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Exploration of the potential energy surface in
mixed Zintl clusters applying an automatic Johnson
polyhedra generator: the case of arachno EgM,"*~
(E = Si, Ge, Sn; M = Sb, Bi)f

Rodrigo Baez-Grez, * Diego Inostroza,® Alejandro Vasquez-Espinal, & *©
Rafael Islas*® and Ricardo Pino-Rios*“®

A new algorithm called Automatic Johnson Cluster Generator (AJCG) is presented, which, as its name
indicates, allows the definition of the desired Johnson polyhedron to subsequently carry out all the
possible permutations between the atoms that form this polyhedron. This new algorithm allows the
exhaustive study of the structures' potential energy surface (PES). In addition, the AJCG algorithm is
helpful for the study of three-dimensional compounds such as boranes or Zintl clusters and their
structural derivatives with two or more different atoms. The automatic filling of vertices is particularly
useful in mixed compounds because of the possibility of taking into account all possible configurations
in the structure. As a test system, we investigated the arachno-type EsM,*~ (E = Si, Ge, Sn; M = Sb, Bi)
structure which has eight vertices and complies with Wade—Mingos rules. Initially, we defined
a bipyramidal structure (10 vertices), and filled the vertices with the atoms in all possible configurations.
Since the selected system has eight atoms, the two remaining vertices were filled with pseudo atoms to
complete the structure. After re-optimizing the initial population generated with AJCG, a large number
of isomers with energy below 10 kcal mol™ are identified. These results show that the most stable
isomers possess homonuclear M—M bonds, except SngBi>*~. Although the overall putative minima differ
at the PBEO-D3 and DLPNO-CCSD(T) levels, they are always competitive minima. In addition to using
high-precision methodologies to correctly study relative energies, applying solvent effects in highly
charged systems becomes mandatory. The aromatic character of these studied systems was
demonstrated qualitatively with two- and three-dimensional mapping and quantitatively by calculating
the value of the z-component of the induced magnetic field at the cage center, including scalar and
spin—orbit correction for relativistic effects. The compounds studied have a high degree of aromaticity,
which allows us to establish that despite structural modifications (i.e., from closo to arachno), the
aromaticity is preserved.

Introduction

Zintl clusters have been known for more than a century and
were named after the scientist who conducted the first
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systematic studies of these compounds in 1931, Eduard Zintl."
These polyanionic compounds formed by metals and/or
metalloids have gained significant interest due to their indus-
trial applications,” and as building blocks for the synthesis of
nanostructured materials.*® They can be formed by one or more
elements, so there is a wide variety of compounds with different
properties, which can be tuned depending on the
application.'**¢

An important characteristic of these compounds is that they
present geometric shapes similar to the Johnson polyhedra, i.e.,
we can find prisms, cubes, deltahedra, icosahedra, etc.'”*®
Additionally, their geometries resemble those of boranes, so
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their electronic structure also obeys the Wade-Mingos rules,***
according to which it is possible to have closo, nido, arachno and
hypho structures, depending on the number of missing vertices
of a reference deltahedron. Thus, for n atoms, a closo system is
an n-vertex deltahedron that has not lost any of its vertices and
has 4n + 2 valence electrons (VEs), a nido system is an n + 1-
vertex deltahedron with one missing vertex and 4n + 4 VEs, an
arachno system is an n + 2-vertex deltahedron with two missing
vertices and 4n + 6 VEs, a hypho system is an n + 3-vertex del-
tahedron with three missing vertices and 4n + 8 VEs.*»*

Of all these structures, 8-vertex arachno-shaped structures
are the least studied. However, interesting studies have been
published recently, such as those by Dehnen's group, which is
well known for the synthesis of Zintl clusters in solution.>*"** For
instance, in 2020 they published the synthesis and character-
ization of SnsSb;*>".*” The stability of this compound was
studied by applying the pseudo-element concept which allows
to establish that Zintl ions retain their structure after isoelec-
tronic substitution.””** In that work they also identified the
structures and energies of the local minima of the (Sn,Sb,_,)*
(x = 0-8) systems, from which we take Sn¢Sb,*~ as the initial
system to perform isoelectronic substitutions.””

Most of the theoretical studies of this type of systems are
limited to evaluate some properties of a specific system,***"
while there are relatively few reported studies in which
systematic studies involving the exhaustive exploration of the
potential energy surface (PES) of these systems are conducted
which allow to explain the relative stabilities between isomers
and contribute to develop the rules for the formation and
stabilization of these compounds.

In a recent paper, some of the authors of this work analyzed
the potential energy surface of [SngGe,Bi]>~ and [(SneGe,Bi),]* ™
through stochastic search algorithms based on cellular
automata,**> showing that PES analysis is complicated because
of the large variety of structural isomers with similar relative
energies, requiring not only exhaustive analysis in order to find
the putative global minimum but also high-precision calcula-
tions for the relative energies. In addition, that work highlights
the importance of including solvent effects for the stabilization
of these highly charged compounds.****

The evaluation of the potential energy surface is a very
demanding task that demands a lot of computational resources,
even more so if more than one element is involved. For this
reason, the present paper proposes a new algorithm which
allows the PES analysis of Zintl-type clusters with a reasonable
computational cost. For this, we have taken advantage of the
characteristic of these compounds to form Johnson polyhedra.
We have named this algorithm Automatic Johnson Cluster
Generator (AJCG) algorithm. This algorithm allows us to define
the desired polyhedron and subsequently performs all possible
combinations between the atoms that make up the polyhedron.
Additionally, it is possible to define pseudo-elements, to obtain
truncated compounds such as in the nido, arachno and hypho,
structures. A more detailed description of the characteristics of
the algorithm is given in the methods section.

As test systems we have explored the PES of EgM,* ™, where E
= Si, Ge, Sn and M = Sb, Bi, which comply with the design rules
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to be of eight-vertex arachno type. Additionally, the electronic
structure of these systems has been analyzed through DFT and
DLPNO-CCSD(T) methods in order to obtain accurate relative
stabilities. The article is divided into the following sections:
Section 2, shows the computational details of the AJCG algo-
rithm and the electronic structure methods applied. The next
section (3) shows the results and their respective analysis.
Section 4 summarizes the results with their respective conclu-
sions and finally, the references are shown in Section 5.

Computational methods

The exploration of the potential energy surface was carried out
in three stages: first, the generation of the initial population
using the AJCG algorithm, second, the geometric optimization
of the generated structures at a lower level of theory (small basis
set or pseudopotential) and third, the refinement of the
geometric structures of the lowest energy isomers within
a specific relative energy range at a higher level of theory.

Automatic Johnson Cluster Generator (AJCG) algorithm

The proposed algorithm automates the process of constructing
a N-vertex deltahedron by defining regular polygons from top to
bottom using different planes (floors) in a vertical construction
(see Fig. 1A and B). The user specifies the type of deltahedron by
defining the number of vertices of each regular polygon for each
floor and sets the bond distance. It is also possible to rotate the
rings by specifying a negative value of vertices. In a second step,
according to the chemical formula provided by the user, it
assigns an atom to each position (vertex). The program will
populate all the vertices of the deltahedron using the non-
recursive Heap algorithm,® thus delivering a list of all
possible combinations of the desired list of atoms.

Let us take as an example, a square gyroelongated bipyramid
which is the principal structure of study in this article. The
generation of this structure is done by the numbering: 1, 4, —4,
1 (see Fig. 1C). The first and last values represent the upper and
lower vertex of the deltahedron, respectively, while 4 is the value
to determine a regular 4-vertex polygon, ie. a square. The
negative sign in the third number (—4) is used to indicate that
the structure is rotated 0.5 times the internal angle of the
regular polygon, which allows to obtain a gyroelongated

Fig. 1 Schematic representarion of the formation of the initial struc-
tures by the AJCG algorithm. (A) Selection of regular polygons. (B)
Orientation of the polygons in each floor. (C) Resulting deltahedra
according to the (1, 3, 3, 1), (1, 4, —4, 1) and (5, 5) configurations,
respectively

© 2023 The Author(s). Published by the Royal Society of Chemistry
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shape
distances
height = 1

chemical formula

Fig. 2 Input for the generation of atomic structures and inputs for
calculation using the Automatic Johnson Cluster Generator Algorithm.

structure. The distances parameter represents the distance
between vertices of the regular polygon and height indicates the
vertical distance between each floor forming the structure.

Both values were set at 1.5 A as it is a value that avoids
possible deformation and ensures that the structure will
maintain their shape. At the expense of the possible associated
computational cost.

Once the shape of the structure is defined, the molecular
formula given in the input will be used to fill the vertex posi-
tions. For example, the string “Ge 6 Bi 2” in the input tells the
program to use six and two atoms of germanium and bismuth,
respectively, and when noticing the two missing atoms (since
we have defined a 10-vertex deltahedron) for the bipyramid to be
complete, it will fill the missing spaces with pseudoelements
(ghost atoms) and proceed to build the different conformations.
Fig. 2 shows the program input for the GegBi,*~ search.

DFT optimization

Once the data is entered, the program starts the filling process
generating a XYZ file with all the possible permutations with the
corresponding input files to perform the calculations. For the
latter, it is required to add the RAM, the number of cores to be
used and the level of theory. Currently the program is interfaced
with Gaussian,** however, work is currently underway to allow it
to be used in conjunction with other electronic structure
programs such as Orca, QChem, among others.

A total of 1260 structures for each combination for a total of
7560 structures were generated, which were then optimized.
This high number of generated structures ensures an exhaus-
tive exploration of the potential energy surface for this type of
systems. The first round of geometric optimizations was carried
out with the PBEO functional®® in conjunction with the Stutt-
gart-Dresden pseudopotentials (PBE0/SDD).*** It has been
previously shown that the addition of solvent is crucial for the
stability of these systems,** so the PCM solvent model was also
used.*® Subsequently, the structures of the lowest energy
isomers within a range of 10 kcal mol " were then re-minimized
at the PBE0-D3 (ref. *°)/def2-TZVP* level and verified to be
a local minimum in the PES through vibrational frequency
analysis. Both the Stuttgart and def2-TZVP pseudopotentials
take into account scalar relativistic effects.*®*”*® Finally, single
point energy calculations were carried out using the DLPNO-
CCSD(T) method**** with complete basis set extrapolation***
as implemented in the Orca program.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Aromaticity analysis

To better understand the stability of the global minima found,
an analysis of their magnetic response have been carried out to
determine if there is an aromatic behavior. The z-component of
the induced magnetic field (BI9)** obtained from the
magnetic shielding tensors, were computed using the gauge-
independent atomic orbital (GIAO) method.*®* These calcula-
tions were performed using the NICSall program,* which is
interfaced with Gaussian.*® In addition, two- and three-
dimensional induced magnetic field plots have been obtained,
which were generated using VisIt 3.0.2.%° It is known that the
existence of long-range zones corresponds to a diatropic
response characteristic of aromatic systems. For aromaticity
quantification, point values of B in the center of the cage have
been obtained to complement qualitative results. Relativistic
effects have been considered by applying ZORA-scalar and spin-
orbit corrections using the ADF program®' and the previously
optimized geometries.

Results and discussion

Fig. 3a shows the structure generated with the AJCG algorithm,
which is a gyroelongated bipyramid, the red dots indicate the
missing atoms. The putative global minima (pGM) found for the
EeM,*” systems are shown in Fig. 3b which shows that in all
cases except for SngBi,*” the pGM has a M-M bond. The local
minimum of SngBi,*~ containing a Bi-Bi bond is found at
0.92 kcal mol™* at the DLPNO-CCSD(T) level including extrap-
olation to complete basis set and solvent effects, noting that this
structure is not the closest local minimum to the pGM. The
closest structure is found at 0.1 kcal mol " and it is also worth
mentioning that there is a total of five isomers within a range of
2 keal mol . The application of refined methods for obtaining
relative energies that include complete basis set extrapolation
and solvent effects are necessary in this type of systems since
the potential energy surface is quite flat, thus, there are many
local minima close in energy. While the closest structures in
energy have the same shape as the pGM, there are structures

0.00 1.66
0.00

0.00
0.00

0.00
0.00

0.04
0.00

Fig. 3 (a) Complete deltahedron showing the numbering scheme of
the positions of the atoms (in black) in the systems under study and in
red the vertices that do not have atoms. (b) Minimum energy structures
found by the searches, energies in kcal mol~* considering PCM solvent
in both cases (above DFT energy, below in bold DLPNO-CCSD(T)).
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below 10 keal mol " that have an antiprism shape. SigSb,*~ has
six antiprism structures in the same range above the pGM while
GegSb,* ™, as well as SngBi,", has five isomers in this range. The
rest of the systems have at least one antiprismatic isomer.

On the other hand, searches have also been carried out in the
triplet state. The results show similar structures to those of the
local minimum in the singlet state, in fact, in many cases the
lowest energy triplet has the same configuration of the pGM,
however, these lowest triplet structures are at least above
14 kecal mol ™' with respect to the pGM. The antiprismatic
structures in the triplet state are in all cases above 19 kcal mol *
with respect to pGM. The isomers in the range of 10 kcal mol !
for the singlet state and in the range of 30 kcal mol~* for the
triplet state are shown in the ESLt

All pGM and their corresponding isomers comply with the
Wade-Mingos electron counting rules for arachno-type struc-
tures (4n + 6, n = 8). From this we can infer that their behavior is
similar to that of boranes, in agreement with the results of Sola
and co-workers.* Aromaticity in boranes is strong enough to
persist, which means that, even though their systems lose BH
units, aromaticity is preserved, as long as the Wade-Mingos

—43.11
—43.49
—43.12

Si Sh,*

—44.29
—45.05
-42.76

SigBi,*

—43.35
—45.80
—42.81

Ge,Sb,*
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GegBi,*-
o2 43.68

—35.73
-34.59

SngSh,+ -33.64

B+
R
“
“

-38.87
-37.94
-36.22

SngBi,*

-‘*0###

3

Fig. 4 Isosurface and contour plot for BN and the external field
(NICS,,). The isosurface value is set to £3.0 ppm. Blue: long range
shielding regions; red: deshielding regions. Bi™ values at the cage
center are reported at the PBEQ/def2-TZVP, PBEO-ZORA/TZ2P (italic)
and PBEO-SO/TZ2P (bold) levels.
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rules continue to be fulfilled. For this reason, we have studied
the aromaticity of these structures to assess the extrapolation of
the proposal of Sola and co-workers to Zintl-type systems.

Aromaticity studies have been carried out using the
magnetic criterion, which has been widely used to describe the
aromatic character of Zintl-type clusters.’®** Additionally, this
criterion has been selected because it does not use reference
systems like other methods and has well established criteria to
designate whether a system is aromatic, anti-aromatic or non-
aromatic. Two- and three-dimensional mappings of the z-
component of the induced magnetic field have been plotted
and are shown in Fig. 4. For aromatic systems it is possible to
observe long-range negative zones, which are related to dia-
tropicity and therefore aromaticity, while long-range positive
zones indicate anti-aromaticity. Systems with no long-range
zones (either diatropic or paratropic) are considered non-
aromatic systems.

Fig. 4 shows the two- and three-dimensional B"? maps where
it is possible to observe long-range diatropic zones around the
whole cage, characteristic of an aromatic behavior. The
Bi" value at the center of the cage has also been calculated at
the PBEO-def2-TZVP level where the scalar relativistic effects are
taken into account through pseudopotentials. Additionally,
relativistic corrections have been obtained at the PBEO-ZORA/
TZ2P and PBEO0-SO/TZ2P levels. The results show negative
values in agreement with the qualitatively observed aromatic
character. The results shown indicate that aromaticity is rele-
vant in the stability of these clusters. It is necessary to mention
that the relativistic corrections are not important in these
systems since the values are similar.

The results show a similar behavior to that recently reported
by Sola and coworkers.?® They showed that aromaticity in closo-
boranes was strong enough to maintain its structure despite
radical changes such as the extraction of a BH-unit and trans-
formation into a nido-borane. To complement the results ob-
tained by Sola and coworkers we have carried out calculations of
B maps (see Fig. S1 in ESI{) for B;oH;0>~ which would be the
closo analogue of the systems studied in this work. The results
show that this system present long-range zones consistent with
an aromatic character and that upon removal of a BH-unit to
obtain nido BoHo" ™, the aromaticity is preserved. However, upon
further removal of a second BH-unit to obtain the arachno form,
the aromaticity is completely lost, and the structure is
deformed. As shown, this is not the case for the arachno struc-
tures presented in this work, so it is possible to conclude that
the aromaticity in the Zintl clusters resists more dramatic
structural changes than boranes.

Conclusions

The “Automatic Johnson Cluster Generator” algorithm has been
introduced for an exhaustive study of the potential energy
surface of mixed structures starting from the construction of
a structure with a number of defined vertices and the filling of
the positions with the number of atoms that the system under
study possesses. This algorithm automatically detects when the
number of atoms is less than the number of vertices and fills the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spaces with “pseudo atoms” in order to complete the structure.
This process is very useful for the study of structures of the
borane type or Zintl clusters. As a test system we have used the
EeM,*~ (E = Si, Ge, Sn; M = Sn, Bi) which has an arachno-type
structure according to the Wade-Mingos notation.

A large initial population is generated where all possible
permutations of the atoms that compose the structure have
been taken into account. Although a large initial population
may compromise the computational cost, the number of
isomers found in the range of 10 kcal mol " is worth it. Addi-
tionally, the use of pseudopotentials in the initial optimizations
considerably reduces this potential problem, allowing us to
obtain reasonable geometries as well as a good treatment of
relativistic effects. On the other hand, the results show that in
almost all cases, the most stable isomers of EgM,*~ possess
homonuclear M-M bonds, the only exception being SneBi,* .
Additionally, the AJCG algorithm allows finding a large number
of isomers below 10 kcal mol ™", by the simple fact of generating
all possible permutations, this is especially useful for the case of
systems containing two or more different atoms.

It has been shown that the use of methodologies for the
precise calculation of energies is necessary for a correct study of
the relative energies of the isomers found. It has been shown
that the global putative minima at the DFT and DLPNO-
CCSD(T) levels differ, although they are always competitive
minima that do not exceed 3 kcal mol™" between them. In
addition to the use of high precision methodologies, it is also
necessary to take into account the effect of the solvent for the
stabilization of the isomers studied. The application of solvent
effects in highly charged systems is mandatory.

It has been demonstrated through mappings and point
calculations of the zeta component of the induced magnetic
field that the studied systems possess a high degree of aroma-
ticity. On the one hand, the two- and three-dimensional
mappings show the long-range cones characteristic of
aromatic systems, as well as very negative B! values in the
center of the cage. Calculations including scalar and spin-orbit
corrections for relativistic effects show that for these systems
these effects are of little relevance. Finally, we have extended to
Zintl clusters what was previously reported by Sola and
coworkers on the preservation of aromaticity in boranes upon
structural modifications. These results allow us to conclude that
aromaticity in Zintl clusters is more persistent to give up than in
the case of boranes.

Data availability

Source code of the Automatic Johnson Cluster Generator (AJCG)
algorithm can be found and downloaded from the following url:
https://github.com/Rufox/Automatic-Johnson-Cluster-General-
Algorithm.
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