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Abstract

Presently, a potential cap for fullerenes has been designed which possesses trivalent boron at the apex that it has
been linked to nitrogens of pyrrole type rings. The structure has been investigated thoroughly within the
constraints of density functional theory at the level of B3LYP/6-311++G(d,p). The collected data have revealed
that the optimized structure has exothermic heat of formation and favorable Gibbs free energy of formation
values. It is thermally favored and electronically stable at the standard states. Various structural and quantum
chemical data have been collected and discussed, including IR and UV-VIS spectra. Also “nucleus-independent
chemical shift” (NICS) data have been presented for typical rings. The collected data indicate that the peripheral
ring is an annulene whereas the other rings are either non-aromatic or antiaromatic.

1. Introduction

Annulenes are monocyclic hydrocarbons that contain the maximum number of non-cumulated or
conjugated double bonds, and their derivatives. The conjugated system arises from the alternating pattern of
single and double bonds, leading to the delocalization of pi electrons throughout the molecule. Some of the

annulenes are aromatic while some antiaromatic or non-aromatic [1-5].

[12]-annulene is planar. The three hydrogens in-between the rings are far enough and do not create any
strain for the planar arrangement. For [12]-annulene, the dianion is aromatic and stable at 30°C, while the
monoanion is an antiaromatic system and unstable at -50°C [6]. Through many centric and inter/intra molecular
perturbations, [12]-annulene can be converted to perturbed form [7,8] which has 12-electron peripheral
(heteroannulene) m-system and not a planar structure. It might be embedded into a various classes of compounds
such as fullerene or nanotube as a cap. The boron atom acts as a centric atom. A fullerene structure can be
constructed in the light of isolated pentagon rule (IPR), etc.

Figure 1 shows [12]-annulene and a perturbed structure from it which possess nitrogen and boron atoms
linked to each other.

[12]-annulene | . Perturbed form

Figure 1. [12]-annulene and a perturbed structure from it.
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There have many efforts in the use and evaluation of the physical properties of nanomaterials. Fullerenes
have attracted keen interest in the past couple of decades [9-11] especially Cyy and various nanotubes.

According to Euler’s theorem these 12 pentagons are required for closure of the carbon network consisting
of n hexagons and Cg is the first stable fullerene because it is the smallest possible to obey this rule. Both
Ceo and its relative C obey this so-called isolated pentagon rule (IPR). Non-IPR fullerenes have thus far only
been isolated as endohedral fullerenes such as TbsN@Csg4 with two fused pentagons at the apex of an egg-
shaped cage [9] or as fullerenes with exohedral stabilization such as Cs,Clyo [10] and reportedly CgHg [11].
Fullerenes with fewer than 60 carbons do not obey isolated pentagon rule (IPR).

In the last couple of decades various structures related to fullerenes, nanotubes etc., have attracted great
attention among the scientists especially structural control, and chirality control, remains a significant challenge
in the synthesis of single-walled carbon nanotubes (SWNTs) [12]. Also nanotube caps have been studied
extensively both theoretically and experimentally [12-17]. Nanotubes have been the focus of interest in many
articles published in recent years which concern various aspects of them [18-27].

2. Method of Calculations

In the present study, all the initial optimizations of the structure leading to energy minima have been
achieved first by using MM2 method which is then followed by semi empirical PM3 self consistent fields
molecular orbital method [28-30]. Afterwards, the structure optimizations have been achieved within the
framework of Hartree-Fock and finally by using density functional theory (DFT) at the level of B3LYP/6-
311++G(d,p) [31,32]. Note that the exchange term of B3LYP consists of hybrid Hartree-Fock and local spin
density (LSD) exchange functions with Becke’s gradient correlation to LSD exchange [33]. The correlation
term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [34] and Lee, Yang,
Parr (LYP) correlation correction functional [35]. In the present study, the normal mode analysis for the
structure yielded no imaginary frequencies for the 3N—6 vibrational degrees of freedom, where N is the number
of atoms in the system. This search has indicated that the molecular structure of considered system corresponds
to at least a local minimum on the potential energy surface. Furthermore, all the bond lengths have been
thoroughly searched in order to find out whether any bond cleavages occurred or not during the geometry
optimization process. All these computations were performed by using SPARTAN 06 program [36]. Whereas
the nucleus-independent chemical shift, NICS(0), calculations have been performed by using Gaussian 03

program [37].

3. Results and Discussion

Figure 2 shows the optimized structure of the specie considered. It possesses six 5-membered rings which
some of them resemble pyrrole backbone, three of them contain both the nitrogen and boron atoms. The
structure could be employed in the construction of certain fullerenes by building hexagonal rings around its
periphery within the constraint of IPR rule. In the figure arrow stands for the direction of calculated dipole
moment vector. Note that a resultant dipole moment vector is the vectorial sum of the individual bond dipoles,
thus location of the heteroatoms greatly affects both the magnitudes and the directions. In the present case, tail

of the dipole moment starts from the open-end of the structure and aims at the boron atom.
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Figure 2. Optimized structure of the specie considered (Two different views).

Figure 3 shows the calculated bond lengths of the structure considered. Note that B-N bonds are about 1.40
A whereas the bond lengths of the peripheral circuit are alternatingly short and long with respect to each other.
Bond lengths of the embedded pyrrole-like rings have sequentially 1.38 A, 1.45 A and 1.38 A in the peripheral
ring. The C-N bonds of the pyrrole-like rings are about 1.42 A. In the light of all these bond length data the
peripheral ring appears to be annulene like in character [8].

C 1.4547 [

Figure 3. Calculated bond lengths (A) of the optimized structure considered.

Tables 1 and 2 show, respectively some thermo chemical properties and some energies of the structure
presently considered. The data presented in Table 1 reveal that the standard thermo chemical formation data of
the specie considered is exothermic (H® values) and it is favored according to the G° (Gibbs free energy of
formation) value. Some energies of the structure considered are included in Table 2, where E, ZPE and Ec stand
for the total electronic energy, zero point vibrational energy and the corrected total electronic energy,
respectively. According to the data, the structure is electronically stable. However, note that the structure having
twelve peripheral atoms recalls 12-annulene which is an antiaromatic structure.

Table 1. Some thermo chemical properties of the structure

considered.
H° S° (J/mol®) G°
-1706018.744 385.33 -1706133.63

Energies in kJ/mol.
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Table 2. Some energies of the structure considered.

E ZPE Ec

-1706436.14 407.47 -1706028.67

Energies in kJ/mol.

Figure 4 shows the calculated charges on atoms of the structure considered. It is noteworthy that the ESP
charges are obtained by the program based on a numerical method that generates charges that reproduce the
electrostatic potential field from the entire wavefunction [36]. Note that the ESP and the natural charges on the
boron atom is positive but on the nitrogens are negative but not equal to each other in each case. On the other
hand, the total ESP charges of each pyrrole-like ring are -0.539, -0.542 and -0.539 unit of charge which are
highly deprived of electron population. As for the natural charges, the respective rings possess charges of
-0.826, -0.826 and -0.826.
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Figure 4. The calculated charges on atoms of the structure considered.

Figure 5 shows the exposed area of the atoms of the structure considered. Note that the exposed surface

areas of atoms are highly environment dependent [38]. They differ for the same type of atoms.
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Figure 5. The exposed area of the atoms of the structure considered.
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Figure 6 displays the labeling of atoms of the structure of consideration. Table 3 shows some selected
Mulliken bond orders and bond lengths for the structure considered.

H12 H14

Figure 6. Labeling of atoms of the structure of consideration.

Table 3. Some selected bond orders and bond lengths for the structure

considered.

Bond Mulliken bond order Bond length and remark
C1C3 1.762 1.3823 [double]
C3C4 1.250 1.4549 [Delco]
C2C4 1.761 1.3824 [double]
Co6C7 1.761 1.3824 [double]
C5C8 1.761 1.3828 [double]
C7C8 1.254 1.4549 [deloc]
C2C5 0.735 1.5469 [single]
CeCl10 0.737 1.5463 [single]
BINI 1.042 1.4027 [single]
BIN2 1.040 1.4032 [single]
BIN3 1.041 1.4031 [single]

Figure 7 shows the electrostatic potential map of the structure considered where negative potential regions
reside on red/reddish and positive ones on blue/bluish parts of the map. Thus, the peripheral region and the
surface region on top of boron atom reside in the positive potential part of the map. However, on the relative
bases, the magnitudes on the potential surface are different for those two parts.

Figure 7. Electrostatic potential map of the structure considered (Two different views).

Earthline J. Chem. Sci. Vol. 13 No. 1 (2026), 87-98
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Figure 8 stands for the local ionization map of the structure considered where conventionally red/reddish
regions (if any exists) on the density surface indicate areas from which electron removal is relatively easy,
meaning that they are subject to electrophilic attack. Note that the local ionization potential map is a graph of
the value of the local ionization potential on an isodensity surface corresponding to a van der Waals surface.

Figure 8. The local ionization map of the structure considered (Two different views).

Figure 9 shows the LUMO map of the structure considered. Note that a LUMO map displays the absolute
value of the LUMO on the electron density surface. The blue color (if any exists) stands for the maximum value
of the LUMO and the red colored region, associates with the minimum value. It is to be noted that the LUMO
and NEXTLUMO (LUMO+1) are the major orbitals directing the molecule towards the attack of nucleophiles
[36].

Figure 9. The LUMO map of the structure considered (Two different views).

Figure 10 displays the bond density map of the structure considered. As seen in the figure there exists
considerable bond density around the N-B bonds.

Figure 10. Bond density of the structure considered (Two different views).
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Figure 11 shows some of the molecular orbital energy levels of the structure considered. Note that the
numbers and energies of the inner lying occupied molecular orbitals are assumed to be responsible for the
thermal stability of the compound.

Table 4 lists some properties of the structure of interest. The polarizability is defined according to a
multivariable formula which is a function of Van der Waals volume and hardness [36]. The later one is dictated
by molecular orbital energies of the highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular
orbital energies. It is worth mentioning that the polar surface area (PSA) is defined as the amount of molecular
surface area arising from polar atoms (N,O) together with their attached hydrogen atoms.

Table 4. Some properties of the structure of interest.

Dipole  Polarizability =~ Area (A?)  Volume (A?) PSA (A?)  Ovality

3.15 57.12 198.28 200.27 8.748 1.20

Dipole moments in debye units . Polarizabilities in 10-3° m3 units.
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Figure 11. Some of the molecular orbital energy levels of the structure considered.

Table 5 lists some molecular orbital energies of the structure considered. The interfrontier molecular orbital
energy gap value, Ae (Ae = g ymo-€nomo) of the structure is 203.18 kJ/mol.

Table 5. Some molecular orbital energies of the structure considered.

HOMO-1 HOMO LUMO LUMO+1

-694.7 -458.23 -255.05 -115.78

Energies in kJ/mol.

Earthline J. Chem. Sci. Vol. 13 No. 1 (2026), 87-98
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Figure 12 displays the HOMO and LUMO (frontier molecular orbitals) patterns of the structure considered.

As seen in the figure the HOMO and LUMO orbitals mainly possess m-symmetry. The boron atom does not
contribute the HOMO but in great extend to the LUMO.

HOMO

LUMO

Figure 12. The HOMO and LUMO of the structure considered.

Figure 13 shows the HOMO-1 and LUMO+1 (NEXTHOMO and NEXTLUMO, respectively) of the

structure considered. Contribution of the boron atom into the HOMO-1 and LUMO+1 of the structure is
nothing.

HOMO-1

LUMO+1

Figure 13. The HOMO-1 and LUMO+1 of the structure considered.

Figure 14 is the calculated IR spectrum of the structure considered. The B-N stretchings occur at 1475 cm™!

(assym.) whereas C-H waggings happen at 1529 cm’!. The C=C stretching take place at 1403 cm'. The
symmetric B-N stretchings and ring skeletal breathings overlap at 1259 cm™!.
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Figure 14. The calculated IR spectrum of the structure considered.

Figure 15 shows the calculated UV-VIS spectrum of the structure considered. The spectrum spreads from
the UV region to visible region having A, values at 348 and 415.71 nm.

http://www.earthlinepublishers.com
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Calculated

UvVis Spectrum

Figure 15. The calculated UV-VIS spectrum of the structure considered.

NICS

NICS is the computed value of the negative magnetic shielding at some selected point in space which is
generally, at a ring or cage center [39]. The calculated data piled in the literature through the years indicate that
negative NICS values denote aromaticity (-11.5 for benzene, -11.4 for naphthalene) whereas positive NICS
values denote antiaromaticity (28.8 for cyclobutadiene) while small NICS values indicate non-aromaticity (-2.1
for cyclohexane, -1.1 for adamantane). NICS may be a useful indicator of aromaticity that usually correlates
successfully with the other energetic, structural and magnetic criteria for aromaticity [40-43]. , The NICS has
been proved to be an effective probe for local aromaticity of individual rings of polycyclic systems. Several
publications exist in the literature that generally aromaticity has been discussed in terms of energetic, structural
and magnetic criteria [44-49].

The structure of present consideration consists of six S-membered rings. However, they fall into two types;
having nitrogen atom resembling the pyrrole (type-I) and ones having both the nitrogen and boron atoms (type
II). Table 6 has the NICS(0) values of the rings considered.

Table 6. The NICS(0) values of the rings considered.

Type-I Type-II

4.7802 13.4984

The NICS(0) values of the rings presented in the table reveal that both types of the rings are not aromatic at
all (do not conform the Hiickel's 4n+2 rule), type -1 could be non-aromatic but type-II is definitely antiaromatic.
Thus, the presence of boron atom in the structure seems to decrease electron population of pyrrole-like rings as
well as the B-N bond having rings.

4. Conclusion

The present computational study has indicated that within the restrictions of DFT treatment at the level of
B3LYP/6-311++G(d,p), the designed cap possesses exothermic H® and favorable G° values. The structure is
electronically stable. The alternating bond length data for the peripheral n-electron circuit is indicative of its
annulene like structure. On the other hand, the local aromaticity calculations proves non-aromatic nature of the
nitrogen containing 5-membered rings (pyrrole-like rings), whereas the rings having both the nitrogen and
boron atoms (B-N bond having rings) are antiaromatic.

Earthline J. Chem. Sci. Vol. 13 No. 1 (2026), 87-98
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