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In this study, the "?N NOR parameters of the possible isomers of borazyne were reported in the singlet
and triplet states at the M062X/6-311G(d,p) level of theory. Electric field gradient tensors (qxx, qyy,q=z), nu-
clear quadrupole coupling constants (y=-, Yy, ¥x), asymmetry parameter (1), and nuclear quadrupole reso-
nance frequencies (v+, V., vy) were estimated. Relative energy, frontier orbital energy, and HOMO-LUMO
gap values of these isomers were calculated. From the energetic aspect, ortho and meta(2) isomers were the
most stable isomers in the singlet and triplet states, respectively. The singlet state was a more stable spin
isomer compared to the triplet state between all isomers, except the meta(2) isomer. Aromaticity analysis
of the studied molecules on the basis of nucleus-independent chemical shift values showed that the aromatic-
ity of the triplet state was stronger than that of the singlet state for ortho and para isomers. For the meta (2)
isomer, the aromaticity of the singlet state was stronger than that of the triplet state. To calculate the atomic
charge of nitrogen atoms, natural bonding orbital method analysis was used.
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B pamxax meopuu M062X/6-311G (d,p) onucanvt ?N AKP napamempor 603m02%cHbIX u30MEp06 60pa-
3UHA 8 CUHSNEMHOM U MPUNIeMHOM cOCMOsAHUAX. OyeHnenbl KOMNOHEHMbL Gxx, Gy, =z MeH30pa cpadueHma
INEKMPULECKO20 NOJISL, KOHCTNAHMA SI0ePHOU K8AOPYNOIbHOU C8A3U (Y=z, Yy, X)) HAPAMEMD AcuMMempuu 1,
yacmomvl 20epHO20 K8AOPYNONbHO20 pe3oHanca Vi, V-, Vy. Paccuumanvl omnocumenvuas snepeus, dHepausl
HOZPAHUYHOU OPOUMATYU U PASHUYA MENHCOY IHEPSUAMU 8EPXHEU U HUICHE MOACKVIAPHLIX OpOUmanei Smux
uzomepos. C sHepeemuuecKkol moyKu 3penus opmo- u mema-(2) uzomepuvl Haubonee cmabuIbHbl 8 CUH2LeM-
Hom u mpuniemuom cocmoanusx. Cunenemmnoe cocmosuue — 0Oonee cmMabUNbLHBIL CRUHOGIU U30OMED
10 CPasHeHUI0 ¢ MPUNIEMHBIM COCIOAHUEM OJi 6ceX U30Mepos Kpome mema(2). Ananuz apomamuunocmu
UBYUEHHBIX MONEKYI HA OCHOBE SI0ePHO-HE3ABUCUMO20 XUMUYECKO20 CO8Uea NOKA3bI8Aem, Ymo apoMamuy-
HOCMb MPUNIEMHO20 COCMOAHUA DOonbULe, YeM CUHSIeMmHO020, Ol Opmo- U napauzomepos. [na mema-(2)
uzomMepa apoMAamuyHOCMb CUHIEMHO20 COCMOSIHUSA 8blude, YeM mpuniemuozo. /[na pacuema amomHozo
3apa0a amomos azoma Ucnoib308aH Memoo ecmecmeeHHol opoumanu.

Kniouesvie cnosa: 6opasun, napamempuvl a0epnoco KeaopynoivHozo pesonanca '*N, adepno-nesa-
BUCUMBITL XUMUYECKUIL CO8U2, eCIeCMBEeHHAs OpOUMAb.

** Full text is published in JAS V. 87, No. 3 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 87, No. 3 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. Borazyne is a suggested intermediate product in the formation of borazanaphthalene and
diborazine during the photolysis of borazine [1]. For many years, the experimental and theoretical investiga-
tions were reported for the explanation of the structure and properties of benzyne [2—6]. The replacement
of CC by BN is known to lead to borazine; however, the isolation and characterization of it have been not
reported. Several investigations have been published about the structure and properties of the borazine and
related molecules [7—15], but a limited number of studies have been reported about borazyne [16, 17].
For example, the structure and aromaticity of B-substituted borazynes and borazyne were found [18]. Be-
cause of the considerable difference between the electronegativity of boron and nitrogen, the ring delocaliza-
tion of electrons in the borazyne ring is weakened.

Nuclear quadrupole resonance (NQR) spectroscopy is useful for characterization of physical proper-
ties [19]. The *N NQR parameters of many molecules were investigated for illustration of the structural de-
tails and the variations in the electronic environment of the nuclei [20-24]. The electric field gradient (EFG)
tensor is very sensitive to the electrostatic surroundings at the sites of quadrupole nuclei with spin angular
momenta higher than one-half (/ > 1/2). For example, the '*N nucleus has /= 1. Measurements of quadru-
pole coupling constants () and asymmetry parameters (1) are possible with experimental NQR investiga-
tions. If experimental NQR studies are not accessible, high-level quantum chemical calculations can provide
the reliable NQR parameters [25-31]. Because of the lack of experimental studies on the "N NQR parame-
ters of borazynes, we are interested in the computational investigation of these parameters. This study is use-
ful for the estimation of the charge of quadruple nuclei and electron distribution in these molecules. Provid-
ing the linear correlations between the calculated parameters is valuable for deriving the structure-property
relationships.

The primary purpose of this work is to find the N NQR parameters of the various isomers of borazyne
in the singlet and triplet states, and to present the correlations between these parameters with aromaticity and
the atomic charge.

Computational methodology. All calculations were performed with the Gaussian 09 suite pro-
gram [32] using the hybrid meta-exchange-correlation functional of Truhlar and Zhao (M06-2X) [33]. The
standard 6-311G(d,p) basis set was used in the calculations [34, 35]. Frequency calculations were employed
to confirm the nature of the stationary points of the studied molecules.

The electrostatic interaction of the nuclear electric quadrupole moment and the electron charge sur-
rounding the nucleus can increase nuclear quadrupole resonance (NQR) [36]. The Hamiltonian of this inter-
action for a nucleus with spin 7 is given in [37]:

equ 2 2 (2 2
= =1z |37 _ -4+ ]+ 1
¢ 4[(21—1)[ z 2(+ _)} ()

where e is the elementary charge, all / in the denominator include scalar values, while all / in the square
brackets are operators [38]. Quantum chemical calculations result in the principal components of the EFG
tensor, i, in atomic units (1 a.u. = 9.717365 x 10*' V/m?), with |g=.| > |gsy| = |qul; Gxvs Gyy» and g are the
components of EFG in the directions of x, y, and z, respectively.

Nucleus-independent chemical shift (NICS) values were calculated using the Gauge independent atomic
orbital (GIAO) method [39]. These values were useful to clarify the aromaticity. The indicator is identified
as the negative value of the absolute magnetic shielding calculated at the ring center [40] or another desired
point of the system [41]. Negative values of NICS are attributed to aromatic rings.

The analysis has also been conducted by the natural bond orbital method [42] using the NBO program.
NQR, NICS, and NBO calculations were performed using the optimized structures.

Results and discussion. Energetic aspects. Figure 1 presents the possible isomers of borazyne. The ab-
solute energy (£) and relative energy (AE; and AE») values of the structural (ortho, meta, para) and spin
isomers (singlet and triplet states) of borazyne are listed in Table 1. The calculated AE; values are related to
the most stable structural isomer. On the other hand, the AE> values are related to the most stable spin iso-
mer. It can be observed that ortho and meta(2) isomers are the most stable structural isomer in the singlet
and triplet states, respectively. However, the singlet state is a more stable spin isomer compared to the triplet
state between all isomers, except the meta(2) isomer.
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Fig. 1. The possible isomers of borazyne molecules.

TABLE 1. Absolute Energy (£, eV) and Relative Energy (AE1, AE», eV) Values of the Different [somers
of Borazyne for Singlet and Triplet States at the M062X/6-311G(d,p) Level of Theory

Hok

*

I E AE, AE,»
somer - - - - : :
Triplet Singlet Triplet Singlet Triplet Singlet
ortho —6565.02 —6567.57 0.82 0.00 2.56 0.00
meta(1) —6563.95 —6565.86 1.88 1.71 1.90 0.00
meta(2) —6565.83 —6564.96 0.00 2.61 0.00 0.87
para —6565.18 —6566.05 0.65 1.52 0.87 0.00

* With respect to a more stable spin isomer.
** With respect to a more stable structural isomer.

Molecular orbital analysis. The frontier orbital energy and the HOMO-LUMO gap values of the possi-
ble isomers of borazyne in the singlet and triplet states for the studied isomers are calculated. The values in
Table 2 show the largest HOMO-LUMO gap for the ortho isomer in the singlet state. Therefore, the princi-
ples of minimum energy (MEP) and maximum hardness (MHP) are compatible in this isomer, that is, while
an isomer changes from the most stable to other less stable species (for these cases the energy increases, and
the hardness decreases) [43—47].

TABLE 2. Frontier Orbital Energy and HOMO-LUMO Gap (eV) Values of the Different Isomers
of Borazyne for the Singlet and Triplet States at the M062X/6-311G(d,p) Level of Theory

Isomer Triplet Singlet
gap E(LUMO) | E(SOMO) gap E(LUMO) | E(HOMO)
ortho 7.86 0.90 —6.97 9.41 0.30 -9.12
meta(1) 9.36 0.54 —8.82 8.74 0.46 -8.27
meta(2) 7.18 1.03 —6.12 3.96 —-1.06 -5.01
para 7.70 1.06 —6.64 6.80 -0.71 —7.48

Aromaticity. The aromaticity in the singlet and triplet states of the various isomers of borazyne is illus-
trated by the calculation of nucleus-independent chemical shift (NICS) values (Table 3). These values are
calculated at the center of the ring and 0.5, 1.0, 1.5, 2.0, and 2.5 A above the center. Negative NICS values
are observed for all isomers and states except the triplet state of the mera(1) isomer. As a result, all structures
reveal aromaticity, but the meta(1) isomer is anti-aromatic. The most negative value of NICS corresponds

TABLE 3. NICS (ppm) Values of the Different Isomers of Borazyne for the Singlet
and Triplet States at the M062X/6-311G(d,p) Level of Theory

Isomer Triplet Singlet

2.5 . 1.5 1.0 0.5 0.0 25 120 | 1510 ] 05 0.0
ortho |-2.711-4.59|-8.13|-14.21 —21.88 -25.78 -0.86|-1.35(-2.10|-3.26 | —4.80 | —5.58
meta(1) | 0.95 | 1.90 | 3.89 | 7.15 10.00 10.51 —1.77|-2.83|—4.63|-7.97|-16.01 |-24.55
meta(2) |—1.00 |-1.60 | -2.56 | —3.72 -4.18 -3.83 —0.68|-1.26-2.34|-3.72| 4.35 | -4.01
para  |—1.54|-2.64|-4.73| -8.38 -13.29 -15.94 —0.95|-1.53|-2.46|-3.90 | —5.65 | —6.42
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to the center of the ring. Therefore, there is c-aromaticity in all isomers and states except the triplet state
of the meta(1) isomer. A comparison of NICS values in the singlet and triplet states shows stronger aroma-
ticity of the triplet state as compared to the singlet state for ortho and para isomers. In the meta(2) isomer,
the aromaticity of the singlet state is stronger than that of the triplet state.

14NQR parameters. Electric field gradient tensor. Table 4 represents the electric field gradient (EFG)
tensors of '“N in the studied molecules. The EFG tensors in the nitrogen molecule include: Q(xx) = O(yy) =
=—(0(zz)/2. To obtain the nuclear quadrupole coupling constants, y;, the calculated g;; values were used:

vi = €*Qqiilh, i =x, y, z, 2)
where Q is the nuclear quadrupole moment of the N nucleus, e is the elementary charge, and / is Planck's
constant. The standard values of the quadrupole moment, Q, provided by Pyykko [48], were utilized in
Eq. (1), O(**N) = 20.44 mb.

It can be seenthat Q(zz) values are larger for the nitrogen atom nonbonded to hydrogen as compared to
nitrogen bonded to hydrogen.

TABLE 4. ¥ NQR Parameters

X T vl vIlv ] nlxlaomlae]l 0 [ 00y | 0k
Singlet State

ortho
N1 0.029| 2.169| 2.198| 0.020 | 1.427 | 1.485 | 2912 | -0.297 -0.309 | 0.606
N2 0.382| 1.069| 1.451| 0.455 | 0.458 | 1.222 | 1.680 0.095 0.254 | -0.350
N3 0.786] 1.360] 2.146| 0.673 | 0.383 | 1.955 | 2.338 | —0.080 —0.407 | 0.487
Meta(1)
I\ 0.600| 3.758| 4.358| 0.222 | 2.105 | 3.306 | 5.411 0.438 0.688 | —1.127
N2 0.600| 3.758| 4.358| 0.222 | 2.105 | 3.306 | 5.411 0.438 0.688 | —1.127
N3 0.186] 0.920{ 1.107| 0.276 | 0.489 | 0.862 | 1.351 0.102 0.179 | -0.281
Meta(2)
N1 0.745| 0.858| 1.603| 0.908 | 0.075 | 1.565 | 1.640 0.016 0.326 |-0.342
N2 0.745| 0.858| 1.603| 0.908 | 0.075 | 1.565 | 1.640 0.016 0.326 |-0.342
N3 0.103| 1.628] 1.731] 0.092 | 1.017 | 1.222 | 2.239 | -0.212 —0.255 | 0.466
para
N1 0.663| 1.327| 1.989| 0.600 | 0.443 | 1.768 | 2.211 | —-0.092 -0.368 | 0.460
N2 1.222| 1.761] 2.983| 0.773 | 0.360 | 2.804 | 3.163 | —-0.075 -0.584 | 0.659
N3 0.663] 1.327| 1.989] 0.600 | 0.443 | 1.768 | 2.211 | —0.092 —0.368 | 0.460
Triplet State
X Vo | v Vi n | xGxo) | xOp) | x(z2) | O) 00y) | 9k2)
ortho
N1 0.571| 3.007| 3.577 | 0.260 | 1.624 | 2.765 | 4.390 0.338 0.576 |-0.914
N2 0.530| 1.043| 1.573 | 0.608 | 0.342 | 1.402 | 1.745 0.071 0.292 | -0.363
N3 0.565| 1.019] 1.584 | 0.652 | 0.302 | 1.433 | 1.735 0.063 0.298 | -0.361
meta(l)
N1 0.823| 2.007| 2.830 | 0.510 | 0.790 | 2.435 | 3.225 0.164 0.507 |-0.671
N2 0.823| 2.007| 2.830 | 0.510 | 0.790 | 2.435 | 3.225 0.164 0.507 |-0.671
N3 0.235| 1.050[ 1.284 | 0.302 | 0.543 | 1.013 | 1.556 0.113 0211 |[-0.324
meta(2)
N1 0.600[ 0.935| 1.535 | 0.729 | 0.223 | 1.423 | 1.647 0.047 0.296 |-0.343
N2 0.493| 0.998| 1.491 | 0.594 | 0.337 | 1.323 | 1.659 0.070 0.275 | -0.346
N3 0.493] 0.998] 1.491 | 0.594 | 0.337 | 1.323 | 1.659 0.070 0.275 |-0.346
para
N1 0.648| 0.962| 1.610 | 0.756 | 0.209 | 1.505 | 1.715 0.044 0313 | -0.357
N2 0.369| 3.043| 3.412 | 0.172 | 1.782 | 2.521 | 4.303 0.371 0.525 | -0.896
N3 0.648] 0.962| 1.610 | 0.756 | 0.209 | 1.505 | 1.715 0.044 0313 |-0.357

N o te. Electric field gradient tensors (gx, ¢y, ¢z in a.u), nuclear quadrupole oupling constant
(zz> Yos Yoxx, iIn MHZ), asymmetry parameter (1)), and nuclear quadrupole resonance frequencies
(v+, v, vo in MHz) of borazyne for the singlet and triplet states at the M062X/6-311G(d.p) level of theory.
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Nuclear quadrupole coupling constant. Usually, the NQR parameters are reported experimentally as the
nuclear quadrupole coupling constant in units of frequency:

O(CC) = yi = €*Qgz/h. €)

Nuclear quadrupole coupling constants of N in the studied molecules are gathered in Table 4. The cal-
culated y(zz) for nitrogen atoms in N, free molecule is 5.850 MHz at the M062X/6-311g(d,p) level of theory.
It can be seen that y(zz) values are larger for the nitrogen atom nonbonded to hydrogen as compared to nitro-
gen bonded to hydrogen.

There is a good relationship between the average of y(zz) and y(xx) values of nitrogen atoms in each
isomer with NICS (0.0) values in the singlet state:

NICS(0.0) = -9.8595 < y(zz)> + 16.321; R*>=0.9603,
NICS(0.0) =-16.792 < y(xx)> + 2.9846; R>=0.9118,

where R? is the coefficient of determination which quantities the fraction of the observed variation in y clari-
fied by the linear relationship. The closer R? is to unity, the better the linear model elucidates the y variations
in the y = ax + b equation [49].

Asymmetry parameter. The asymmetry parameter (1)) is defined as

n= |(ny - qXX)/QZz|, 0< n <l1. (4)

Table 4 represents the asymmetry parameters of N in the examined molecules. These value show that
the distribution of the electric charge around the nitrogen nucleus is considerably different from cylindrical
symmetry in comparison with that in nitrogen molecules.

It can be seen that 1 values are larger for the nitrogen atom bonded to hydrogen as compared to nitrogen
nonbonded to hydrogen in the ortho (in singlet and triplet states), para (triplet state), and meta(1) isomer
(singlet state). But in the para isomer (singlet) and meta(1) (triplet state) isomer, n values are larger for the
nitrogen atoms nonbonded to hydrogen as compared to the nitrogen bonded to hydrogen.

Nuclear quadrupole resonance frequencies. We have three energy levels for a nucleus of unit spin (such
as “N), hence we get three nuclear quadrupole resonance frequencies [37]:

vi = (3/4)y-(1 +n/3), (%)
v-= (3/4)y=(1 —n/3), (6)
vo = (3/4)y-m. (7)

Table 4 represents the nuclear quadrupole resonance frequencies N in the examined molecules. In
these molecules, the nitrogen atoms are placed in the electric field of the other nuclei, hence the symmetry of
the EFG surrounding them changes. This change results in the splitting of the energy levels of *N nuclei;
owing to this, three NQR frequencies for '“N are seen. The variances between the frequencies of nitrogen in
these molecules can be associated with the direct participation of the electron pairs of N atom during the
chemical bond formation or the diatropic current in the ring.

According to Table 4, it is indicated that the v+ and v_ values for the nitrogen atom non-bonded to hy-
drogen differ as compared to nitrogen bonded to hydrogen both in the triplet and singlet states.

TABLE 5. Natural Charges of Nitrogen Atoms (in e) of Borazyne Isomers for the Singlet
and Triplet States at the M062X/6-311G(d,p) Level of Theory

X Triplet Singlet X Triplet Singlet
ortho para

N1 -0.8061 | —1.0764 N1 -1.1315 | -1.1579
N2 —0.5456 | —1.1001 N2 -0.5771 | -1.1572
N3 —0.5759 | -1.1389 N3 -1.1315 | -1.1579

meta(1) meta(2)

N1 -0.6144 | —0.6737 N1 -1.2132 | —1.1427
N2 -0.6144 | —0.6737 N2 —-1.1449 | -1.1392
N3 —1.0934 | -1.0229 N3 -1.1449 | -1.1392
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There is a good relationship between the average of v+ and v- values of nitrogen atoms in each isomers
with NICS(0.0) values in the singlet state:

NICS(0.0) =-12.986 <v+>+19.635, R*=0.9121,
NICS(0.0) =-12.823 <v_>+12.078, R>= 0.9726.

The NBO charges. The partial atomic charges calculated by the NBO method for all of the structures are
listed in Table 5. The results show that we have the less negative NBO partial atomic charge of N nuclei
nonbonded to hydrogen in the singlet and triplet state, except the triplet state of the ortho isomer. There is a
good relationship between the calculated NBO partial atomic charges of nitrogen atoms and the y(zz) param-
eter in the triplet state except for the ortho isomer:

Q(NBO) = 3.5469 %(zz) + 5.7154, R = 0.911.

Conclusions. In the present work, the estimation of the '*N NQR parameters of different isomers of bo-
razyne in the singlet and triplet states at the M062X/6311G(d,p) level of theory permits us to conclude the
following. Ortho and meta(2) isomers are the most stable structural isomer in the singlet and triplet states,
respectively. The singlet state is a more stable spin isomer compared to the triplet state between all isomers,
except the meta(2) one. All studied isomers and states have c-aromaticity except the triplet state of the me-
ta(1) isomer. The aromaticity of the triplet state is larger than for the singlet state for ortho and para isomers.
In the meta(2) isomer, the aromaticity of the singlet state is larger than for the triplet state. The average of v+
and v_ values of nitrogen atoms in each isomer with NICS(0.0) values in the singlet state reveal good corre-
lations. The calculated NBO partial atomic charges of nitrogen atoms and the y(zz) parameter in the triplet
state show a good linear relationship, except for the ortho isomer.
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