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Formation and stability of the Bsg boron cluster were investigated using a topological approach and the
disk aromaticity model. An extensive global energy minimum search for the Bsg system which was
carried out by means of the Mexican Enhanced Genetic Algorithm (MEGA) in conjunction with density
functional theory computations, confirms a quasi-planar structure as its energetically most stable
isomer. Such a structural motif is derived by applying a topological leapfrog operation to a By, form. Its
high thermodynamic stability can be explained by the disk aromaticity model in which the delocalization
of its & orbitals can be assigned to the levels of a particle in a circular box with the [(16)% (1n)* (18)* (1p)*
(26)? (19)* 2m* (28)* (n)* (29)* (10)%] electronic configuration. This © delocalization is confirmed by
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other delocalization indices. While the Bsg has a similar electron delocalization to that of the quasi-
planar Bsg, they have opposite magnetic ring current properties because of the symmetry selection rules
of their HOMO-LUMO electronic transitions. The n delocalization in the boron clusters is larger at long
distances as compared to carbon clusters at similar sizes, but such a trend is reversed at shorter
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rsc.li/pccp distances.

1. Introduction

The boron clusters form a rich and colorful family of nanoclusters
owing to the great diversity of their structural motifs, electronic
features and chemical bonding phenomena.’” Structures of the
pure boron clusters B, include the planar and quasi-planar forms,
bowl, tube, ribbon, cage, double layer, fullerene, bucky-ball,...
whose electronic structure and bonding do not always follow the
conventional rules and models.*” Different models have there-
fore been introduced to rationalize their diverging characteristics.
The aromaticity remains one of the most popular models
for characterizing planar compounds. While the structures of
small-sized planar and quasi-planar boron clusters*®™' can be
accounted for by the classical Hiickel rule for aromaticity, those of
the larger planar and quasi-planar species having a circular shape
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do not obey the 4N + 2 electron count but can be understood
through the disk aromaticity model,>**™** which provides us with
an effective interplay between the shape of some planar or quasi-
planar clusters and their high stability. For example, the disk
aromaticity was demonstrated to be the main contributor to the
thermodynamic stability of the planar Byg>~, Bis ™, Byo>, and Bs
clusters,® ™ as well as the bowl-shaped Bsy, Bss and By,
structures.'® Other aromaticity models have also been proposed
to explain the aromaticity character of the planar elongated
ribbon,”® or rectangular'®?° structures.

Concerning the stability and growth pattern of the pure B,
boron clusters, the current intensive studies point out that they
still are a mystery. Indeed, a planar or quasi-planar shape is
favored for the sizes up to n = 16 for cations, n = 19 for neutrals
and up to n = 27 for anion.">>"?> However, the neutral By,
fullerene emerges as an exception of the planar shape
tendency.>® Starting from the size of By, a double ring tube
connecting two B,, strings in an anti-prism manner is found as
the ground state of B,g, Bas, Bas and By clusters in the neutral
state." More particularly, B,," and B, exhibit each a triple ring
tubular shape in which their geometry is constructed by super-
posing three By and B;, strings in anti-prism fashion,
respectively.””* These sizes show that a tubular shape is also
an inherent structural motif of boron clusters beside the planar
one. The hollow cylinder model (HCM)”** has been proved to
be more suitable for rationalizing the aromaticity in tubular
shape. In growing further, both B,z and B,, turn out to have a
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cage-like structure rather than a planar or tubular shape empha-
sizing the unpredictability of boron cluster structures.’*”>*

Then the appearance of bowl-shaped boron clusters brought
in a surprise. Numerous studies demonstrated that the B,¢
Bso, Bas, Bas ™, Bas ™, Bys ', and B, clusters are, among others,
classified into a bowl-like class which contains either one
pentagonal or one hexagonal hole.”'****” B,, was however
shown to have a more stable double ring of two 16-strings.”®
The following sizes B3,  and B;g~ also exhibit bowl-shaped
structures but with two hexagonal holes.'” The appearance of
several bowl-shaped structures led to an assumption that these
small size boron clusters could be part of the boron sheets, and
some kinds of planar structure were predicted to be favored for
subsequent sizes. However, a number of cage-like or fullerene
structures have been found as the global energy minimum
isomers for the larger sizes including Bso', Byo, Bs1', Baz'y Bas,
and Bye.”"*° The Bys was predicted to be a cage with an
octagonal hole, but subsequent calculations showed that a
core-shell structure with four internal B atoms could be more
stable, in such a way that the global minimum of B, is not well
established yet. A double layer structural pattern was suggested
for B, with n from 48 to 72 atoms.>°3? Such a structure has
been corroborated with some experimental results in the case
of B,s .** The emergence of fullerene-like, core-shell and
double-layer seems to suggest that the behavior of boron
clusters could be similar to that of the isovalent aluminum
clusters at larger sizes.>*® Contrary to such an expectation, a
quasi-planar structure shown in Fig. 1 containing two hexago-
nal holes was found as the lowest-energy isomer for the Bs,
size.™

We demonstrated that the shape of the quasi-planar Bs,
displayed in Fig. 1 is actually produced from the topological
leapfrog principle.'* Starting from a By,>~ geometry which is
the smallest elongated boron cluster, application of the leap-
frog principle excellently reproduces a Bs, planar shape (Fig. 1).
Perhaps more importantly, the high thermodynamic stability of
Bs, can be rationalized in terms of the disk aromaticity model.
More recently the shape of a planar B,, cluster can also be
reproduced by applying the leapfrog operation, even it is not
the lowest-lying isomer, being less stable than the double ring
of two B, strings. Overall, it appears that the geometry of a
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Fig. 1 Shapes of the most stable Bso and Bsg boron clusters.
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boron cluster can be predicted from that of a smaller size, at
least for the planar forms. Concerning the following Bse size,
Li et al.®' suggested, using density functional theory computa-
tions, a quasi-planar Bse structure (A) as displayed in Fig. 1
which contains two hexagonal holes as its global energy mini-
mum, on the basis of six lowest-lying isomeric candidates. This
finding illustrates once more that the growth pattern of the
pure boron clusters is far from regular and not fully understood
yet. In this context, we set out to carefully identify the global
minimum structure of the Bs¢ cluster in carrying out. One the
one hand an extensive search using a genetic algorithm devel-
oped by us, and on the other hand a topological analyze of its
geometrical shape using the leapfrog principle which was
successful for predicting the Bs, structure. Subsequently, its
electronic structure and bonding pattern are analysed and its
aromatic character is probed using the magnetic ring current
computations. Let us mention that the stability and electronic
properties of By, and Bs, clusters are of current interest for
applications as sensors of different pollutant gases.*”*®

2. Methods and results

2.1 The global energy minimum structure of Bsg

The energetically most stable isomer of the Bse cluster has been
reported before,* but it is of crucial importance to confirm its
identity. In order to find this isomer, we use a genetic algorithm
code, the Mexican Enhanced Genetic Algorithm (MEGA),*°
which is implemented within the Vienna ab initio simulation
package (VASP)."*® Let us briefly mention the main operations.
Geometry optimizations utilize the PBE exchange and correlation
functional** which is known to provide good results for boron
clusters**** and a plane-wave basis set with an energy cut-off of
400 eV. In this search, the initial population (pool) consists
of structures which are randomly generated or suggested from
earlier studies. Once an initial pool has been reached, the MEGA
algorithm applies mate or mutation operations on the pool
structures to generate new structures and subsequently optimizes
them using the VASP program to selectively sample the complex
potential energy surface. Details of these operations have been
described in a previous work.*® For Bss, the mutations called
“move” (a slight random displacement of atoms) and ‘“rotate”
(rotation of a few atoms with respect to the rest around a random
axis) are employed. The new geometries generated consist of 80%
by the mate operator and 20% by the mutation operators.

The search for energy minimum using the MEGA genetic
algorithm is carried out with five different initial pools. While
the first pool is generated from scratch, the other four pools are
constructed on the basis of previous results of elemental
clusters having the same and smaller sizes. The search of the
lowest energy isomer for Bsq includes about seven thousands
different geometries using five initial pools.

Due to the use of plane-wave basis set which is not a perfect
approach for gas phase clusters, the structures obtained from
the MEGA search are subsequently re-optimized using the
hybrid TPSSh functional in conjunction with the 6-311+G(d)
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Fig. 2 Geometric shapes of the lowest-lying Bsg isomers obtained from geometry optimizations performed using TPSSh/6-311+G(d). Relative energies

are presented in eV with ZPE corrections.

basis set, followed by an analysis of their harmonic vibrational
frequencies at the same level. The identity of the isomers
remains unchanged upon re-optimization. Fig. 2 displays some
low-lying Bs¢ isomers. Accordingly, the isomer A (Fig. 1) is
identified as the lowest energy structure confirming a previous
report.>” It is clear that isomer A exhibits a quasi-planar form
with two hexagonal holes.

In order to further check the identity of the Bss lowest-lying
isomer, we carry out additional genetic searches. First, we perform
two sets of search beginning from scratch, and we find some good
candidates closed in energy to the lowest-energy isomer as a
pentagonal ring with four non-symmetrical holes C. This structure
is however the third lowest-energy isomer and at 26 kcal mol™*
(1.1 eV) higher in energy. Another three systems G, H and I
without symmetry and with cage-like structures are also found
and shown in Fig. 2. These structures are computed to be 53, 54,
and 55 kcal mol ™' (2.3, 2.4 and 2.4 eV) higher in energy,
respectively. Each of these structures possesses at least two
hexagonal holes; such a feature is likely due to the electron
deficiency of the boron atom.

For the search that begins using structures containing ring
structures as initial pool, we employ tri-, tetra- and penta-holes
that have been located as the lowest-energy isomers for smaller
systems, and also the pentagonal rings with four hexagonal
non-symmetrical holes. The MEGA genetic algorithm search
locates only one new geometry that is closer in energy than the
previous results of the search beginning from scratch. This is,
the pentagonal ring with four non-symmetrical holes D and
27 keal mol ™" (1.2 eV) higher in energy than the lowest-energy
isomer A, and the symmetry of this geometry is reduced to a C,
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point group. Some isomers having tetragonal ring structures
are also found but they are associated with low stability.

Another initial pool employed with the MEGA algorithm is
composed by core-shell structures such as in the B, size which
was claimed as its lowest-energy isomer.*® The structures
obtained within this series are not as stable as those of the
other family of candidates; the lowest isomer K of this pool lies
at 60 kcal mol™" (2.6 eV) higher in energy (Fig. 2), and this
structure has 3 boron atoms forming a triangular central core.

Finally, the initial pool of the last search consists in some
quasi-planar structures that have been found as the lowest
energy isomers for smaller boron clusters as Bze, Bsg, Bso and
other good candidates obtained previously. From this search,
the lowest energy isomer A is again confirmed. The two other
structures B and E are higher in energy by 26 and 32 kcal mol "
(1.1 and 1.4 eV), respectively. Both have similar shape, but the
two hexagonal holes in each structure are located at different
positions. The last quasi-planar structure J (Fig. 2) with three
holes but with one side larger than the lowest energy isomer
and with a bigger curvature is 59 keal mol™" (2.6 eV) higher in
energy.

2.2 A topological path from B,, leading to formation of Bs¢

In an attempt to understand where the quasi-planar structure A
comes from, we now apply a topological leapfrog process which
has successfully generated the stable isomers for carbon clusters
and boron cages.’*® In the case of the carbon fullerenes,*® the
leapfrog process includes the omni-capping and dual operations
whereas for the boron systems, an additional boron cap must
be applied due to the electron deficit of the boron atom.'*?°

This journal is © the Owner Societies 2022
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As stated above, the shape of the most stable quasi-planar Bs,
structure was correctly reproduced on the basis of a topological
operation from the smallest elongated B>~ cluster.**

Fig. 3 illustrates the formation of the quasi-planar Bse
structure following application of the leapfrog principle. Motivated
by the presence of two hexagonal holes of Bs, structure A (Fig. 1), a
structure where a joint of two B, global minima geometries is
selected as the starting point of the leapfrog process.

As shown in Fig. 3, the dual topological operation trans-
forms the initial structure (I) in a new geometry formed by ten
new hexagons surrounding the initial ones (II). The internal
boron atoms of the initial hexagons of new geometry (II) are
removed by the omni-capping [O] operation, whereas the other
hexagons remain capped. The resulting geometry of this opera-
tion is a Byg planar geometry, namely the structure (III), being
thus four times as large as the number of atoms of the parent
geometry B;,. In the carbon derivatives, the latter structure
obtained in such a way has empty corner spaces, but because
the boron is electron deficient, these corners must be filled by
additional atoms leading to structure (IV). Accordingly, eight
extra atoms need to be added, and as a result a Bs¢ structure
(V and VI) can finally be established. It should be mentioned
that the leapfrog operations can only lead to a strictly planar
shape. The quasi-planar form of the most stable isomer A
(Fig. 1) with a slight out-of-the-plan distortion comes from a
full geometry optimization.

2.3 Electronic structure of the quasi-planar Bss

The shape of the most stable Bs isomer can thus be predicted
by the topological leapfrog principle such as in the case of Bsy.
Therefore, it is expected that they share some similarities in
their electronic structure as well as in a predominant property.
According to a previous study, the high thermodynamic stability of
the quasi-planar B;, was rationalized by using the disk aromaticity
model involving the motion of a particle in a circular box."* In this
context, the electronic structure of the quasi-planar Bse, particu-
larly its © electrons, is now examined also using this model.

\/
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\VAVAVAY/
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Fig. 3 A topological leapfrog operation applied to By, leading to Bse: (1)
Bi> formed from two joint hexagons, (1) dual operation [O] and [D] applied
to the By, (Ill) the resulting Bag, (IV) B-capping operation, and (V) and (V1)
the resulting Bse.
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The formalism of the model of a particle moving in a
circular box has been given in much detail in previous
studies.’*™*® Briefly, the eigenstates and eigenvalues of a circular
disk depend on two quantum numbers including the principal
number 7 and the rotational number . The principal quantum
number has value of 0, 1, 2, 3,. .. whereas the rotational number [
has value 0, +1, +2, +3, +4, £5, +6,.. ., and the corresponding
eigenstates are denoted as o, , 9, ¢, v, 1, 6,.. .. The two values of
a number [ give rise to a degenerate state. Examination on
electronic structure of the quasi-planar Bse A (Fig. 4) shows that
its 19 m MOs are excellently produced by the model of a particle
moving in a circular box.

Fig. 4 displays the 8 n-MOs of Bs¢ including the LUMO.
Accordingly, both LUMO and HOMO are associated with the 10
level which is the degenerate eigenstates corresponding to the
quantum numbers n = 1 and [ = £6. The HOMO—-1 and
HOMO-2 are well presented by the degenerate 2¢ eigenstates
involving the numbers n = 2 and [/ = +4. On the basis of the
point group irreducible representations of HOMO—4 and
HOMO-6, they are associated with the 1n level of the model
having quantum numbers n = 1 and [ = £5. The HOMO—-9 and
HOMO-5 of Bse correspond to the 25 eigenstate of model with
n =2 and [ = £2. It should be noted that due to the presence of
two hexagonal holes, the 1n and 26 levels interchange with
each other. Another interesting result is the occupancy of the 10
molecular orbital where only one of the two degenerate orbitals
is occupied; the origin of such a phenomenon is a breaking of
the degeneracy due to the oval shape of the quasi-planar boron
structure.

While the 2r levels with n = 2 and [ = £1 are associated
with the HOMO—10, HOMO—13, the HOMO—15, HOMO—17
are represented by the 1y levels having n = 1 and [ = +4.
The HOMO-—23 corresponds to the 2c eigenstate of the model.
The HOMO-25 and HOMO-26 are excellently reproduced by the
1¢ eigenstates characterized by n = 1 and / = £3. The HOMO—40,
HOMO—41 are defined by the 17 state of the model with n = 1,
[ =41, whereas the HOMO—38, HOMO—36 are reproduced by the
13 eigenstate having n = 1 and [ = £2. Finally, the 1c eigenstate of
the model with the non-degenerate quantum numbers n = 1 and
=0 corresponds to the HOMO—43. The planar Bse A (Fig. 1) thus
is characterized by an orbital configuration of [(1c)* (1n)* (15)*
(16)* (20)? (17)* (2n)* (28)" ()" (20)" (16)° (16)".. ] (Fig. 4) with an
occupancy of 38 n-electrons. This result points out that formation
of the delocalized MO pattern which obeys the model of particle
moving in circular box, yields an enhanced thermodynamic
stability for the quasi-planar Bse cluster.

Finally, we perform an AANDP analysis for Bs to understand
the nature of the ¢ bonds and it is shown in Fig. 5 with the 2, 3
and 4 center-2 electron bonds. For this purpose, we employ the
Multiwfn package developed by Chen et al*’ This method
allows to analyze the localization of the bonds and it gives an
idea of the aromaticity or antiaromaticity of the systems.*5™°
This has been employed in quasi planar and cage boron
systems.>"*> From the figure, we observe that the cluster
contains some localized bonds, especially in the outer region
of the Bs¢ quasi-planar structure. This fact can be seen in the
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HOMO — 43
(10)?

HOMO — 40
(m)?

HOMO — 26
(19)?

‘( O
HOMO — 13
(2m)?

Fig. 4 Calculated 1 MOs (TPSSh/6-311+G(d)) of the quasi-planar Bsg A
their assigned eigenstate (1o, 1, 18,..

24 X |2c-2e| bonds in the external region of the cluster, while
the two hexagons in the center of the cluster is surrounded by
12 bonds formed by 3-centers. Also, the system contains 29 X
|4c-2e| bonds with 7 located in the inner region of the cluster
and other 22 bonds in the outer region of the quasi-planar
system. The remaining 19 bonds have a higher number of
centers than 5; thus, these electrons are the 7 electrons that are
part of the delocalized orbitals of the model described in the

present study and previously suggested by Li et al.>*
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Fig. 5 An AdNDP analysis of the c-orbitals of the most stable Bsg isomer.
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.), according to the model of the a particle on moving in a circular box.
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2.4 Magnetic current density in Bse

It has been known that the magnetic property of a species is
related to its aromatic character. Calculations to obtain the
magnetically perturbed density are performed using density
functional theory with the PBEO functional and the def2TZVP
basis set using the gauge-including atomic orbitals. These
calculations are performed using the Gaussian 16 program.**
The magnetic current density (J(r)) maps, and the delocaliza-
tion index (DI) are calculated using the AIMALL program
making using of the perturbed density.>® The topology of the
current density (tpJ(r)) and diatropicity (C) are numerically
calculated with a set of python scripts that use the python
library included in the Paraview 5.2.>° The spacing in Cartesian
grid used for the derivation and integration is 0.05 a.u. We
previously showed that with such a spacing, the tpJ(r) and C
values smoothly converge.>”>*

The tropicity of the magnetically induced current density
(J(r)) has often been used as a criterion for the aromaticity.”**
Accordingly, a diatropic current indicates an aromatic character
whereas a paratropic current is related to an antiaromaticity.
The main current at the cluster Bsq is strongly paratropic (cf:
Fig. 6(a)), contrary to that in the Bs, which is a diatropic
current."* The J(r) flux (defined as in the GIMIC method)®** for
both Bs, and Bse clusters amount to —13.9 and 6.6 a.u., respec-
tively. In this context, the paratropicity of the quasi-planar Bs¢ A
(Fig. 1) could wrongly suggest that it has a low thermodynamic
stability due to its antiaromatic character. However, an explana-
tion of the global paratropicity of Bss comes from the selection

This journal is © the Owner Societies 2022
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rules involving the symmetry of its frontier orbitals. In fact, the
global tropicity of a molecule is determined by the symmetry of
its electronic transition, mainly from the HOMO to the LUMO.**

According to the known selection rules, the magnetic
current is mainly paratropic when the product of the irreducible
representations (I') of the orbitals involved in the electronic
transition is rotationally allowed, whereas the current will be
diatropic when this product is translationally allowed.®® The
intensity of the current depends on the energy gap between
the occupied and unoccupied orbitals. In the case of the quasi-
planar Bse A, the I' product of its HOMO — LUMO transition is
only rotationally allowed (A,), whereas for the quasi-planar Bs,
this transition is both translationally and rotationally allowed
(By). Moreover, the energy gap in Bsg is smaller than that in Bs,
(30 vs. 42 keal mol ', respectively). Fig. 6(c) shows that while the
HOMO contribution to the current density is strongly paratropic
for Bse, it is only slightly paratropic for Bs, (Fig. 6(d)). This
slightly paratropic current is compensated by diatropic currents
of other orbitals, like the HOMO—1 (Fig. 6(f)). Overall, the quasi-
planar Bse has a global paratropic current because the HOMO
contribution is heavily paratropic due to the symmetry of the
transition to the LUMO. This contribution cannot be compen-
sated by transitions of other orbitals. On the other hand, the
HOMO — LUMO transition on Bs, is not associated with such a
symmetry selection rule to generate a large paratropic J(r).

To further approach the question as to whether B is really
anti-aromatic, let us consider another method to measure the
tropicity of the current involved, which is actually the triple
product of the current density (tpJ(r)) and the circulation
(€).>”*® Contrary to the flux of the magnetic ring current J(r),
the tpJ(r) maps of Bs¢ and Bs, turn out to be very similar to each

This journal is © the Owner Societies 2022

WA
Fig. 6 J(r) vector maps of (a) Bse, (b) Bsg, () Bsg's HOMO of Bsg, (d) Bsg's HOMO of Bsp, (e) B56's HOMO—1 of Bsg and (f) Bsg's HOMO—1 of Bsg at 1.0

bohr a.u. below the cluster. Color code: 0.00 a.u. blue, 0.75 x 107> a.u. purple and 1.5 x 10~* a.u. Green dots are the positions of the boron atoms.
Clockwise flows correspond to diatropic current densities.

other (¢f. Fig. 7) in which both maps show strong diatropic and
paratropic regions. The circulation (C) is diatropic for both Bss
and Bs, being —1.32 and —1.43 a.u., respectively. Moreover,
these values are located in the low end of the corresponding
values reported (from —1.4 to —3.5 a.u.) for a series of well-
known polycyclic aromatic hydrocarbons (PAHs).®” At a first
glance, this result appears to be contradictory, because the flux
of J(r) suggests a paratropicity for Bss, where the circulation (C)
behaviour indicates a certain diatropicity. However, the flux
and the C evaluate different properties. The term tpj(r) is
defined as follows:

tpJ(r) = B-V x J(r)

where B is the applied magnetic field and V x J(r) is the
vorticity of the current density. The vorticity also allows us to
define the circulation C which is the surface integral of V x J(r)
divided by the surface area:

_ [,V x J(r) - nds

C
As

The vorticity of J(r) is related to its local tropicity. Therefore, a
tpJ(r) map shows the local diatropic and paratropic regions and
the C value is the sum of the tropicity of all local currents. For
its part, the flux of J(r) mainly depends on the principal global
current. Aihara et al. have already pointed out that j(r) patterns
could not acquire the information on the local aromaticity and
have shown in a series of small boron clusters that in some
cases the global currents are paratropic, but the cluster is
aromatic.’®”7° Accordingly, Bs, can be regarded as both locally
and globally diatropic whereas Bse is locally diatropic but
globally paratropic. While the tropicity of J(r) does not seem
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Fig. 7 tpJd(r) of (a) Bse and (b) Bsg at 1.0 bohr a.u. below under the cluster.
Color code: <—1.0 x 107 a.u. dark blue, 0.0 a.u. white and >1.0 x 10~

a.u. A contour line (white) is drawn at 0.0 a.u. Negative values refer to
diatropic regions.

to be conclusive with respect to the electron delocalization of
Bse, the local tropicity coincides well with the high stability of
the quasi-planar structure of Bss. These differences between
both the local and global tropicities and its relationship with
aromaticity deserve further studies on similar classes of
clusters.

The delocalization index (DI) is also a useful parameter to
evaluate the electron delocalization.”””> The DI is defined as
follows:

DI=6(4,B) =2 UJ [p35(r1,72) — pA(Vl)PB("z)]dmdrz]

where p5%(r,,r,) are called the matrix elements, while pA(r;) and
pu(r2) are the density of each component.” The average values

N
of the non-bonded DI values ((Z DI?’b> / N ) are very simi-
i

lar for both the quasi-planar Bs, and Bse species, namely 1.18 X
10 2 and 1.05 x 102 a.u., respectively. These values are in the
same order of magnitude as in similar sizes of PAHs, namely
the hexabenzocoronene C,,H;3 whose DI value amounts to
1.15 x 10~ 2 a.u.®* Moreover, the DI values between two boron
atoms at long distances are remarkably similar for both Bs, and
Bse (Table 1). Compared to the coronene C4,H;g, the boron
cluster long-distance DIs are significantly larger than for the
hydrocarbon compound, even though the B-B distances in Bse
could significantly be longer than the C-C distances in C;,H;g.
Poater et al. evaluated the DI values for the fullerene Cq, and
found that the DIs decay very rapidly with the distance.”* The
DI of the pair of carbons that are at opposite sides of the
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Table 1 Delocalization indices (DI) of both quasi-planar Bsg, and Bsg and
hexabenzocoronene (C45H1g). (see Fig. 8 for atom numbering)

Bond defined by atoms numbers d (A) DI (10 % a.u.)
Bse

1-1" 14.186 0.359
7-6' 8.668 0.366
2,-5; 3.321 2.259
303, 3.350 3.176
Bso

1-1" 11.137 0.084
6-7" 11.427 0.163
2,5, 3.358 2.892
CyoHig

1-1" 11.301 0.090
2-2" 9.785 0.005
2-5 2.788 8.188“
2-6 2.893 3.304°

% Values from ref. 57.

fullerene (with distance being 7.1 A), is smaller than 5.0 x 10™*
a.u. Such a value is significantly lower than the DIs found for
both Bs, and Bs at significantly longer distances (c¢f Table 1).
This result indicates that the electrons of the boron clusters
considered are more delocalized than those in hydrocarbon
compounds of similar size. However, the DIs at three bonds
distances within the hexagonal ring in both Bss and Bs, are
smaller than the values of the C,,H;g (Table 1). The DI values of
the boron clusters are also smaller than the value previously
reported for Cgo (4.6 x 10”2 a.u.).”*

Taking together with the tpJ(r) maps, these calculated
results shows that contrary to the carbon-based compound in
which the electrons are mainly delocalized within the indivi-
dual benzene rings, the electrons in both quasi-planar Bs, and

7"
6"

6 7"

Fig. 8 Atom numbering for Bso, Bsg and hexabenzocoronene Cy4,Hig (cf.
Table 1).

This journal is © the Owner Societies 2022
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B;¢ clusters are delocalized across their whole molecular skeleton.
The MO levels that can be reproduced by the particle in a circular
box model, together with the DIs and the local tropicity
(tpJ(r) and C), suggest that the high thermodynamic stability of
the quasi-planar Bsg arises from a strong electron delocalization
such as in the case of Bs,.

3. Concluding remarks

In the present theoretical study, we demonstrated that the Bsg
cluster is stable in a quasi-planar form which contains two joint
hexagonal holes. Such a structural motif can be predicted by
using the topological leapfrog principle applied to a By, unit.
A significant step forward in understanding the geometrical
shape of pure boron clusters has thus been made. Although it is
a particular case, a piece of the mystery covering the growth
pattern of the pure boron clusters comes out to light.

The high thermodynamic stability of the quasi-planar Bsg
structure is further rationalized in terms of the model of a
particle moving in a circular disk and some other delocalization
indices. The high thermodynamic stability of B;s comes from
the strong m-electron delocalization, as in the case of the Bs,
cluster. The delocalization index DIs, the triple product of the
current density tpJ(r) and the circulation C values all show that
the electrons are delocalized over the whole molecular skeleton
and not in the hexagonal rings such as in some polyaromatic
hydrocarbons. Such a conclusion is in agreement with the MOs
whose shapes and locations can be rationalized by the particle
in a circular box model, in which the n-electrons can move
freely within the whole cluster.

It is interesting to note that the magnetic ring current
flows of both quasi-planar Bs¢ and Bs, go in opposite directions,
even though their electron delocalization patterns are similar.
This behavior can be understood in considering the selection
rule for the symmetry of the HOMO — LUMO electronic transi-
tion. In Bs, this transition occurs in going from the 1n to the 2¢
level which produces the expected diatropic current, whereas in
Bse the same electronic transition occurs between the two 10
levels which is only rotationally allowed and thereby produces a
strong paratropic current. This is an addition to a few cases
previously reported®7>”* in which a seemingly stable structure
shows a magnetic paratropic current flow and points out the
importance of the use of several electron delocalization indices
in probing the aromaticity.
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