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Abstract

The aromaticity of boron-nitrogen clusters has been revisited through a systematic analysis using magnetic criteria. The results
obtained through Ring Current Strength (RCS) measurements indicate that B2Ng has a strongly antiaromatic character,
even the bond pattern analysis reveals that this system is doubly antiaromatic presenting two o- and two w-orbitals of 4c-2e,
according to the Adaptive Natural Density Partitioning bond pattern analysis (AdANDP) and z-component of the dissected
Nucleus Independent Chemical Shift (NICS,;) isolines. B4N4 and BgNg are marginally antiaromatic according to RCS and the
bond pattern suggest four and six 8c-2e and 12c-2e delocalized m-orbitals respectively. B3N3 and BsNj5 are slightly aromatic,
with a bond pattern of three and five 6¢-2e and 10c-2e m-orbitals respectively. All rest of the systems (x = 7 — 11) are non-
aromatic. The results show some discrepancies with results based on the classical nucleus independent chemical shift, which can
be attributed to tensor in-plane and core electron contributions. Finally, presented results reveal the need to be careful with
the interpretations given by this index, so it will be necessary the use of 1D, 2D or 3D derived methodologies for a complete

and correct analysis of (anti)aromaticity.

INTRODUCTION

Mixed boron-nitrogen (BN) materials have been subject of both experimental and theoretical studies in order
to understand their properties®, such as their thermal stability for example, hexagonal boron nitride (h-BN)
are analogous to graphene and has been used as thermally stable engineering ceramic and most recently in
optoelectronic devices?. Additionally, BN clusters are interesting due to their participation in formation of
thin solid films of B-BN, that possess the particularity of scratching diamond®. Recently, the application of
atomic clusters as assembly blocks for the design of new materials has grown in interest and the term “Cluster
Assembled Materials” (CAM) has been coined?, so knowing the structures and electronic properties of these
clusters is of great importance®. BNy clusters have been characterized through the interaction between
pulsed laser evaporation followed by matrix infrared spectroscopy and theoretical predictions®”. On the
other hand, BN, clusters offer three-dimensional structures that are similar to fullerene. B1aN12, B7gNrg,
BaosNaos, among others, these have been obtained through intense irradiation of boron nitride samples®?®.
Furthermore, small clusters offer planar structures that resemble carbon clusters'©.

Some years ago, Matxain et al .1 carried out an exhaustive analysis of the potential energy surface (PES)

of BxNy clusters (x = 2 — 15) in singlet state through Quantum Monte-Carlo calculations in order to know
the geometries of these clusters, obtaining as global minima planar structures for x = 2 — 11 and three-
dimensional for x = 12 - 15. Additionally, authors concluded that planar structures with 2, 3, 5, 7 BN
moieties are m-aromatic, structures with 4, 6 moieties are antiaromatic and 8 — 11 BN moieties are non-
aromatic according to their Nucleus Independent Chemical Shift (NICS) calculations. Results for BoNy are
counter intuitive according to traditional electron counting rules such as Hiickel’s rule'?, which states that
cyclic systems with 4n+2 (4n) electrons have an aromatic (antiaromatic) character. Along with this, the



difference in electronegativities between the B and N atoms leads to a very different electronic distribution
than typical organic aromatic systems, leading to a reduction in aromaticity. This characteristic has been
studied in various systems such as cyclotriphosphazenes, metallabenzenes, among others'3-16.

The concept of aromaticity'”, despite not being an experimental observable, has been of great utility to
rationalize stability, electronic structure and chemical bond among other properties in organic and inor-
ganic chemistry!®. There are several criteria to rationalize aromaticity, such as the geometric!®, electronic
delocalization?® and the magnetic criteria®!, being the latter the latter being very popular in recent years.
In 1996, Schleyer et al . proposed the Nucleus independent chemical shift (NICS)?2, defined as the negative
of the isotropic magnetic shielding evaluated at the centre of the ring of an (anti)aromatic system. This
index quickly became popular due to its ease calculation in many standard quantum chemical software.
However, its indiscriminate use has been criticized by several authors, indicating that the validity of the
NICS is limited due to spurious contributions from the in-plane tensor components which are not related
with aromaticity?3-31.

To avoid these problems, different ways to analyse NICS have been suggested. For instance: to compute the
property 1.0 angstrom (A) above the molecular plane NICS(1)32, and to evaluate the out-of-plane component
of the NICS tensor, the so called NICS,, which has been proven to be particularly sensitive to n-electron
delocalization®?34. Other strategies proposed are related to the analysis of NICS in the axis perpendicular
to the molecular plane. Stanger et al .3® and Sold et al. 3%, independently, proposed NICS scans and more
recently Torres-Vegaet al .2 proposed the FiPC-NICS strategy which allows to obtain characteristic profiles
for aromatic, antiaromatic, and non-aromatic molecules. Another more sophisticated approaches are related
to dissected NICS approaches, bi-dimensional maps, three-dimensional grids and quantification related to
its topology3741.

In this article the aromaticity of ByNyclusters (x = 2 — 11) has been revisited by means of magnetic criteria
of aromaticity, and chemical bond has been analysed through Adaptative Natural Density Partitioning
(AANDP) method*?43. A complete analysis considering different NICS-based strategies proposed in literature
were carried out. Additionally, ring current strengths (RCS) were computed measuring the flow of ring current
passing through interatomic surfaces according to quantum theory of atoms in molecules (QTAIM) proposed
by Bader#+47.

COMPUTATIONAL METHODS

Planar ByNy (x = 2 — 11) clusters were optimized at the PBE0*® /def2-TZVP*°level of theory using Gaus-
sian 09 computational package®®. For the fully optimized molecules, vibrational frequency calculations were
performed at the same level to ensure that we obtained a true minimum on the potential energy surface.
NICS,, values were computed employing the Gauge-Including Atomic Orbital (GIAO) in gas phase at the
above-mentioned level. Ring current strength (RCS) calculations were done using AIMAII®! software. Che-
mical bond was analysed through Adaptative Natural Density Partitioning (AdNDP), this method is a
generalization of NBO method. AANDP recovers Lewis bonding (1c-2e lone pairs, 2¢-2e two electron bonds),
additionally, localized bonds associated with (anti)aromaticity. NICS,, scans, FiPC and NICS,, isosurfa-
ces and AANDP orbitals were obtained using our own routines and Multiwfn software®?. Visualization of
NICS,, isosurfaces and NICS,, isolines have been plotted using Chemcraft and Vislt 2.13.0 respectively?®3:54.

RESULTS AND DISCUSSION

Quantifying aromaticity according to ring current strength (RCS) and NICS,, based descrip-
tors

Systems studied in this work are ByNyclusters (x = 2 — 11) depicted in Fig. S1 in the supporting information.
This section is aimed to the quantification of the (anti)aromatic character of the mentioned clusters. For this
purpose, ring current strengths (RCS) were computed and compared with different quantification strategies
based on NICS,,. RCS values were obtained by numerical integration of the current flow through interatomic
surfaces by means of quantum theory of atoms in molecules (QTAIM) proposed by Bader. RCS values have



been widely used in aromaticity studies and are known to be a reliable indicator of the (anti)aromatic
character of both organic and inorganic systems. According to table 1, BoNs, present a strong antiaromatic
character with a RCS value of -13.0 nA.T"! in clear disagreement with Matxain et al . results but consistent
with electron counting rules.

BN, and BgNg, present low negative values (-2.7 and -1.5 nA.T-! respectively) revealing weak antiaroma-
ticity. On the other hand, borazine-like BsN3 present a RCS value of 3.8 nA.T-!, in agreement with recent
reported results®®, whereas BsNj5 have a RCS value 2.2 nA.T-! revealing its weak aromatic character. The
rest of the systems (x = 7 — 11) show values close to zero, therefore, they are non-aromatic. Additionally,
NICS,, was measurement at 0.0 A, 1.0 A, 2.0 A and FiPC (Free in plane component, where the in-plane
contributions are zero) can be seen in Fig. 1, these values correlate quite well with the RCS, however it is
necessary to be very cautious with the interpretation. As an example, let us take the NICS,,(1) value of
Bs N5, which is -0.44 ppm, this result can be interpreted as non-aromatic and not (weak) aromatic, as indi-
cated by its RCS value. The same behaviour is observed for the NICS,,(2) of B4Ny (0.32 ppm) which could
be interpreted as non-aromatic, however the RCS values showed that this system is (weak) antiaromatic.

Table 1. RCS (in nA.T"!) values and NICS,, (in ppm?) computations for the BNy (x = 2 — 11) planar clus-
ters. RCS positive (negative values denote aromaticity (antiaromaticity), values close to zero, nor aromatic
character. Negative (Positive) values of NICSzz descriptors states an aromatic (Antiaromatica) character,
whereas values close to zero are for non-aromatic compounds.

B,N, RCS NICS,(0) NICS,(1) NICS,(2) FiPC-NICS

BoN,  -13.0 16.88 42.08 3.50 16.01
B;N; 38  -7.36 6.05 -1.88 -6.39
BNy, 2.7 19.90 10.17 0.32 7.48
BsN; 22 4.68 -0.44 -1.29 2.14
BeNg  -1.5 11.36 6.92 0.47 3.72
B;N;, 0.9 4.49 2.20 -0.26 -0.35
BgNgs  -0.6  6.09 4.34 0.50 1.49
BoNg  -0.3  3.52 2.47 0.21 0.33
BioNig -0.3  3.65 2.89 0.46 0.72
BiNy; 0.1 2.63 2.11 0.35 0.37

When we compare it with NICS based descriptors at 0, 1 and 2 A above the plane, we can see that the first
two do not correlate with RCS values (See Fig. S2 in SI), this behaviour can be attributed to contributions
in the NICS plane and also to contributions from the core electrons of electronegative atoms. It is for
this reason that NICS(2) presents a good correlation with the RCS values because the interference at this
height is expected to be close to zero. These results confirm that one must be careful in the assignment of
(anti)aromaticity using this index. The following sections are intended to perform an exhaustive qualitative
analysis of the (anti)aromaticity of these clusters using different strategies proposed in the literature.
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Fig. 1. Comparisons between ring current strength (RCS) values and NICS,,based descriptors performed
at PBEO/def2-TZVP.

Evaluation of NICS changes along the main molecular axis

In this part, discussion starts analysing FiPC-NICS strategy, proposed as a simplification of Stanger scans
proposal. This strategy assumes of that in-plane components are more sensitive to local induced fields
arising from the core and localized (lone pairs and bonding) electrons. Local magnetic fields should be of
short-range which means that they should decay in small spatial intervals. In contrast, the out-of-plane
component is expected to highlight the induced magnetic field, as is the case of aromatic and antiaromatic
system. According to this strategy, one can classify an aromatic (antiaromatic) system if it has a convex
(concave) slope, while a non-aromatic system behaves linearly. Fig. 2 shows that B3Nz and BsN5 can be
classified as aromatic while BoNs, B4N, and BgNg are antiaromatic in agreement with our RCS values. The
rest of the systems (x = 7 - 11) present a linear behaviour revealing its non-aromatic character. Additionally,
is important to identify the distance where the in-plane components of NICS becomes zero. This distance for
B,N, and B3N3 are 1.7 and 1.1 A respectively. The difference between distances are attributed to the local
contributions of the core electrons, being greater for BoNs due to the electronegativity of nitrogen atoms and
a smaller ring size. For the rest of the systems, the distance increases systematically from 1.2 A for the B4Ny
to 2.7 A for the By;Ny;. However, the increase in ring size and the non-aromatic character of the clusters
makes contributions greater than 1.2 A negligible (less than 1.0 ppm).
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Fig. 2. Plots of the NICSin piane vS. NICSgut-of-plane for BxNx clusters (x = 3 — 11).

Complementary, NICS,,-scans are showed in Fig. 3, measurements were carried out at center of the ring and
above up to 5 A. Through these plots it is possible to see the long-range effects characteristic of (anti)aromatic
systems. B3Ng3 is the only system which presents long-range negative values characteristic for aromatic
systems.

For BsNj5, no long-range effects are observed, in disagreement with the RCS values which classify it as
weakly aromatic, but in agreement with the NICS,,values. Recently, Cina pointed out that when NICS
values moves from negative to positive regions are good candidates for NICS failures which is the case of
this cluster®®. Additionally, this system presents two minimum values of -7.4 ppm and -6.8 ppm at 0.0 and
1.4 A respectively, this may be due to local contributions from core electrons, these local contributions have

been studied and are important in similar systems such as borazine®”.

On the other hand, BoNy, B4N4 and BgNg present positive long-range values which is consistent with their
antiaromatic character, while aromatic (According RCS calculations) BsN5 and BNy present small short-
range. The rest systems have very low values due to the contributions of the core electrons.
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Fig. 3. NICS,, (ppm) vs. distance (in Angstrom) at PBE0/def2-TZVP level
Evaluation of NICS,, Isosurfaces

A three-dimensional analysis to assess the anisotropic effects of NICS,, was carried out, providing more
insights regarding the (anti)aromaticity of the ByNy clusters. NICS,,isosurfaces are depicted in Fig. 4. The
presence of long-range diatropic regions inside the rings are indicative of their aromatic character. This can
be observed in B3N3 where diatropic zones are located at the center and, additionally, located in nitrogen
atoms due to the contributions of core electrons. The opposite effect can be seen BoNg, B4Ny4 and BgNg,
where strong paratropic long-range zones are located at the center of these rings, denoting their antiaromatic
character. Along with this, the diatropic zones located in the nitrogen atoms are also observed.

In B5Nj5, diatropic zones in nitrogen atoms and above the molecular ring are observed, however it is possible
to see paratropic values at the centre of the ring, this characteristic pattern has been observed in non-aromatic
organic systems including cyclopropane and cyclohexane®®. The rest of the systems present diatropic regions
located in the nitrogen atoms and short range paratropic zones in the center of the ring, characteristic of its
non-aromatic nature.
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Fig. 4. NICS,, isosurfaces for ByNy clusters (x = 3 — 11) at +/- 4 ppm isovalue. Blue color represents
negative (diatropic) values and red color represent positive (paratropic) values.

In order to gain more insights about the (anti)aromaticity patterns in “problematic” BoNy and BsNj,
dissected NICS,,isolines have been obtained which allows us to observe in detail the contributions of the
core, o and T electrons, results are shown in Fig. 5. In the case of BoNs, core electron contributions to
NICS,, present small diatropic short-range values. Surprisingly, o-electron contributions present unexpected
paratropic long-range pattern which resembles antiaromatic compounds, whereas m-electron contributions
shows to an antiaromatic pattern, concluding that this cluster is doubly antiaromatic.
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Fig. 5. Isolines of dissected NICS,, for BoNy and BsNxclusters.

Isolines of BsNsNICS ore 2z, have not negligible long range diatropic values according to the isosurface of
NICS,, previously shown, where the diatropicity is located nitrogen atoms. Contributions of o-electrons
present short-range paratropic values in the center of molecular plane as seen in the NICS,, isosurface of
BsN5. The contributions of m-electrons show long-range pattern that allows us to say that this cluster is
weakly n-aromatic in agreement with RCS values.

Analyzing bonding pattern of BN clusters via Adaptative Natural Density Partitioning
(AdNDP)

For a more detailed analysis regarding the aromaticity and chemical bond in ByNy clusters, AANDP was
performed, representative cases (antiaromatic, aromatic and non-aromatic) are shown in Fig. 6 and Fig. 7,
the remaining systems can be seen in the supporting information.

The bonding pattern for BoNo (Fig. 6) starts with four 2c-2e B-N o bonds, it is necessary to note that the
bonds are polarized towards N atoms mainly due to their high electronegativities regarding B atoms. In
addition, two o- and two m- delocalized 4c-2e bonds fullfilling electron counting rules which confirms their
doubly aromatic character.
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Fig. 6. AANDP bonding pattern for doubly antiaromatic BoNs. ON = occupation number

The bonding pattern of B3Nj is slightly different, 1c-2e corresponding to N-lone pairs are localized, in
agreement with NICS,, isosurface showed previously where local diatropic zones are found. Additionally,
2c-2e corresponding to B-N o bonds are localized. Finally, three 6¢-2e delocalized © bonds are found fulfilling
Hiickel’s rule, which indicates an aromatic compound. This pattern is similar to all remaining aromatic and
antiaromatic ByNy (x = 3 — 6) clusters (See Fig. S4 — S6 in the SI). The bonding pattern for non-aromatic
B7N7 cluster presents fourteen 2c-2e o bonds. The lone pair of nitrogens can no longer be located, so the
pattern reveals 14 © bonds in agreement with bond equalization for non-aromatic ByNy clusters. This same
pattern is observed for clusters with x = 8 — 11 BN moieties (See Fig. S6 — S9 in SI).
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Fig. 7. AANDP bonding pattern for aromatic BsN3 and non-aromatic B;N7.ON=occupation number
CONCLUSIONS

A complete analysis of the (anti)aromatic character of BNy clusters (x = 2 — 11) has been performed
according to magnetic criteria of aromaticity through ring current strength (RCS) analysis, 1D, 2D, 3D
NICS,,descriptors and AANDP analysis. The RCS values, FiPC strategy and NICS,,-3D-grids patterns
show that the BoNy cluster is anti-aromatic. Additionally, the isolines of dissected NICS,, and the bond
pattern according to AANDP reveal that this cluster is doubly anti-aromatic, showing paratropic long-range
regions in o- and n-contributions and delocalized o- and n-bonds complying with the electron counting rules.
For the case of BsN3 and BsNj5 clusters, the NICS,,-based strategies show patterns that suggest an aromatic
character, in line with this, the AANDP results show three delocalised 3c-2e bonds and five delocalised 5c¢-2e
bonds for the B3N3 and B5Nj5 respectively. For the latter, the NICS,, 3D grids show paratropic contributions
in the center of the ring that can be attributed to the contributions of the core electrons of the N and B
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atoms, for this reason, isolines of dissected NICS,, were obtained which show that B5Nj5 is non-aromatic o-
and weakly m-aromatic, this is confirmed with RCS values revealing that both clusters are weakly aromatic.
The rest of the studied systems (X = 7 — 11) are non-aromatic, FiPC, NICS,, 3D-grids and RCS calculations
confirm these results. The AANDP pattern shows that these clusters have 2X localised o- and n-bonds which
explains the bond length equalisation. Description of aromaticity using NICS,,-based descriptors confirms
its limitations even though it has good correlations with RCS values, For example, the results of NICS,,(0)
present non-negligible positive values for the clusters x = 7 - 11 which could be interpreted as having a
certain degree of anti-aromaticity, or the NICS,,-scans which present patterns that could lead to incorrect
conclusions as mentioned by Cina. Finally, the use of NICS,, descriptor to diagnose (anti)aromaticity must
be done carefully. Thus, the use of 1D, 2D or 3D tools based on NICS,, are necessary to have a complete
and appropriate description of the aromaticity.
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Long-range paratropic and diatropic regions in the center of the ring suggest that B2N2 and B3N3 are
antiaromatic and aromatic respectively. AANDP results reveal that the first is doubly (o- and -
)antiaromatic and the latter is m-aromatic. The results presented show that the (anti)aromatic character is
reduced as the ring expands.
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