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Abstract. We performed density functional calculations to investigate the electronic and magnetic properties of
BN-substituted non-classical fullerenes. The substitutional structures, binding energies, energy gaps between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), ionisation
potentials, electron affinities, vibrational frequencies and nucleus-independent chemical shifts (NICS) were
systematically investigated. The binding energies of the BN-substituted non-classical fullerenes were found to
be slightly smaller than those obtained for pure non-classical fullerenes. While the reverse trend was observed for
BN-substituted C46 and C32 fullerenes, it was found that the BN-substituted C62 fullerene has bigger ionisation
potentials (IP) and smaller electron affinities (EA) than that of their parents. Because of low concentration of
BN impurity, the IR spectra in the BN-substituted fullerenes are very similar to those of their parents, which can
be considered as two separate regions: a low-frequency region at 200–1000 cm−1 corresponding to the out-ofplane bending and breathing modes and a high-frequency region at 1000–1800 cm−1 derived from the stretching
of C–B, C–N, B–N and C–C bonds. It was shown that diatropic and paratropic ring currents of hexagons and
pentagons together with the harshly antiaromatic character of the four-membered ring combine to produce a
relatively small NICS at the centre of the C62 and C46 fullerene cages. The decrease in the antiaromatic and
aromatic character of the B2 N2 ring and the adjacent hexagons affects the aromaticity character of the BN-substituted
fullerenes.
Keywords. Non-classical fullerene; square ring; density functional theory; nucleus-independent chemical shifts.
PACS Nos 61.48.−c; 78.30.Na; 31.15.E−

1. Introduction
Fullerenes are generally defined as spherical polyhedral
structures composed of even number of trivalent (sp2 )
carbon atoms. The classic fullerenes are those polyhedrons formed by exactly 12 pentagons and n/2−10
hexagons (n stands for the number of carbon atoms) and
follow the isolated pentagon rule (IPR), an empirical
rule requiring that each pentagon in a stable fullerene
should be surrounded by five hexagons [1]. Theoretical investigations demonstrate that fullerenes violating
the IPR usually obey the pentagon adjacency penalty
rule (PAPR) [2–4] and can only be isolated in the
form of their derivatives [5,6]; this rule states that the
most stable isomer bears the least number of adjacent

pentagons. In fact, IPR (except for C72 fullerene [7])
and PAPR rules (except for C50 fullerene [8]) have been
used as an index for predicting the structure and stability
of a new fullerene [9].
On the other hand, several theoretical studies have
demonstrated that non-classical fullerenes incorporating other kinds of polygons, such as square or heptagon
rings, are within the range of energies spanned by
the classical fullerene isomers and may be the competitors of classical fullerenes [10–22]. In 1993, Gao
and Herndon [10] suggested that fullerenes with less
than 60 carbon atoms might be stabilised thermodynamically by inserting square faces into them. Fowler
et al [14] systematically designed a series of higher
fullerenes with a four-membered ring and examined
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their thermodynamic stability in some detail. Ayuela
et al [15] and Cui et al [16] found that C62 with a
heptagon is even more stable than any classical isomer.
Zhao et al [17] found that an isomer of C32 with two
square rings is the most stable one among all isomers
built from square rings. An et al [18] showed that a nonclassical isomer with two squares is superior to the most
favourable classical isomer of fullerene C24 , and a cage
structure incorporating a square is the lowest-energy
isomer for C22 . Gun et al [19] demonstrated that the nonclassical isomers of C54 and C46 with square rings are
energetically unfavourable and kinetically favourable
compared to their classical isomers. Overall, they have
been predicted to play important roles in the growth
mechanism of fullerenes [23,24]. Several non-classical
fullerene-based compounds have already been available
experimentally [25–27].
Substituting one or more heteroatoms (B, N, Al, P,
O, S and Si) for carbon atoms through the on-ball doping results in heterofullerenes (substitutionally doped
fullerenes). The first sign of substituted fullerenes,
C60−x Bx and C60−x Nx (x = 1−6), was detected by
Smalley’s group [28] and Rao’s group [29] in 1991,
respectively. Later, the nitrogen-doped C60 fullerene,
C59 N, was verified by Averdung et al [30], and its dimer,
(C59 N)2 , was isolated by Pavlovich et al [31] in 1995.
Although, boron and nitrogen substitutions lead to
electron-deficient and electron-rich systems respectively, simultaneous doping by boron and nitrogen
makes the system isoelectronic to their parent fullerenes.
Creating CBN fullerenes (or CBN balls) through B and
N substitution is suggested to be a promising way to
modify their physical, chemical and electrical properties, without seriously altering the structure of the
cage. In 2003, Nakamura et al [32] reported the synthesis of a single BN-substituted C60 molecule by laser
vapourisation of BC2 N graphite. Then, synthesis of BNsubstituted fullerenes was reported based on different
methods such as electric arc burning technique using a
graphite anode which has a hole filled with boron nitride
in inert atmosphere [33], high-temperature laser ablation
of graphite-like BCN [34], electron-beam irradiation
of various precursors [35] and substitution reaction
upon irradiation with a KrF excimer laser at room
temperature [36]. Theoretical investigations on single
BN-substituted fullerenes such as C58 BN indicated that
heteroatoms prefer to stay together, and the structure
with a BN bond on a hexagon–hexagon junction was
predicted to be the most stable [37–40]. The structures
and stabilities of more BN-substituted fullerenes have
been theoretically studied extensively, and some rules
regarding positions of heteroatoms have emerged [41–
43]. For example, Pattanayak et al [42,43] investigated
the structural patterns of successive BN substitution of
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1–24 CC units of C60 fullerene, establishing certain
rules of successive BN substitution in fullerenes, such
as ‘hexagonal filling rule’ and ‘N-site rule’. Moreover,
using semiempirical AM1, MNDO and density functional theory (B3LYP/3-21G) approaches, Xu et al [44],
Ramachandran and Sathyamurthy [45] and Ghafouri
and Anafcheh [46] investigated the isomers of successive BN-substituted fullerenes C50−2x (BN)x (x =
1−15), C60−2x (BN)x (x = 1–24) and C70−2x (BN)x
(x = 124), respectively, in order to find out the preferred substitution patterns.
Their results also suggested that not only the number
of heteroatoms but also their filling patterns may tune
the properties of BN-substituted fullerenes.
Despite the relevance and a large amount of theoretical works on the BN-substituted fullerenes so far, to the
best of our knowledge, a systematic study on the BNsubstitution of non-classical fullerenes is still lacking in
the literature. It can be a good idea to do this by theoretical calculations. So, we focus on the following important
and fundamental issues: (i) Are the BN-substitution of
non-classical fullerenes favourable? (ii) How does the
BN-substitution affect the structure and electronic properties of non-classical fullerenes? (iii) How does the
BN-substitution affect the magnetic properties and aromaticity of non-classical fullerenes? We believe that
such initial investigations should provide experimentalists with a first look into the properties of these materials
and will further encourage further research in this field
in the future.

2. Computational method
Schlegel projections for the considered structures of
non-IPR fullerenes (C62 and C46 with one square ring
and C32 with two square rings) are depicted in figure 1. Geometries of all the systems are allowed to
be fully relaxed during the density functional theory
(DFT) calculations using the M06-2X functional and
the 6-311G(d, p) basis set [47]. Vibrational frequency
computations at the same level confirm that the 121
fully optimised structures are indeed minima. To calculate nucleus-independent chemical shift (NICS) values,
ghost atoms are placed in the cage centres and individual ring centres of the considered fullerenes and
BN-substituted fullerenes. All DFT calculations are performed using GAMESS suite of programs [48].

3. Results and discussion
C46 and C62 non-classical fullerenes which contain
one square ring and C32 non-classical fullerene which
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Figure 1. Schlegel diagrams of the non-IPR fullerenes, C62 and C46 with one square ring and C32 with two square rings.

contains two square rings are fully optimised at the
M06-2X/6-311G level as the parent molecules for doping. The optimised geometries and C–C bond lengths of
the considered fullerenes are shown in figure 1. Complete BN substitution of one square ring of the fullerenes
will make the C2 -symmetric heterofullerenes C58 B2 N2 ,
C42 B2 N2 and C28 B2 N2 . Further BN substitution of the
carbon atoms is continued until complete BN substitution of one of the [4]radialene-like structures in the
non-classical fullerenes happens leading to C54 B4 N4 ,
C38 B4 N4 and C24 B4 N4 . The optimised structures of all
the obtained heterofullerenes together with their parents
are illustrated in figure 2. (Table S1 in the supplementary material lists the geometrical coordination of the
considered structures). The B–N bond lengths of B2 N2
square rings are obtained to be 1.462–1.508 Å which are
in agreement with the corresponding values for boronnitride cages reported by Napolion and Williams [49].
The C–N and C–B bond lengths of the heterofullerenes
are found to be in the range of 1.356–1.460 Å and 1.455–
1.555 Å, respectively.
As a stability criterion of different configurations,
binding energies per atom (E b ) are calculated as follows:
E b = E M − (nEC + mEB + mEN )/(n + 2m),
where E M is the total energy of the heterofullerenes;
n and m stand for the number of carbon and boron
or nitrogen atoms, respectively. Systems with larger
binding energies are known to be more stable. Binding energies of the heterofullerenes are found to be
7.77–8.36 eV/atom (listed in table 1) which are slightly
smaller than those obtained for the fullerenes (8.06–8.43
eV/atom). It is noticed that BN substitution of larger
non-classical fullerenes is more favourable than smaller
cages.

Previous theoretical studies pointed out that the
doping of fullerenes affects their electronic structures by modifying the highest occupied molecular
orbital (HOMO) and lowest occupied molecular orbital
(LUMO) energies. In this study, the IP and EA values for the considered models are computed to examine
their electron-accepting and electron-donating abilities,
which is followed by adding/removing one electron
to the neutral molecule and evaluating the energy difference using the equations IP = E M+1 −E M and
EA = E M −E M−1 to accomplish the first IP and EA,
respectively. The energies of ionic states (E(M+1 )
and E(M−1 )) are also calculated at the M06-2X/6311G level of theory by removing/adding one electron
to/from the neutral form of each molecule, using the
optimised geometry of the neutral form. The IP, EA
and HOMO–LUMO energy gaps (E g ) for the BNsubstituted non-classical fullerenes are summarised in
table 1.
As seen, the BN-substituted C62 fullerenes have larger
IP and smaller EA than their parent, suggesting that the
considered BN-substituted C62 fullerenes lose electrons
with somewhat more difficulty to form positive ions and
also obtain electrons with more difficulty to form anions.
In other words, it is more difficult to oxidise or reduce
the BN-substituted C62 fullerenes than their corresponding pristine C62 fullerene. The reverse trend is observed
for the BN-substituted C46 and C32 fullerenes, having
smaller IPs and bigger EAs than their pure carbon cages.
The HOMO–LUMO energy gaps for the non-classical
fullerenes C62 , C46 and C32 are obtained to be 2.19,
2.37 and 3.56 eV, respectively. In comparison with their
parents, HOMO–LUMO gap increases to 2.58 eV for
C58 B2 N2 while it decreases to 1.84 and 2.49 eV for
C42 B2 N2 and C28 B2 N2 , respectively. The same increasing or decreasing trend is observed for HOMO–LUMO
gaps of the C62 , C46 and C32 fullerenes with a completely BN-substituted [4]radialene-like structure, 2.47,
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Figure 2. The optimised geometries of the BN-substituted non-IPR fullerenes together with their parents. The geometrical
parameters (in Å) are shown.

Table 1. Total energies (E t in a.u.), HOMO–LUMO energy gaps (E g , eV), IP (in eV) and EA (in eV) for the BN-substituted
non-classical fullerenes and their parents.

C62
C58 B2 N2
C54 B4 N4
C46
C42 B2 N2
C38 B4 N4
C32
C28 B2 N2
C24 B4 N4

Et

E bin

Eg

IP

EA

−2360.10327
−2367.07864
−2374.01117
−1750.78270
−1757.71937
−1764.70704
−1217.68082
−1224.62986
−1231.60422

8.43
8.36
8.27
8.27
8.16
8.07
8.06
7.90
7.77

2.19
2.58
2.47
2.37
1.84
2.29
3.56
2.49
3.19

5.91
6.03
6.06
6.43
5.98
6.37
6.83
6.37
6.62

3.72
3.45
3.58
4.06
4.14
4.08
3.26
3.88
3.43
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2.29 and 3.19 eV for C54 B4 N4 , C38 B4 N4 and C24 B4 N4
heterofullerenes, respectively.
The calculated infrared spectra of non-classical
fullerenes are shown in figure 3. The whole spectra
(200–1700 cm−1 ) related to the fullerenes can be considered in two regions. The first region is in the range of
200–1000 cm−1 , in which the vibrational modes correspond to the out-of-plane bending and breathing modes.
In this region, the peaks seen at 200–600 cm−1 with very
low intensity are related to the out-of-plane bending of
the C–C–C angles of the square ring, leading to breathing movement or a cradle-like displacement for square
rings. The frequencies from 600 to 800 cm−1 with
medium or low intensity are assigned to the out-of-plane
bending of C–C–C angles of hexagon and pentagon
rings, leading to breathing modes of fullerene cages. The
second region is in the range of 1000–1800 cm−1 ; most
spectra show their highest peak at 1400–1500 cm−1 ,
which is assigned to the stretching of the C−C bonds.
The IR spectra simulated for the BN-substituted nonclassical fullerenes are very similar to those of their
parent fullerenes because of low concentration of B–
N impurity, separated into two regions: a low-frequency
region at 200–1000 cm−1 and a high-frequency region
at 1000–1700 cm−1 . BN doping leads to the decrease
of υmin for heterofullerenes, see figure 4. The stronger
absorptions at 1400–1700 cm−1 are derived from the
stretching of C–B, C–N, B–N and C–C bonds, while
the weaker absorptions at 700–850 cm−1 correspond to
the out-of-plane bending and breathing modes.
Aromaticity is commonly explained by the ring current theory that attributes the unique properties shared by
aromatic molecules to form a special electron delocalisation. The geometry of a conjugate molecule allows
the electrons to move along a cyclic path for delocalisation. The NICS, which has been proposed by
Schleyer and co-workers in 1996 [50,51], is a simple
and efficient aromaticity probe. NICS can be computed
easily at the cage centres of fullerenes and their derivatives, using modern quantum chemical methods [52,53].
NICS values obtained at the centres of the cages and
of the individual ring provide appropriate insights of
the electron delocalisation, molecular aromaticity and
molecular magnetic properties. So, to evaluate the effect
of dopants on the mobility of electrons and aromaticity properties of the cages, NICS values are calculated
at the centres of the cages and the individual rings of
the onsidered fullerene cages. The calculated NICSs
for the BN-substituted non-classical fullerenes and their
parents are shown in figure 4. According to the definition of NICS, the more negative NICS values in
the interior positions of the rings or the cages indicate
the presence of stronger aromaticity. The NICS value
at the cage centre of C62 is calculated to be −7.00
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ppm which is close to that reported for C60 [54]. C62
is found to contain diatropic hexagons and paratropic
pentagons with NICS values in the range of (−6.3)–
(−5.6) and (+2.9)–(+4.7) ppm at the ring centres,
respectively. The corresponding ring currents together
with the antiaromatic character of the four-membered
ring (30.5 ppm) combine to produce a relatively negative NICS (−7.00 ppm) at the centre of the C62 cage.
A decrease in the antiaromatic character of the fourmembered ring in C46 together with the decrease in
the number of the diatropic hexagonal rings leads to
the NICS value (−8.2 ppm) in this cage. The very high
aromaticity of the C32 cage (−35.3 ppm) is very similar to the classical C36 fullerene, in both of which
hexagons are locally more aromatic than pentagons
[55].
While the BN-substituted C58 (BN)2 is slightly more
aromatic than C62 with a NICS value of −8.5 ppm, NICS
value of C54 (BN)4 is obtained to be −6.8 ppm. At first
sight, this finding is counterintuitive, as the electrons in
the BN unit are mainly localised on nitrogen as the lone
pair. This issue can be resolved by considering the aromaticity at the centres of the individual rings. As seen,
antiaromatic and aromatic characters of the B2 N2 ring
and the adjacent hexagons decrease in C58 (BN)2 and
C54 (BN)4 , respectively, while the NICS values of the
other five- and six-membered rings are slightly affected
by BN doping. The compensation between diatropic and
paratropic ring currents yields a more negative NICS
value in C58 (BN)2 than in C62 itself. Similar ring currents combine to produce non-aromatic character at the
centre of the BN-substituted C46 fullerene. It is worthwhile to note that BN doping affects aromaticity of
the whole rings in C32 , and leads to a decrease in the
aromatic character of C28 (BN)2 and C24 (BN)4 in comparison with their parent.
4. Conclusion
The BN substitution of non-classical fullerenes is investigated in terms of geometry, energies, electronic structures, IPs, EAs, vibrational frequencies and NICS based
on DST. According to the obtained results, we emphasise the following points: (1) the binding energies of BNsubstituted non-classical fullerenes are slightly smaller
than those obtained for pure non-classical fullerenes,
(2) unlike BN-substituted C62 fullerene, BN-substituted
C46 and C32 fullerenes have smaller IPs and larger EAs.
A similar trend is observed for H–L gaps, (3) the IR spectrum simulated for the BN-substituted heterofullerenes
and their parents can be considered in two regions: the
energy modes at low-frequency correspond to out-ofplane bending and breathing modes and high-frequency
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Figure 3. The calculated infrared spectra of the BN-substituted non-classical fullerenes together with their parents.

18
Pramana – J. Phys.
(2021) 95:18

(2021) 95:18

Pramana – J. Phys.

-5.7

4.7

-6.1 -6.2 30.5
4.1

-6.2

-6.3

-5.9

2.9

3.7

-5.6

-5.6

-4.7 4.7 9.9
3.1

-5.9

4.3

-2.3

2.9

2.0

3.5

-4.7

-6.4

4.3
-5.9

(-8.5)

11.6

8.3

-5.3

-5.4

3.6
-5.1

4.6

-5.5

-4.9

4.7

1.9

-3.8
5.5
-4.2

3.4
-5.5

3.2
4.4

-3.6

1.5

-5.7

-4.1

-3.2

(-8.2)

(0.0)

(-0.5)

-4.1

-9.5
-15.3 -11.5

-15.2

-11.2 -12.0 -15.9

-12.3

7.6

-11.3

-12.4

-10.8

-11.6

-3.1

-2.8

7.5

-5.5

1.4
3.6

-3.3

5.8

-4.7

5.8

2.8

4.8

-1.5

(-6.8)

3.5
-3.5

18

-3.5 4.9 7.8

-5.9

5.3
-4.3

(-7.00)

-4.8

-12.0

Page 7 of 8

-11.2

-11.0

-12.1

-10.2
-11.0

-10.1

-7.2

-10.3 -10.1

-15.3

-13.9

-14.0

-4.1

-5.4

-5.7

(-35.3)

(-31.3)

-10.9

(-27.3)

Figure 4. 2D projections of the considered structures of the BN-substituted non-classical fullerenes together with their parents.
Computed nucleus-independent chemical shifts (NICS) calculated at the centres of the cages and of the individual rings are
shown. Small filled red and blue circles represent boron and nitrogen atoms, respectively.

in the region is assigned to stretching of the C–B, C–N,
B–N and C–C bonds, (4) the compensation between diatropic and paratropic ring currents of the hexagons and
pentagons of C62 and C42 together with the antiaromatic
character of the four-membered ring yields relatively
small NICS value at the centre of these cages, (5) the C32
fullerene with two square rings has high aromatic character. Similar to the classical C36 fullerene, hexagons of
C32 are locally more aromatic than pentagons. Finally,
decrease of the antiaromatic and aromatic characters of
the B2 N2 ring and the adjacent hexagons, respectively,
affects NICS value and aromaticity at the cage centre of
the BN-substituted fullerenes.
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