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ARTICLE INFO ABSTRACT

Keywords: Lead anion clusters, as examples of Zintl anions, have captivated researchers due to their intriguing structures
Lead and unexpected stoichiometries. Despite extensive experimental and theoretical investigations, the under-
AdNDP

: . standing of the chemical bonding in these clusters remains incomplete and subject to interpretation. In this study,
Zintl anions we focused on several widely studied homoatomic and heteroatomic lead anionic clusters and employed the
Adaptive Natural Density Partitioning (AdNDP) algorithm to decipher their bonding patterns. Our aim was to

provide chemically intuitive descriptions of the bonding in these clusters. Our findings reveal the presence of

Bonding analysis
Aromaticity

multiple delocalized bonds in most of the studied lead clusters. Remarkably, these bonding patterns exhibit
characteristics of aromatic compounds. This work represents a step towards a more comprehensive under-
standing of the bonding in lead anion clusters. By shedding light on their chemical bonding patterns, we hope to
inspire further research in the design and synthesis of novel lead homoatomic and heteroatomic Zintl clusters,

fostering advancements in their properties and potential applications.

1. Introduction

Metallic polyanion clusters have been the subject of extensive
theoretical and experimental investigations for over a century [1].
Among them, the most remarkable and famous species are Zintl anions,
including those of formulae [Eio]*~, [E, J*- [Es]*- and many others,
where E is silicon, germanium, tin, and lead for Group 14. The first
known Zintl anion, NaPb, was obtained in 1891 and later found to
contain Pb§ anion [2-4]. These clusters predominantly consist of heavy
p-elements and exhibit non-classical multi-center bonds; thus, their
bonding patterns are quite remarkable since the properties of atomic
clusters lie between those of single atoms and the bulk.

Lead, being the heaviest stable element in Group 14, demonstrates
rich and varied experimentally investigated cluster chemistry. The
smallest found cluster is [Pb,]* [4]; also, it includes [Pbs]** [5], [Pbe]*
[6], and [Pbyo]* [7] as examples of homoatomic clusters, [Pby-Cd-Cd-

Pbo]%, [8] [Ni@Pbio]* [9], [Cu@Pbs]* [10] and many others [11] as

representatives of heteroatomic lead clusters. The synthesis and com-
mon properties of these lead clusters are extensively described in various
sources [11-15]; moreover, the structures of most clusters are often
well-confirmed by the predictions of Wade’srules [11,14,16]. However,
there is still a lack of understanding of chemical bonding in such species.

In this study, we applied the Adaptive Natural Density Partitioning

(AdANDP) method [17] to investigate the bonding patterns of lead
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clusters. Traditional analyses based on canonical molecular orbitals
often fail to provide accurate results for these structures due to the
presence of aromatic, non-aromatic, and non-bonding patterns within
the same orbital. The AANDP method overcomes this limitation by
identifying Lewis’s bonding elements, including Ic-2e lone pairs and 2c-
2e classical bonds, as well as non-classical multi-center (delocalized)
bonds known as mn-2e bonds, where m > 3. This approach was earlier
applied to decipher the chemical bonding patterns of molecules [18—
20], Aluminum clusters [21,22], Germanium clusters [24,25], and
many others [23.,26-30]. The concept of aromaticity apart from classical
treatment for organic molecules [31,32] can be also successfully applied
to inorganic structures, for example, Boron cluster [33,34], metal clus-
ters [35-38], metalbenzene [39], etc. This description includes both -
and c-aromaticity. The AANDP method allows to introduce the concepts
of aromaticity naturally. In this work, we utilize the AANDP method to
explore and describe the aromaticity in the lead anionic clusters.

2. Theoretical method

For geometry optimization we chose two DFT functionals - Tao-
Perdew-Staroverov-Scuseria (TPSSh) [40] and Perdew—Burke-Ernzer-
hof (PBEO) [41]. TPSSh was selected for its balance of speed and accu-
racy, while PBEO is a commonly used functional for DFT calculations of
main group elements. For all calculations we used def2-TZVPPD basis
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set [42-44] in conjunction with the scalar-relativistic effective core

potential def2-ECP [42] using ORCA 5.03 software [45,46]. The fre-

quency calculations were performed at the same level of theory, none of
the clusters except [Pby]* (Csy) have imaginary frequencies. The singlet

state was considered for all investigated structures, while choosing

triplet state leads to reduction of symmetry for most stoichiometries and

significant increase in energy. Chemical bonding patterns were analyzed

using the AANDP algorithm [17] as implemented in AANDP 2.0 code

written by Tkachenko [47]. This method is based on the concept of an

electron pair as the main bonding element; the algorithm involves to the

partitioning of the electron density into elements with the lowest

symmetry-appropriate number of atomic centers per electron pair,

which allows us to represent an electronic structure as n-center two-

electron bonds (nc-2e, n is a number of atoms participating in the bond)
in the RHF formalism and n-center one-electron bonds in the UHF

formalism. The density matrices were obtained at TPSSh/def2-TZVPPD

level of theory.

It’s important to emphasize that studied multiply charged lead an-
ions are predominantly identified in the solid phased or solutions in the
presence of counter cations. They are not stable on their own and pre-
sented calculations are a model used for bonding deciphering of isolated
lead clusters. The ChemCraft software was used for visualization of the
structures and AANDP orbitals [58].

3. Discussions
3.1. Homoatomic lead clusters

In this section, we discuss bonding pattern and structural features of
experimentally investigated Pb polyanionic clusters, namely [Pb,]*,
[Pbs]*, [Pbs]*, [Pbio]*, and [Pb,]*. All structures were optimized at
PBE0/def2-TZVPPD and TPSSh/def2-TZVPPD levels of theory, XYZ co-
ordinates are presented in Tables S1 and S2 (SI). We found no differ-
ences of any significance between structures obtained at the two level of
theory; we chose TPSSh geometries as a reference for this work.

3.1.1. [Pby*

We start with the analysis of [Pb,]*, the smallest polyanion cluster.
The optimized structure of the isolated cluster exhibits T, symmetry
(Fig. 1), which is consistent with the RbsPb, phase reported in ref. [48].

The 20 valence electrons can be localized into four 1c-2e lone pairs
with an occupancy number (ON) of 1.99¢ and six 2c-2e -bonds with
ON = 1.99e. Therefore, the bonding in this cluster consists solely of
classical bonding elements. Therefore, this cluster can be adequately
described in terms of classical bonding elements, and we classify it as a
classical structure. Interesting, that stability of this compound is possible

to explain in terms of the Hirsch rule of 3D aromaticity as discussed in

Four lc-2e lone pairs
ON=1.9%¢

[Pb,]* (T,)
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ref. [49,50].

3.1.2. [Pbs]?

The [Pbs]* cluster has been identified as a D3, trigonal bipyramidal
cluster in [Na([2.2.2]crypt)].Pbs phase [5]. The same motif was found
in the DFT calculations (Fig. 2). We found two alternative AANDP
bonding patterns. The 22 valence electron can be localized into five lc-
2e lone pairs with ON = 1.97e (not shown in the Figure), the remaining
12 electrons can be localized into either six 3c-2e bonds (Fig. 2C) with an
ON = 1.98¢ on each face of the bipyramid, or six 4c-2e bonds (Fig. 2D)
with ON = 1.99¢-1.97e, with three bonds located on each Pb, pyramidal
fragment. Anyway, both approaches introduce delocalized multi-center
bonds, i.e., we classify the structure as non-classical.

3.1.3. [Pbo]*

The [Pbo]* cluster demonstrates structural flexibility and can adopt
different geometries. Generally, the [Eq]* motifis observed for many
elements. For example, [Geo]* was found as a C,, structure (capped
antiprism) in the Cs,Geo phase [51], whereas [Sng]* was identified as
close to tricapped D3, symmetry trigonal prism in the [K([18]crown-
6)]:K-[Sno] phase [52]. [Pbs]*, the cluster of our interest, was investi-
gated as a C,, motif in the [K(18-crown-¢)]4[Pbe]*en*tol phase [53];
however, for the isolated species the C,, geometry has one imaginary
frequency, while the tricapped trigonal prism of D3, symmetry is found
to be a minimum on PES what contradicts the predictions of the Wade’s
rule. Thus, we decided to investigate both possible geometries for
[Pbo]*.

For the capped square antiprism (C, symmetry, Fig. 3) the 40
valence electrons can be localized into nine 1c-2e lone pairs with ON =
1.93, then the remaining 22 electrons form three aromatic areas in the
cluster. The base of Pbg antiprism has three 4c-2e ¢-bonds with ON =
1.98-1.68¢ (the first area), the Pbs cap has three 5c-2e 6-bonds with ON
= 1.99-1.94¢ (the second area), remaining electrons form five 8c-2e
o-bonds within the Pbs antiprism fragment (the thirds area).

In the tricapped trigonal prismatic structure (D35, Fig. 4) we localized
the 40 valence electrons into nine lc-2e lone pairs with ON = 1.96—
1.94e, two 3c-2e 6-bonds with ON = 1.96—1.94¢ located at both sides
of the trigonal prism, and nine 5c-2e 6-bonds, where three bonds
located on each Pbs cap. We classify these Pbs caps as three separate
c-aromatic fragments. Ref. [49] explores the stability of the D3, geom-
etry and attributes it to the presence of a double spherically aromatic
configuration in the valence-electron system. This configuration en-
compasses 32 G electrons (N, = 3) and 8 m electrons (N, = 1), satisfying
Hirsch’s 2(N + 1)? rule. The fulfillment of this rule contributes to the
enhanced stability observed in the D3, geometry.

Thus, both structures of C4, and D3, symmetry have multiple delo-
calized bonds Interesting, similar AJNDP patterns were found for

® iy
Six 2¢-2e o-bonds
ON=1.99¢

Fig. 1. A — Optimized geometry of [Pbs]* (T4) in two projections, B — AdNDP chemical bonding pattern.
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A,
Nt

[Pbs]* (D3y)

Six 3c-2e o-bonds
ON=1.98¢

saa
W

°
Pwa
Six 4c-2e o-bonds

ON=1.99-1.97e

Fig. 2. A — Optimized geometry of [Pbs]* (Ds;) in two projections, B and C — two alternative AANDP chemical bonding patterns.

A

Nine 1c-2e lone pairs
ON=1.93e

[Pby]* (Cy)

Three 4c-2e o-bonds Three 5c-2e o-bonds
ON=1.98-1.68¢

Five 8c-2e o-bonds

ON=1.99-1.94¢ ON=1.99-1.98¢

Fig. 3. A — Optimized geometry of [Pbo]* (C4) in two projections, B — AdNDP chemical bonding pattern.

Nine le-2e lone pairs
ON=1.96-1.94e

Two 3c-2e c-bonds
ON=1.94¢

[Pby]* (D)

Nine 5¢-2e o-bonds
ON=1.98-1.72e

Fig. 4. A — Optimized geometry of [Pbo]* (D34) in two projections, B — AdNDP chemical bonding pattern.

[Geg]* earlier [54].

3.1.4. [Pby?

[Pbo]* is quite a rare lead cluster. It was observed in the K([2.2.2]
crypt)].Pbio phase as a Dy, bicapped square antiprism [7]. We found
that this geometry pattern is also stable for an isolated cluster (Fig. 5).
This structure can be described as a further derivative of [Pby]*, so one
would expect a similar AUNDP bonding pattern.

We localized the 42 valence electrons into ten 1c-2e lone pairs with
ON = 1.96-1.94e; other found delocalized bonds resemble those of
[Pbe]*. Two opposite caps of Pbs possess six 5c-2e 6-bonds (the same
motif was found for the Pbs cap of [Pby]*), the remaining electrons form
five 8c-2¢ o-bonds within the Pbg antiprism how it was found for the
[Pbo]* cluster.
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Ten 1c-2e lone pairs
ON=1.96-1.94¢

[Pbyo]* (Cy)

v ®

Six 5¢-2e 6-bonds
ON=1.99-1.88¢

& B

Five 8c-2e c-bonds
ON=1.99-1.96e

Fig. 5. A — Optimized geometry of [Pb10]* (C) in two projections, B — AdNDP chemical bonding pattern.

3.1.5. [Pb;y)?

The [Pb,]* cluster, also known as plumbaspherene, was recently
discovered in gas phase through photoelectron spectroscopic (PES) ex-
periments [55]. It was found to possess a high symmetrical I, structure.
In the original paper the bonding was described in terms of bonds
delocalized between all twelve atoms. They are composed of p-orbitals,
what is based on the shape of canonical MO. The approach is natural and
rational. Nevertheless, we suggest an alternative AANDP bonding
pattern where we describe the cluster as a bicapped derivative of
pentagonal antiprism (Fig. 6). This approach was found to be quite
suitable for description of the [Pb¢]*, [Pby]* (C,) clusters, and some
heteroatomic lead clusters.

Using the AANDP method, we found twelve lc-2e lone-pairs with ON
= 1.94e; two Pbg caps located on opposite sides possess three 5c-2e
bonds with ON = 1.99-1.93¢; remaining electrons form seven 10c-2e
with ON = 1.99-1.92 eV within the pentagonal antiprism framework.
Regardless of the approach, delocalized orbitals should be introduced
for bonding description of plumbaspherene. As in the cases of [Pbo]*
(and [Pb;0]*) we found several aromatic fragments.

3.2. Heteroatomic lead clusters

According to AANDP analysis all studied clusters, starting from

[Pbs]*, exhibit non-classical delocalized bonds and can be classified as
aromatic compounds. It is important to note that the described bonding
patterns are not unique, and alternative bonding schemes may exist.
However, in this study, the aim was to provide a self-consistent
description of the structures using the AANDP approach. In addition to
the lead clusters discussed earlier, the current section also includes
several examples of heteroatomic lead clusters. These examples further
support the proposed approach and demonstrate its applicability to
various types of lead-containing compounds.

3.2.1. [Cu@Pby]’

A well-ordered [Cu@Pby]* cluster with D3, symmetry is observed in
the [K([2.2.2]crypt)]s[Cu@Pby](dmf), phase [10] and confirmed by
DEFT calculations (Fig. 7). Thus, we can describe this centered tricapped
trigonal prismatic structure as a derivative of the previously discussed
[Pbo]* cluster of D3, symmetry. According to the AANDP analysis, the
cluster has five lc-2e 3d lone pairs on the copper atom with ON =
1.92—1.98¢ (omitted from the Fig. 7) and nine 1c-2e lone pairs with ON
= 1.93-1.91¢ on lead atoms; both bases of the trigonal prism have two
3c-2e o-bonds with ON = 1.92e. The copper atom participates in nine 6¢-
2e bonds with ON = 1.98-1.92¢, three of which are located on each Pbs
cap. Thus, the found AANDP orbitals are very similar to those of [Pbo]*,
where the copper atom is naturally incorporated in the 5c-2e bonds of

A B

Twelve 1c-2e lone-pairs
ON=1.94e

Six 5¢-2e o-bonds
ON=1.99-1.93¢

[Pby,]1* (1)

Seven 10c-2e o-bonds
ON=1.99-1.92¢

Fig. 6. A — Optimized geometry of [Pb12]* (Is) in two projections, B — AdNDP chemical bonding pattern.
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ON=1.93-191e

Two 3¢-2e o-bonds
ON=1.92¢

[Cu@Pby[* (D)

Nine lc-2e lone pairs

Nine 6¢-2e o-bonds
ON=1.98-1.92¢

Fig. 7. A — Optimized geometry of [Cu@Pbo]* (Dsn)

each Pbs fragments. The AANDP analysis provides insights into the
bonding nature of the [Cu@Pby]* cluster and highlights its relationship
to the [Pbo]* cluster, with the incorporation of the copper atom into the
bonding framework. This analysis enhances our understanding of the
cluster’s electronic structure and bonding characteristics.

3.2.2. [Ni@Pb )’

The [Ni@Pb]* cluster of Dy, symmetry (according to the DFT
calculation, Fig. 8) is an example of endohedral clusters where one
nickel atom is incorporated into the center of [Pb,]* bicapped square
antiprism; the same geometry was observed in the [K([2.2.2]crypt)],[-
Ni@Pb,] phase [9]. Based on this structural similarity, we can expect to
find AANDP bonding pattern similar to that of [Pbyo]*.

We found five 1c-2e 3d lone pairs on the nickel atom (omitted from
Fig. 8) and ten lc-2e lone pairs on all lead atoms. Both Pbs cap fragments
possess six Sc-2e 6-bonds with ON = 1.98-1.84e. The remaining elec-
trons form five 9¢c-2e bonds of the Pbg antiprism with the incorporated
nickel atom with ON = 1.99-1.95¢. The influence of Ni atom from 5 to
20% in the 9c-2e orbitals, thus it is naturally included in the bonding
picture of the [Pbo]* cluster.

3.2.3. [Pby-Cd-Cd-Pby]°
The [Pby-Cd-Cd-Pby]® cluster with pseudo-D, symmetry was

in two projections, B — AdNDP chemical bonding pattern.

identified in the [K([2.2.2]crypt)]s[Pbyo-Cd-Cd-Pby](en), phase [8]. It
can be described as two PbyCd fragments conjugated to each other via
Cd-Cd bond. A similar structure was obtained via DFT (Fig. 9). The ideal
D.4 symmetry has one imaginary frequency leading to rotation of one
Pby group to rotate towards the second Pby group.

According to the AANDP analysis, there are eighteen lc-2e lone pairs
with ON = 1.95—-1.91¢ on each Pb atom, ten 1c-2e lone pairs with ON =
1.99¢ on both Cd atoms (all of them are omitted from the Fig. 9), and one
2c-2e Cd-Cd o-bond with ON = 1.92e. Other found delocilzed bonds are
similar to those of [Pb;o]*" and [Pbo]* clusters, i.e., six 5c-2e Pb-Pb-Pb-
Pb-Pb 6-bonds with ON = 1.99-1.92¢ located on two opposite Pbs caps
of [Pby-Cd-Cd-Pby]®; six 5c-2e Cd-Pb-Pb-Pb-Pb o-bonds with ON =
1.99-1.92¢ located on two PbsCd caps; the remaining electrons are
localized into ten 8c-2e with ON = 1.99-1.85¢ within both Pbg antiprism
fragments.

Indeed, the [Pby-Cd-Cd-Pby]® cluster exhibits dual aromaticity,
indicating the presence of two aromatic units within the cluster. This
feature is reminiscent of the original [Pby]* cluster with C,, symmetry.
The concept of dual aromaticity, where multiple aromatic units coexist
within a single molecular system, has been investigated in previous
studies, for example, in ref. [56]. This investigation contributes to our
broader understanding of aromaticity and its implications in various
chemical systems.

A B

Nine lc-2e lone pairs
ON=1.93-191e

[Ni@Pb,]* (D)

Six 5¢-2e o-bonds
ON=1.98-1.84¢

Five 9¢-2e o-bonds
ON=1.99-1.95¢

Fig. 8. A — Optimized geometry of [Ni@Pbio]> (D) in two projections, B — AdNDP chemical bonding pattern.
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A

ON=1.92e

L]
Six 5c-2e Pb-Pb-Pb-Pb-Pb o-bonds
ON=1.99-1.92¢

Six Sc-2¢ Pb-Pb-Pb-Pb-Cd o-bonds
ON=1.99-1.92¢

Ten 8c-2e o-bonds

ON=1.99-1.85¢

Fig. 9. A — Optimized geometry of [Pby-Cd-Cd-Pby]®, B — AdNDP chemical bonding pattern.

3.2.4. [Pb;:Rh]?

The [Pb,Rh]*, belonging to the [M@Pb,,]* (M = Co, Rh, Ir) series,
has been characterized in ref. [56,57]. For the isolated species we found
I, symmetry (Fig. 10) what allows to describe the structure as a heter-
oatomic derivative of the [Pb;,]* cluster.

We found AANDP bonds close to those of the [Pb;,]* cluster. Two
approaches were initially considered: delocalized 13c-2e bonds and the
description of the structure as a bicapped pentagonal antiprism. Both
approaches yielded bonding patterns that were similar to each other,
and the latter approach was chosen to maintain consistency with the
bonding analysis of lead Zintl anions in this study. We found twelve 1c-
2e lone pairs with ON = 1.91e on each Pb atom, five 1c-2e lone pairs
with ON = 1.87e on the Rh atom (omitted from the Fig. 10). Also, it
possesses six 5¢-2e 6-bonds with ON = 1.99-1.96¢ on two Pbs caps and
seven 11c-2e o-bonds with ON = 1.99e within the PbgRh centered
antiprism.

Indeed, the application of the AANDP algorithm has allowed for the
natural and consistent description of bonding patterns in selected
homoatomic lead clusters and their heteroatomic derivatives. By
employing this approach, similarities in the bonding patterns have been
identified, showcasing a structural evolution through the introduction of

similar delocalized bonds.
4. Conclusion remarks

We conducted an AANDP chemical bonding analysis on various
homoatomic and heteroatomic lead anionic clusters. Our analysis
revealed that all lead atoms in these structures retain their lone pairs,
resulting in bond formation primarily involving p-orbitals. The stability
of these clusters can be attributed to the presence of local -aromaticity,
which supports their overall structural integrity. Importantly, the
bonding patterns identified for homoatomic lead clusters were found to
be applicable in describing the bonding in heteroatomic lead clusters,
with the heteroatom naturally incorporated into the multi-center bonds.
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Twelve 1c-2e lone-pairs
ON=1.91e

\\\. ..’/
Q

Z

Six Se¢-2e o-bonds
ON=1.99-1.96e

[Rh@Pb,, ] (1)

Seven 11c-2e g-bonds
ON=1.99%¢

Fig. 10. A — Optimized geometry of [Rh@Pbi2]* (Is) in two projections, B — AdNDP chemical bonding pattern.
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