

10� system. Natural population analysis indicates that
each peripheral lithium atom bears a charge of approx-
imately +0.8 e, while each central lithium carries a charge
close to +0.3 e. Conversely, the E atoms bear charges
around � 1.7 e (see Table S1). This leads us to describe the
complex as [Li6]

4.3+[E5]
8.6� [Li6]

4.3+ or, in an idealized form, as
[Li6]

5+[E5]
10� [Li6]

5+.
An adaptive natural density partitioning (AdNDP)[28]

analysis of 1, compared to the D5h Li7Si5
+ cluster provides

further insights. Li7Si5
+ has five lone pairs (one on each Si

atom), five 2c–2e peripheral Si� Si σ-bonds, and three

delocalized π-bonds residing on the Si5 ring, akin to the
cyclopentadienyl anion (Figure 2a). In contrast, 1 retains the
σ-bonding framework but accommodates ten π-electrons
occupying the five E(pz) orbitals as lone pairs. AdNDP
analysis confirms that the E5 pentagon in 1 is connected
exclusively through five 2c–2e E� E σ-bonds, consistent with
the Wiberg Bond Index (WBI) values[29] and expected
distances for a single E� E bond (Table S1). Moreover, a
12c–2e multicenter bond involving the two Li6 fragments
becomes apparent, delocalizing through the center of the E5

pentagon and corresponding to a WBI value close to 0.2
between the central Li atoms (Table S1).

The Electron Localization Function (ELF)[30] in
D5h Li12Si5 system (Figure 3b) also reveals regions associated
with lone pairs and bonding electrons. In a plane 0.8 Å
parallel to the E5 ring, lone pair regions intensify while the
bonding regions vanish, contrasting with Li7Si5

+ (where the
plane views and the integrated density values within the
basins are consistent with AdNDP analysis, Figure 3a). This
aligns with the absence of π-bonds in Li12Si5 and emphasizes
the presence of two lone pairs on each Si atom. In the
bottom of Figure 3, the integrated values in the basins show
populations of 1.36 e for the Si� Si bonds and ten basins,
each with a population of 2.31 e (for each pz-lobe). So, these
results support that the E5 pentagon is interconnected by ten
σ-bonds, hosting ten π-electrons located as lone pairs in their
respective pz orbitals.

AdNDP indicates the presence of a delocalized 12c-2e
bond involving twelve Li atoms, corresponding to the two
basins detected by ELF, each with a population of 0.71 e.
The recognition that this species is a biradicaloid by both
AdNDP and ELF is noteworthy, in agreement with the fact
that the stable wave function for these systems is derived
from an unrestricted calculation. Furthermore, the triplet
energies for 1 are higher by 15.9, 10.6, 17.8, and 18.1 kcal/
mol for Si, Ge, Sn, and Pb, respectively. See computational
details in the Supporting Information.

Figure 2. The AdNDP orbitals of a) Li7Si5
+ and b) Li6E5Li6 (E=Si/Ge/Sn/Pb).
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So, the bond analysis shows that each tetrel atom within
the E5 pentagonal ring satisfies the octet rule, encompassing
eight electrons—two from single E� E bonds and two from
lone pairs. However, the ten π-electrons resist participating
in covalent bonds, suggesting that the E5 rings, despite being
planar and symmetrical, lack π-aromatic character. To delve
further, we explored magnetic behavior, particularly the
magnetically induced current density.

Current density computations were conducted using the
GIMIC program[31] at the PBE0-D3(BJ)/def2-TZVP level,
with an external magnetic field perpendicular to the E5 ring.
The ring current strength was determined by integrating the
ring current flow in planes perpendicular to the molecular

planes. Note that the integration planes were selected to
separate contributions from each fragment, as outlined in
Figure 3a (with a height of 2 Å).

Let us focus on structure 1 of Li12Si5. Figure 4a shows an
isosurface of current density modulus, illustrating distinct
diatropic regions enveloping the Li6 and Si5 blocks. Bifurca-
tion regions aided in defining domains associated with each
molecular fragment. Figure 4b outlines the planes used to
plot vector representations of current densities. These vector
representations are further elucidated in Figure 4c, unveiling
clockwise diatropic ring currents at the Si5 and Li6 planes,
indicative of aromaticity. Importantly, this aromatic behav-
ior diminishes 1 Å above the plane, signifying its σ-nature.

Figure 3. Electron Localization Function for two distinct systems. (a) The top panel showcases the contours in the Si5 plane for the D5h� Li7Si5
+

system, while the bottom panel reveals its corresponding isosurfaces. (b) The upper and lower panels illustrate the contours in the Si5 plane and
the isosurfaces for the D5h� Li12Si5 system. Values correspond to integrated electron density over the corresponding basins.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2024, 63, e202317848 (4 of 7) © 2023 Wiley-VCH GmbH

 15213773, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202317848 by <

Shibboleth>
-m

em
ber@

beic.cl, W
iley O

nline L
ibrary on [11/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Figure 3d provides schematic representations of identified
ring current circuits and their strengths in nA/T (see
Figures S7–S9). The Si5 ring exhibits two concentric dia-
tropic ring currents with 8.9 and 5.4 nA/T strengths. Addi-
tionally, a paratropic ring current at the center has a
strength of � 1.5 nA/T. The net ring current strength is
12.8 nA/T. In contrast, the Li6 fragment displays a weak
diatropic ring current of 2.8 nA/T and a paratropic counter-
part of � 0.5 nA/T, resulting in a net ring current strength of
2.3 nA/T. This confirms the aromatic character of the Si5

10�

and Li6
5+ moieties, wherein the former displays strong

aromaticity compared to the latter, a trend evident when
compared with the net ring current strengths in C6H6 and
C5H5

� of 11.8 and 12.9 nA/T, respectively. Further verifica-
tion of the σ-nature of the ring current in Si5

10� was attained
through the evaluation of σ- and π-contributions in Si5

10�

(13.6 and 1.1 nA/T) and Li12
10+ (1.7 nA/T) (Figure S10). A

more detailed insight can be found in the supporting
material.

We also explored the PES of M12E5 combinations, where
E varies from Si to Pb, and M encompasses Na and K. In
most cases, the D5h form is a local minimum. An exception
occurs with K12Sn5 and K12Pb5, where the symmetrical
structures are transition states. Notably, the D5h-Na12Sn5
arrangement is only 0.8 kcal/mol above the global minimum
at a PBE0-D3(BJ)/def2-TZVP level (see Figure S11). These
findings highlight the pivotal role of lithium.

Conclusion

We have reported the global minima for Li12E5 (E=Si� Pb)
combination by comprehensively exploring the potential
energy surface. This exploration revealed unique sandwich-
type structures characterized by the presence of inverted
quasi-planar pentagonal pyramidal Li6

5+ units as the ’bread,’
encapsulating the pentagonal E5

10� ring as the ’filling.’ The
E5

10� ring accommodates ten π-electrons within the E(pz)
orbitals, while the σ-electrons are distributed in five lone

Figure 4. a) Signed modulus of the current density for 1 (E=Si, diatropic component in blue). b) Selected planes for vector plot current density.
c) Vector plots of the current density. d) The identified ring current circuits in the Si5 and Li6 fragments with their respective RCS values in nAT� 1.
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pairs and five single E� E bonds. Intriguingly, although the E
atoms satisfy the octet rule, our analysis of magnetic
behavior reveals a strong diatropic ring current response to
external magnetic fields, underlining pronounced σ-aromatic
character as a key stabilizing factor.
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