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Abstract—The second order Jahn—Teller effects (SOJT) can be occurring during interactions among filled

and empty MOs of the similar symmetries. By this work, for some of the BZ’O clusters the diatropic current
(aromatic) and for some others paratropic current (anti-aromatic) have been predicted some of theme pre-
sented planar or quasi-planar structures due to Jahn—Teller and pseudo Jahn-teller effects. Via this effort, it
has been exhibited that the aromaticity or anti-aromaticity can be assigned based on the 4n + 2 (or 4n) elec-
tron counting rule for either - or G-electrons in the planar structures. In addition, planarity and non-pla-
narity of those clusters in viewpoint of Jahn—Teller and pseudo Jahn—Teller effect have been discussed in
terms of delocalization and aromaticity. Via application of group theory, it has been exhibited that Jahn-Teller

distorted structures of B::"O clusters belonging to the C,,

point groups are anti-aromatic.

C,. C, D,, D, forn>2, and D, 4and S,, forn > 1
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INTRODUCTION

Berger [1] exhibited that a general symmetry fun-
damental for antiaromaticity is known as first-order
and second-order Jahn—Teller distorted systems. In
other concept, antiaromaticity appears because of the
first-order Jahn-Teller effect and geometric distor-
tions leading to make up islands of aromaticity, low
atomization energy, low first singlet vertical excitation
energy, NICS values close to zero or positive [2—7].
Second order Jahn—Teller effects (SOJT) occur during
interactions among filled and empty molecular orbit-
als of the similar symmetries. These interactions gen-
erally lead to conformational distortion that extent is
against proportional to the energy differences among
the orbitals [4—9]. In inorganic chemistry, a vast
importance of molecules and ions can be presented via
a single the classical molecules (Lewis structures) with
either multiple 2-center & 2-electron bonds and with
a suitable number of lone pairs of electron rich atoms.
Chemical bonding in several inorganic structures also
can be presented via Lewis structure, but usually in
inorganic chemistry problems. If, however, the Lewis
structure descriptions are not enough, then the reso-
nances of Lewis forms are used. The major advantages
of those mentioned chemical bonding models are that
we can predict possible isomers of classical molecules
using just paper and pencil and with high certainty we
also can predict which isomers can be more stable one

compared to a given stoichiometry [7, 8]. Although,
there are no chemical bonding models allowing us for
using the approach for predicting isomers of homo-
atomic and hetero-atomic structures, the ab initio
techniques can help us for finding global situation of
these clusters as well as their low-lying isomers. Pio-

neering study on B;’O ions have been accomplished
and investigated with several researchers [9—21]. As
instance they produced boron clusters ions through
molecular beams using laser vaporization to study
their chemical reactions and chemical physics proper-

ties [22—28] and designed the 3D structures for B;’O
clusters. Consequently, quantum ab initio estimation
has confirmed that boron clusters prefer planar or
quasi-planar structures related to Jahn—Teller &
pseudo-Jahn—Teller effects [29—33]. Although these
kind computational investigations were not confirmed
experimentally, in some recent studies experimental
works has been measured spectrophotometry for sev-

eral Bi’o clusters such as: B;(Ds,), B;(Dy,), By (Dyy),
B:(Dsy), B5(Cay) Bg(Dyy). B (Dg), Bg(Csy), B1(Cey),

B; (Cyy) By (Dgy) and B?O(CZh) neutrals and ions [34—
40]. The structures of those ions have been discussed
computationally and confirmed via comparisons of
experimental  photoelectron  spectrophotometry.
These studies have been verified the 2D or quasi 2D
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Fig. 1. Global minimum structures of a few structures of B,T 0 (n =3—6) based on DFTB+/cc-PVDZ level of theory.

structures in many of them. Planarity and non-planar-
ity of these clusters in viewpoint of Jahn—Teller &
pseudo-Jahn—Teller effect have been discussed in
terms of delocalization [39—42] and aromaticity [3, 5,

21]. High symmetric planar boron clusters B; (Dj;,),
B, (Dy,) are corresponded to the “4n + 2” Huckel rule
and might be considered as aromatic clusters. Boron

clusters with 4n-electrons such as BZ_ (4 electrons) is
discussable as anti-aromatic.

Aihara performed analysis of aromaticity of boron

clusters B?,’ﬂ’¢2 (n = 3—10) in viewpoint of conforma-

tional resonance energy (CRE) and discussed that all
B, clusters are largely-aromatic including systems with
4n electrons [43, 44]. For resolving the conflict about
aromaticity or antiaromaticity of closed shell boron
clusters, we calculated a wide chemical physics ana-

lyzing in the pure B, clusters B,™"" (n = 3—10). The
penetration of G-electrons on geometry of B, clusters

in viewpoint of Jahn—Teller & pseudo-Jahn—Teller
has not been discussed yet.

RESULTS
Jahn—Teller (Sojt) Approach for B G-7)
Geometry optimization and also frequency calcu-
lation has been done for the B>¥""(n = 3—0) homo-
cyclic series with method of density functional theory
(DFTB, DFTB+ and CAM-B3LYP) including the

cc-pVTZ, EPR-III basis sets. The optimized struc-
tures are exhibited in Fig. 1. Natural bond orbitals
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(NBO), electron localized function (ELF) and local-
ized orbital localization (LOL) were analyzed via Mul-
tifunctional Wave function Analyzer [45]. All calcula-
tion has been performed using Gaussian 09 program
and pictures were made using the chem3D program.

By clusters. B} is a complete structure in the
closed shell ground state in viewpoint of spectropho-

tometry experimental studies with orbitals as D5, (1 A)):
(a’,1e" 1a5%) [39—42] (Fig. 1). MOs of 4 valances

indicate that the HOMO (l4}°) is an 7 orbital from
overlapping of 2P, located in three atoms of B atoms.
The other set of valance orbitals including HOMO-1

(le') and HOMO-2 (14;”) formed into three 2c—2e of
B—B bonds with the occupation numbers 1.69 and the

powerful s—p hybridization in the B; cation (0.7SP'2°)
(Table 1) is accountable for bonding behavior of the
lowest 3 valence MOs.

Two electrons of T-HOMO provides ©-MO aro-
matic situation due to 4n + 2 Huckel rule (n = 0).
Three other molecular orbitals make 2c¢—2e bonds,
even though their occupation numbers (1.88) are
slightly smaller than 2.00 in a classical 2c—2e bonds. In

B; the pair electrons occupies 2a ?, where is 0-MO
from overlapping of the 2p AOs. Two electrons of delo-

calized o-HOMO provides 6-Aromatic and doubly

occupied n-HOMO-1 is responsible for
T-aromaticity in By and also
No. 14 2021
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Table 1. Natural bond orbitals of Bg’;l clusters based on DFTB+/cc-PVDZ level of theory
NBO Bond length Occupancy Energy Coefficients/Hybrids
B;
1.BD(1) B1-B2 1.570 1.8827 —0.10597 0.7SP'42 + (.7SP'42
2.BD(1) B1-B3 1.570 1.8827 —0.10599 0.7SP42 + (.7SP142
3.BD(1) B2—B3 1.570 1.8827 —0.10599 0.7SP'42 + (.7SP'42
B3
1.BD(1) B1-B2 1.380 1.69780 —0.70228 0.7SP'20 + (.7SP'-20
2.BD(1) B1-B3 1.380 1.69779 —0.70227 0.7SP'20 + (.7SP!-20
3.BD(1) B2—B3 1.380 1.69779 —0.70227 0.7SP'20 + (.7Sp120
B
1.BD(1) B1-B2 1.657 0.97448 0.00533 0.6SP'93 + 0.7sp!!
2.BD(1) B2—B3 1.657 0.89941 0.28966 0.7SP'8 + (.7SP!8
3.BD(1) B3—B4 1.657 0.97448 0.00534 0.7SPM + 0.6SP!3
4.BD(1) B4—B1 1.657 0.89941 0.28966 0.7SP'8 + 0.7SP'8
B2
1.BD(1) B1-B2 1.590 1.89741 —0.96930 0.7SP'19 + 0.7SP?
2.BD(1) B2—B3 1.590 1.89741 —0.96930 0.7SPM9 + 0.7SPL19
3.BD(1) B3—B4 1.590 1.89741 —0.96930 0.7SPM9 + .7SPL1®
4 BD(1) B4—B1 1.590 1.89741 —0.96930 0.7SPM9 + (.7SPL19
B;
1.BD(1) B1-B2 1.643 1.96657 —0.71414 0.7SP!0! 4 ¢.7sp!0!
2.BD(1) B2—B3 1.643 1.96649 —0.71414 0.7SP0! + 0.75p!0!
3.BD(1) B3—B4 1.643 1.96653 —0.71414 0.7SP101 4 (.7Sp!0!
4.BD(1) B4—B5 1.643 1.96654 —0.71415 0.7SP!0! 4 (. 7SpLO!
5.BD(1) B5—BI 1.643 1.96648 —0.71413 0.7SP0! + 0.75p!0!
Bs
1.BD(1) B1-B2 1.607 0.90066 —0.20704 0.6SP218 + 0.8SP!-!
2.BD(1) B2—B3 1.607 0.90067 —0.20705 0.6SP-51+ 0.8SP218
3.BD(1) B3—B4 1.558 0.95540 —0.19551 0.6SP280 + (. 8SP!15
4.BD(1) B4—B5 1.591 0.97929 —0.25457 0.7SP'12 4 0.7SP!12
5.BD(1) B5—BI 1.558 0.95542 —0.19554 0.6SP280 + (.8SPL15
B
1.BD(1) B1-B2 1.534 1.8895 —0.01439 0.7SPM! + ¢.7splll
2.BD(1) B2—B3 1.677 1.9832 —0.06301 0.7SP'48 +(.7 Sp148
3.BD(1) B3—B4 1.534 1.8895 —0.01439 0.72SPL6! + 0.7spPH!
4.BD(1) B4—B5 1.534 1.8895 —0.01439
5.BD(1) B5—B6 1.677 1.9832 —0.06301 0.7SP!48 4+ (.7SpL48
6.BD(1) B6—BI 1.534 1.8895 —0.01439
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY Vol. 66 2021
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Table 1. (Contd.)
NBO Bond length Occupancy Energy Coefficients/Hybrids
B¢
1.BD(1) B1-B2 1.583 1.98008 —0.95008 0.7SP'%5 0.707 SP'05
2.BD(1) B2—B3 1.583 1.98009 —0.95008 0.7SP105 + (. 7SpP19
3.BD(1) B3—B4 1.583 1.98010 —0.95009 0.7SP!05 + (.7 SP1-05
4.BD(1) B4—B5 1.583 1.98008 —0.95008 0.7SP'-%50.707 SP'-05
5.BD(1) B5—B6 1.583 1.98009 —0.95008 0.7SP'%5 0.707 SP'05
6.BD(1) B6—B1 1.583 1.98010 —0.95009 0.7SP'%+ 0.7 SP'%
By
1.BD(1) B1-B2 1.681 1.92924 —0.40651 0.7SP2 + (.7 SpP!-38
2.BD(1) B2—B3 1.681 1.92919 —0.40650 0.7S P13 + (.7SP!¥7
3.BD(1) B3—B4 1.681 1.92956 —0.41245 0.7SP'8 + 0.7 SP-02
4.BD(1) B4—B5 1.681 1.92918 —0.40649 0.7SP127 + (.7 SP!43
5.BD(1) B5—B6 1.704 1.49834 —0.32582 0.7SP!3¢ + (.7 SP!-36
6.BD(1) B6—BI 1.704 1.50932 —0.35668 0.6S P73+ 0.8S P4
Table 2. Gap energies and various HOMO-n (n = 1, 2 and 3) energies
Molecule LUMO/HOMO| HOMO, HOMO-1, | HOMO-2, | HOMO-3, | HOMO//HOM | HOMO//LUM
Gap, kJ/mol Hartree Hartree Hartree Hartree | O-1 overlapping | O overlapping
B2 219.30 —0.20625 —0.18262 —0.16473 —0.13341 0.595 0.557
B 303.84 —0.67886 —0.69083 —0.75810 —0.82249 0.633 0.574
B¢ 150.40 —0.23475 —0.23478 —0.29181 —0.32987 0.576 0.632
B; 216.02 0.03019 —0.02475 —0.05201 —0.05357 0.650 0.639
B: 379.77 —0.46932 —0.48320 —0.55687 —0.55687 0.619 0.624
B! 142.59 —0.15759 —0.24764 —0.26894 —0.32218 0.621 0.654
B 192.44 0.31949 0.24676 0.20523 0.20157 0.874 0.760
By 224.61 —0.76785 —0.79981 —0.91352 —0.91352 0.618 0.621
B; 332.09 0.02218 —0.00384 —0.06875 —0.06876 0.613 0.826
B 225.68 —0.53188 —0.60101 —0.60101 —0.91303

(1) HOMO-3, (Ie'*) HOMO-2 are transformed into

2¢—2e of B—B bonds (Table 2). Therefore B; is a dou-
bly 6—m aromatic system and occupation numbers

1.88 with powerful s—p hybridization in the B; cation
(0.7SP'4?) (Table 1). This property of doubly aromatic
behavior is also confirmed the symmetry of first sin-
glet excitation energy. In addition, D-, systems includ-
ing a doublet ground vibrionic level, in the dipole
approximation, the IR transitions from ground state
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“E” to excited state are allowed, dueto E® E = (A, +
A, +E).

Bg’_z clusters. Electronic and geometry structures

of neutral Bf was clearly explained [35] as D,, (‘Ag)
global optimum geometry including a distortion due

to pseudo Jahn—Teller effect (PJTE). MOs of Bf with
Dy, ('4,) point groups arelaz, 162, 1b;,, 1b32g, 165, 2a§.
These orbitals can be localized into four classical

No. 14 2021
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peripheral 2c—2e B—B bonds are HOMO-2 (15s,),

HOMO-3 (152,), HOMO-4 (15%) and HOMO-5(1a’)
and also are the lowest 4 MOs. In excited states, i.e.,
degenerate E, and E, and non-degenerate B,, are
located between the A,, ground and B,, excited states.

The PITE ('A;, + 'B,,) ® b,, occurs for the B, due to
mixing of the 4, ground and B,, excited states, and
other excited states that are lower than B,, do not con-
tribute to the PJTE problem. Due to nature of this dis-
tortion, the barrier for ‘‘squareness’ is small and even

. 0.
at medium temperature, B, is square.

In other hand the tight s—p-hybridization on the
both boron atoms: (from HOMO-2 through HOMO-5)
is related for the formation of four classical B—B
bonds. Two other MOs which are delocalized, con-
tribute in the global bonding and NBO analysis exhibit
eight lone pairs with the occupation number 0.5 € on
each boron atoms (Table 2).

Remain orbital (1b;,) which belong to the HOMO-1
is perfectly bonding that is built via overlapping of 2p,
atomic orbitals in out of plane to make the cluster—

aromatic. 2a§ is HOMO organized through overlap-
ping among 2p atomic orbitals thus this structure can

be characterized as doubly aromatic system [21]. Bi_,
has a planar structure with Dy, (‘4 1g) Point groups are

2 4 2 2 2 2 . . .
lay,, le,, 1by,, 1by,, 2a;,, 14y, the iso-¢electronic & iso-

structural Bi_ is also doubly aromatic (¢ &m) mole-
cule with 4 “2c¢—2e” peripheral B—B bonds and its
aromaticity has been confirmed through the ring-cur-
rent susceptibility by Sundholm and coworkers [9]. In

Bi_ — B, + 2e symmetry reduction, it is notable that

Bi_ Molecule has a square-planar geometry in the
high-symmetry configuration with a doubly degener-
ate 2Eg term resulting in a JT E ® (b, + b,) problem
which the possible JT and PJT distortions of this sys-
tem is exhibited in Scheme 1.

JT-coordinates are of either b,, or by, symmetry,
resulting in D,, configurations of a rhombus or rectan-
gle, respectively that are not ultimate situation due to
the PJTE, therefore may produce further distortions
such as B, with D,, configuration. Especially in a
strong vibrionic coupling of 2B3g (ground state) to *B;,
(excited state) of the rectangular configuration, an
Au-kind distortion is done (2B3g X B, = Au).

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 66
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Scheme 1. Possible JT and PJT distortions of a Bi_in an
electronic 2Eg state.

Same as that a puckering of the rhombus (b, dis-
tortion) can be done via strong pseudo JT coupling
towards its 24,, excited state. In addition, PJT coupling
to the other 24,, state is strong and the distortion by,
leads to a trapezium configuration that is a puckering
situation due to the excited state of 24,. The rhombus
can also be distorted to a kite situation (Scheme 1) and
the latter may be puckered by the PJT B, X A, vibrionic

coupling. The energy differences between Bézf and ij
configurations are small. So, a tight and high level cal-
culation including correlation terms is needed to
reveal the real minima and saddle points. The best
results show that the puckered rhombus gives the
absolute minimum energy, while the planar rectangle
is also a minimum, which is 2.6 kcal/mol higher in
energy than the puckered rhombus. BY™' : BI, belongs
to the C),, structure that somewhat is distorted in its

planar pentagon (Fig. 1). Our calculations indicated

that the Ds, (A (A 14, 1¢,*,1€,*, 1a;°, 2a;”) planar
pentagon has two imaginary frequencies at the
B3LYP/cc-pvIZ method and basis set and in the

(‘A,:1al, 167,242, 3a?,

167, 2b3, 4a;, 367) structure boron bonds a little bit dis-
torted due to the second order Jahn—Teller Effect
(Table 3).

According to our calculation (CCSD (T)/6-
311+G*), the global minimum C,, ('A4,) structure
(Fig. 1) is 0.36 kcal/mol smaller than the saddle point

global  minimum, C,,

Dy, (IA'I) and via a ZPE correction (harmonic fre-
quencies at CCSD (T)/6-311+G*) and the vibrational

of Dy(' A} the structure around 0.011 kcal/mol (Table 3)
is smaller than the vibrational of C,, ('4,). The planar

pentagonal of Bg can also be explained from NBO
analysis. By these analyzing the HOMO-2 and

HOMO-2' (le,*), HOMO-3 and HOMO-3' (l¢;*), and
HOMO-4 (la{ 2) might be localized into five peripheral
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Table 3. Electronic properties of B;_r 0 (n =3—6) in ground and exited states

First singlet Totally delocalized
State Configuration, ground state Point group VC.I'UC.EI !
excitation TC—MOS G—MOS
energy, eV
Bg*) lAg: D2h 086 2 2
la, 16y, 2a;, 1b3,, 163, 163,
3a;,2by,, 2b7,,1b3,)
B |4y 1al 16!, 2a2, 162, 3dP, 2e! Csv 231 ! 3
B A, G, 112 1 2
lat, 165, 24, 3ai, 167, 263, 4al, 1a;
o Dy, 2.94 1 1
B;r lAl: 1a]2,1el4,1324,1a2 2,2a12 3t
B! A, Cov 2.34 0 1
lat, 163, 2a%, 37, 162, 262, 4al, 3bs
p 2 4 2 2 2 2 D 2.78 1 2
BYY  |Aglar,, ey, 1b, 163, 2aiy, 1143, 4h
B! L4z 1a2, 162, 163, 162, 162,., 2a Dy 3.08 1 1
C . D 0.77 0 1
BY  |'4:1a% 1e", 1a}? 3h

2c—2e boron bonds. The HOMO (lal'z) and HOMO-1

(1a;2) are 6-MO and n-MO, respectively, therefore

they make the B; doubly (0- & n-) aromatic and this
aromaticity replace itself in the high first singlet exci-
tation energy (Table 3). Now it can be understood why

B: is a wonderful cluster in CID or “collision induced
dissociation” [25—31]. Ds,('A,) distortion might be
explained through the SOJT, because of non-occu-
pied MOs of related pentagon structure, where indi-
cates a deviation from up symmetry which is similar to
the distortion of the B, clusters into rhombus.

B cluster can be predicted with starting of the B

cluster. The 1¢>-LUMO in B; Ds,('4,) MOs is a dou-
bly degenerate and anti-bonding/bonding orbital

related to the HOMO-1 (1a'2'2) m-MO. Occupation of

one of doubly degenerate LUMO via 2¢” can be dis-
torted the Dy, to the C,, structures due to the JT effect.

This calculation  have exhibited Gy (A

la},1b;, 24}, 3a}, 167, 2b;, 4a}, 1a;) MO  with 50.5
(B3LYP/6-311+G¥*) kcal/mol higher than the global

minimum and it is a first order saddle point. The 2e, =
LUMO + 1 has been occupied instead of le *-LUMO.

The singlet Ds,(la’,le), 1e)*, 1a;°, 2a;°,1e] *) elec-

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 66

tronic configuration of B; should also lead to the JT
distortion. Therefore, the sz(‘Al:lal2 , 1b22 , 2012 , 3(112 ,
1b12, 2b22 , 4a12 , 3b22 ) planar is the B; global minimum
position. B, have 4e” on globally c-delocalized 4a,-

HOMO-1 and 3b,-HOMO and also 2¢  on globally
delocalized 1b1-HOMO-3 that appears a conflicting
aromaticity system (G-antiaromatic and w-aromatic).

In B(SO), due to the JT effect any occupation of a

doubly degenerate LUMO via any e can be distorted
D5, point group to the C,, structures. In addition, the

2e, “_LUMO + 1 has been occupied instead of le;'4—
LUMO and also the singlet Dy,

(a1 1e,* 157 2a,% 1e'") configuration of BY can
lead to the JT distortion.

Co (' Ay:lal, 163, 24}, 3a] 1],

2b22 , 4a12 , 3b§)) planar is the B(SO) global minimum posi-

Therefore, the

tion. Herein, B(SO) has 4e” on globally c-delocalized

4a,-HOMO-1 and 3b6,-HOMO including one e on
globally delocalized 1b1-HOMO-3 that appears a
conflicting aromaticity system (G-antiaromatic and -

aromatic) but lower than the B;. NBO analysis and
experimentally investigating of the photoelectron

No. 14 2021
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study [9, 19, 21—24] confirmed our BY*' model by this
work.

Due to the geometric structure of (o-antiaromatic

and st-aromatic) B; has lower symmetry which means
antiaromaticity can destroyed the aromaticity towards

a net antiaromaticity position. Bzz di-cation has six-
teen electrons in valance with 6 peripheral 2c—2e¢ B—B

bonds out of HOMO-2 (1b,,), HOMO-3 (le;g),

HOMO-4 (1e{4u), and HOMO-5 (la,,), while 4 elec-
trons are located on 2 MOs and both of them are
bonding (2a,,-6-HOMO and la,,-t-HOMO-1).

Therefore, Bf’ is a doubly aromatic and our calcula-
tion exhibits that it belongs to the Dg, (14,,) point
group and has a minimum at several levels of theory
(B3LYP/6-311+G*, MP2/6-311+G*, and CCSD
(T)/6-311+G*).

B(ﬁo) cluster has a special pentagonal-pyramid elec-
tronic structure corresponds to a global minimum [47]
where the planar pentagonal is included of one boron
atom at the center among the five-remain boron atoms
in the ring. It is not a minimum global because of a
small cavity inside of the pentagon. The tightest opti-
mization exhibit that the global minimum structure of

B is the pyramid Cs, ('A,: 1a], e, 2a], 1e, 3a;, 2e}')
electronic configuration with the boron atom located
0.955 A above the center of the pentagon ring (Table 1).
The triplet Cy,CAu: la;, 1b;, 24, 2b,,3a;, 1a,,3b, ,4a;,
4b,, 1b,) and also the singlet C,('A: 1a%, 1%, 2b?, 2a%,
3a?, 4a?, 3b%, 5a? 4b?) from the cyclic B, geometry obey
the JT distortion with 7.3 and 8.1 kcal/mol

(CCSD(T)/6-311+G(2df)//B3LYP/6-311 G*),
respectively higher in energy [21—23, 28]. Based on

Dy A 12, 1el 1% ey, 241, 2¢)), the MOs are

le,'-HOMO-2, le*~-HOMO-4, and lg;>~-HOMO-2
that are located into 2c—2e B—B bonds with a periph-

eral bonding and 14, >-HOMO-3 which is appeared via

2p, atomic orbitals for creating the global-bonding.

The 2¢;*-HOMO and 24;°-HOMO-1 are organized
from 2p-radial atomic orbitals to create the global-

bonding in theB(60). This ion is a doubly c&m-aro-
matic.

Bg') , formed by two extra electrons compared to
B(60), with a planar electronic structure by D, point
group (‘Ag lay, 16y, 24,165, 165, 165, 3a;, 2b;,, 2by,,

lbzzg) in the global minimum position [47]. This con-
figuration is extracted from the D¢, hexagon that obeys
of the first order JT distortion. Six MOs including
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2b;,~-HOMO-2,  1b;,-HOMO-5  15;,-HOMO-6,

2a;-HOMO-7, 15;,-HOMO-8, and la;-HOMO-9 are
localized into six 2c—2e B—B bonds; therefore they
make the peripheral bonding. The other MOs (four
orbitals) make the global bonding in this cluster. The

2b;,~-HOMO-1 and 3a;-HOMO-3 produce c-radial
molecular orbitals which are pure bonding, and the

2b,2u-HOMO—1 being relatively anti-bonding. There-

fore, Bf,f‘) anion has two globally de-localized orbital
molecules, which produce an anti-aromatic situation.

The remaining delocalized orbitals are 1b32u—HOMO—4
(completely bonding) and lbzzg—HOMO (partially

bonding). Since this anion has 406 and 41 e on the
globally delocalized orbitals and also six 2c—2e periph-
eral B—B bonds, it has a doubly (¢ & ) anti-aromatic
situation.

NBO Analysis

Via NBO approach the electron delocalization is
interpreted based on Lewis information. Obviously,
the charge in the Lewis orbital has shown a low
amount of electronic charge due to strong effects of
electron delocalization. In an orbital resonance, the
major and minor contribution among the atomic
orbitals can be estimated through several calculations.
Due to perturbation phenomenon, some operators
such as Fock-Matrix, the donor—acceptors of bonding
& anti-bonding interactions the NBO evaluation has
been calculated and are listed in Table 4.

As it can be seen in Table 1, all bonds in B{" are
completely equal and wave function, occupancy, devi-
ation (in both hybrids), and “6” are identical due to
Dy, (lAlg) structure, which has a minimum energy at
several levels of calculations. This kind analyzing are
accomplished via examining all possible interactions
among donor Lewis-types (Field orbitals) with accep-
tors (empty orbitals) non-Lewis of NBOs. For donor
orbitals with index (i) and acceptor orbitals with index
(), the stabilization energies £(2) completely associ-
ated with delocalization. The equation as follows
exhibits the relation of F Matrix as: E(2) = AE; =

2
LJ

Sj_gl

q; , where g; are the donor occupancies and
€; — ¢, are diagonal orbital energies. In addition Fi,zjis
the Fock-matrix function (Table 4).

Based on NBO analysis (Tables 4, 5), NHO direc-
tion and bond bending (Deviations from line of
nuclear centers) can be estimated for understanding
the situation of w and ¢ orbitals. These data often are
useful for predication the direction of geometry
changing results from geometries optimization. The
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Table 4. Donor and acceptor analysis

MONAJJEMI

Donor NBO(i) Acceptor NBO (j) E(2), kcal/mol E@() — E@), a.u. F(@,j),au.
Bg”
B1-B2 (o) LP(1) B2 0.91 0.49 0.021
B2—B3 (o) LP (1) B3 4.00 0.49 0.043
B3—B4 (o) LP (1) B4 4.00 0.49 0.043
B4—B5 (o) LP(1) BS 0.91 0.49 0.021
B5—B6 (6) LP(1) B6 0.91 0.49 0.021
B6—B1 (o) LP(1) B1 4.00 0.49 0.043
BY”
B1-B2 (o) LP*(2) B2 33.29 0.45 0.126
B1—-B3 (o) LP* (2) B3 48.01 0.45 0.151
B2—-B4 (6) LP (1) B4 7.20 0.80 0.069
B4—BS5 (o) LP(1) BS 1.39 0.82 0.031
B5—B6 (6) LP(1) B6 9.48 0.50 0.073
By
B1-B2 (o) LP*(2) B2 33.29 0.45 0.126
B1-B3 (o) LP*(2) B3 48.01 0.45 0.151
B1-B4 (o) LP (1) B4 7.20 0.80 0.069
B1-BS5 (o) LP(1) BS 1.39 0.82 0.031
B1-B6 (o) LP(1) B6 9.48 0.50 0.073

direction of a hybrid is specified in terms of the polar
(6) and azimuthal (¢) angles of the vector describing
its p-component. The hybrids directions are then
compared with those direction of the lines of the cen-
ters between two nuclei for determining the bending of
those bonds, expressed as the deviation angles

between these two directions. For B(62+) , B(GH and B(60)
NBO calculations exhibit that these structures are the
dominant Lewis structure. However, based on
advanced valance bond theory, covalent-ionic reso-
nances are not necessary due to the inclusion of bond-
polarity effects in a resonance structure. By this work,
for each NAO functions, core, valence, or Rydberg,
the orbital occupancy and the orbital energy are shown
and it is notable that the occupancies of the Rydberg
(Ryd) NAOs are typically much lower than those of
the core and valence (Val) NAOs of the natural mini-
mum basis (NMB) set.

In addition, the occupancies for a enough approx-
imation, Lewis and non-Lewis NBOs, population,
core number(CR), two-center bond (BD), three-cen-
ter bond (3C), and lone pairs (LP) NBOs, Lewis—
low-occupancy (L) and Non-Lewis high-occupancy
(NL), and also the optimum deviation (Dev) of any

formal bond order have been considered for B(5+) , B(;),
BY, BYY, BY”, BY, B, B}"” and B} .

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 66

The calculations of Natural Population including
charges, Rydberg, core and valance for several variants

of By™ are listed in Table 6. Since the bonds order are
the integer number of chemical bonds, in molecules
which have resonance or non-classical bonding, bond
order may not be an integer. In other words, the delo-
calized molecular orbitals contain 7 orbitals essen-
tially yielding half of the © together with half of the ¢
https://en.wikipedia.org/wiki/Sigma_bond bonds for
each pair of atoms. Electron localization function
(ELF) and Localized orbital localization (LOL) anal-
ysis that has been investigated by Beck and coworkers
[48] illustrated a spherically average like-spin pair
including suitable correlation with considering the
Fermi hole. So, by this introducing, a new function as
“electrons localization functions” appears for any fur-
ther discussion and calculation in the physical sci-
ences as known (ELF).

(r) = L

ELE(r) = ——————,
1+ [D(r)/ Dy

(1)

where

1 2 1|[Vedf  [Veyl
D(r) =~ Vel - + > 2
” =320 8{pa<r> by |

and
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Table 5. Natural hybrid orbitals (NHO) direction and bond bending deviations from line of nuclear centers in variants of

Be™
Line of center Hybride 1 Hybride 2 Wave function
0 P 0 0 Dev 0 0 Dev B,—B; bonding 0cc
B
73.9 | 212.8 | 89.3 | 2744 | 62.6 | 97.3 | 343.6 | 48.9 |0.711SP'°2 of B1 + 0.702 SP!38 of B2 1.939
74.0 | 147.1 | 89.7 | 857 | 62.6 | 976 | 164 | 488 [0.712 P10 of B1 + 0.701 P"¥ of B4 1.939
108.3 | 180.0 | 101.8 | 208.8 | 28.5 | 78.2 | 331.2 | 28.5 [0.707 P13 of B2 + 0.707 P13 of B3 1.966
73.9 | 147.2 | 82.7 | 196.4 | 48.9 | 90.7 | 265.6 | 62.6 [0.702SP"38 of B3 + 0.711 SP!*20f B4 1.939
106.0 | 329 | 903 | 944 | 62.6 | 824 | 163.6 | 48.8 [0.712SP!0! of B4 + 0.707 SP!3¢ of B6 1.939
108.2 | 180.0 | 101.6 | 151.2 | 28.6 | 78.4 | 28.8 | 28.6 |0.707SP!36 of B5 + 0.707 SP'36 of B6 1.967
B
90.0 | 145.1 | 90.0 | 1043 | 40.9 | 90.0 | 17.6 | 52.5 |0.692SP"!' of BI + 0.721 SP"! of B2 1.889
90.0 | 180.0 | 90.0 0.0 | 180.0 | 90.0 | 180.0 | 180.0 [0.711SP92of B1 + 0.702 SP'-580f B2 1.947
90.0*| 180.0 | 90.0 0.0 | 180.0 | 90.0 | 180.0 | 180.0 [0.707 P12 0ofBI + 0.707 P12 of B4 1415
90.0 | 214.9 | 90.0 | 255.7 | 40.9 | 90.0 | 3424 | 524 |0.692SP"!! of B1 + 0.721 SP!6! of BS 1.889
90.0 | 180.0 | 90.0 | 149.0 | 31.0 | 90.0 | 31.0 | 31.0 [0.707SP*8 of B2 + 0.707 SP'*8 of B3 1.983
90.0 | 214.9 | 90.0 | 1624 | 524 | 90.0 | 75.7 | 40.9 [0.721SP!%! of B3 + 0.692 SP!-36 of B4 1.889
90.0 | 325.1 | 90.0 | 284.3 | 40.9 | 90.0 | 197.6 | 52.4 |0.692SP"!! of B4 + 0.721 SP!6! of B6 1.889
B(62+)
90.0 | 283.8 | 90.0 | 306.6 | 22.8 | 90.0 | 8L1 | 22.8 [0.707SP% of BI + 0.707 SP!%0f B2 1.980
90.0 | 163.8 | 90.0 | 1411 | 22.8 | 90.0 | 6.6 | 22.8 |0.707SP'% of Bl +0.707 SP"%0f B6 1.980
90.0 | 223.8 | 90.0 | 246.6 | 228 | 90.0 | 21.0 | 22.8 |0.707SP"% of B2 +0.707 SP of B3 |  1.9800
90.0 | 163.8 | 90.0 | 186.6 | 22.8 | 90.0 | 321.1 | 22.8 [0.707SP05 of B3 + 0.707 SP'%5 of B4 1.9800
90.0 | 103.8 | 90.0 | 126.6 | 22.8 | 90.0 | 261.1 | 22.8 |0.707SP"% of B4 + 0.707 SP'%0f B5 1.9800
90.0 | 438 | 90.0 | 66.6 | 22.8 | 90.0 | 201.0 | 22.8 [0.707SP'% of B5 + 0.707 SP% of B6 1.9800

Dy, = %(6#)2/3[%0)5/3 100 R N )

for closed-shell systems, since p,, (r) = Pp (r) = %p, D

and D, terms can be simplified as

2
1 {&} , (4)

IS Vol —
IW%dZﬁWM 8| o ()

and

4

Savin et al. [49] indicated that D(r) determines the
excess kinetic energies due to the Pauli repulsion,
while Dy(r) is known as Thomas—Fermi kinetic ener-
gies term. In other words they re-considered the ELF
in view point of kinetic energy through Kohn—Sham
DFT’s wave-function. Therefore, ELF would be in

Dy =2 3m) p(r™”

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 66

the range of [0, 1] and a large ELF value indicates that
electrons are strongly localized.

ELF is a strong factor that is useful for many vari-
eties of molecules in organic and inorganic com-
pounds and also especially for cluster rings of Boron
Nitride molecules. Localized orbital locator (LOL) is
the other function similar ELF that has been investi-
gated by Becke and coworkers [50].

_ W)

LOLU)_1+un’

where
_ Dy(r) )
DR

In equation (6), D, (r) for both spin-polarized and
closed-shell systems are explained in the same mean-

(6))
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Table 6. Summary of natural population analysis
Natural Natural Population
atom No. charge core valence rydberg total charge
B
1 —0.50587 1.99628 3.49179 0.01780 5.50587
2 —0.24707 1.99765 3.23021 0.01921 5.24707
3 —0.24706 1.99765 3.23020 0.01921 5.24706
4 —0.50587 1.99628 3.49179 0.01780 5.50587
5 —0.24707 1.99765 3.23021 0.01921 5.24707
6 —0.24707 1.99765 3.23022 0.01921 5.24707
Be
1 0.33331 1.99726 2.66024 0.00919 4.66669
2 0.33346 1.99726 2.66009 0.00919 4.66654
3 0.33323 1.99726 2.66032 0.00919 4.66677
4 0.33331 1.99726 2.66023 0.00919 4.66669
5 0.33345 1.99726 2.66010 0.00919 0.00919
6 0.33324 1.99726 2.66031 0.00919 4.66676
Bg
1 0.05700 1.99671 2.93447 0.01182 4.94300
2 0.05764 1.99671 1.99671 2.93384 0.01181
3 1.99671 1.99671 2.93424 0.01182 4.94277
4 0.05730 1.99671 2.93418 0.01182 4.94270
5 0.05764 1.99671 2.93384 0.01181 4.94236
6 —0.28681 1.99613 3.26351 0.02717 5.28681
Molecule Total Lewis Valence non-Lewis Rydberg non-Lewis
B(sz_) 26.05020 (81.4069%) 5.88689 (18.3965%) 0.06291 (0.1966%)
B(62+> 24.55640 (87.7014%) 3.41292 (12.1890%) 0.03068 (0.1096%)
Bg 26.79950 (89.3317%) 3.15753 (10.5251%) 0.04297 (0.1432%)

ing as in ELF. Jacobsen exhibited that LOL supply
more definitive and obvious image than ELF therefore
LOL can be interpreted in kinetic energies way better
as for ELF; as regards LOL can also be interpreted in
viewpoint of localized orbital. Region data area of
LOL issame as ELF, which means are placed between
zero and one [0, 1]. The electron densities, values of
orbitals and LUMO, HOMO orbitals, electrons spin
densities, electrostatic charges, ELF, LOL and total
electrostatic potential (ESP) using the Multifunc-
tional Wave-function analyzer have also been calcu-
lated in this work [51].

DISCUSSION

In this work we exhibit some boron clusters can be

doubly (- and 1t-) aromatic such as B, B;", BI, and

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 66

even B7+ , and also some other clusters can be globally

doubly anti-aromatic, such as, Bé_. Anti-aromatic
molecules might be interpreted in terms of formation

of areas of island aromatic position [52, 53]. In the 862 -
clusters, the globally delocalized 6- and w electrons
can be localized over two areas composed of three
boron atoms. Several clusters may have conflicting

aromaticity, such as B; (which is m-aromatic and
o-anti-aromatic). In addition to peripheral 2c—2e B—
B bonds globally delocalized mw-MOs, and globally
delocalized o-Mos. It is important to mention that
there is good similarity between the planar boron clus-
ters with 4n 1 electrons to anti-aromatic. By this work
can be exhibited that a globally w-anti-aromatic mol-

ecule such as Béi could have islands of m-aromaticity.
For explaining low symmetry (D,, instead of D) of
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Fig. 2. TDOS, PDOS and OPDOS plots versus molecular orbital energies of Bg+ (Dgh> 1Alg) including leyy, leyg, 16y, lay,, and
2a;, of HOMO-4, HOMO-3, HOMO-2, HOMO-1, HOMO and LUMO, respectively.

Bé_, it is needed to consider this cluster as being glob-

ally m-anti-aromatic. For Bj also the high TRE cannot
explain the low symmetry (C,, instead of Ds;) as well
as the small first singlet vertical excitation energy.
Since the global G-anti-aromaticity in the Bs™ cluster is
recognized, the low symmetry C,, structure and small
first singlet vertical excitation energy has rather simple
explanation, which is not able to explain only 7-aro-
matic situation in this type of clusters. Suitable geo-
metric and optimization is an essential factor, which
determines the shape of the most stable structures.

In addition, plotting Total/Partial/Overlap popu-
lation density-of-states (TDOS, PDOS, OPDOS),

have been done for all components of Bf’o

The original total DOS (TDOS) of isolated BZ’O (n=
6—10) clusters can be written as

TDS(E z O(E — g;) where g, is eigenvalue of par-

ticle Hamilton and & is Dirac delta function. By
replacing 8 with a function such as Gaussian, Lorent-
zian and pseudo-Voigt function, broadened TDOS
can be yielded. The normalized Gaussian function is

2

clusters.

. FWHM
defined as G (x) = —
(x) 242vIn 2
parameter is acronym of “full width at half maxi-
mum,” it is an adjustable parameter in Multiwfn, the
larger FWHM the TDOS graph looks smoother and
analysis is easier to perform, but more fine-structure is
masked. Here the Lorentzian function can be defined

as L (x) = FWHM 1

S 2 XX+ 0.25FWHM’ .
function is weighted linear combination of Gaussian

X
' ‘
e % where = This

. Pseudo-Voigt

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 66

and Lorentzian functions:
P (X) = WyauesG (%) + (1 = Wy ) L(x).  Obviously, if
G(x) and L(x) are normalized, normalization condi-
tion for P(x) always holds regardless of the select of
PDOS function of fragment A4 is defined as

gauss
PDOS, (F) = Z[ E.4F(E —¢;), where Z,, is the
composition of fragment A4 in orbital ;. The OPDOS
for A and B fragments is formulated as

OPDOS, 5)(E) = z,j X, 3F(E —¢;), where X, is
the composition of total cross term between fragment
A and B in orbital i. However if the discrete lines are
broadened, from the height of black curve (TDOS) we
can clearly know how dense the energy levels are dis-
tributed everywhere. Besides, TDOS, PDOS and
OPDOS clearly identify characters of each orbital by
observing these curves (Figs. 2—4).

The red curve is high in the region of —0.8 to +0.2 a.u.,
so we can be concluded that 2p atomic orbitals of
boron atoms have significant contribution to corre-
sponding MOs. Since the green curve is greater than
the other forms, denote corresponding MOs are favor-
able or unfavorable for forming chemical bond
between boron 2p orbitals together, it is shown that the
orbital pointed by the leftmost arrow is very helpful for
bonding, while the high-energy state orbitals (>0.2 a.u.)
are not conducive for bonding (namely anti-bonding
character), fortunately they haven’t been occupied,
otherwise the molecule must be broken. Finally, it can
be mentioned this information for Boron clusters are
useful for any further research in boron properties in
industrial, drug design and agricultures activities
[54—56].
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Fig. 3. TDOS, PDOS and OPDOS plots versus molecular orbital energies of 32 (Csy, 1Al) including 1ay, ley, 2ay, le,, 3ay, 2¢,
and 3e; of HOMO-5, HOMO-4, HOMO-3, HOMO-2, HOMO-1, HOMO and LUMO, respectively.
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Fig. 4. TDOS, PDOS and OPDOS plots versus molecular orbital energies of 32 Bé_ (Dyp, 1Ag) including 4ag, 1554, 2b, and 2by,
of LUMO, HOMO, HOMO-1, HOMO-2, respectively.

CONCLUSIONS aromatic for 4n + 2 cand for 4n ¢ electrons make it
anti-aromatic.
On the fundamental of NBO bonding analysis per-
formed for B’ clusters, which have been discussed
about the next chemical bonding model for planar or ACKNOWLEDGMENTS
quasi-planar in viewpoint of the second order Jahn—
Teller effects (SOJT). The number of 2c—2e peripheral
in planar or quasi-form the clusters are equal to the
number of peripheral forms. In addition, there is delo-

The Author thanks Islamic Azad University for provid-
ing computer equipment.

calization — M Os, which make the cluster aromatic for CONFLICT OF INTEREST
4n + 2 1 electrons and in other hand or for 4n7 elec-
trons have an anti-aromatic position. There is delocal- The authors declare that they have no conflicts of

ization of 6-MOs, which make the cluster globally G- interest.
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