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Abstract: A close relationship between chemical shift and magnetic criteria for aromaticity arouses a
deeper view for probing and modeling of induced current density in 7 systems through external
magnetic fields. The (4n+2)m systems aromatic are studied on variants of Azabora Derivatives of [8]
Annulene (BnN,Cs-2n)Hsg) Vvia the localized orbital localization (LOL) and electron localized function
(ELF) by considering the density functional calculation. By this work, it has been predicted a four-
electron dia-tropic (aromatic) ring current for (4n+2) r variants of B, NnCs-2n) Hs and a two-electron
para-tropic (anti-aromatic) current for (4n) . With the HOMO and LUMO energies and also
HOMO/LUMO overlapping in whole space, it is possible to predict the transition states from
delocalized to-localized currents in all variant mentioned compounds in the viewpoint of aromaticity
and anti-aromaticity. In addition, the nucleus independent chemical shifts (NICS), HOMA, Ellipticity,
Aromatic Fluctuation index (FLU), and para delocalization index (PDI) values confirm the amounts of
aromaticity and anti-aromaticity in those rings.
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1. Introduction

Ellipticity (¢) denotes a cylindricity of the charge distribution measuring, which can be

calculated through eigenvalues of the eigenvectors of the electron density. Ellipticity is

described as equation (7), € = % — 1 (1), where A, and A, are the negative eigenvalues of the
2

Hessian matrix of the electron densities and 4; < 1, < 0. The amounts of ellipticity with (¢)
>0 generally indicate a partial z-character in a bond and a strong tool for discussing the
delocalization of one-electron density along the bond path [1, 2].

Although the ellipticity is made by the topological situation of the electron density,
which is a non- physical observable, it is an unequivocal tool for characterizing the nature of
electro-cyclic induced currents. Aromatic cyclic compounds have strong correlations between
bond length, electron density, the Laplacian of the electron density, the bond ellipticity, the
delocalization index (DI), and the aromatic fluctuation index (FLU). Although some properties
derived from the one-electron density due to the lower computational cost are important, more
accurate results might be calculated from the pair density of the electron delocalization.
Therefore, the application of the delocalization index derived from the bi-electronic densities
for the analyzing molecular structure, chemical reactivity, and relevant works of a new local
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aromaticity criterion based on para delocalization index (PDI) is much more important [3,4].
PDI is a larger electronic delocalization among para-related carbons instead of meta-related in
benzene, which for the first time, was exhibited by Bader and coworkers in 1996 [5]. Bader [6]
illustrated regions of large electron localization having a wide value of Fermi-hole. PDI, which
supplies a local criterion of aromaticity, was theoretician as the concept of all delocalization
indexes of para related atoms in an aromatic ring. Parallel to NICS and HOMA, PDI is also a
strong tool for estimating the aromaticity for the whole molecule and up to now has been
applied for several compounds such as fullerenes [7] and nanotubes. In an approach, Becke
and coworkers [8] illustrated that spherically average like-spin pair has a suitable correlation
with the Fermi hole. Consequently, they introduced a new function as “electrons localization

: ) 1 _1 1 Voa 2
functions” (ELF). ELF(r) = W/Do(r)]z (2) where D(r) _EZini |V(pl| 2 —g[%‘F

[ Vpgl 2]
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po (r) = pg (1) =%p , D and Do terms can be simplified as D(r) :%Zini Ve, 2 —

5 5
(3) and Dy =1io(6n2)§[pa (r)3 + pg (r)3] (4) for closed-shell systems, since

1[1vol?
8lopt)
the excess kinetic energies due to the Pauli repulsion, while Do(r) is known as Thomas-Fermi
kinetic energies term. In other words, they reconsidered the ELF in the viewpoint of kinetic
energy through Kohn-Sham DFT’s wave-function. Therefore, ELF would be in the range of
[0, 1], and a large ELF value indicates that electrons are strongly localized. ELF is used for the
wide varieties of molecules such as organic, inorganic, atomic crystals, coordination
compounds, clusters, and also for aromatic rings. Localized orbital locator (LOL) is the other
function similar to ELF that has been investigated by Becke and coworkers [10]. LOL(r) =
7(r) Do (1)

1+z7(r) S%imi ey 2’
are explained in the same meaning as ELF. Jacobsen exhibited that LOL supplies a more
definitive and obvious image than ELF; therefore, LOL can be interpreted in Kinetic energies
way better than ELF; as regards, LOL can also be interpreted in the viewpoint of localized
orbital. The value ranges of LOL are similar to ELF between zero and one [0, 1]. Since the
Ellipticity, PDI, ELF and also quadrupole moment are main components in the fine structure
of aromatic rings, the Azabora Derivatives of [8]-Annulene (}**Bn*NnCs-2n)Hs) have been
selected as a subject of this study due to the N atom (which is known atom in NQR
spectroscopy). It is notable; boron nuclear isotopes, 1°B, and B have magnetic moments and
electrical quadrupole moments. In addition, we are looking to understand in which aromaticity
properties are like digit numbers (zero or one ) , or this behavior is a linear combination of
diatopic ring current (aromatic) in planar structure and para-tropic current (anti-aromatic) of
non-planar structure. Annulene belongs to a series of conjugated monocyclic hydrocarbons
with common formula CaHn ( n = even) or CaHn+1 (N = 0dd) such as benzene ([6]-Annulene),
cyclobutadiene ([4] Annulene), cyclooctatetraene ([8]-Annulene) and cyclotetradecaheptaene
([14]-Annulene). Annulenes may be non-aromatic ([10]-Annulene), or anti-aromatic ([12]-
Annulene) or aromatic ([6]-Annulene). Cyclooctatetraene (COT) or [8]-Annulene, which is a
poster child for non-aromatic molecules, was first synthesized by Richard Willstatter [11].
Coupling between COT? (or BaNsHs?) charges states and their mechanical conformations
construct a new position for COT? as an aromatic molecule, including electro-mechanical
converter treatment. Planar conjugated COT? exhibits a powerful link among m-electrons in
its molecular structure. Although COT that follows a non-planar conformation with alternating
https://biointerfaceresearch.com/ 8299
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where (r) = (7) D, (r) for both spin-polarized and closed-shell systems
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double and single bonds via D2d symmetry is not an aromatic molecule, CsHg?>~ di- anion
“cyclo-Octa- tetra-enide” is an aromatic ion with suitable resonance energy. This di-anion is
planar and octagonal in its structure and aromatic with the Huckel electron count of 10.
Through the interaction between alternating bonds, it has been confirmed that the structures of
COT undergo a thermal shift bonding and ring inversion operations, including a planar
transition state of Dan [12-17]. In addition, the NMR data indicates that COT’s di-anion (COT?
) adopts a Dsh symmetry structure. Although the planar Dasn structure for the ring inversion of
COT has a transition state (TS) with barrier energy around 12 kcalmole™ [18-20], the Dgh bond
switching TS lays a few kilocalories per mole higher. Actually, COT has three fundamental
structural changings, including 1- ring inversions, 2-bond shifts, and 3- valences isomerization
(Schemel) [21-23]. Studies of some ions and molecules such as BNCsHs®, BNCgsHs®?,
B2N2CsHs©, B2N2CsHs?, BaNsHg® and BsN4Hs? help to explain the details of mentioned
magnetic mechanism concerning the ring induced currents related to the aromaticity behavior
(Scheme 2).

Ring inversion
S
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shifiting
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————

L T ———
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Scheme 1. Structural changes in cyclooctatetraene, including ring inversion, shifting, and valence bond
isomerization.

Steiner and Fowler investigated a model via frontier-orbital contributions, which yields
an accurate result of 7 ring currents in benzene, COT?#, BsN4Hs? and such other planar rings
[24, 25]. London [26], Pauling [27], and Pople [28] investigated the concept of aromaticity and
anti-aromaticity in the viewpoint of magnetic criterion, diatropic (Planer of 4n+2 systems) and
paratropic currents (planar of 4n systems). In recent decades, it has been exhibited that the ring
current is an outcome of the HOMO-LUMO transition depends on symmetry properties and
current-densities localized circulations around the electronegative nucleus [29]. For the
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systems of CgHs(™?(n=-4,-2) & Bn NnCe-2n) He, (n=1,2,4), densities maps exhibit the =
electrons with the localized circulations around the electronegative nucleus. It has been
illustrated that the spread of the virtual orbitals is able to compute the currents in carbocyclic
aromatic rings.

All bonds=1.445 \

BaN2CaHs ,
B2N2C IH\
1506 A Boxarts” BN bonds=1.401 ,
um\ BC bonds=1.55 )\
1 C=C bonds=1.344 Al

NC bonds= 1.411 A

01 \
|
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Scheme 2. Geometries optimized of variants of CgHg®), CgHs® and & B, NnCs-2n) Hs, (N=2,4).

1.1. Induced current densities towards aromaticity.

The theory of the induced currents densities has been investigated by Steiner via
discussions of the ipsocentric approach [24, 25], which leads to a normal description of
molecular orbital contributions. With supposing a closed-shell of N-electron systems with a
pair-occupied orbitals yn (Which are Hartree—Fock orbitals) and yp as unoccupied orbitals, in

- - - - - = a3 2 f3 -
a constant magnetic field B, the Hamiltonian is defined as : H=H,, + % + 1(d). B (7) which
angular momentum “J(d)” is related to momentum operator (p):[(d) = (r —d) x P (8).
Consequently, the induced current density” ]V ()" is a summation of two terms where for full

occupied orbital {yn } can be_written as follows: j,(r) = _m—ezB X (r—d),(r?) +
Zl—eh (W, (r )thn(l) (r) — q;n(l) )V, (r)] (9). The first term indicates ‘diamagnetic current

dens1ty {jdia(r)} which is related to the density of un-perturbed orbitals and also the second
term indicates ‘paramagnetic currents densities *{j¥"*(r)}. Although there is no physical
interpretation for this segregation of diamagnetic and paramagnetic parts, usually systems
break down in two parts of diamagnetic- paramagnetic, of course, in a complete basis set. As
described in reference 24 [24], the correction to each occupied orbital is a sum over occupied

orbitals to unoccupied orbitals {,(r) (P > %)}. Therefore, y5,,(r)for one electron can be
exhibited as the following equation:

W) =32 |2, (V22 e oy vy, ()] g 1g)
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First-term is {¢5"“(r)} and y, | 7(0) | W, is rotational transition angular momentum
between energy differences of &, — ¢, from unoccupied orbitals towards occupied orbitals.

And second summation, {¢gia(r)} and < ¢p|13|L|Jn > is a linear-momentum of those
transition energies.

Aromaticity can be defined through magnetic criteria and is a trustworthy account of
the induced currents through the external magnetic capabilities. In addition, chemical shift,
isotropy, anisotropy, span, asymmetry, and other properties are all integrals of these current
densities. Moreover, the currents-densities map can be estimated through theoretical methods
without any gauge-dependence problem. Meanwhile, from occupied to unoccupied orbitals,
the total current densities are evaluated, which are modulated and governed by energy divisors
and symmetry rules, respectively. For those occupied and unoccupied orbitals without Rz,
symmetry including Tx and Ty transition is related to the diatropic concept, while for R;
symmetry without Txand Ty, these contributions have the opposite paratropic treatment [30].
For the magnetic pattern, the outcome of all such components explains the aromaticity or anti-
aromaticity, which is related to the net dia-tropicity and para-tropicity of the ring currents,
respectively.

1.2. Isotropic and anisotropic parameters.

Total chemical shift tensors “c” are non-symmetrical tensors that can be separated
through three independent parameters that are known as isotropic, traceless symmetric, and
traceless anti-symmetric [31]. In addition, a spherical tensor has been exhibited by Haeberlen
[32], Mehring [33], and Diehl [34]. They have investigated fundamental tensors as o =

6is0(0) 4 ganti() 4 5sym(2 (11). Spherical tensors can also be written as g, °® =

2/3/2 8zzy and sz/m(z) = %6(22) (12) where, 8,y is the reduced anisotropy and can be
calculated through [§,,) = (0,; — 0is0) = (033 — 0y50)](13). This parameter is related to the

anisotropy (Ac) with Ac = % 8(2z) (14). By the equations 7 and 8, asymmetry (n) shielding can

be estimated as:Ac = g, — (0 + 0, ) (15) and = (Uyg(;:)xx) = 3(ay2yA—acrxx) (16)

[35]. The magnetic resonance of the spins is seldom isotropic. Therefore, they must represent
new tensors (Herzfeld-Berger notation) [36]. These tensors are known as Span (Q) Q >0,
which illustrates the maximum width of the model and the skew (x) of the tensors which are a

magnitude of the values (Q) = ag33 — 0y and K=W (17). Moreover, the

3(0150—022)

orientation of skew (k) is given by k = (18) (-1<k <+1). In some items, an axially

symmetric tensor (ay, -0,,) might be zero and, therefore, n = 0. In addition, the asymmetry
(n) indicates how much deviation can appear from the axially symmetrical tensors, so the

(19984}

region of “n” is between zero and one (0 <n < +1).

2. Materials and Methods
2.1. Computational.

Geometry & electronics structures have been accomplished with advanced DFT
methods using m06 and cam-Bslyp series of functional. These methods are based on solution

https://biointerfaceresearch.com/ 8302
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of Kohn-Sham orbitals [37] and Perdew exchange-correlation functional [38]. The geometry
of each part of molecules and ions was optimized at the various methods, including M062x/cc-
pvdz, M062x/cc-pvtz, cam-Bslyp/cc-pvdz, and cam-Bslyp/cc-pvtz. Aromatic Fluctuation index
(FLU), ellipticity, para delocalization index(PDI), Para linear response indexes (PLR), induced
currents were calculated using the LEF, and LOL approaches with Multiwfn software [39, 40].
The contour lines of electron densities have been plotted based on Bader theory. These plots
are needed for analyzing the distribution of the electrostatic potential of surfaces for each of
the ions. Such contour lines have been plotted in gradient lines maps through the same items.
The relief maps were applied for presenting the height data at each center. Shaded surfaces
maps with and without projection are applied to represent the height values at each position.
The charge transfers were also evaluated using the Merz [41], chelp, or chelpG [42, 43]. Those
methods are based on our previous work[44-99] and charge fitting of electrostatic potential
approaches (MESP), which are suitable for small molecules. The electron densities, values of
orbitals and LUMO, HOMO orbitals, electrons spin densities, electrostatic charges, ELF, LOL,
and total electrostatic potential (ESP) using the Multifunctional Wave-function analyzer have
also been calculated in this work [39,40]. Among the several methods and basis sets that have
been applied in this work, the cc-pvdz and cc-pvtz exhibit the most desirable results for ESP
fitting. Isotropy and anisotropy, NICS and aromaticity data were obtained from Haeberlen [32]
and Mehring [33] chemical shift tensor conventions based on Schleyer's works [15, 29]. All ab
initio calculations using GAMESS-US and the optimization were done along with the
frequencies calculation for confirming that the geometries have a real optimum without any
imaginary frequencies.

3. Results and Discussion

It is now generally accepted that homologs rings of CsHs© is not aromatic and, in
contrast to CsHs, CsHs?, and BsN4Hs?) the electrons of orbital “P” are localized. By using the
virtual or dummy atoms (Bq) in the center of rings, the nucleus-independent chemical shift
(NICS) has been calculated (Table 1). NICS is a simple method by Schleyer and coworkers,
which estimates the absolute magnetic shielding in the center of molecules, minus NICS
amount indicates aromaticity, and the positive result indicates anti-aromaticity [15, 31]. S-
NICS is a statistical method by a computing of nucleus independent chemical shifts in the
viewpoint of probes motions in a sphere of shielding and de-shielding spaces of molecular rings
[47]. The data of chemical shift tensor and other NMR components are listed in Table 1. As it
can be seen, CeHs© has a positive value for both NICS and S-NICS that indicates an anti-
aromaticity situation, while these values for other variants are negative that the sequence of
aromaticity and anti-aromaticity are as:

A) anti-aromaticity: BsNaHs @ >CgHg© > BNCsHs® >B2N2CsHs®
B): aromaticity: B2N2CaHs? < BaNsHs? < benzene< BNCsHs>) <CgHs*

Although the electronic delocalization is not an observable phenomenon, electronic
delocalization is appeared in a few chemical reactions depending on aromatic molecules. A
basic analysis of delocalization is the magnetic field of compounds such as anisotropy and
isotropy of magnetic capabilities in the NMR using a probe for estimating magnetic shielding
in the center of aromatic and z-conjugated rings (Table 1).

https://biointerfaceresearch.com/ 8303
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Table 1. Herzfeld-Berger & Haeberlen convention of NMR components with Cam-b3lyp/cc-pvdz calculation
for BNCeHg('Z), BNCeHg(O), CgHgO, CgHsz', BzNzC4H82" s BzN2C4H82', B4N4H82' and B4N4H8(0) compare to

benzene.
lons 011 G322 033 Oiso O qniso K Q n NICS
&Molecules AS
BNCgHs(? 5.26 | 540 | 29.2 13.27 23.8 -0.98 23.9 | 0.00 -13.3
BNCsHg©@ 5.76 | 3.28 | -18.1 -3.00 -22.5 0.79 23.8 | 0.16 | 3.00
B2N2C4Hs?®) 552 | 413 | 8.9 6.19 4.1 -0.42 4.8 0.51 -6.2
B2N2C4Hs©® 421 | 5.08 | -15.2 -1.7 -20.0 0.99 20.0 | 0.00 1.7
CeHs 555 | 6.28 | 13.9 8.56 7.9 -0.82 8.30 | 0.14 -9.6
CgHs®) 3.4 3.4 40.9 15.9 37.6 -0.99 33.7 0.0 -15.9
CsHs© 4.8 4.8 -21.2 -3.9 -26.0 +0.99 | 26 0.0 +3.9
B4NsHg?) 197 | 1.97 | 23.6 9.17 21.6 -0.99 21.6 | 0.0 -9.2
BaNsHs© 496 | 498 | -22.0 -4.19 -27.5 0.99 275 | 0.0 +4.2

In addition, bond length parity between single and double bonds in z-conjugated rings
is based on electron delocalization. Therefore, the HOMO, LUMO, and overlapping between
these MO orbitals can be useful to determine the regions of molecular space where electron
pairs are located. In this work, not only HOMO/LUMO overlaps but also HOMO/HOMO-1
overlapping in whole spaces has been applied for the estimation of localized and non-localized
electrons (Table 2).

Table 2. HOMO and LUMO overlapping.

lon & HOMO/ HOMO/LUMO HOMO/HOMO-1
Molecule LUMO overlap in whole space overlap in whole space
Gap energy

BNC6H8(2 5.32eV 0.327 0.674
BNC6H8® 7.58 eV 0.754 0.846
B2N2C4H8©) 8.01eV 0.658 0.723
B2N2C4H8®) 4.055 eV 0.333 0,554
B4N4H8* 3.54 eV 0.348 0.338
B4N4H8© 8.52 eV 0.381 0.718
C8H8®) 5.38 eV 0.377 0.762
C8H8O 7.26 eV 0.791 0.857

In Huckel theory for N atoms with equal coulomb parameters {a}and equal resonance
parameter{(3}, the {m} energies can be calculated easily by the well-known method [100].

Therefore, for the 4n+2 systems (with higher symmetry) only the HOMO-LUMO
transitions are considered (dia-tropic current), and for the “4n” ring (lower symmetry) two
forms can be considered, first the HOMO-LUMO transition leads to a para-tropic contribution,
and second HOMO-LUMO+1 transitions to the dia-tropic contributions [100,101]. Since in
the closed-shell of the 4n+2 systems, the appearance of the occupied orbital in the complete
shells, in-plane rotation only the orbitals with the same {A} can be overlapped together, and it
cannot occur by occupied-to-virtual transitions. On the other side, the mixed adjacent orbitals
must differ by {AA1 = +1}. The lonely Occupied-Virtual-Translational (OVT) transition in the
(4n+2) system are therefore HOMO to LUMO, and so, in this system of a mono-ring, the ring
current occurs only by the HOMO orbitals which are fully diamagnetic, but in n=0 the HOMO
with degeneracy=2 and the (4n+2) system has four-electron in diamagnetism situation. In 4n,
the {mr} systems have half-filling of the angular momentums. Therefore in full Dnh Symmetry,
it goes towards an open-shell configuration with a distorting degeneracy. By reducing the
symmetry, HOMO &LUMO pairs split into non-degenerate orbitals relevant via a rotational
transition with the small energies divisors. As can be seen in table 2, the gap energies (a),
HOMO/LUMO overlap amounts (b), and HOMO/HOMO-1 overlap amounts (c) in whole

https://biointerfaceresearch.com/ 8304
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spaces obey the sequence as follows, respectively (a,b & c). It has been exhibited the sequences
of aromaticity are a part of (b), and the sequence of anti-aromaticity is a part of (c), while
induced current densities have a straight relation with gap energies [102,103].

(a): BaNsHs?< B2N2CsHg?'< CgHg? ~CsHg’< BNCsHs® < B2N2C4Hg® < BaN4Hg®

(b): B2N2C4Hs? < BaN4Hs?'< CsHs? < BaNsHg @ < B2N2C4Hs @ < BNCsHs® < CgHe”

(c): BaNaHs? <B2N2CsHs?<BaNsHg © < BoaN2CaHg @ <CgHg? < BNCsHs©® <CgHe?

which means HOMO/LUMO overlap amounts in whole spaces can be considered as an index
for aromaticity while HOMO/HOMO-1 overlapping for anti-aromaticity.

These HOMO/LUMO overlapping indicate the sum over states, producing a strong
two-electron paramagnetic ring current, which is a maximum for the CeHs© and a minimum
for B2N2CsHs?. Other rotational & translational transition presented through the lower
symmetry and has a minor important in small cycles. The CsHs? and BaN4Hs® are structured
with o /o™ orbitals around /m*molecular orbitals where the overlapping of ¢/ m separation
has been missed. On the other hand, for the systems such as BaN2CsHs? and BsN4Hs? with the
orbitals of a hetero-cycle localize under large electronegativity will normally lead to the loss
of ring current (Fig. 1).

...... e BNCeHE(®) T
5.394 & A

0.004

54 1)

B2N2C4Hs(0) i | so094

BNCeHs®)

299 o1 ELFfor

Figure 1 Gradieht lines rhap of ELF aHd current denS|ty in'clj;ucéld in 6yc|ooctatetraene C8H82-, BAN4H82-,
B2N2C4H8(0), BNC6H82-, BNC6H80 and C8HB80 by a perpendicular external magnetic field calculated by the
Cam-B3lyp/cc-pvtz method. Anticlockwise circulations are Dia-tropic, clockwise circulations Para-tropic.

In Table 3, the sequences of ring perimeter and ring area (A?) are dependent on firstly
the number of pi electrons and secondly the number of pi orbitals. Therefore, for BNCeHs?,
B2N2C4Hs?> and BaNsHs? ions, it is needed to rearrange the coulomb and resonance integral
equation as: boron and nitrogen are zero and two-electron donors with orbital energies equal
(0-B) and (a+1.5B), respectively. Therefore, in the structure of these molecules with the
differing electro-negativities of boron and nitrogen, a symmetric changing to the coulomb
parameters yield (a-yB) and (a+yP) energies which vy is a correlated parameter in various
structures and varied between 0<y<1. A solution of the Huckel equation via considering the y
parameter with a simple modification gives molecular orbitals {@} and related energies {¢}

https://biointerfaceresearch.com/ 8305
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from which the consequences for cycle currents can be deduced. Canonical molecular orbitals
(¥),c) are delocalized set with (y=0), and in each position of y#0 a linear combination of these
sets can be written for orbitals. In the full symmetrical systems of carbocyclic, the degeneracy
of ¥, . and ¥, ¢ can be stabilized in several ways, such as distortion to D2¢ and Dan geometries
of COT systems [53]. Due to its bond alternation, Dan COT keeps delocalized orbitals and also
the cycle current of the equilateral carbocyclic (Fig. 1). In the heterocyclic systems (y#0), ¥,
and ¥, are bonding and anti-bonding wave functions which belong to the Biu and Bau
symmetric on the Dan subunits of Dsn character tables. It is notable that wave functions of ¥, .
and¥, ; are the HOMO and LUMO for all amounts of y, which are completely localized; the
HOMO on the nitrogen atom and the LUMO on the boron atom. Obviously,®, .

010,015,903, .03 and @, ., become strongly localized on the electronegative atoms. In the

- i ’ i 1,1, Ty
v=1, the nitrogen and boron atoms obey Huckel’s population as 1+ 2(2 + N +3 \/g) 1.66 and

0.36 electrons, respectively. In the Huckel-London approach, the ring current of the eight-
membered ring in a small amount of y, HOMO-LUMO contribution overcomes to the bond-—
bond polarizability. By increasing the y from the planar-constrained of COT (where y =0) to
the B4N4Hs planer (where y =1), the eight-membered ring has still net para-tropic circulation.
The symmetry conclusion deducts the line currents in 4n m position, including several steps;
firstly (y=0), those currents are overmatched via the HOMO-LUMO transitions among small
gap energies. This situation (A1 =0) generates a para-tropic intensity. In other words, the
symmetry reasoning for deducing the currents in 4n systems consist of several levels from (y
=0), which the current is under HOMO-LUMO transition with a small energy gap towards y
=1, the HOMO-LUMO gap opens the intensities of the currents fall but remain paramagnetic.
Here, the separation of HOMO-1 and LUMO, as well as HOMO and LUMO+1, increases
slowly, and the para-tropic or anti-aromatic cycle current is reduced significantly (Tables 2&3).
Investigation of symmetry can be applied for an understanding ring and perimeter currents in
those systems. Rings perimeter (A) and the area (A?) of those molecules are listed in Table 3.
Based on these data, the rings perimeter values and the area values have not a linear relation
together due to the non-geometrical behavior of aromaticity in hetero molecules, including
boron and nitrogen.

Table 3. Ring area (A2), Ring perimeter (A), and No. Pi orbitals & Pi- electrons.

Molecule Ring Ring perimeter No. Pi orbitals & Pi-
area(A?) (A) electrons

BNCsHs? 9.81 11.41 3&6
BNCeHs® 9.59 11.32 HOMO & 2
CgHg®) 9.63 11.30 5&10
CsHs© 9.39 11.24 HOMO & 2
BaN4Hsg?) 10.04 11.56 5&10
B4N4Hg© 9.79 1141 HOMO & 2
B2N2C4Hg?) 9.93 11.48 5&10
B2N2C4Hg©@ 9.66 11.42 HOMO & 2

In Table 4, Para linear response indexes (PLR), Para delocalization index (PDI),
Aromatic fluctuation index (FLU), FLUx, and DIx are listed. PDI is an important electronic
criterion based on local aromaticity, which has been defined by Bader for larger electronic
delocalization among para- carbon position (instead of Meta carbons) in benzene. PDI, which
provides a local criterion of aromaticity, can be calculated as the mean of all delocalization of
para- carbon atoms. In Figs. 2&3, PDI versus HOMA and NICS have been plotted, as it can be
seen a suitable correlation is attained between HOMA-PDI and NICS-PDI. The PDI of
https://biointerfaceresearch.com/ 8306
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BsNzHs©@ with the lowest delocalization has a non-aromatic ring due to its partial z-bond
localization that disfavors particularly the delocalization between B and N atoms in para
positions. Although PDI for CsHs® is close to other compounds, its FLU has the largest amount
compared to other molecules, which causes an anti-aromaticity for these molecules. As a result,
both PDI and FLU together might be a good index for separating anti-aromaticity from
aromaticity in such molecules. The aromatic fluctuation index will be zero for those molecules
with a complete symmetrical structure or molecules with high aromaticity or both. Therefore,
the FLU for these kinds of molecules is zero. FLU also describes the fluctuation of charges
among adjacent centers in a given aromatic ring. Fluctuation index fundamentally is related to
the delocalized circulation of z electrons, which is not only the amount of electron sharing
among connected atoms but also the similarity of electron sharing among contiguous atoms.

Table 4. NICS, HOMA, FLU, PDI, FLUn, Dir and PLR of molecules.

Molecules NICS HOMA Aromatic Para delocalization | FLUn DIn Para linear esponse
fluctuation index indexes(PLR)
index (FLU) (PDI)
BNCeHs? -13.27 0.689 0.000 0.037 0.43 0.179 0.16
BNCsHs® 3.00 0.145 0.02 0.033 1.83 0.056 0.11
CgHs®) -15.9 0.591 0.000 0.031 0.0 0.443 0.12
CsHs© +3.9 0.121 0.052 0.032 No 0.059 0.08
B4N4Hs?) -9.17 0.973 0.000 0.032 0.0 0.379 0.16
B4N4Hs©® +4.19 0.122 0.02 0.011 No 0.065 0.03
B2N2C4Hs® -6.19 0.453 0.000 0.036 0.01 0.041 0.36
B2N2C4Hs© 1.7 0.113 0.011 0.028 0.65 0.239 0.10

As it can be seen in table 4, FLUx index which calculates only the z-component of the
Dls at difference FLU might be matched with FLU for all aromatic rings (not for anti-aromatic
compounds); thus, the use of FLUz for planar systems is necessary for any further prediction
of aromaticity in those rings. In this work, FLU has been calculated for all compounds,
including aromatic or non-aromatic, to determine local or global aromaticity. In Figs 2-4, FLU
has been plotted versus HOMA, NICS, and rings area, respectively, and a clear correlation
appears between X and Y-axis. Moreover, the Para linear response indexes (PLR) for aromatic
compounds are larger than the anti-aromatic molecules. Consequently, for predication of a
cyclic compound as an aromatic ring or non-aromatic ring, an individual index is not sufficient
by itself. For instance, BaNsHs®) and CsHs>) are aromatic due to all indexes including
FLU=0.0, 0.01<PDI<0.04 , negative NICS, 0.5<HOMAK<1, <0.1 PLR<0.2 and DIn~0.4. It is
notable benzene has a nice correspondence with the mentioned ranges for BaNsHs®) and
CsHs®); although the PDI for CeHs©, BaN4Hs© are between 0.01<PDI<0.04, positive NICS
or FLU # 0 or HOMA<O0.2 causes these compounds strongly to be anti-aromatic rings.
Therefore, an individual vision of aromaticity indexes based on NICS, HOMA, FLU, FLUx,
PDI, LOL and ELF variables is not sufficient, and it is necessary to consider a few of these
variables for any prediction and discussion due to this reality that aromaticity is no like a digital
number [ 1 or zero ]. LOL and ELF data from ab-initio calculations of BNCsHs @, BNCsHg ¢
), CgHs 2, CgHs @, BNCaHs? and BaNaHs? are listed in table 5 and plotted in Fig. 1. These data
have been calculated based on choosing the occupied pi orbitals (no virtual pi orbitals) whose
numbers are mentioned in table 5. As can be seen, the LOLIOP for those anti-aromatic
molecules is zero, and for other variants depends on their structures that are larger than “2”. In
Figs. 2&3, the LOLIOP has been plotted versus related HOMA and NICS values. HOMA is
theoretician based on the number of optimal bonds as HOMA=1 for those systems with all
bonds equal to an optimal value for reaching to fully aromatic systems. An acceptable
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correlation is found between HOMA and NICS values, Figs. 2&3, due to geometry-based ones
of the equation as: HOMA =1 — % =1 (Rope — R;)? which depends on atoms of aromatic ring

position. It is notable, n is the number of bonds, and "a" is an empirical parameter for producing
HOMA between zero and one for the non-aromatic systems towards a fully aromatic system.

Table 5. NICS, HOMA, and LOL, including 7 energies of molecular systems.

Molecules No. pi occupied orbitals and energy | LOL integrated pi over plan HOMA NICS
(eV) (LOLIOP)
BNCsHst? No0.27=0.889;N028=3.98 2.54 0.689 -13.27
N0.29=5.16 (HOMO)
BNCeHs® No.28 (HOMO)=-7.37 0.0 Fokkkk Fokkkk
CsHg®) No0.23=-1.25, No0.26=0.382, 3.93 0.591 -15.9

N0.27=0.383, N0.28=4.6612
N0.29=4.6613 (HOMO)
CaHs® No.28 (HOMO)=-7.25 0.0 K R
BaNaHs@) No0.22=-1.86, N0.26=-0.5513, 3.08 0.973 -9.17
N0.27=-0.5514, N0.28=1.476
N0.29=6.5814 (HOMO)
BaNaHz©@ No.28 (HOMO)=-8.37 0.0 K K
B2N2CaHs@®) N0.21=-2.026, N0.23=-1.473 6.02 0.453 -6.19
No0.27=1.304, N0.28=3.152
N0.29=5.706 (HOMO)
B2N>CsHs® No.28 (HOMO)=-7.65 0.0 e e

A symmetrical distribution of electron densities, ELF, and LOL densities including
DOS, PDOS, TDOS, and OPDOS for CsHg>) and BsNsHs®) can be seen in Figs. 5-7, which
indicates an iso-structure between these two compounds and CsHs®). The maps indicate total
p and s contributions for inducing current densities. As expected, the currents from the p
electrons are strongly dia-tropic in benzene and strongly para-tropic in COT. The currents are
overmatched by HOMO contributions in both cases. Angular-momentum analysis exhibits how
the symmetry rules account for these aspects. At each consecutive energy level, the quantum
number, 1 (=0, 1...,N/2), increases by one. In a ring with N=4n+2 electrons, the HOMO and
LUMO correspond to n=a and n=a + 1, respectively. Total densities of states of these
molecules and ions are plotted (supplementary), as it can be seen the energies for all systems
are distributed between -0.8 up to 0.2 a.u.

2 -
——+—-PIR
----- a— DIII
e FLUII 1.5 4
— «  LOLIOP 1

-15 10

Figure 2. PLR, DIm, FLUm, and LOLIOP versus NICS value.
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Figure 4. PLR, DIm, versus ring area value.

Table 6. Various calculations of charges and bond order for BsNsHg®: BoN2C4Hg® and BsN4Hs?.

Molecule Mayer’s Wiberg’s bond | Mullikan’s bond | Fuzzy’s bond
valance order order order
N1, H9 3.65, 0.98 N1-B2:1.34 N1-B2:1.06 N1-B2:1.28
B2, H10 3.85,0.92 N1-B2:1.34 N1-B2:1.06 N1-B2:1.28
B3, H11 3.85,0.92 B2-N4:1.34 B2-N4:1.06 B2-N4:1.28
BaNaHs? N4, H12 3.65, 0.98 B3-N6:1.34 B3-N6:1.06 B3-N6:1.28
B5, H13 3.85,0.92 N4-B5:1.34 N4-B5:1.06 N4-B5:1.28
N6, H14 3.65, 0.98 B5-N7:1.34 B5-N7:1.06 B5-N7:1.28
N7, H15 3.65, 0.98 N6-B8:1.34 N6-B8:1.06 N6-B8:1.28
B8, H16 3.85, 0.92 N7-B8:1.34 N7-B8:1.06 N7-B8:1.28
B1, H9 3.44,0.90 B1-N2:1.20 B1-N2: 0.75 B1-N2: 1.27
N2, H10 2.98,0.92 B1-C3: 1.37 B1-C3:1.23 B1-C3: 137
C3, H11 3.82,0.94 C3-C6:1.45 C3-C6: 0.99 C3-C6:1.52
B2N2C4Hs° C4, H12 3.67,0.92 N2-C4:1.24 N2-C4: 0.56 N2-C4: 1.39
C5, H13 3.82,0.92 C5-C4: 1.46 C5-C4:0.99 C5-C4:0.99
C6, H14 3.67,0.94 C5-B7:1.37 C5-B7:1.23 C5-B7:1.52
B7, H15 3.44,0.83 C6-N8: 1.24 C6-N8: 0.56 C6-N8: 1.38
N8, H16 2.98, 0.90 B7-N8: 1.20 B7-N8: 0.75 B7-N8: 1.27
B1, H9 3.35,0.86 B1-N2:1.244 B1-N2:0.78 B1-N2:1.30
N2, H10 2.98,0.90 B1-N3:1.244 B1-N3:0.78 B1-N3:1.30
N3, H11 2.98, 0.90 N2-B4: 1.244 N2-B4: 0.78 N2-B4: 1.30
B4, H12 3.35,0.86 B4-N5: 1.244 B4-N5: 0.78 B4-N5: 1.30
B4NsHg* N5, H13 2.98, 0.90 N5-B7: 1.244 N5-B7: 0.78 N5-B7: 1.30
B6, H14 3.35,0.86 B7-N8: 1.244 B7-N8: 0.78 B7-N8: 1.30
B7, H15 3.35,0.86 N8-B6: 1.244 N8-B6: 0.78 N8-B6: 1.30
N8, H16 2.98, 0.90 B6-N3: 1.244 B6-N3: 0.78 B6-N3: 1.30

For BNCeHs®, BaNaHs®, CsHs®, B2N2CsHs® molecules, which exhibit anti-
aromaticity of the densities, in the ranges of energies between -0.2 up to 0.0 are Zero while for
those molecules with aromaticity behavior are not this value. The LOL for all variants of
B4N4Hs? and CgsHs? bonds are plotted (supplementary), the locations of sharp peak, and also
the distances between two sharp peaks in each bond are related to (o) or () bonds.
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Figure 7. Total density of states of variant molecules and ions.

The calculation of charges and bond orders for several molecules is listed in Table 6
and plotted in Fig. 8. Since the bonds order is the integer number of chemical bonds, in
molecules that have resonance or non-classical bonding, bond order may not be an integer. In
other words, the delocalized molecular orbitals contain = orbitals, essentially yielding half
a r together with the o bonds for each pair of atoms. But generally, giving a calculated bond
order, which is not 1.5, depends on complex scenarios and essentially refers to bond strength
relative to bonds with order 1. As can be seen in Fig. 8, the stable electrostatic for those
molecules started around the bond lengths position. Total electrostatic potential for variants of
BNCsHs®), BNCsHs®, BaNaHs®, B2N2CsHs?, BaN4Hs>) and BaN4Hs® are shown in Fig. 8
which the sharp peaks are located in 1.166, 1.127. 1.138 and 1.385, respectively.

~~~~~~~~~~~~~~~~~~~~~
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Figure 8. ELF and LOL for B4N4Hg* and CgHg* bonds.
4. Conclusions

Current-density maps, ELF, and LOL from ab-initio calculations for the CsHg™?)(n=-
4,-2,0) & Bn NnCs-2n) Hs, (n=2,4) are investigated as a novel method for understanding the
aromaticity and anti-aromaticity in boron-nitride compounds by this work. For each molecule,
the maps indicate total p and s contributions for inducing current density. As expected, the
currents arising from the p electrons are, respectively, strongly diatropic in benzene and
strongly para-tropic in COT and B4NsHg?. An angular-momentum analysis shows how the
symmetry rules will be for these aspects. The currents are dominated by HOMO contributions
in both cases. The HOMO/LUMO overlapping in whole spaces indicates the sum over states,
producing a strong two-electron paramagnetic ring current. Anti-aromaticity is a result of
HOMO/HOMO-1 overlapping in whole spaces. An individual vision of aromaticity indexes
based on NICS, HOMA, FLU, FLU=r, PDI, LOL and ELF variables is not sufficient, and it is
necessary to consider a few of these variables for any prediction and discussion due to this
reality that aromaticity is not like a digital number [1 or zero].
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