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Abstract The electromagnetic non-bonded interactions
of BH,NBH, molecule inside the B;sN;s ring has been
investigated with B3LYP method using EPR-II and EPR-
IIT basis sets. Optimized structures, relative stability, and
hyperfine spectroscopic parameters, such as total atomic
charges, spin densities, electrical potential, and isotropic
Fermi coupling constants of radical, cationic, and anionic
forms of BH,NBHj, in different loops and bonds have been
calculated. The spectral properties have been contributed to
explain the characteristics of hyperfine electronic structure.
The calculation for the B5sN;s—BH,NBH, system and then
for adenine-thymine base pairs coupled with BH,NBH,
molecule inside the B;sN;s ring (A-BNB-T) have been
done and three quantized rotational frequencies for transi-
tions among cationic, radical, and anionic have been cal-
culated, too. All observed frequencies appeared in the IR
rotational region. So, this system can be used for the
measurement of rotational spectra related to electrical
voltage differences existing in macromolecules such as
proteins and DNA and membrane. Extensive calculations
have been carried out on the radical, anionic, and cationic
forms of BH,NBH, to obtain data and it has been observed
that the radial coordinate of the dipole moment vector
(r) as well as the voltage differences (AV) and relative
energies (AE) exhibited Gaussian distribution. We have
obtained a relationship between dipole moments and the
voltage differences and energies of system.
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Introduction

Due to excellent thermal and chemical stability, boron
nitride ceramics are traditionally used as parts of high-
temperature equipment. Boron nitride has a great potential
in nanotechnology. The thermal conductivity of BN is
among the highest of all electric insulators. Little is known
on the electronic structure and electromagnetic behavior of
boron nitride in non-bonded interactions. Boron nitride has
an isoelectric feature and exists in various crystalline
forms, including hexagonal and cubic forms. The hexago-
nal form corresponding to graphite is the most stable and
softest one and is employed as the lubricant and an additive
to cosmetic products. The cubic form of BH,NBH, anal-
ogous to diamond is called cubic BN. The initial BH,NBH,
form is amorphous BN powder and layers of amorphous
boron nitride have application in some semiconductor
devices. As diamond is less stable than graphite, cubic BN
is less stable than hexagonal BN. The wurtzite form of BN
is a hexagonal polymorph of carbon. In both cubic and
wurtzite BN, boron and nitrogen atoms are classified as
tetrahedral, but the angles between neighboring tetrahedral
are different [1-4]. The both hexagonal and cubic BN are
wide-gap semiconductors with a band gap energy corre-
sponding to the UV region. If voltage is applied to hex-
agonal BN or cubic BN, it emits UV light in the range
215-250 nm and can be employed as a light emitting diode
or laser [5, 6]. The physical properties and structural fea-
tures of amorphous and crystalline BN, graphite and dia-
mond are as follows [1-6]:
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Material Amorphous BN Hexagonal-BN Cubic BN Waurtzite BN Graphite Diamond
Density (g/cm’®) 2.28 2.1 3.45 3.49 2.1 3.515
Mohs hardness - 1-2 10 10 1-2 10
Knoop hardness (GPa) 10 - 45 34 - 100
Bulk modulus (GPa) 100 36.5 400 400 34 440
Thermal conductivity (W/cm K) 0.03 6 7.4 - 2-20 6-20
Thermal expansion (107% °C) - —2.7 1.2 2.7 —-1.5 0.8
Bandgap (ev) 5.05 5.2 6.4 4.5-5.5 0 5.5
Refractive index 1.7 1.8 2.1 2.05 - 2.4
Magnetic susceptibility (pemu/g) - —0.48 - - -0.2 —1.6

Due to isoelectric characteristic of the non-carbon spe-
cies (BN), these compounds can be considered as a lim-
iting case of the B/N doped fullerenes and have become a
subject of research interest. This interest may be linked to
the fact that boron nitride has a stable crystalline phase
similar to graphite [10-12]. The synthesis of Cg fullerene
[13] followed by that of larger fullerenes and carbon
nanotubes raised the curtain on a new class of nano-objects
based on layered materials with predicted unique intrinsic
physical properties [14]. The production of these novel
graphite-like nanostructures opens up a new era in mate-
rials science and nano-scale engineering [15].

There has been a significant interest in experimental
studies of B,,N,, clusters that can be found in the literature,
and several research groups have described the production
of boron nitride-based nano-structures [16-21]. Recently,
various cages and (BN),, cubes have been synthesized [22—
27], BN polyhedral have also been successfully synthe-
sized by reaction of BCl; with NH; in a laser beam [28,
29]. There are mainly two structural classes for (BN),
cages [25, 30]. One is constructed from alternate BN units
and governed by an isolated square rule [19, 31], which is
the counterpart of the isolated pentagon rule [32] of carbon
fullerenes. Another class is of fullerene-like structures,
based on combination of 5- and 6-membered rings, with the
existence of N-N and B-B bonds. In addition to the the-
oretical predictions for the structures, physical properties of
such molecules of B,4C{,N,4 molecule [30] and the
B15Ni,, BigNje and B,gNyg molecules, the experimental
synthesis and various spectrometer are needed for the final
confirmation of their stability for structures [19, 33].
However, there is basically no experimental information on
the B,N,, cluster thermochemistry, though some informa-
tion for small aggregates can be derived from ab initio
calculations [34-37].

In view of the structural similarity of graphite and bulk
boron nitride, it is usual to discuss these new materials in
terms of modifications of the carbon fullerene and nano-
tube models.
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A boron nitride nanotube can be imagined as a graphite-
like sheet rolled on itself, where carbon atoms are
alternately substituted by nitrogen and boron atoms.
Structurally, it is a close analog of the carbon nanotube,
namely a long cylinder with diameter of several to hundred
nanometers and length of many microns. Nanotubes of BN
have a structure similar to that of carbon nanotubes, i.e.,
graphene (or BN) sheets rolled on themselves where as
carbon nanotubes can be metallic or semi-conducting
depending on the rolling direction and radius, a BN
nanotube is an electrical insulator with a wide band gap of
5.5 eV which is almost independent of tube chirality and
morphology. It has a layered structure similar to graphite.
In each layer, boron and nitrogen atoms are bound by
strong covalent bonds, whereas layers are held together by
weak van der Waals forces [7-9].

We have employed single wall borane nanotube
(SWBNNT) from kind MWNT = 1, as an armchair nano-
tubes (n, m) with chirality n = 5, m = 5 and the tube length
was 3 A. The schematics of the generation of our consid-
ered nanotube through folding a section of a graphene sheet
and the optimized structure of adenine—B;sN;s—thymine are
displayed in the scheme, where C = na; + ma, = (n, m),
a; and a, are the primitive lattice vectors of the graphene,
and n, m are integers (Scheme 1) [38, 39].

The major focus of the present study was the investigation
of the electrostatic interactions within the BNB-B;sN5
system. For further investigation about electrostatic inter-
actions, the quantum mechanical atomic charges caused by
the asymmetric distribution of electrons in chemical bonds
play an important role in simulations of intermolecular for-
ces and condensed phase properties and they are also often
used for a qualitative understanding of the structural aspects
and mutual electrostatic interaction of two molecules [40].
Recently, an increasing number of studies on atomic charges
have been performed [41-44]. Moreover, nuclear quadru-
pole resonance (NQR) parameters have been known as the
proper tool for the description of the electrostatic interaction
and charge transfer properties of B;sN;s—BNB system
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Scheme 1 a The geometrical structure of the generation of the
armchair nanotube (n = m = 5) through folding a section of a
graphene sheet. b The optimized structure of BsN;s ring at the level

[45—47]. In this study, to accomplish the evaluation of partial
atomic charges we have used chelp G quantum chemical
ECP method for various anion, cation, and radical types of
BNB molecule inside the B;sN5 ring.

The main objective of this study was to gain further
insight into the electrostatic as well as electromagnetic
nature of these non-bonded interactions in accounting for
the capability of quantized rotation of BNB molecule
inside the BysN;s ring. The character of interactions has
been compared along with translation and rotation of rad-
ical, cationic, and anionic forms of BNB in B;5sN;s—BNB
system through calculations of the following different
physicochemical parameters.

The main goal was to make a systematic exploration of
the structure pattern of these boron nitrogen cage struc-
tures, i.e., presuming the B;sN;s ring as a quantum
mechanical rotating system holding a specific rotation axis

(b)

of B3LYP/EPR-III theory. ¢ The optimized structure of adenine—
B;5N;s—thymine at the level of B3ALYP/EPR-III theory

as BNB, we planned to simulate BNB inside the B;sNys
ring in accordance with an quantized nano-spectropho-
tometer detection of various quantized parameters of a
given biomolecule.

Indeed, a comprehensive picture of the electronic
structure of these magnetically unusual nano-particles
motivated us to imagine such a nano-system as like as a
quantized mechanic rotating system which would induced
an electromagnetic field through electrostatic interaction of
BNB to the BysN;s ring and also has a capability of
detecting the quantized parameters of the system consid-
ered as well as other bimolecular systems which can be
coupled with this system. In other words; there is mutual
electrostatic interaction between BNB and the B{sN5 ring
which causes the quantization of the radial component of
the dipole moment vector (r) as well as the voltage dif-
ferences (AV) and relative energies (AE) of BNB radical,
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cation, and anion. The BNB molecule rotate among
quantized rotational levels of the radial component (r) of
the dipole moment as well as energy levels and then spe-
cific spectrum would be appeared. We will explain in the
next pages how this system can be used as a detector for
biological molecules. In other words, when BNB is coupled
with two points of the B;sN;5 ring. Different radical, cat-
ionic, and anionic forms of BNB are expected to appear
because of the potential energy difference or voltage
caused by the BNB. So, investigation of the electrostatic
interaction of BNB with its surrounding ring evaluating
variations of different physicochemical properties such as
dipole and quadrupole moments as well as natural bond
orbital (NBO) and NQR parameters of the BH,NBH,—
B5N;5 system is of great interest.

For instance, adenine—thymine base pairs have been
coupled with BNB molecule inside the B;sN,5 ring and the
same calculations repeated for the three different radical,
anionic, and cationic forms of BNB. It is notable that for
each case specific quantized values of the dipole moment
(the radial component) and values have been obtained and
all these quantized values satisfied with Gaussian distri-
butions and different expectation values (AE), (AV), and
(Ar) that can be referred to each quantized level. In this
Gaussian curve, the system could undergo transitions
among different quantized levels and yield a spectrum with
three rotational frequencies (Viagical—cations Vanion—cations and
Vradical-anion) While it returns to its ground state. Hence,
based on the coupled biomolecules a unique spectrum of
quantized parameters is distinguishable and this system can
act like a biological nano spectrophotometer.

We anticipate that examining such an imagined pre-
diction would be a promising way to improve the physical
and chemical properties of fullerenes and may serve as a
starting point for designing and considering electromag-
netic nano systems in experiments.

To establish this target, it seems to be of importance to
examine the structural stability of the BNB—BsN5 system.
It is expected that BNB will be located strictly inside the
B;5N;5 ring. So, the BNB—B;sN;s system has been opti-
mized using hybrid DFT calculations at the B3LYP level of
theory as an efficient tool for theoretical studies on (BN),
rings and cages [22, 23] with the EPR-II and EPR-III
proposed by Barone [13] as suitable basis sets for identi-
fication of the electromagnetic properties of nano-systems.

In order to test the radical, cationic, and anionic forms of
the system’s stability [48, 49], we have calculated the
barrier energies as well as BSSE values in transitions and
rotation of BNB at specific distances and rotational angles
and also in each case the structural stability as well as
conductivity of the system through calculating the highest
occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) band gap. In addition, analysis
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of the total atomic charges, electron spin density, and
isotropic fermi coupling constants provided valuable
information on the interaction characteristics. The NBO
analysis has also been investigated to study the intermo-
lecular orbital interactions in the complexes [50-53].

Computational details

The geometry of the B;sN;s ring and BNB have been
optimized by Becke’s hybrid three-parameter exchange
functional and the non-local correlation functional of Lee,
Yang, and Parr (B3LYP) method [54, 55] with EPR-II and
EPR-III basis sets of Barone [13] using ab initio
GAUSSIAN quantum chemical package [56]. EPR-II is a
double zeta basis set with a single set of polarization
functions and an enhanced s-part: (6,1) [13, 23] for H and
(10,5,1) [13, 14, 25] for B-F. EPR-III is a triple-zeta basis
set including diffuse functions, double d-polarizations, and
a single set of f-polarization functions. Also, in this case the
s-part is improved to better describe the nuclear region:
(6,2) [11, 14] for H and [13, 14, 26, 29] for B-F. Vibra-
tional frequencies have been calculated at the level of
B3LYP/EPR-II theory to verify that the geometry was a
real minimum without any imaginary frequency and ana-
lyze the thermochemical functions including enthalpies and
Gibbs free energies [57].

Standard quantum chemical calculations usually give
exaggerated values of the binding energies of weakly bonded
complexes. The BSSE is a consequence of the finite basis set
approximation used in the calculations. The description of
the intra-molecular energy of both individual molecules,
namely BNB and the B5N5 ring is wanted within the nano
system as compared with the calculations performed for
the free separate molecules. Since the basis orbitals of the
partner molecule are also available, the most commonly used
cure for BSSE is to perform “counter poise” CP corrections
defined by Boys and Bernar [58—60]. In this approach, we
can determine the interaction energy by computing the
energy of the free BNB and BsN;5 individually for every
geometrical arrangement of the system. So, in this study the
BSSE corrections were applied during the optimizations and
the interaction energies were evaluated.

In addition, we have obtained dipole moments as the
coefficients of a series expansion of a potential because of
continuous or discrete sources such as an electric charge
distribution. If we consider a molecule consisting of N par-
ticles with charges eZ;, the particle i has spherical polar
coordinates r;, 0;, and ¢,. The electrostatic dipole operator is:

) N
0 = E eZiR]' (r;) (1)
i=1
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where, R}"(r;) is a regular solid harmonic function [61-63].

Moreover, the Breneman and Wiberg [64] approach
based on the atomic charges derived from electrostatic
potentials has been examined using a grid based method to
quantitatively estimate the electrostatic interaction between
BNB and B15N15 rlng

The NBO analysis has also been applied to study the
intermolecular orbital interactions in the complexes [65,
66]. Also, the isotropic Fermi [67] coupling which depends
on the direct transfer of electron spin to the s orbital of a
proton, total atomic charges, spin densities, and electric
potential of cationic and anionic forms of BNB in different
loops and bonds of B;sN;s—BNB system have been eval-
uated with EPR-II and EPR-III basis sets to get a deeper
insight about the non-bonded electrostatic interaction
between BNB and the BsN,5 ring.

Results and discussion

The aim of this section is to first discuss the different
aspects of electronic structure of the BNB—BsN;5 system
for further validation of the theoretical results to increase
their usefulness in practical applications or for pre-exper-
imental modeling. Second, we have explored the electro-
magnetic nature of BNB inside the B;sN;s ring through
calculating the following parameters which provide valu-
able information on the interaction characteristics.

In this regard, the DFT method [68, 69] that includes
electron correlation effects with the EPR-II and EPR-III
basis sets of Barone [13] made it possible to analyze the
electromagnetic behavior of the BNB-B 5N 5 system [70].
The EPR-III has been distinguished as a suitable basis set
for description of hyperfine properties of the system con-
sidered. However, because of the time-consuming factor of
EPR-III calculations, the EPR-II basis set has also been
used to provide logical results.

Structural aspects of the BNB-B 5N ;5 system

According to our best knowledge, detailed structural
analysis in the forms of bond lengths and angles are still
infrequent in theoretical studies on (BN), rings. On the
other hand, the oligomers and solids of (BN), cages have
attracted the interest of theorists [27]. Throughout this
article, bond lengths are given in angstrom, bond angles in
degrees and their corresponding geometries of the isolated
B,sN;s ring and BNB molecule have been compared
before and after optimization. The wvariation of bond
lengths (A°) and bond angles in the B;sN;5 ring and BNB—
BsN;5 systems are discussed. Compared with the pure
BsN;5 ring structure, it can be seen that the lengths of

bonds which connect the loops have been decreased and
the B-N-B bond angles have been increased. However, it
is interesting that through inserting BNB inside one B{sN5
ring, the electrostatic non-bonding interaction between
BNB and B;sN;5 caused the increase of connecting B-N
bonds from 1.496 up to 1.499 A as well as increase of the
B-N-B bond angels from 121.183 up to 121.721 A.

The relative energies

To verify the structural stability of our considered BNB—
B;sN;5 system, we have optimized the geometry of the
BH,NBH,-B;5N;5 system using the B3LYP method with
both EPR-II and EPR-III basis sets. The calculated energy
(Hartree), relative energy (kcal/mol), and BSSE (kcal/mol)
corrected interaction energy (kcal/mol) for cationic and
anionic forms of BNB in the B;sN;s—BH,NBH, system
with transition and rotation are compared in Table 1.
Strikingly, despite the intrinsic linearity of BH,NBH, in
different radical, cationic, and anionic forms, the distortion
of the BNB molecule occurs. The optimized results
obtained confirm the stability the B;sN;s—BH,NBH, sys-
tem and the BNB molecule is located strictly in the middle
of the BsNys ring, vertically observed. According to the
frequency calculation at the level of B3ALYP/EPR-II theory,
observing no negative frequency as well as obtaining
thermochemical functions, such as AG = —749.679 x
10° kecal/mol, AH = —749.632 x 10° kcal/mol confirmed
the structural stability of the B{sN;s ring. This effect is
probably because of the large dipole moments of the B-N
bonds, which preferentially enhance the ring stability.
Regarding stability of the system within transitions and
rotations of radical, cationic, and anionic forms of BNB, it
is notable that the obtained barrier energy for radical was
5.159 kcal/mol and the barrier energies of cationic and
anionic forms were close together (14.193 kcal/mol) which
was not considerable. The graphs of rotational and transi-
tion energy barrier of radical, anionic, and cationic forms of
BNB in B,sN;s—-BH,NBH, system has been displayed in
Fig. 1. To account for these observations, two observed
points is notable. First, for radical and cationic forms of
BNB the most stable condition has been observed in the
case that BNB located exactly in the middle of B,5N,5 ring,
i.e., the coordination of nitrogen atoms were (0, 0, 0).
However, for the cationic form of BNB this stability has
been found were the coordination of nitrogen atoms were
(0, 0, 0.2). Second, the reported BSSE data revealed that in
spite of insignificant changes of barrier energies based on
the plotted graphs, the whole trend have not changed
essentially from those of the first energy calculations. These
obtained results motivated us to investigate the rotation of
BNB. So, we have rotated the BNB from up to 180° its
center around one of its axis. In this case, the barrier energy
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was significant (49.804 kcal/mol). Based on such consid-
erable high barrier energy we have observed that the BNB
strongly resists under this rotation and exhibited no ten-
dency for rotation in horizontal state.

It has been understood that the only possible movement
which probably causes structural distortion of the system
was internal rotation of BNB inside the ring (BE =
49.804 kcal/mol). It is evident that with such high barrier
energy we could not expect any rotation.

According to the plotted rotational graph (Fig. 1), it has
been found out that the energy barrier of BNB radical
stands the highest value and the following trend could be
observed:

BNB (radical) > BNB (anion) > BNB (Cation)

Based on the graph of rotational energy barrier of cationic
form of BNB at different distances, it can be revealed that
atd =15 A graph’s pick has been observed, as the barrier
energy was 14.03814053 kcal/mol.

The HOMO-LUMO frontier orbitals

In order to check the validity of this description about the
structural stability of the four species in the BNB-BsN5
system, the HOMO-LUMO frontier orbitals have been
calculated. Recently, the HOMO-LUMO band gap has
been suggested is a measure of the structural stability and
semi-conducting properties of [71].

The band gap of the B sN;s—BH,NBH, system, the
difference in energy of the HOMO and the LUMO in
atomic unit is reported in Table 2. In particular, the

HOMO, LUMO and the energy gaps E (LUMO)-E
(HOMO) of the BNB anion stands out as the largest in the
states considered. Conversely, the lowest HOMO-LUMO
band gaps correspond to both rotation and transition of the
BNB cation and were in the range of 0.03364-0.08695
atomic unit which showed the lowest stability and highest
conductivity of this form.

As a whole, the band gap for all three radical, anion, and
cation forms of BNB were as follows:

BH,;NBHj, (anion) > BH,NBH), (radical)
> BH,NBHj, (Cation)

Therefore, it can be concluded that for both transition and
rotation the most stability and less conductivity can be
expected for the BNB anion. In addition, for the case of
both anion and radical BNB the highest band gap and the
highest stability have been observed in the same distance at
1 A, which were 26.97219 and 26.70761 a.u. at 1.5 A,
respectively. Also, for both cation and anion BNB the
highest band gap and then the highest stability have been
found at —35°. However, for the case of radical rotation of
BNB the highest stability has been found at —135°.

It is interesting that if we just consider the HOMO-
LUMO band gap of the B,5N;5 ring that has a small band
gap (0.17908 a.u.), it can be concluded that the existence of
BNB inside the B|sN5 ring and its electrostatic interaction
for both anionic and radical forms caused the higher con-
ductivity compared with the pure ring and because of
feasibility of electron transfer it is expected that in these
anionic and radical cases the electromagnetic induction
would be improved.
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Table 2 The band gap of B;sN;s—BH,NBH, system as the relative differences in the energy of the HOMO and the LUMO in atomic unit

Anion Cation Radical
Transition Rotation Transition Rotation Transition Rotation
dA) Band gap  Angle Band gap d (A) Band gap  Angle Band gap d (A) Band gap  Angle Band gap
(HOMO- (HOMO- (HOMO- (HOMO- (HOMO- (HOMO-
LUMO) LUMO) LUMO) LUMO) LUMO) LUMO)
0.0 26.94872  —135.0 26.93602 0.0 0.04097 —135.0  0.04099 0.0 - —135.0 26.70356
0.2 2693661 —115.0 26.94033 0.2 0.04136 —115.0 0.04554 0.2 26.70317 —115.0 26.69834
04 26.93366 —95.0 2694441 04 0.03878 —95.0 0.05605 04 26.70195 —-95.0 26.6954
0.6 26.93289 —75.0 2695322 0.6 0.03739 —75.0 0.07206 0.6 26.70133 —75.0  26.68908
0.8 26.93626 —55.0 269631 0.8 0.0359 —55.0 0.08142 0.8 26.70341 —55.0 26.68162
1.0 26.93717 —-35.0 2697219 1.0 0.03469 —35.0 0.08695 1.0 26.70703 —35.0 26.68881
1.5 26.96448 —15.0 2695524 1.5 0.03307 —15.0 0.08537 1.5 26.70761 —15.0 26.67217
2.0 26.94224 50 2695442 2.0 0.03364 5.0 0.06848 2.0 26.68134 5.0 26.68588
3.0 26.91099 25.0 2694304 3.0 0.03497 25.0 0.05448 3.0 26.64713 25.0 26.69781
35 26.90572 450 2694453 3.5 0.03459 45.0 0.04674 35 26.65182 45.0 26.69803
Ring (EPR-II) 0.17908 65.0 2694217 - 65.0 0.04866 - 65.0 26.69464

NBO analysis

In the NBO analysis, the interaction arising from electron
delocalization are analyzed by selecting a number of nat-
ural bonding and anti-bonding orbitals that distort from the
idealized Lewis structure, caused by interactions among
them through hyper-conjugative or electrostatic interac-
tions. In NBO analysis, the input atomic orbital basis set is
transformed via natural atomic orbitals (NAOs) and natural
hybrid orbital (NHOs) into NBO [72-74].

In the present theoretical study, particular attention has
been paid to the structural properties of our BNB-BsN5
system. So, the NBO analysis gives supplementary infor-
mation of the relative structural properties [57]. It should
be noted that conjugated systems, such as benzene and
n-conjugated linear molecules, have been well studied with
NBO analysis [75-77].

NBO analysis of the B{sN;s—BNB system at the level of
B3LYP/EPR-II theory considering radical, cationic, and
anionic forms of BNB with different rotational angles has
been given in Table 3. The coefficients of s and p orbitals of
both B-N and B-B bonds involved in radical, cation, and
anion B5N;5—BNB as well as the hybridization of B and N
atoms can be distinguished based on these NBO data.

It has been found that at all rotational angles the bonding
and anti-bonding coefficients of s and p orbitals of N-B
bonds were 0.4 and 0.9. However, for the B-B bonds the
constant coefficient (0.7) was obvious. Based on the con-
stant values of the coefficients of linear combination of s
and p orbitals of different bonds (0.4 and 0.9), a specific
voltage differences could be expected.

It is notable that the percent of s and p orbital’s of
different bonds of BNB anion in BNB-B 5N, 5 system at all

@ Springer

rotational angles corresponds sp® hybridization which is in
good agreement with the intrinsic sp” hybridization of the
B atom. Hence, it can be concluded that the most structural
stability is expected for BNB anion in BH,NBH, system at
all rotational angles.

Another logical relationship could be found between
NBO and AV values of different bonds of B;5sN;5—BNB
system. To compare in more details, it can be concluded
that in the case of BNB anion the closeness of obtained the
AV values (20.642-21.758 a.u.) derived by EPR calcula-
tions were in accordance with the estimation of the sp”
hybridization of B atom derived by NBO analysis, while
such a direct relationship has not been observed for the
BNB cation case. In other words, via a comparison of
average value of AV in the case of BNB anion the low
average (AV = 21.171 a.u.) revealed the sharp Gaussian
distribution and could be related with the constant bonding
molecular orbital coefficients. Meanwhile, the opposite
behavior has been seen for the BNB cation.

NQR parameters

NQR has proven to be a sensitive technique for the study of
hyperfine structure and dynamics in nano-systems and will
assist in the future assignment of such spectral data [45—
47].

The NQR parameters of nitrogen atoms of B;sN;s from
the B3BLYP method using EPR-II and EPR-III basis sets are
listed in Table 4. The quadrupole coupling constant () as
well as the asymmetry parameter (1) of the electric field
gradient (EFG) tensor of nitrogen atoms of the BsN5 ring
are related to the electric charge distribution within the
molecule as well as to the intra-molecular interactions.
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Radical

Cation

NBO analysis

Anion

Bond

Table 3 continued
Rotational angle

@ Springer

0.9073%(sp" )N + 0.4205*(sp>**)B

0.9017*(sp" )N + 0.4324%(sp"'*)B

0.9012%(sp" )N + 0.4334%(sp**)B

BD (1) N31-B32
BD (2) N31-B32
BD (1) N31-B33
BD (2) N31-B33
BD*(1) B32-B33

45.0

0.9471(p" )N + 0.3209%(p"°d*"\B
0.9072%(sp" )N + 0.4207%(sp>*")B

0.9017%(sp" ®)N + 0.4324%(sp"'®)B

0.9011%(sp" )N + 0.4335%(sp™**)B

0.9493%(p" )N + 0.3143%(p"°d"*")B

0.7076%(sp™*3)B — 0.7066%(sp"**)B
0.4324%(sp" )N — 0.9017*(sp"'*)B

0.7085%(p" )N — 0.7057%(p" **)B

0.4205%(sp" "N — 0.9073*(sp>*)B

0.4334%(sp" )N — 0.9012%(sp>**)B

BD*(1) N31-B32
BD*(2) N31-B32
BD*(1) N31-B33
BD*(2) N31-B33
BD (1) B32-B33

0.3209%(p )N — 0.9471%(p"*d)B
0.4207%(sp" )N — 0.9072* (sp**")B

0.4324%(sp" )N — 0.9017%(sp"'*)B

0.4335%(sp" )N — 0.901 1*(sp>**)B

0.3143%(p" )N — 0.9493%(p' °d*°")B

0.7066*(sp"*)B + 0.7076*(sp"**)B

0.7057%(p"%)B + 0.7085%(p'"*)B

According to the NQR parameters of nitrogen atoms which
have been derived from the EFG tensor, two sets of nitrogen
atom can be identified in the B;5N;5 ring structure. The first
series had the lowest asymmetry parameters (n = 0.1).
Meanwhile, the second group containing No, N;s, N»,, and
N»; had high asymmetry parameters (7 = 0.5), the lowest
coupling constants () and quadrupole frequencies (v, v_).
Moreover, a direct relationship can be seen between these
NQR parameters and the EPR data reported in Tables 5 and
6. In other words, the more negative electrical potentials
(—18) in both cation and radical forms corresponds to the
nitrogen atoms with high asymmetry parameters. On the
other band, especially in the case of the BNB anion these
nitrogen atoms had the more negative atomic charges (—0.4
up to —0.07) derived by chelp G calculations. This rela-
tionship was more evident in the EPR-III results, i.e., the
atomic charges of the second nitrogen group are more
negative and for the BNB anion and radical were —0.8,
—0.9, —0.4, and —0.7 a.u., respectively. Another observed
point is that the lowest isotropic Fermi constants (IFC) have
been obtained for this second group of nitrogen atoms. In
the case of BNB anion this fact has been observed as
yielding negative values of the IFC.

A comparison of the NQR parameters of nitrogen atoms
with both EPR-II and EPR-III basis sets demonstrated that
higher values of asymmetry parameters as well as the lower
coupling constants () and quadrupole frequencies (v, v_)
have been obtained with EPR-III basis set.

Electrostatic interaction of BNB with the B{sNys ring

In this section, the major point is the investigation of elec-
trostatic interaction of BNB with its surrounding B;sN 5 ring
which forms the basis for more detailed studies of other
systems with non-bonded interaction. To investigate the
electrostatic interaction on of BNB with five different seg-
ments including five loops and five connecting bonds of
B 5N 5 ring within vertical transition, first the four pentagon
loops have been frozen and the electrostatic interaction of
BNB with the one remained active loop has been considered.
Other loops have been examined one by one in the same way
and the changes of all the following calculated quantities
have been explored. Next, we were focused on each bond of
B5N;s individually and evaluated the interaction of BNB
with each of the five connecting bonds of BsN5 ring and
repeated the calculations along each bond.

Analysis of dipole moments

The only known mechanisms for the creation of dipole
moments are by current loops or quantum—mechanical spin
since the existence of monopoles has never been experi-
mentally demonstrated [78—80]. On the other hand, dipole
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Table 4 NQR parameters of nitrogen atoms of B;sNys ring at the level of B3ALYP/EPR-III theory
Atoms n y (MHz) v+ (MHz) v— (MHz)

EPR-II EPR-III EPR-II EPR-III EPR-IT EPR-III EPR-IT EPR-IIT
N, 0.4681 0.5284 2.0180 1.9001 1.7496 1.6760 1.2773 1.1740
N3 0.2345 0.1234 2.3307 2.6848 1.8849 2.0964 1.6113 1.9307
N5 0.2344 0.1234 2.3304 2.6840 1.8843 2.0958 1.6112 1.9301
Ng 0.2344 0.1234 2.3307 2.6840 1.8846 2.0958 1.6114 1.9301
Ny 0.4696 0.5284 1.9879 1.9017 1.7243 1.6774 1.2575 1.1750
Nio 0.2345 0.1234 2.3307 2.6848 1.8849 2.0964 1.6113 1.9307
Nis 0.4675 0.5272 1.9889 1.9006 1.7241 1.6759 1.2592 1.1749
Nis 0.2342 0.1228 2.3292 2.6837 1.8832 2.0951 1.6105 1.9303
Ny 0.1426 0.1228 2.3292 2.6837 1.8299 2.0951 1.6638 1.9303
Nyo 0.2355 0.1259 2.3310 2.6846 1.8854 2.0979 1.6110 1.9289
Ny, 0.2355 0.1259 2.3310 2.6846 1.8854 2.0979 1.6110 1.9289
Naoo 0.4686 0.5282 1.9868 1.9008 1.7228 1.6766 1.2573 1.1745
Ny; 0.4698 0.5296 1.9855 1.8983 1.7223 1.6750 1.2559 1.1723
Nog 0.2334 0.1224 2.3301 2.6843 1.9421 2.0953 1.6116 1.9310
Noo 0.2334 0.1224 2.3301 2.6843 1.9421 2.0953 1.6116 1.9310

expansions are used in the study of electromagnetic fields
of charge and current distributions. The efficiency of such a
fast method is superior if the system is clustered and has
large density fluctuation [79]. So, the lack of experimental
demonstration and its importance in theoretical simulations
was a motivation for us to investigate dipole moments from
a theoretical point of view.

The coefficients of angular coordinates of multipole
moment are defined as a sum of following spherical
harmonics:

00 ]
=> Z (o, ¢) 2
1=0 m=—1
So, the electromagnetic potential can be obtained as:
00 l
V=(r0.¢)) > C'(r)Y"(0.9)
i=0 m=—I
00 00 ] D"
=22 > —§ (0, ) (3)
j=1 1=0 m=—I
The Taylor expansion of v(r — R) around the r = O is,
V(r—R) =v(R) — Z ravs(R)
o0=x,y,2
+- Z Z Farpvap(R - 4)
oc X,9,2 f=x,y,2
where
ov(r—R) o*v(r —R)
Vu(R) = dv. =
«(R) ( or, ) and Vzs(R) ( or,0rg ) ,_q
(5)

So, the above equation can be considered as the differential
of v in terms of r.

Interaction of two non-overlapping parts of BNB and
B;sN;s The total electrostatic interaction energy of the
system considered (Up,,n,;—BNB) between the two charge
distributions is

U sNis—BNB = E

neBsNjs ve BNB

qudv

Amegryy (6)
As a consequence of the electrostatic B;sN;s—BH,NBH,
interaction, the charge distribution of the BNB molecule,
inside the B;sN;s ring polarizes the B;sN;s charge
distribution and induces are electromagnetic fields in the
BsN;s—BH,NBH, system.Considering ryy = ry — ry, it
can be defined as:

RBsNys—BNB + 7BNB.y + Ty — FuBisNis = 0 (7)
Since the two distributions do not overlap:
|RB,sNys—BNB| > |FBNBv — 7BisNys s (8)
The Laplace expansion could be considered as:
1 B 1
"‘v - r,,‘ |RB1;N15—BNB — (FBysNys.0 — rBNBJ’)’
M M ©)
= Z Z Y1 (Rs ox,s-xB)RY
—0 M—L
X \IBysNys,u — rBNB,V)

where, I and R} are irregular and regular solid
harmonics, respectively. The Dipole moment can be

measured by a variety of experimental methods or

@ Springer
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Table 5 continued

Radical

B,sN,s—BH,NBH,

AV =V, -V

Dipole orientation

Isotropic Fermi coupling

Electric potential

Total atomic spin densities

Total atomic charges

MHz

Loop 5
N(22)
B(25)
B(26)
N(28)
N(29)
B(30)

—0.08428

—18.3698
—11.3631
—11.3631
—18.3561
—18.3561
—11.2867

—0.00025

—0.09476

0.28156

0.000466

0.000468
—0.00084
—0.00083

0.022091
0.021675
0.020930
0.020985
0.020570

59.84
46.85

0.28165
—0.32515
—0.32561

1.13316

0.000659

Bond5
N(27)
B(30)

—3659.90

115.40
132.85

—78.7892
1106.590

—18.3321
—11.3092

—0.96068

—0.03201
—0.00267

0.986277

computed with atomic charge distribution directly derived
from molecular orbital calculations. So, the interaction
energy of BysN;s and BNB charge distribution, with a
distance Rp,N,;—BNB apart. Since,

—(mp, 5N, 5 +mpNg)

o ony oy (RBisNis—BNB)

—(mp, N s +meNg) 5
47 1/2 Ig 5Ny +HiBNB (RBles*BNB)

2Ny + 2leNE + 1 Igsnis +Ien + 1

(10)

A dipole moment which appear, because of an electric
charge distribution usually involves powers (or inverse
powers) of the distance to the origin () as well as some
angular dependence (O and @), where O is the angle with
the x and y axes and O is the angle with the vertical axis
inside the _ring [79, 80]. Dipole moment converges under
two conditions: (1) if the charges are localized close to the
origin and the point at which the potential is observed is far
from the origin where the coefficients of the series
expansion are called exterior dipole moments or simply
dipole moments (2) if the charges are located far from the
origin and the potential is observed close to the origin,
namely interior dipole moments. The importance of this
quantity is embedded in this fact that the potential at a
position within a charge distribution can often be computed
by combining interior and exterior dipoles [78—80]. When a
single BNB molecule is just considered © = ® = 0, i.e,,
the dipole vector to be coincident with the BNB axis.
According to the dipole moments obtained, it can be dis-
tinguished that the r component of the dipole moment
vector of each radical cationic and anionic forms of BNB
involved in the ring had the tendency to rotate in three
different conical surfaces. So, it could be realized that our
observed dipole moment has been directed linearly and this
observation supported the intrinsic linear form of BNB
molecule.

In this regard, it seems that if a biomolecule is set in the
BNB-B;5N;5 system because of generation of radical,
anion, and cation forms of BNB the electrical current will
cross along the ring that changes all calculated atomic
physico-chemical properties. Here, it is notable that the
three emerged radical, cationic, and anionic forms of BNB
generate frequently to each other and if these three species
are imagined in the three quantized cone surfaces it can be
deduced that the variation of the radial vector of dipole
moment (r) of the system would be quantized when
crossing these three cone levels.

An induced dipole of any polarizable charge distribution
p of the BNB molecule is caused by an electric field
external to p that originates from an ion or polar molecule
in the vicinity of p. The strength of the induced dipole is
equal to the product of the strength of the external field and

@ Springer
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Table 6 continued

Radical

B,sN,s-BH,NBH,

AV=V, -V,

Dipole orientation

Isotropic Fermi coupling (MHz)

Electric potential

Total atomic spin densities

Total atomic charges

Loop 5
N(22)
B(25)
B(26)
N(28)
N(29)
B(30)

—0.05100

—18.3827
—11.3818
—11.3818
—18.3985
—18.3985
—11.3071

0.000199
—0.00040
—0.00042

—0.73655

0.32111

0.737488

0.737300
—0.79081
—0.79124

64.58

0.32136
—-0.21220

—0.21211

46.42

0.001063
0.001052
0.000416

1.31074

0.850145

Bond5
N(27)
B(30)

64.11

101.79

—86.6213
1083.921

—18.3264
—11.3119

—1.06964

—0.46431

134.67

1.066792

0.459043

the dipole polarizibility of p. So, along with the variation of
the radial component, () the two other remaining com-
ponents of the dipole moment, namely, © and ® will be
changed and causes the quantized rotation of BNB mole-
cule. Due to the electrical charge of BNB and its induced
electrostatic interaction the ring will be affected and the
rotation of B, 5N, ring is also expected to be quantized.On
the other hand, for a dipole moment (m) the energy of the
dipole interaction (U) is defined as [78-80]:

U=-m-B (11)

The BNB radical had the highest dipole moment at
—15.0° (5.0998 Debye) and at —135.0°, while at —135.0°
the lowest dipole moment was evident. The dipole moment
variation at different rotational angles showed that from
—135.0 to —30° the increasing trend of dipole moment was
evident and the maximum point was at —30° and
dramatically decreased and then increase of dipole
moment value has been observed from —30° up to +30°.

The average value of the radical component of the
dipole moment vector (r) for anion, cation, and radical
forms of BNB have been obtained as 14.79, 4.10, and
1.94 Debye, respectively. Along with the high values of 6,
@ the r of dipole moment holds a Gaussian distribution,
this fact can be observed in the plotted Gaussian graphs of
dipole moment (r) versus © and ® angles (Fig. 2). Here, it
is interesting that for each radical, cation, and anion of
BNB three individual expectation values of (AE), (AV),
and (Ar) have been obtained and as a whole it seems that
the r component of dipole moment of the system, voltage
differences, and relative energies quantized and the system
undergoes quantization through rotation.

Electromagnetic hyperfine parameters

DFT methods (particularly B3LYP) with EPR-II and EPR-
IIT basis sets seemed evidence for their suitable theoretical
model for the computation of hyperfine coupling constants.
Total atomic charges, spin densities, electric potential,
and isotropic Fermi coupling constants of cationic and
anionic forms of BNB in different loops and bonds of the
BsN;s—BNB system with EPR-III and EPR-III basis sets
have been reported listed in Tables 5 and 6. Also, the relative
energies (AE), radial coordinate of dipole moment (r) as well
as the voltage differences (AV) and rotation of the BH,NBH,—
BsNs system with (Ar._.) = 1.831645107 Debye, (Ar;_,)
= 12.51807427 Debye, (Ar,_.) = 10.686429163 Debye,
(AE,_.) = 04775024 Hartree (AE,_,) = 0.115731 Hartree,
(AE._,) =0.3617714 Hartree and adenine-BNB-thymine
with (AE._.) = 0.083 Hartree, (AE,_,) = 0.079441 Hartree
and (AE, .) = 0.003559 Hartree have been reported in
Table 7.

@ Springer
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Fig. 2 The gaussian
distributions and expectation
values of quantized radical
coordinate of dipole moment,
voltage differences (a.u.) and
relative energies of BsNjs—
BH,NBH, systems at the level
of B3LYP/EPR-II of theory
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The voltage (AV) variations between two atoms

involved in each bond of B sNs gave useful structural
information. In the case of the BNB anion, these values
were close to each other. The reason is that because of
induction the high structural stability of the BH,NBH,
anion to the B{sN5 ring the electron density of each of the

@ Springer
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five rings in B;sN;5 has been distributed in a homogenous
way and yielded the voltage differences close together.
All the voltage differences (AV) of five different bonds
of the BNB anion with both EPR-II and EPR-III basis sets
were close together and varied in a range of 20.64 and
21.75 a.u. to 174.32 up to 396.03 a.u., respectively. In spite
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of these close anionic AV values, for BNB cation and
radical the range of AV variations with the EPR-II basis set
are more considerable, i.e., for BNB cation and radical the
AV values were —589.53 up to —134.60 a.u. and —3659.90
up to 1919.96 a.u., respectively. However, with the EPR-
IIT basis set the corresponding values of the BNB cation
and radical were in a specific range of 65.93 and 76.02 a.u.
and 58.67 up to 64.11 a.u., respectively. Hence, closeness
of AV values of BNB anion with both EPR-II and EPR-III
basis sets may refer to the higher structural stability of
BNB anion inside the BI5SNI15 ring which supports the
higher HOMO-LUMO band gap value for BNB anion
(26.9 a.u.).

For the BNB radical, all AV values were positive except
for bond 5 of BNB radical that yielded a high negative
value (AV = —3659.90 a.u.). In the case of AV values with
the EPR-III basis the most positive AV (64.11 a.u.) was
also related to this bond 5.

Moreover, for further investigation of the extent of
AV variation, the average values of AV of each form as the
expectation values (AE), (AV), and (Ar) have been evalu-
ated. According to the plotted graphs (see Fig. 2; Table 7),
the AV data were obeyed a Gaussian distribution and the
comparison of the sharpness of these Gaussian curves
exhibited the extent of AV variation. In the case of the BNB
anion the average AV values with both EPR-II basis sets were
21.17 a.u. The expectation value of (AE), (AV), and (Ar)
coordinate for the anion case were —186.357044 Hartree,
21.30006498 a.u., and 14.60050217 Debye, respectively.
However, the corresponding average values of AV of BNB
cation and radical with EPR-II basis set were —332.761 a.u.,
and 1774.478 a.u. and with EPR-III basis sets for cation and
radical these average values were 68.892 and 48.812 a.u.,
respectively. The expectation values of (r) coordinates for
the cation were —185.8795416 Hartree and 3.9017 Debye.
Also, the expectation value of (AE) and (r) coordinates
for BNB radical were —186.241313 Hartree and 2.0824
279 Debye, respectively. From the basis set effect on these
values the following points can be seen: first, the average
value of AV especially for the BNB anion showed a con-
siderable increase from 21.17 up to 242.73 a.u. Also, the
similar trend occurs for the BNB cation, i.e., the average
AV increases from —332.76 up to 68.89 a.u. Conversely, the
decrease of this average AV value has been observed from
1774.47 to 48.81 a.u. Therefore, the fluctuations of AV val-
ues especially in BNB cation were considerable and deviated
from the supposed sharp Gaussian distribution. Hence, as it
was expected the Gaussian curve of BNB anion was sharper
than the corresponding values of the cationic and radical
forms.

It is interesting that the corresponding isotropic Fermi
contact coupling of the anionic form the EPR-II basis
set also changed between —5.60251 up to 300.2759 MHz

and with EPR-IIT basis set varied from —9.14543 up to
286.9685 MHz which its variation’s range corresponded to
L-bond that is why the bond voltage (AV) remained con-
stant and have not exhibited significant fluctuation.

The calculation of the IFC in the cationic state was
impossible and in this case no data were available to
analysis. The reason for the high positive values obtained
for isotropic Fermi coupling for B atoms in comparison
with N atoms in the system considered is that the region of
our system containing nitrogen atoms was thicker than the
B atoms. Hence, the charge transfer tended to orient along
with the direction of rotation of the BNB molecule. The
important point is that around each loop an electromagnetic
field has been intensified along with bonds and caused the
loop’s rotation from the direction of N atom to the B atom.

All the bonding IFC values of B atoms the derived by
the EPR-II basis set were positive. Although this fact was
not true for the EPR-III basis set and for radical case the
similar trends have been obtained as:

For EPR-II basis set:

IFCyonas > IFCponas > IFCpongz > IFCpongz > IFChonai

For EPR-III basis set:
IFCpongs > IFCpongs > IFCponas > IFCponar > IFCpong2

Through a comparison of IFC among various loops it has
been seen that the IFC of the BNB anion in both the EPR-II
and EPR-III basis set were all positive. However, in the
case of the radical a few nitrogen atoms had negative value.

Therefore, the notable point is that while BNB undergoes
changes among its radical anion and cation form, the level of
AV variation among each bond would be appeared. The AV of
the first level was less than 100 a.u. which was corresponded
to the anionic form, the AV of second level was 100—-1000 a.u.
and referred to the cationic form and in the case of radical the
AV was more than 1000 a.u. These three layers have been also
observed for other performed calculations. Hence, itis evident
that our system in different anionic, radical, and cationic forms
would involve three states that indicate and confirm the
quantized ring rotation. So, it could be imagined that through
coupling various macromolecules with rotation axis, i.e.,
BNB the electron transition will causes the quantized rotation
of considered molecules.

The electrical potential of radical anionic and cationic
forms of BNB in BNB-B;sN;s system which have been
given in Tables 5 and 6 were all negative and the values
fall in two categories. These quantities for B and N atoms
were —11 and —18, respectively. It was interesting that in
the case of BNB cation the trend of the average of elec-
trical potential variation in each loop was well in accor-
dance with bonds.

Another critical point is that the most negative value of
the average electrical potential was corresponded to the
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BNB anion (—15) which seems to supports the higher
structural stability of BNB anion in compared with radical
and cationic states.

The next important quantity was the atomic spin density
that has been reported in these tables. First, it should be
remembered that no spin density was available for the
cationic form of BNB. In the case of the BNB anion all
atomic spin densities of B and N atoms involved in each
bond and loop were positive. The higher positive values of
spin densities of either loops or bonds mainly corresponded
to B atoms.

Therefore, based on the results of this section, the non-
bonded interaction between the BNB molecule and B{5N5
ring is dependent on the IFC, the bonding voltage differ-
ences (AV), the atomic spin density, electrical potential of
radical anionic and cationic forms of BNB, and partial
atomic charges derived by chelp G calculations.

All the results obtained demonstrated that despite the
structural stability of the BsNs ring, it was so sensitive to
the presence of the BNB molecule inside the ring and is
under the influence of its induced electrostatic field. The
structural properties of the BsN;s ring had the capability
of transferring charges and electromagnetic current to
bonds and the charge transfer along the ring and transfer a
regular electromagnetic current around the B;sN;s ring.
That is why in the case of the BNB anion the system dipole
moment and AV values remained constant at all rotational
angles. Of course, for the BNB cation and radical cases
different quantized values of dipole moments and AV val-
ues have been observed. Consequently, because of quan-
tized variation of these parameters of energy for the system
would also be changed. So, within energy changes, quan-
tities of the system can be exited to higher levels and when
it turns back to its ground state the spectrum of quantized
parameters would be appeared.

These systems can be used as a Molecularmotor in bio-
molecular systems. In other words, these molecules can be
attached to some sensitive and active site parts of biomol-
ecules and then because of different quantitative voltages,
the rotational movements will be appeared and the spec-
trums of these rotational movements will be calculated.

Conclusion

Due to the chemical importance of electrostatic non-bon-
ded interaction among various nano-systems, the applica-
tion of DFT methods with EPR basis sets provides a deeper
insight into their molecular and hyperfine spectroscopic
properties.

In this study, the results of hybrid DFT with EPR
quantum-chemical calculations were useful for description
of the electromagnetic non-bonded interaction between the
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BsN;5 ring and to structural modifications of the radical,
cationic, and anionic forms of the BNB molecule.

Because of the electrostatic and hyperfine characteristics
of the BH,NBH,-B5N;5 system, those properties dealing
with electron distributions around nuclei including relative
energies, HOMO-LUMO band gaps, NBO analysis total
atomic charges, spin densities, electric potential, and iso-
tropic Fermi coupling constants, and NQR parameters of
cationic and anionic forms of BNB in different loops and
bonds have been employed to detect and characterize the
hyperfine structural properties of the B;5N;5—BNB system.

BSSE and NBO analyses of complexes indicated that the
variation of charge densities and the extent of charge transfers
correlate well with the interaction energies obtained. The
information inferred from the NQR study on local electron
density distribution with analysis of atomic charges by the
density functional DFT methods, provided appropriate means
for determination of reactive atoms and hence, could indicate
possible promising directions to be followed in investigation
of hyperfine structural properties of nano-systems.

The results obtained revealed the structural stability of
the BNB-B 5N, 5 system and are proper for investigation of
electromagnetic properties of biological systems. So, we
could couple the adenine—thymine base pairs with the BNB
molecule inside the B5N;s ring and repeat the calculations
for the three different radical, anionic, and cationic forms of
BNB. Based on AE = hAv and replacing each expectation
values of relative energies (AE adical_cations AEradical_anion,
and AE,,ioncaion) three quantized rotational frequencies
for B5sN;s—adenine-BHNBH-thymine have been obtained
aS  Vrdical—cation = 31 THZ,  Vanion—cation = 1 THz, and
Veadical_anion = 29 THz. However, in the case of
BsN;s-BH,NBH, system the three frequencies were
Vradical—cation = 136 THz, Vanion—cation = 179 THz, and
Viadical-anion = 43 THz. Considering the range of 1-430
THz as the IR region of the rotational spectrum, it can be
seen that all observed frequencies appeared in this region.

It is notable that for each case specific values of dipole
moment (the radial component) and AV values were
obtained and all these values satisfied with Gaussian dis-
tributions and different expectation values can be referred
to each level. The B sN;s ring was so sensitive to the
existence of the BNB molecule inside the ring and is under
the influence of its induced electrostatic field and the
structural properties of this B sN;s ring had the capability
of transferring charges and electromagnetic current to
bonds and the charge transfer along the ring generated a
regular electromagnetic current around the BsN5 ring. To
justify the structural stability of various BNB-B;sNis
systems, the HOMO-LUMO band gap as the differences
between HOMO and LUMO has been found to be a mea-
sure of the structural stability and semi-conducting prop-
erties of the system.
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The interactions caused by electron delocalization have
been analyzed by NBO analysis based on the number of
natural bonding and anti-bonding orbitals. Also, the coef-
ficients of s and p orbitals of both B-N and B-B bonds
involved in radical, cation, and anion B;sN;s—BNB as well
as the hybridization of B and N atoms was evaluated based
on these NBO data.

The constant coefficients of s and p molecular orbitals of
both B-N and B-B bonds involved in radical, cation and
anion B;sN;5—BNB which have been extracted from NBO
analysis (0.4 and 0.9) inferred to the bonding voltage dif-
ferences of various B-N bonds and in the case of BNB
anion the closeness of the AV values (20.642-21.758 a.u.)
derived by EPR calculations to the estimation of the sp*
hybridization of B atom derived by NBO analysis.

Another major point of this study has been focused on the
specific usage of B;sN;s—BNB system as a detector for
biological molecules which has a possibility of detection of
the quantized parameters of a given bimolecular system,
which is coupled with this system. In other word, there is
mutual electrostatic interaction between BNB and the
B;sN;5 ring which cause the quantization of the radial
component (r) of the dipole moment vector as well as the
voltage differences (AV) and relative energies (AE) of BNB
radical, cation, and anion. The BNB molecule rotates among
quantized rotational levels of the radial component () of the
dipole moment as well as the energy levels. Hence, as a
consequence of transitions among quantized levels with
given coupled biomolecules the unique spectrum of quan-
tized parameters is distinguishable and this system can act
like a biological nano spectrophotometer. These quantized
values exhibited a Gaussian distribution and different
expectation values could be referred to each quantized level.
It seems that investigation of such a non-bonded interaction
in the BN cage would be a promising way to improve the
physical and chemical properties of fullerenes and may serve
as a starting point for designing and considering electro-
magnetic nano-systems in experiments.
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