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Abstract 

Carborazine (B2C2N2H6) and borazine (B3N3H6) are isoelectronic analogues of benzene 

(C6H6). The aromatic character of borazine remains a controversial issue, and the 

related properties of carborazine are even rarely reported. In this work, we 

systematically investigated the geometric structure, charge distribution, frontier 

molecular orbital characteristics, magnetic shielding effect, and induced ring current of 

carborazine and borazine, and compared the studied characteristics with those of 

benzene to determine the aromatic character of two analogues. The combination of 

multiple properties shown that although they are isoelectronic, carborazine, like 

benzene, is strongly aromatic, while borazine only exhibits rather weak aromaticity. 

The C atom acting as a connecting bridge between B and N atoms reduces the 

electronegativity difference on the molecular backbone and enhances the electron 

delocalization over the conjugated path, which is the essence of the distinct disparity of 

aromaticity between carborazine and borazine. 
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1. Introduction 

The aromaticity of cyclic molecules is one of the most frequently mentioned 

properties in modern organic chemistry, and numerous studies have long been 

conducted on it.1,2 Aromaticity is not a property that can be observed experimentally, 

and there is no strict physical definition.3 Chemists commonly explore molecular 

aromaticity through a variety of indicators proposed based on different physical ideas 

or empirical rules. Electron counting rules were first used to assign aromaticity 

character in π conjugated systems, the most important being Hückel's rule which 

suggests that planar molecules with (4n + 2)π/4nπ electrons are aromatic/anti-aromatic. 

Benzene (C6H6) is the origin of the word “aromaticity” that conforms perfectly to the 

Hückel's (4n + 2)π electrons rule. 

B and N are elements in the periodic table adjacent to C. The substitution of each 

two C atoms in benzene by a pair of B and N atoms obtains an isoelectronic analogue 

of benzene. These isoelectronic molecules have the same 6π electrons as benzene, 

suggesting that, according to the Hückel's rule, they should all be aromatic. However, 

the fact is not so simple. 

As early as 1926, Stock et al.4 succeeded in experimentally synthesizing an 

isoelectronic species of benzene, B3N3H6, named borazine and popularly known as 

inorganic benzene, which is formally a product of the complete substitution of the CC 

unit of benzene by BN, as shown in Scheme 1. Inspired by this synthesis experiment, 

extensive research has been conducted on the aromaticity of borazine, but the 

conclusions are inconsistent. For examples, Iwaki and Udagawa5 investigated the effect 

of the introduction of heteroatoms into the benzene on the aromaticity through index of 

deviation from aromaticity (IDA),6 nucleus-independent chemical shift (NICS),7 and 

harmonic oscillator model of aromaticity (HOMA)8 methods, and the borazine is 

accordingly proposed to be anti-aromatic, non-aromatic, and aromatic, respectively; 

Schleyer et al.,9 after calculating the NICS values separated into the NICS() and 

NICS(π) contributions, stated that the borazine is not aromatic due to the strong polarity 

of B-N bond, similar to the conclusion drawn by Jemmis et al.10 through magnetic 
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susceptibility exaltation (MSE) and from the NICS analyses; Du and coworkers11 

reported the very small gauge-including magnetically induced current (GIMIC)12 value 

for borazine, which indicates that borazine is weakly aromatic; Using the dissected 

magnetically induced current density (MICD)13 and aromatic stabilization energy (ASE) 

in combination with Hückel's as well as Baird rules, Báez-Grez and Pino-Rios14 also 

demonstrated that borazine should be considered as a weakly aromatic system, and they 

argued that the aromaticity is associated with a so-called hidden ring current; Islas et 

al.15 split the π molecular orbitals from the σ ones and used the induced magnetic field 

(Bind) and the electron localization function (ELF) methods to derive that borazine 

should be described as a π aromatic compound, but it is not globally delocalized; Some 

energetic-based measures have established the aromaticity of borazine, and the degree 

is about half of that of benzene.16 In short, it can be seen that the aromatic character of 

borazine is still a controversial matter to date. 

 

 

Scheme 1. Structural association of benzene, carborazine, and borazine 

 

In 2015, Srivastava et al.17 proposed a new isoelectronic analogue of benzene, 

B2C2N2H6 referred to as carborazine, which is structurally formed by replacing three 

adjacent C atoms on benzene ring with BCN as the structural fragment, as also shown 

in Scheme 1. This work pointed out that carborazine has aromatic properties, but in our 

point of view, the evidence provided is still limited and further investigation is needed. 

Nowadays, many aromaticity descriptors have been recommended on the basis of 

multiple manifestations of molecular aromaticity, including geometrical,18 energetic,19 
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electronic,20 and magnetic21 ones. However, no single metric can be used independently 

to reliably measure the aromaticity of a particular system, especially for those with 

unusual electronic structure. So in most cases, one should examine several aromaticity 

criteria simultaneously and check if the indices reach the same conclusion or correlate 

well with each other.22,23 Just recently, a comprehensive theoretical study of the 

aromaticity of the cyclo[18]carbon (C18) and its isoelectronic species was completed by 

us.24,25 The combination of multiple aromaticity metrics suggests that, although B6C6N6 

and B9N9 are both isoelectronic analogues of C18, B6C6N6 has a prominent aromaticity 

comparable to C18, whereas B9N9 is a non-aromatic species. Insightful electronic 

structure analyses indicate that the aromaticity difference between B6C6N6 and B9N9 

arises from the bridging effect of C atoms on the π conjugated path in the former system. 

Considering that the aromatic characteristics of carborazine and borazine have not 

been rigorously revealed, and combined with our recent research experience on the 

aromaticity of isoelectronic species of C18, here we will make a comprehensive 

comparative study of the molecular aromaticity of benzene, carborazine, and borazine. 

The aim of this work is to give a clear answer to the aromaticity characteristics of the 

isoelectronic analogues of benzene and to clarify the essential reasons for their 

aromaticity differences.  

 

2. Computational Details 

We employed the ωB97XD exchange-correlation functional26 combined with high 

quality def2-TZVP basis set27 to perform structure optimizations to the title molecules. 

Ab-initio molecular dynamics (AIMD) was simulated at relatively cheaper ωB97X-

D328/6-311G(d)29 level. The magnetic property calculations and wavefunction analyses 

in this paper have also been done at the ωB97XD/def2-TZVP level of theory. The 

atomization energy (Ea) of benzene, carborazine, and borazine was evaluated as 

( )
6B C N H B C N H6

x y zaE xE yE zE E E+ + −= + , where 
6B C N Hx y z

E , BE , CE , NE , and HE  are 

electronic energy of molecular ring (benzene, carborazine, or borazine), B atom, C atom, 

N atom, and H atom, respectively. The natural population analysis (NPA) was 
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implemented by NBO 7.0.7,30 the nucleus-independent chemical shifts (NICS) 

analysis7 was completed using the continuous set of gauge transformations (CSGT) 

method,31 the anisotropy of the induced current density (ACID) plot was generated via 

the ACID 2.0 program,32 the current density map and bond current strength analysis 

were also determined though the continuous transformation of the origin of the current 

density (CTOCD-DZ2) method by the SYSMOIC package,33,34 and the MICD13 

analysis was performed using the GIMIC method.12 The ACID plots were rendered by 

POV-ray program and MICD animations were generated with the ParaView program.35 

Molecular orbital (MO), atomic charges except for NPA, Mulliken orbital composition 

analysis36, Mayer bond order (MBO), properties at bond critical point (BCP), localized 

orbital locator (LOL),34 multi-center bond order (MCBO),38 and iso-chemical shielding 

surface (ICSS)39 were calculated by the Multiwfn 3.8(dev) code.40 

All density functional theory (DFT) calculations involved in this study were 

implemented by Gaussian 16 A.03 program,41 except that AIMD was conducted by 

ORCA 5.0.4.42 The molecular structures and isosurface maps were visualized by Visual 

Molecular Dynamics (VMD) 1.9.3 software.43 

 

3. Results and Discussion 

3.1 Geometric Structure and Stability of Benzene, Carborazine, and Borazine 

The Cartesian coordinates of benzene, carborazine, and borazine are given in Tables 

S1-S3, respectively. The important structural parameters selected for three isoelectronic 

species are listed in Table 1. The 1.387 Å of C-C bond lengths in benzene obtained by 

us is within the range of 1.322-1.416 Å measured by Budzianowski and Katrusiak using 

X-rays in combination with the pressurized freezing technique44 and is very close to the 

value of 1.399 Å measured by Tamagawa et al. using electron diffraction.45 The 

experimental B-N bond length of borazine is 1.435 Å,46 which is similar to our 

calculated value of 1.426 Å. There are currently no reports on the synthesis of 

carborazine. The calculated bond lengths of B-C/C-N/N-B of carborazine in the present 

work are 1.491/1.347/1.434 Å, which are consistent with the results of 1.51/1.37/1.45 
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Å at the MP2/aug-cc-pVDZ level.17 The above comparisons of structural parameters 

indicate that the calculation method for optimizing molecular geometry in this work is 

applicable. All three isoelectronic analogues are observed to be strictly planar. Benzene 

displays a D6h point group owing to its congruent C-C and C-H bonds, while 

carborazine and borazine have C2h and D3h symmetries, respectively, due to the 

introduction of heteroatoms that reduce the symmetry of the molecules. 

 

Table 1 Point group (PG), ring bond lengths (Ri,j, in Å), ring bond angles (ai,j,k, in º), 

and atomization energy (Ea, in kcal/mol) of benzene, carborazine, and borazine at the 

ωB97XD/def2-TZVP level 

 PG Ri,j ai,j,k Ea 

Benzene D6h C-C 1.387 C-C-C 120.0 -1365.7 

Carborazine C2h 

B-C 1.491 N-B-C 114.1 

-1200.9 C-N 1.347 B-C-N 119.9 

N-B 1.434 C-N-B 126.0 

Borazine D3h B-N 1.426 
N-B-N 117.3 

-1225.6 
B-N-B 122.7 

 

Borazine has already been synthesized and thus known to be stable.4 To examine 

whether the purely theoretically designed carborazine is also kinetically stable, 50 ps 

AIMD simulation was performed for it with step size of 1 fs. For the purpose of 

comparison, the same simulation study was also conducted on borazine. Given that the 

simulation time is rather limited due to the expensive computational cost, the simulation 

is maintained at a very high 1000 K by velocity-rescaling thermostat47 to accelerate 

sampling of potential energy surface. The map showing superposition of trajectory 

snapshots is displayed as Figure 1. It can be seen that neither dissociation nor 

isomerization occurred for the two isoelectronic species, and the fluctuations caused by 

molecular thermal vibration of their ring skeletons are limited to a small range. This 

observation suggests that carborazine has structural stability comparable to borazine, 
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and therefore synthesis via appropriate routes may be feasible in the future. 

 

 

Figure 1. Superposition of trajectory snapshots of (a) carborazine and (b) borazine 

during 50 ps AIMD simulation. The color varies as blue-white-red according to 

simulation time. Snapshots are plotted every 1 ps. 

 

The atomization energy (Ea) of molecules is believed to have close relevance to their 

thermodynamic stability and thus worth to be investigated. We calculated atomization 

energy of benzene, carborazine, and borazine, and also listed the values in Table 1. It 

can be seen that the three isoelectronic species all show very large atomic energy, 

indicating that they are difficult to dissociate to atoms once they are formed. Although 

Ea of carborazine is notably smaller than that of benzene, it is comparable to that of 

borazine, which is known to be an experimentally stable molecule. This observation 

further implies that carborazine should be a synthesizable molecule from 

thermodynamic point of view. 

 

3.2 Charge Distribution of Benzene, Carborazine, and Borazine 

Evaluation of atomic charges is the most straightforward way of quantifying charge 

distribution in chemical systems48. In order to facilitate the understanding of charge 

distribution in the studied systems, several atomic charge calculation methods, 
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including natural population analysis (NPA),49 Hirshfeld method,50 Hirshfeld-I 

method,51 atomic dipole moment corrected Hirshfeld population method (ADCH),52 

and charges from electrostatic potentials using a grid-based method (CHELPG),53 were 

applied on benzene, carborazine, and borazine, and the results are shown in Table 2. 

Despite the significant difference in charge values acquired using different methods for 

the molecules, the qualitative charge distribution character of the rings is independent 

of the calculation methods. The distinct difference in electronegativity makes B atoms 

and N atoms respectively carry evident positive and negative charges in carborazine 

and borazine. Furthermore, the charge of the C atoms in the carborazine is close to that 

of the C atoms in benzene, indicating that substitution of two B and two N atoms into 

benzene does not prominently affect charged state of the remaining C atoms. It can also 

be seen that the charge difference between B and N atoms in the carborazine is much 

smaller than that in the borazine, which clearly demonstrates that introducing a C atom 

between B and N atoms can greatly balance the charge distribution on the ring. 

 

Table 2 Calculated atomic charges (in e) of benzene, carborazine, and borazine by 

different methods 

 Atom NPA Hirshfeld Hirshfeld-I ADCH CHELPG 

Benzene 
C -0.211 -0.043 -0.101 -0.130 -0.085 

H 0.211 0.043 0.101 0.130 0.085 

Carborazine 

B 0.308 0.013 0.304 -0.090 0.131 

H(B) -0.047 -0.076 -0.176 -0.033 -0.146 

C -0.228 -0.053 -0.129 -0.143 -0.125 

H(C) 0.196 0.040 0.102 0.127 0.087 

N -0.628 -0.064 -0.437 -0.121 -0.230 

H(N) 0.399 0.141 0.337 0.260 0.283 

Borazine 

B 0.729 0.145 0.973 0.070 0.725 

H(B) -0.080 -0.070 -0.231 -0.030 -0.213 

N -1.056 -0.202 -1.138 -0.286 -0.836 
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H(N) 0.407 0.126 0.396 0.245 0.323 

 

3.3 Frontier Molecular Orbitals of Benzene, Carborazine, and Borazine 

The frontier molecular orbital (FMO) characteristics are closely related to the overall 

electronic delocalization and aromaticity of cyclic molecules. We calculated some 

FMOs, including all occupied π orbitals, of benzene, carborazine, and borazine, and 

plotted their energy level maps in Figure 2. Carborazine does not have triple rotation 

axes like benzene and borazine, which makes it not have double-degenerate highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

like the latter two. The HOMO-LUMO gap of carborazine is obviously smaller than 

that of benzene and borazine, so its chemical stability may be relatively low, and its 

electrons should show greater softness and are more polarizable. 

 

 

Figure 2. FMO energy level maps (isovalue = 0.07 a.u.) of (a) benzene, (b) carborazine, 

and (c) borazine. Green and blue colors correspond to the two phases of molecular 

orbitals. Atom color code: white, H; red, B; grey, C; blue, N. 

 

Among the three isoelectronic species, only the electron delocalization of benzene is 

uniform. Due to the presence of different elements in rings, the six-center electron 
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delocalization of carborazine and borazine is definitely weaker than that of benzene. As 

for which of the latter two has stronger delocalization characteristics, it can be 

determined by examining the contribution of each element to their occupied π orbitals. 

The contributions of each element to every occupied π orbital of benzene, carborazine, 

and borazine calculated by Mulliken method are listed in Table 3. The contribution of 

the two low-lying orbitals (HOMO-1 and HOMO-2) of carborazine is dominated by N 

followed by C atoms, while the contribution of B atoms is very small. This is mainly 

due to the significantly lower energy of the 2pz orbitals of N and C relative to that of B 

(where z denotes the axis perpendicular to the molecular planes), so they naturally 

contribute more to the low-lying π orbitals. However, the 2pz orbital of B contributes 

obviously (more than one third) to the HOMO orbital. Therefore, on the whole, the 2pz 

orbitals of B, C, and N atoms are all heavily involved in the occupied π orbitals, which 

inevitably leads to significant six-center conjugation in the carborazine. By comparison, 

B only participates slightly in the lowest HOMO-1 orbital in borazine, and its 

participation in the two degenerate HOMO orbitals is even smaller. This observation 

implies that the global delocalization of π electrons in borazine should be 

conspicuously more difficult than that in carborazine and benzene.  

 

Table 3 Contributions of each element to every occupied π orbitals in benzene, 

carborazine, and borazine 

 Orbital B C N  

Benzene 

HOMO - 99.91% -  

HOMO - 99.91% -  

HOMO-1 - 99.93% -  

Carborazine 

HOMO 35.36% 55.29% 9.26%  

HOMO-1 1.72% 17.22% 80.95%  

HOMO-2 8.94% 23.86% 67.10%  

Borazine 
HOMO 10.41% - 89.47%  

HOMO 10.41% - 89.47%  
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HOMO-1 22.06% - 77.83%  

 

3.4 Bonding character of Benzene, Carborazine, and Borazine 

We calculated Mayer bond order (MBO),54 which essentially represents effective 

number of shared electron pairs between two atoms,55 to characterize the bonding 

characters in benzene, carborazine, and borazine. The total MBO and the contributions 

of  and  electrons to it are shown in Table 4. From  contribution to MBO, it can be 

seen that C-C bonds in benzene exhibit more prominent  interactions than those in 

other molecules, which is in line with the well-known fact that benzene has strong  

conjugation. The B-C, C-N, and N-B bonds in carborazine all shows more intensive  

interaction than the B-N bond in borazine, indicating that overall  conjugation of 

carborazine may be stronger than that of borazine. It is worth to note that although the 

electronegativity of B and N atoms are very different, as shown by the no small  bond 

order, the sharing of  electrons between the two atoms cannot be underestimated. 

 

Table 4 MBO and various properties at BCP of benzene, borazine, and carborazinea 

 Bond 
MBO BCP 

total    2 H  

Benzene C-C 1.406 0.952 0.454 0.321 -0.950 -0.344 2.127 

Carborazine 

B-C 1.317 0.965 0.352 0.201 0.068 -0.214 0.485 

C-N 1.268 0.874 0.394 0.324 -0.804 -0.520 1.310 

N-B 1.150 0.799 0.351 0.191 0.654 -0.164 0.286 

Borazine B-N 1.199 0.879 0.320 0.204 0.475 -0.193 0.340 

a Electron density () and its Laplacian (), as well as energy density (H), are in a.u.; 

eta index () is dimensionless. 

 

The LOL based only on π MOs, referred to as LOL-π, is a popular real-space function 

used to reveal the delocalization of π electrons in conjugated molecular units.56 The 

LOL-π isosurfaces of benzene, carborazine, and borazine in Figure 3 depicting the 
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global delocalization channel of the π electrons in the three molecular rings clearly 

show the strongest global π electron delocalization of benzene and the pronounced 

delocalization characteristics of carborazine compared to borazine. The  

delocalization in the B-C-N units of carborazine is particularly prominent as shown by 

the LOL-π isosurface map, while the π conjugation of borazine seems to be hindered 

on every bond. The LOL-π analysis can be seen as visual evidence for above MBO 

analysis. 

 

 

Figure 3. LOL- isosurfaces (isovalue = 0.5) of (a) benzene, (b) carborazine, and (c) 

borazine. Atom color code: white, H; red, B; grey, C; blue, N. Atom color code: white, 

H; red, B; grey, C; blue, N. 

 

The bond critical point (BCP) defined in atoms-in-molecules (AIM) theory is the 

most representative position of a chemical bond,57 and its properties are very useful for 

understanding bonding characteristics. Negative Laplacian of electron density () and 

energy density (H), as well as eta index () larger than 1, usually imply a covalent bond; 

in addition, the more negative the  and H, as well as the larger the , the stronger 

the covalency.58–60 According to the data in Table 4, we find both C-C bond in benzene 

and C-N bond in carborazine are very typical covalent bond, B-C bond in carborazine 

has modest covalency, while N-B (also B-N) bond in carborazine and borazine shows 

most evident ionicity, which obviously is the consequence of the very large difference 

of electronegativities of the two elements. The data also suggest that the B-N (also N-

B) bond in borazine shows stronger  interaction compared to that in carborazine. 

It is noteworthy that in Ref. 15, the authors considered the B-N bonds in borazine to 
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be essentially ionic as the  at the BCP is positive. However, in our opinion, this bond 

should be referred to as an extremely polar covalent bond because electron sharing 

character is still prominent on it, as shown by the large value of MBO and negative H 

at corresponding BCP. The evident localization of electrons around the bond shown by 

the electron localization function (ELF) map in Figure S1 and the greatly increased 

electron density during formation of the bond from isolated atoms shown by 

deformation density (def)
61 map in Figure S2 provide supporting evidence for our 

assertion. 

 

3.5 Magnetic Shielding Effect of Benzene, Carborazine, and Borazine 

NICS is a popular method for quantitatively characterizing aromaticity by measuring 

the shielding effect of an acted external magnetic field at or near center of a ring.7 It has 

been confirmed that the normal component of the magnetic shielding tensor at 1 Å 

above the center of a ring, denoted as NICS(1)zz, can robustly reflect its aromatic 

characteristics.58 We calculated the total NICS(1)zz values for the three isoelectronic 

species as well as the contributions of the π electrons and the other electrons (core + σ 

electrons), respectively, which are listed in Table 5. The total NICS(1)zz of -31.0 ppm 

for benzene demonstrates its strong aromaticity, which is in accordance with common 

knowledge of chemistry. The total NICS(1)zz of carborazine is -23.1 ppm, indicating 

that carborazine is also clearly aromatic, but to a lesser extent than benzene; in contrast, 

the corresponding value for borazine is -5.21 ppm, a fairly small negative value 

indicating that it is a weakly aromatic species. The NICS(1)zz values of the isoelectronic 

analogues studied are in good agreement with those in previous calculations.17 As is 

evident from the contributions of the different kinds of electrons to the NICS(1)zz, the 

magnetic shielding at 1 Å above the center of the three isoelectronic rings almost 

exclusively from their π electrons, while the contribution of the rest of the electrons 

(core + σ electrons) can be neglected, which suggests that there is no detectable global 

delocalization of  electrons in the studied systems, and only  aromaticity is reflected 

by the NICS(1)zz data. 
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Table 5 NICS(1)zz (in ppm), ∫NICSzz (in ppmÅ), and MCBO of benzene, carborazine, 

and borazinea
 

 
NICS(1)zz ∫NICSzz 

MCBO 
total σ+core π total σ π 

Benzene -31.0 (-29.52) -0.94 -30.1 -149.04 -4.52 -146.08 0.0675 

Carborazine -23.1 (-22.48) 0.43 -23.5 -117.95 1.26 -115.80 0.0356 

Borazine -5.21 (-5.19) 0.45 -5.66 -35.95 0.91 -32.58 0.0148 

a The values obtained from Ref. 17 are given in brackets. 

 

The integrated values of NICSzz curve that vertically crosses a certain ring, denoted 

as ∫NICSzz, is a recently proposed reliable method for quantitatively measuring the 

aromaticity of cyclic systems.62,63 A key advantage of ∫NICSzz compared to 

conventional NICSzz analysis is that it is free from the choice of the point to be studied, 

thus enabling more rigorous conclusions to be drawn; in the meantime, scanning 

NICSSzz and its components perpendicular to the ring allows to provide a more 

comprehensive understanding of molecular aromaticity. As can be seen from the 

∫NICSzz listed in Table 5, carborazine has a slightly smaller but still quite obvious 

negative ∫NICSzz value than benzene, while borazine has a much smaller corresponding 

value, indicating significant and weak aromaticity of carborazine and borazine, 

respectively. From Figure 4, it can be seen that the NICSzz curves of the σ electrons of 

benzene, carborazine, and borazine are almost the same, and the difference in total 

∫NICSzz almost entirely comes from the different NICSzz of the π electrons in the three 

molecules, which is also quantitatively demonstrated by the decomposition of ∫NICSzz. 

It should be noted that the total value (solid lines) of the three isoelectronic species on 

the NICSzz curve intersects with the component of π electron contribution (dashed lines) 

near x = 1 Å, meaning that NICSzz at a distance of 1 Å from the ring center is almost 

exclusively derived from π electrons. The analysis results of ∫NICSzz corroborate the 

conclusions from the NICS(1)zz calculations above. 
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Figure 4. Diagram of NICSzz curves of benzene, carborazine, and borazine. 

 

To verify the conclusions stated from the NICS analyses from electronic structure 

point of view, we calculated another popular quantitative indicator of molecular 

aromaticity, the multi-center bond order (MCBO), which is also known as multi-center 

bond index,35 and also listed it in Table 5. The comparison reveals that the aromatic 

characters as reflected by the MCBO value is in line with those obtained through NICSzz, 

namely aromaticity of carborazine is modestly less than benzene but significantly 

higher than borazine. 

The iso-chemical shielding surface (ICSS) analysis visualizes componential 

magnetic shielding tensor, which is essentially equivalent to extending the NICS 

analysis to three-dimensional space, providing more comprehensive information about 

molecular aromaticity.36 The isosurfaces of z-component of the ICSS, referred to as 

ICSSzz,
64 as well as the color-filled contour map of ICSSzz in the slice plane parallel and 

perpendicular to the plane of benzene, carborazine, and borazine are presented in Figure 

5. It can be seen that the ICSSzz isosurfaces of these three molecules are composed of 

peripheral deshielding region surrounding the central shielding region, and the two 

regions are concentrated and clear. The consistent ICSSZZ pattern indicates that both 
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carborazine and borazine are aromatic like benzene. Upon careful observation, it was 

found that benzene and carborazine have similar continuous peripheral deshielding 

isosurfaces at the same isovalue, while the deshielding region of the former is wider, 

indicating that although carborazine also shows strong aromaticity, its degree is slightly 

weaker than that of benzene. Prominently, the deshielding isosurfaces of borazine 

exhibit discontinuity near the H(B) atoms, which intuitively demonstrates that its 

aromaticity is significantly weaker than that of the carborazine. It is noteworthy that the 

borazine has a deshielding region wrapped in the shielding isosurface at its ring center, 

which is apparently due to the insufficient π electron conjugation over the molecular 

ring. The NICSzz curves in Figure 4 indeed show that over a considerable distance near 

its center, the NICSzz value of borazine is positive, while the NICSzz of benzene and 

carborazine are negative at any position. The NICSzz values at the ring centers, referred 

to as NICS(0)zz, are calculated to be of -17.0, -9.61, and 11.9 ppm for benzene, 

carborazine, and borazine, respectively. Therefore, the NICS(0)zz erroneously 

determines borazine as an antiaromatic species. From Figure 4, it can be seen that 

NICS(0)zz is largely contributed by essentially localized  electrons of the systems, 

demonstrating that NICS(1)zz is much more reliable than NICS(0)zz in determining  

aromaticity. 
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Figure 5. Isosurface maps (left panel, isovalue = 3.0 ppm) and color-filled contour maps 

(middle and right panels) of (a) benzene, (b) carborazine, and (c) borazine. Orange and 

blue isosurfaces/contours correspond to shielding and deshielding regions, respectively. 

The color-filled contour maps are drawn in the slice plane parallel (middle panel) and 

perpendicular (right panel) to the rings, and the scale of color bars is given in ppm. 

Atom color code: white, H; red, B; grey, C; blue, N. 

 

3.6 Induced Ring Current of Benzene, Carborazine, and Borazine 

The anisotropy of the induced current density (ACID) can visually exhibit the 

direction and magnitude of the ring currents induced by an applied magnetic field, and 

has become a popular way to explore molecular aromticity.32 We separately plotted the 

ACID maps of π orbitals, σ orbitals, and all molecular orbitals, respectively marked as 

ACID(π), ACID(σ), and ACID(tot), of benzene, carborazine, and borazine in Figure 6. 

The homogeneous and continuous ACID(π) isosurfaces and the arrows representing 

distinct diatropic ring current can be clearly seen for benzene and carborazine, while 

the ACID(π) isosurfaces of borazine are localized only near the N atom without forming 
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a global delocalization. The ACID(σ) isosurfaces of the three isoelectronic molecules 

are essentially the same, exhibiting diatropic ring current surrounding the outer edges 

of the rings as well as paratropic ring current surrounding the inner edges of the rings. 

The total ACID(tot) [= ACID(π) + ACID(σ)] obtained by all electrons clearly shows 

that both benzene and carborazine form a pronounced overall diatropic ring current over 

the six-membered ring, but the isosurfaces of the latter is slightly narrower. In contrast, 

on the six-membered ring of borazine, obvious induced currents are mainly formed 

around each nitrogen atom. This observation again indicates that benzene and 

carborazine have obvious and comparable aromaticity, while the aromaticity of fully 

inorganic isoelectronic species, borazine, is extremely weak. The aromaticity difference 

between them stems from the differences in the global delocalization capability of π 

electrons, as unveiled earlier. 

 

 

Figure 6. Isosurface maps (isovalue = 0.03 a.u.) of ACID of (a) benzene, (b) carborazine, 

and (c) borazine. 

 

The CTOCD-DZ2 is an alternative method to reveal the magnetically induced current 

of chemical systems.33 We present the current density maps and bond current strengths 

(BCSs) determined by CTOCD-DZ2 method in Figure 7 for providing a 
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complementary perspective to the ACID isosurface. The BCS is defined as integral of 

current density over the plane placed at midpoint of a bond and perpendicular to the 

bond. As is shown in the top panel, at 1 Bohr above the molecular planes, the diatropic 

ring current calculated considering all electrons for benzene and carborazine can be 

readily observed, but the global ring current of borazine is almost invisible in the total 

current density. The net bond current strengths displayed in the bottom panel can be 

directly compared with the current density maps drawn in the top panel. The diatropic 

current strength of C-C bond in benzene is the largest among three isoelectronic species, 

reaching 12.0 nA/T. The net current strengths of B-C, C-N, and N-B bonds in 

carborazine are 9.5, 9.8, and 9.6 nA/T, respectively, indicating that the molecule can 

also form strong currents in an external magnetic field. In contrast, however, the BCS 

of the B-N bond of borazine is only 3.3 nA/T, which is very small compared to those 

of its two analogues. 

 

 

Figure 7. Current density maps over a plane 1 Bohr above the molecular plane (top 

panel) and bond current strengths (bottom panel) of (a) benzene, (b) carborazine, and 

(c) borazine. The BCSs are given in nA/T. Atom color code: white, H; red, B; grey, C; 

blue, N. 
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Furthermore, we generated animations in the Supporting Information to visually 

demonstrate the dynamics of the induced ring current for the three isoelectronic 

analogues using GIMIC method.12 It can be seen that benzene and carborazine have 

obvious and similar globally diatropic ring current, while borazine substantially 

exhibits localized ring currents enveloping around N atoms. Results are in accordance 

with the above static NICS, MCBO, ICSS, ACID, and CTOCD-DZ2 

analyses.  Therefore, it confirms once again from a dynamic perspective that the 

benzene exhibits strongest aromaticity closely followed by carborazine, while the 

aromaticity of borazine is much lower than theirs. Moreover, the integration of the 

MICD flowing through a plane intersecting one chemical bond using GIMIC method 

leads to current strengths of 12.3, 9.4/9.6/9.5, and 3.0 nA/T for benzene, carborazine, 

and borazine, respectively. These values are in great agreement with the net bond 

current strengths obtained by the CTOCD-DZ2 method, indicating that the conclusion 

is independent of the method of evaluating magnetically induced current. 

 

3.7 Role of Bridging C atoms in Carborazine 

The essential reasons for the differences in aromaticity of the three isoelectronic 

species deserve to be explored in depth. In order to investigate the utility of C atom in 

changing the aromaticity of the isoelectronic analogues of benzene, we analyzed the 

pre-natural atomic orbitals (PNAOs)65,66 of atoms of the three molecular rings, as shown 

in Figure 8. The degree of overlap of the PNAOs is closely related to strength of  

interactions. One can see that the order of spatial extent of the 2pz atomic orbitals of the 

B, C, and N atoms is in the order of B atom > C atom > N atom. In other words, 

introducing the C atom is equivalent to building a bridge between the B and N atoms 

that promotes -electron delocalization, which greatly weakens the serious hinderance 

to electron conjugation caused by the huge electronegativity difference between the two 

elements. Similar conclusion has been obtained in the exploration of the aromaticity of 

isoelectronic species in C18.
24 
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Figure 8. Isosurface maps (isovalue = 0.1 a.u.) of 2pz PNAOs of representative atoms 

in (a) benzene, (b) carborazine, and (c) borazine. The orbital energies are given in eV. 

Atom color code: white, H; red, B; grey, C; blue, N. 

 

We also studied several lower symmetry isoelectronic analogues of benzene, named 

respectively as MOL-1, MOL-2, MOL-3, and MOL-4, for examining the influence of 

the introduced C atoms on aromaticity of the system. The Cartesian coordinates of these 

molecular rings are given sequentially in Tables S4-S7. As shown in Figure 9, the first 

three molecular rings (MOL-1, MOL-2, and MOL-3) exhibit a more negative NICS(1)zz 

than the MOL-4, and the MOL-2 has the most negative value, even exceeding that of 

carborazine. The comparison results show that both the number and position of C atoms 

in the molecular ring affect the aromaticity of the molecule, but the former is much less 

effective than the latter. So, to summarize, the promotion of aromaticity in B-C-N 

system mainly depends on the right position of C atoms, that is, they can act as bridges 

to increase electron global delocalization by balancing electronegativity difference 

between B and N atoms. 
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Figure 9. Geometric structures of (a) MOL-1, (b) MOL-2, (c) MOL-3, and (d) MOL-4 

optimized at the ωB97XD/def2-TZVP level. The NICS(1)zz values are given in ppm. 

Atom color code: white, H; red, B; grey, C; blue, N. 

 

4. Conclusions 

In this work, the geometric, electronic, bonding, and orbital characteristics, as well 

as magnetic shielding effect and induced ring current of benzene and its isoelectronic 

analogues, carborazine and borazine, are theoretically explored, with a focus on in-

depth revealing the differences in their aromatic properties. AIMD simulations and Ea 

analyses first confirmed the thermodynamic stability of the three isoelectronic species. 

The electronic delocalization of different kinds of chemical bonds was then compared 

by MBO, properties at BCP, and LOL- function. Based on the comprehensive analysis 

of multiple criteria/methods for evaluating aromaticity including NICS, MCBO, ICSS, 

ACID, CTOCD-DZ2, and MICD, we confirmed that carborazine has definitely 

aromatic character like benzene, and its aromaticity is only slightly weaker, while 

borazine is a rather weakly aromatic species. The atomic charge and PNAO analyses 

revealed the fact that the C atom between B and N in carborazine behaves as an 

interconnecting bridge that strengthens the electron delocalization over the conjugated 

path, which is the essence of the significant enhancement of the molecular aromaticity 

from borazine to carborazine. Moreover, we also examined several six-membered 

isoelectronic species of the benzene ring with low symmetry, emphasizing the 

important influence of the location of the introduced C atoms on aromaticity. 

The research in this work not only conducts a comprehensive investigation of the 

electronic structure and aromaticity of various isoelectronic species of benzene, but also 

highlights the key impact of electron delocalization when C is proper introduced into a 

system purely composed of B and N. This study will help chemists better understand 

and design molecules or materials constructed by B, C, and N atoms. 
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Synopsis: 

The geometric, electronic, bonding, and orbital characteristics, as well as magnetic 

shielding effect and induced ring current of carborazine and borazine were theoretically 

studied and compared with those of benzene. The combination of multiple properties 

shown that carborazine, like benzene, is strongly aromatic, while borazine only exhibits 

rather weak aromaticity. The C atom between B and N atoms in carborazine behaves as 

an interconnecting bridge that strengthens the electron delocalization over the 

conjugated path, which is the essence of the distinctly different aromaticity between the 

isoelectronic analogues of benzene. 
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