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Abstract. Functionalisation of nitrogen–nitrogen bonds of antisite defective boron nitride nanotubes (BNNTs),
including exchange antisite defect which is produced by the rotation of BN bond, and substitutional antisite defect
which is formed by substitution of an N with B, is investigated through their interaction with a B−

6 cluster. The smaller
defect formation energies for the substitutional antisite defects indicate that the substitution of an N atom with B
atom is easier than rotation of a BN bond. The formation of antisite defects at the edge or near the edges is more
favourable than that in the middle of the tubes. When complexation between double ring B−

6 and nitrogen–nitrogen
bonds of antisite defective BNNTs occurs, two-fold coordination, double ring configuration of boron cluster and
N–N bond cleavage are seen. In the most stable complex, the B−

6 pulls apart the B–N bond and becomes an integral
part of the tube by expanding the hexagonal BN ring, while in the other BNNT-B6 clusters, double ring B−

6 acts as
a bridge at the top of the decagon. Functionalisation of N–N bonds at the edge or near the edges is more favourable
than that in the middle of tubes.
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1. Introduction

In the past decades, considerable attention has been
devoted to boron nitride nanotubes (BNNTs) due to
their unique physical and chemical properties for var-
ious applications [1–5]. BNNTs, in which the boron (B)
and nitrogen (N) atoms are alternatively positioned to
form hexagonal boron nitride (BN) network, are iso-
electric analogues of carbon nanotubes (CNTs) [6–8].
However, in contrast to CNTs, BNNTs have homo-
geneous electronic behaviours: BNNTs of different
chiralities are semiconductors with almost the same
optical band gaps, which are theoretically found to
be 6.2 eV and experimentally determined to be 5.8
eV [2,8]. Besides, due to the polar B–N bonds, these
materials have larger surface reactivity compared to
their carbon analogues [9,10]. The effect of doping of
B and N atoms on the thermoelectric properties of the
C60 cage sandwiched between two metallic electrodes

has been investigated by Yaghobi and Larijani [11].
Furthermore, BN-based materials are predicted to pos-
sess high sensitivity and low limits of detection, which
make them suitable in applications like sensing and
detecting harmful gases, such as CO, NO, NO2 and
NH3 [12–15].

There are also some theoretical evidences that indi-
cate greater adsorption energies of molecular hydrogen
over BN nanostructures than their carbon analogues
[16,17].

On the other hand, it is known that similar to CNTs,
BNNTs are not defect-free [18]. In fact, due to the many
limitations in experimental synthesis or purification, a
variety of defects are unavoidably formed in BNNTs,
including substitutional impurities, vacancies, antisite
defects and Stone–Wales (SW) defects [19–24]. The SW
defects are topological defects involving a change in
connectivity of a B–N pair due to the rotation of the
midpoint of the pair.
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The antisite defects could be produced by exchanging
the positions of adjacent B and N atoms, or by the sub-
stitution of B/N atoms with N/B atoms [24]. The latter
leads to the formation of B- or N-rich defective BNNTs
in comparison with their parents. It should be noted
that both of them generate energetically unfavourable
homonuclear B–B or N–N bonds. Experimental as well
as theoretical studies have indicated that these defec-
tive BNNTs exhibit high reactivity at the defective
sites [4,25,26]. In fact, because of the strain of the B–B
and N–N bonds, defective sites can act as Lewis acid
(B-sites) and Lewis base (N-sites) centres [27]. This
reactivity feature leads to chemical modifications which
not only allow tuning several properties of BNNTs but
also create new functionalised materials which have
been an active research area [1]. Such modifications
include substitutional doping and covalent and non-
covalent functionalisation by a wide range of chemicals
at the surface. For example, Lin et al [28] and Nag et
al [29] have recently found that the amine molecules
form Lewis acid–base complexes with the electron-
deficient B atoms on the h-BN surface, based on a
mechanism similar to that involved in the function-
alisation of BNNTs [30–35]. Cano Ordaz et al [36]
investigated the functionalisation of homonuclear N
bonds of a BN fullerene with a B cluster to the adsorp-
tion of the antibiotic dapsone molecule, suggesting that
this functionalised fullerene is a good candidate for use
as a nanovehicle for drug delivery.

Anota et al [37] performed a density functional theory
(DFT) study on the adsorption, activation and possi-
ble dissociation of a glucose molecule on the magnetic
[BN fullerene−B6]− system. They proposed that BN
fullerene functionalised with a magnetic B6 cluster
can be used as magnetic nanovehicles for drug deliv-
ery. Moreover, the low values of the work function
indicate that they are good for technological appli-
cations such as design of magnetic devices based
on organic molecules. In another work, they anal-
ysed the adsorption of the carbon monoxide (CO)
molecules onto the magnetic [BN fullerene−B6]− and
[BN fullerene−C6]− nanocomposites [38]. Based on
global quantum descriptors such as polarity, the average
chemical reactivity and work function, they show high
retention capacity of CO molecules for these nanocom-
posites.

The thermal stability and chemical properties of B
clusters have widely increased their use in nanomedicine
devices [39–43]. B6 particle is able to stabilise an extra-
added electron, leading to the symmetric octahedral
B−

6 ion which is highly stable among B clusters and
shows magnetic and semiconductor behaviours. These
properties make the B−

6 cluster a promising candidate
for searching novel nanodevices [44]. The absorption

of the stable B−
6 and C−

6 clusters on octagraphene
nanosheets induces magnetic behaviour on the func-
tionalised sheets. The quantum descriptors obtained for
these systems reveal that they are feasible candidates
for designing molecular circuits, magnetic devices and
nanovehicles for drug delivery [45].

For these reasons, we explore, in the present inves-
tigation, the interaction between B cluster B−

6 and
homonuclear N–N bonds (defective sites) at the sur-
faces of antisite defective BN nanotubes. This study first
addresses the formation of two types of antisite defects,
which can be produced by 180◦ rotation of a BN bond
(exchange antisite defect) or by the substitution of an
N atom with a B atom (substitutional antisite defect),
the former leads to defective BNNTs isoelectric with
their parents while the latter leads to the N-rich defective
BNNTs in comparison with their parents. Then, defec-
tive BNNTs are functionalised with the B−

6 anion. Such
systems are chosen to address the following questions: Is
the formation of antisite defects in BNNTs favourable?
Which kind of antisite defects is energetically more
preferable, exchange or substitutional antisite defect?
Which defect site is the most favourable to be func-
tionalised with B cluster? How do the antisite defects
affect the electronic properties of perfect BNNTs? And
how does the B cluster affect the electronic properties
of antisite defective BNNTs?

2. Computational method

Finite models of BNNTs containing 46, 60 and 72 B
atoms are used to represent defect-free (4,4), (5,5) and
(6,6) BNNTs, respectively, where tips are saturated with
hydrogens to avoid dangling bonds. As possible active
sites of BNNTs for chemical modifications, defective or
functionalised sites are at the edges or near the edges.
Besides, in the middle of the tubes, periodic models are
not appropriate; periodic boundary conditions cannot
be applied to mimic edge modifications due to the inter-
ruption of translational symmetry. Thus, the molecular
models seem a reasonable approach. It is shown that
the inclusion of dispersion corrections and diffuse sp-
functions for electronegative atoms is compulsory for
studying the chemical reactivity and interaction energy
of nanotubes. The M06-2X functional belongs to a new
generation of hybrid metageneralised gradient approxi-
mation exchange correlation functional which includes
an accurate treatment of the dispersion energy. There-
fore, the M06-2X functional [46] in combination with
the 6-311+G(d,p) basis set is used for geometry opti-
misations and single-point energy calculations [47–50].
Frequency calculations are carried out for all the sys-
tems at the same level of theory, and the actual obtained
frequencies confirm that all of them are structures with
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Figure 1. Optimised structures of (4,4) BNNT. Six non-
equivalent B atoms and 12 non-equivalent BN bonds are
shown in bold and italic forms.

minimum energies. All DFT calculations are performed
using GAMESS suite of programs [51,52].

3. Results and discussion

The prefect (4,4), (5,5) and (6,6) armchair BNNTs,
which are fully optimised at the M06-2X/6-311+G
(d, p) level, are chosen as the parent molecules for defec-
tive BNNTs. The B–N bond lengths in the middle of the
optimised prefect BNNTs are found to be 1.449–1.455
Å, which correspond to the previously reported values
(1.401 and 1.458 Å) [53]. As shown in figure 1, 6 non-
equivalent B atoms and 12 non-equivalent BN bonds
can be recognised in these BNNTs. Then the antisite
defects are produced at different positions (at the edges,
near the edges or in the middle of the tubes), based on
two ways: antisite defective BNNTs are presented as
(Ni )BNNT (i = 1−6), in which the antisite defect is
produced by the substitution of an N atom with the Bi
atom, and as (NBi )BNNT (i = 1−12), in which the anti-
site defect is formed by exchanging the position of the
Bi atom and its adjacent N atom. Fully optimised at the
M06-2X/6–311+G(d,p) level, the geometries of sub-
stitutional and exchange antisite defective BNNTs are
shown in figures 2 and 3, respectively. As observed, the
substitutional antisite defects lead to the formation of
N-rich BNNTs. At this point, it is necessary to mention
that the primary purpose of this research is to study the
possibility of antisite defects in the BN nanotubes and
the trend of some structural and electronic parameters
in the considered models. Therefore, to reduce the com-
putational cost, we consider only the armchair BNNTs
in this study.

The defect formation energies with zero-point energy
(ZPE) corrections, ED, required to form exchange and
substitutional antisite defects are obtained using eqs (1)
and (2), respectively:

ED = Edefective − Eperfect, (1)

ED = Edefective + EB − Eperfect − EN, (2)

Figure 2. The optimised geometries of the six configurations
of substitutional antisite defective BNNTs (N1–N6–BNNTs)
in which the antisite defects were produced by the substitution
of B atoms with N atoms.

where Edefective and Eperfect stand for the total energies
of an antisite defective BNNT and its corresponding
perfect BNNT, respectively, EN and EB represent the
energies of N and B atoms. The total energy (ET), defect
formation energy (ED) and HOMO–LUMO (highest
occupied molecular orbital–lowest unoccupied molec-
ular orbital) energy gap (Eg) of the antisite defective
BNNTs along with those of their parents are listed in
table 1.

As seen in table 1, defect formation energies for
the antisite defective BNNTs are found to be positive,
indicating that the formation of exchange and substi-
tutional antisite defects in the BNNTs is endothermic.
However, the substitutional antisite defective BNNTs,
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Figure 3. The optimised geometries of 12 configurations of exchange antisite defective BNNTs, (NB1)–(NB12)–BNNTs, in
which the antisite defects were produced by exchange positions of adjacent B and N atoms.

(Ni )BNNTs, have smaller defect formation energies
than the corresponding exchange antisite defective
BNNTs, (NBi )BNNTs, which indicate that the sub-
stitutional antisite defects are energetically easier to
be formed in the armchair BNNTs than with those
in exchange antisite defects. This can be due to the
formation of fewer unfavourable homonuclear N–N and
B–B bonds in the former. It can also be seen in figure 4
that the formation of antisite defects at the edge or
near the edges is more favourable than that in the mid-
dle of the tubes. The most stable isomers among the
exchange antisite defective BNNTs and among the sub-
stitutional antisite defective BNNTs are mainly found
to be (NB1)BNNTs and (N1)BNNTs, respectively. Iso-
mers of (Ni )BNNTs and (NBi )BNNTs with i ≥ 3,
where anitsite defects are produced in the middle of the
tube, have almost the same values of defect formation
energies. Therefore, the orientation of the defects on
the BNNT surface has an energetically minor effect on
the formation of antisite defective BNNTs. The defect
formation energies for the most stable antisite defec-
tive isomers of BNNTs are calculated to be 2.73, 2.90
and 2.99 eV in N1(4,4), N1(5,5) and N1(6,6), and 3.46,
3.62 and 4.08 eV in NB1(4,4), NB1(5,5) and NB1(6,6),
respectively, which means that the formation of anti-
site defects in the narrower BNNTs is more favourable
which can be due to the higher curvature and more reac-
tivity of these BNNTs.

Due to the formation of more homonuclear B–B and
N–N bonds, defect formation energies for the antisite
defective BNNTs are found to be higher than those
for SW defective BNNTs previously obtained by Li et
al [54]. In fact, the conversion of B–N bonds to homonu-
clear B–B or N–N bonds leads to an instability in the

structures of the tubes, known as the bond frustration
effect [55]. Inspection of the structures of the antisite
defective BNNTs shows that the change in bond lengths
only occurs for B–N bonds near the defective sites,
which means that the bond frustration effect is mainly
due to a local strain. The lengths of the homonuclear
N–N bonds in the exchange antisite defective BNNTs
are found to be 1.464–1.499 Å, which are shorter
than those obtained in the substitutional antisite defec-
tive BNNTs (1.493–1.548 Å). Moreover, homonuclear
B–B bonds in the exchange antisite defective BNNTs
are found to have lengths of 1.620–1.692 Å. This kind
of bond, as seen in figure 2, is not found in the sub-
stitutional antisite defective BNNTs. These values are
similar to those previously computed in SW defective
BNNTs [54,55].

Six homonuclear N–N bonds with different positions
at the surface of isomers of antisite defective BNNTs
are considered for chemical functionalisation with the
charged B cluster B−

6 . Sites 1, 3 and 5 refer to the
N–N bonds (defective sites) that lie perpendicular to
the tube axis, and sites 2, 4 and 6 are diagonal N–N
bonds. F1 refers to the functionalisation of N–N bonds
that lie at the edges of tubes, while functionalised
N–N bonds in F2 and F3 are near the edges, and
finally N–N bonds that are functionalised in F4–F6
positions are close to the middle of the tubes (see
figure 5). To produce these complexes, the charged B
cluster B−

6 is initially placed directly above the N–N
bond of the defective BNNTs, and then geometries are
fully optimised. As the B−

6 cluster is composed of two
recursive tetrahedrons with high symmetry, it has prac-
tically the same possibility to be adsorbed through each
end. The lowest energy states for these configurations



Pramana – J. Phys. (2019) 93:64 Page 5 of 10 64

Ta
bl
e
1.

To
ta

l
en

er
gi

es
(E

in
a.

u.
),

de
fe

ct
fo

rm
at

io
n

en
er

gi
es

(E
D

in
eV

)
an

d
H

O
M

O
–L

U
M

O
en

er
gy

ga
ps

(E
g

in
eV

)
of

si
x

di
ff

er
en

t
co

nfi
gu

ra
tio

ns
of

su
bs

tit
ut

io
na

l
an

tis
ite

de
fe

ct
iv

e
B

N
N

T
s

(N
1–

N
6–

B
N

N
T

s)
an

d
12

di
ff

er
en

tc
on

fig
ur

at
io

ns
of

ex
ch

an
ge

an
tis

ite
de

fe
ct

iv
e

B
N

N
T

s,
(N

B
1)

–(
N

B
12

)–
B

N
N

T
s.

E
E

D
E

g
E

E
D

E
g

E
E

D
E

g

Su
bs

tit
ut

io
na

la
nt

is
ite

de
fe

ct
(4

,4
)

−3
81

5.
12

32
6

–
5.

97
2

(5
,5

)
−4

76
9.

20
64

2
–

5.
98

9
(6

,6
)

−5
24

7.
46

18
3

–
6.

08
7

N
1(

4,
4)

−3
84

4.
68

89
2

2.
73

5.
38

6
N

1(
5,

5)
−4

79
8.

76
60

2
2.

90
5.

32
2

N
1(

6,
6)

−5
27

7.
01

78
7

2.
99

5.
26

8
N

2(
4,

4)
−3

84
4.

63
18

8
4.

27
5.

56
5

N
2(

5,
5)

−4
79

8.
70

46
8

4.
55

5.
30

9
N

2(
6,

6)
−5

27
6.

95
39

3
4.

72
5.

22
4

N
3(

4,
4)

−3
84

4.
62

05
7

4.
58

5.
33

3
N

3(
5,

5)
−4

79
8.

69
45

7
4.

83
5.

16
5

N
3(

6,
6)

−5
27

6.
94

27
2

5.
02

5.
12

5
N

4(
4,

4)
−3

84
4.

61
77

7
4.

65
5.

34
6

N
4(

5,
5)

−4
79

8.
69

27
1

4.
88

5.
26

3
N

4(
6,

6)
−5

27
6.

93
82

9
5.

14
5.

21
9

N
5(

4,
4)

−3
84

4.
61

72
9

4.
67

5.
38

1
N

5(
5,

5)
−4

79
8.

69
20

9
4.

89
5.

29
4

N
5(

6,
6)

−5
27

6.
93

46
3

5.
24

5.
20

2
N

6(
4,

4)
−3

84
4.

61
65

6
4.

69
5.

38
8

N
6(

5,
5)

−4
79

8.
69

17
1

4.
90

5.
28

6
N

6(
6,

6)
−5

27
6.

93
43

4
5.

25
5.

19
3

E
xc

ha
ng

e
an

tis
ite

de
fe

ct
N

B
1(

4,
4)

−3
81

4.
99

50
9

3.
46

5.
50

6
N

B
1(

5,
5)

−4
76

9.
07

24
3

3.
62

5.
46

7
N

B
1(

6,
6)

−5
24

7.
31

07
5

4.
08

5.
41

2
N

B
2(

4,
4)

−3
81

4.
92

50
9

6.
43

4.
33

7
N

B
2(

5,
5)

−4
76

8.
95

74
1

6.
72

4.
60

7
N

B
2(

6,
6)

−5
24

7.
19

39
1

7.
23

4.
72

9
N

B
3(

4,
4)

−3
81

4.
86

30
0

7.
03

4.
08

9
N

B
3(

5,
5)

−4
76

8.
92

41
8

7.
62

4.
32

3
N

B
3(

6,
6)

−5
24

7.
16

62
9

7.
98

4.
43

9
N

B
4(

4,
4)

−3
81

4.
85

71
1

7.
19

4.
11

1
N

B
4(

5,
5)

−4
76

8.
92

18
2

7.
68

4.
30

7
N

B
4(

6,
6)

−5
24

7.
16

53
5

8.
00

4.
41

9
N

B
5(

4,
4)

−3
81

4.
84

66
0

7.
47

4.
14

0
N

B
5(

5,
5)

−4
76

8.
92

08
2

7.
71

4.
14

1
N

B
5(

6,
6)

−5
24

7.
16

50
9

8.
01

4.
18

4
N

B
6(

4,
4)

−3
81

4.
84

37
7

7.
55

3.
99

3
N

B
6(

5,
5)

−4
76

8.
92

23
7

7.
67

4.
18

4
N

B
6(

6,
6)

−5
24

7.
16

65
3

7.
97

4.
13

6
N

B
7(

4,
4)

−3
81

4.
84

43
4

7.
53

4.
01

3
N

B
7(

5,
5)

−4
76

8.
92

15
4

7.
69

4.
16

5
N

B
7(

6,
6)

−5
24

7.
16

83
1

7.
92

4.
17

3
N

B
8(

4,
4)

− 3
81

4.
84

47
2

7.
52

4.
06

9
N

B
8(

5,
5)

−4
76

8.
92

01
5

7.
73

4.
16

0
N

B
8(

6,
6)

−5
24

7.
16

74
0

7.
95

4.
15

4
N

B
9(

4,
4)

−3
81

4.
84

21
3

7.
59

4.
07

7
N

B
9(

5,
5)

−4
76

8.
92

17
9

7.
68

4.
19

1
N

B
9(

6,
6)

−5
24

7.
16

85
1

7.
92

4.
12

6
N

B
10

(4
,4

)
−3

81
4.

84
47

4
7.

52
4.

03
1

N
B

10
(5

,5
)

−4
76

8.
92

23
7

7.
67

4.
17

5
N

B
10

(6
,6

)
−5

24
7.

16
84

9
7.

92
4.

08
5

N
B

11
(4

,4
)

−3
81

4.
84

45
3

7.
53

4.
05

2
N

B
11

(5
,5

)
−4

76
8.

92
31

5
7.

65
4.

11
4

N
B

11
(6

,6
)

−5
24

7.
16

80
8

7.
93

4.
04

5
N

B
12

(4
,4

)
−3

81
4.

84
47

7
7.

52
4.

04
1

N
B

12
(5

,5
)

−4
76

8.
92

33
5

7.
64

3.
92

5
N

B
12

(6
,6

)
−5

24
7.

16
86

4
7.

92
4.

03
4



64 Page 6 of 10 Pramana – J. Phys. (2019) 93:64

2

2.5

3

3.5

4

4.5

5

5.5

6

N1 N2 N3 N4 N5 N6

(4, 4) (5, 5) (6, 6)

(E
D 

in
 e

V)

3

4

5

6

7

8

9

(4, 4) (5, 5) (6, 6)

(E
D 

in
 e

V)

5

5.2

5.4

5.6

5.8

6

6.2

(n, n) N1 N2 N3 N4 N5 N6

(4, 4) (5, 5) (6, 6)

HO
M

O
-L

U
M

O
 g

ap
 (E

g 
in

 e
V)

 

3.5

4

4.5

5

5.5

6

(4, 4) (5, 5) (6, 6)
HO

M
O

-L
U

M
O

 g
ap

 (E
g 

in
 e

V)

Figure 4. Defect formation energies and HOMO–LUMO gaps of substitutional and exchange antisite defective BNNTs.

are found with the anionic charge (Q = −1) and
multiplicity of M = 2ST + 1 = 2, where ST is the
total spin. To avoid the states of energetic degeneracy,
the energy differences (�E) between the multiplicities
close to the most energetic of F1–F6 are calculated and
found to be in the range between 1.25 and 2.66 eV,
where the energies are computed using the M06-2X/6-
311+G(d,p) for M = 4. The optimised geometries
of the BNNT−B6 complexes, F1–F6, are presented in
figure 5.

Interaction energies (EInt) with ZPE corrections are
calculated based on the following equation, referring
to the energy difference between the complex and the
constituents, and summarised in table 2:

EInt = E(BNNT−B6) − E(BNNT) − E (B−
6 ), (3)

where E is the electronic energy. The values of EInt
are found to be negative, which shows the exothermic
character of the functionalisation process. This means
that the interactions are attractive and favourable.

The interaction of B cluster with the N–N bonds at
the defective sites leads to the cleavage of these bonds,
which is indicated by the (non-bonding) 3.13–3.75 Å

distance. As seen from figure 5, two-fold coordination
(binding in two points) occurs between double ring B−

6
and defective BNNT surface. In the most stable com-
plexes of (4,4) defective BNNT−B−

6 , i.e. F1, the B6
cluster pulls apart the N–N bond of the tube at site 1
and becomes an integral part of the tube by expand-
ing the original hexagonal ring at the tube surface (see
figure 5). This N–N bond cleavage and expansion of
the surface stabilise the complex F1 by more than 10
kcal/mol. Drastic structural changes are noticed for the
B cluster functionalised on the antisite defective BNNT
surfaces. B–B bond lengths of the adsorbed double ring
B6 cluster are found to be within 1.571–1.838 Å.

In the other BNNT−B6 clusters (F2–F6), the B6 cluster
acts as a bridge at the top of the BNNT, rather than
being a part of the tube as in F1. In these complexes, the
bond lengths of the adsorbed double ring B6 cluster are
found to be within 1.555–1.835 Å and all BN bonds of
the formed decagon are calculated to be in the range of
1.449–1.512 Å.

It should be noted that the functionalisation of the
N–N defective sites at the edges or near the edges
(F1–F3) is found to be more favourable than that of the
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Figure 5. Functionalisation of the homonuclear N–N bonds of antisite defective BNNTs by the B6 boron cluster and with
respect to different antisite defects on the BNNT surface.

Table 2. Total energies (E in a.u.), interaction energies (ED in eV), the HOMO–LUMO energy gaps (Eg in eV) and elec-
trophilicity (ω in eV) of the BNNT–B6 complexes (F1–F6).

Et EInt Eg %Eg ω

F1 −3963.140413 −10.56 3.12 −27.99 2.36
F2 −3963.005749 −9.1 3.51 −13.34 2.35
F3 −3963.006531 −9.11 3.51 −13.68 2.98
F4 −3962.961692 −7.85 3.27 −20.93 4.02
F5 −3962.930947 −7.07 3.1 −23.2 3.06
F6 −3963.010932 −8.9 3.06 −25.54 2.86

defective sites in the middle of the tube. Also as seen in
table 2, functionalisation of diagonal N–N bonds is more
favourable than the N–N bonds that lie perpendicular to
the tube axis. For example, EInt values obtained for the
diagonal N–N bonds positioned close to the middle of

the tubes are about −7.85 and −8.90 eV, in F6, and
F4, respectively, more negative than the EInt value of
−7.07 eV obtained for the perpendicular N–N bond in
F5. However, functionalisation of diagonal and perpen-
dicular N–N bonds near the edges leads to the essentially
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isoenergetic isomers of F2 and F3, lying within 0.01 eV
of one another.

Previous theoretical studies pointed out that the elec-
tronic structures of nanotubes can be modified in the
presence of some defects or addends [56]. Therefore,
one purpose of the study of the defects and exohe-
dral functionalisation of nanotubes is to modify the
electronic structures of these systems. The energy dif-
ferences between the HOMO and the LUMO for the
pristine, defective and functionalised models of the
tubes are calculated and listed in tables 1 and 2. From
the results of Eg, it can be concluded that the antisite
defects noticeably influence the electronic properties
of the semiconductor BNNTs. In other words, antisite
defects would result in the reduction of Eg from 5.972,
5.989 and 6.087 eV in the (4,4), (5,5) and (6,6)BNNTs
to 5.333–5.565, 5.165–5.322 and 5.125–5.268 eV in the
exchange antisite defective (4,4), (5,5) and (6,6), respec-
tively, BNNTs, and to 3.993–5.506, 3.925–5.467 and
4.034–5.412 eV in the substitutional antisite defective
(4,4), (5,5) and (6,6)BNNTs, respectively [54]. On the
other hand, functionalisation of N–N bonds at the edges
(F1), near the edges (F2 and F3) and the middle of the
tubes (F4–F6) leads to a decrease of Eg values to 3.12
eV (by about 27.99% change), 3.51 and 3.52 eV (by
about 13.33 and 13.67% changes), and 3.06–3.27 eV (by
about 20.93–25.54% changes), respectively. It is noted
that the main purpose of this study at this point is the
evolution of the HOMO–LUMO gaps in the defective
and functionalised models, and this is just an approxi-
mated comparison, not to find precise HOMO–LUMO
gaps for a given composition.

The efficiency of a molecule as an electron acceptor
depends not only on its electron affinity to effectively
absorb electrons from adjacent donor molecules but also
on its resistance against electron back transfer to donor
molecules. In this respect, a global index called elec-
trophilicity has been defined by Parr et al [57] in terms
of the quantitative chemical concepts in DFT. As most of
the reactions can be analysed through the electrophilic-
ity of various species involved in the process, a proper
understanding of these properties becomes essential.
Anafcheh et al [58] and Anafcheh and Ghafouri [59]
used electrophilicity index to investigate the propensity
of the C60 and C70 fullerene derivatives to acquire an
electron as the acceptor in bulk heterojunction solar cells
and (SiH)48X12 heterofullerenes in which X atoms are
the groups III and V dopants. Such a quantity can be
assigned as a basis for evaluating the electrophilic com-
petence of a system by applying μ as a reliable factor
for measuring the propensity of the system to acquire
an additional electron from the adjacent electron-rich
species and simultaneously using η for describing the
resistance of the system to exchange electron with the

environment. Then, the electrophilicity index is given
by [60]

ω = μ2/2η, (4)

in which electronic chemical potential (μ) and hardness
(η) can be given by

μ = −(IP + EA)/2, (5)

η = IP − EA. (6)

It is worthwhile to note that these relations are just
approximations for μ and η. A way of defining μ and
η is through Janak’s approximation [33] where the first
ionisation potential (IP) and electron affinity (EA) are
calculated under the Koopmans’ theorem, based on
the frozen orbital approximations, and the finite dif-
ference approach, so that they are expressed in terms
of the HOMO energy (εHOMO) and the LUMO energy
(εLUMO) : IP ≈ −εHOMO, EA ≈ −εLUMO.

Therefore, ω values are calculated for the pristine,
antisite defective (4,4), (5,5) and (6,6) BNNTs and
functionalised models based on the above formula. Elec-
trophilicity for the pristine (4,4), (5,5) and (6,6) BNNTs
are found to be 0.92, 0.90 and 0.88 eV, respectively.

Our results indicate that both exchange and substitu-
tional defects lead to an increase in the electrophilicity
values (1.13–1.59 eV). Moreover, the electrophilicity
values of the functionalised antisite defective BNNTs
(BNNT−B6 clusters F2–F6) are found to be greater than
those of their parents (2.35–4.02 eV). It is worthwhile
to note that the electrophilicity values of the complexes
of BNNT−B6 in which B6 cluster binds to a N–N bond
at the edge or near the edges (F1–F3) are smaller than
those of the complexes in which the B6 cluster binds to
defective sites in the middle of the tubes (F4–F6).

4. Conclusion

We have performed a computational study to investi-
gate the functionalisation of homoelemental N–N bonds
of antisite defective BNNTs through their interaction
with the boron B6 cluster. The formation of two types
of antisite defects, exchange antisite defect formed by
180◦ rotation of a BN bond and the substitutional anti-
site defect produced by the substitution of the natural
N atom with a B atom, are investigated. According
to the obtained results, we emphasise the following
points: (1) the smaller defect formation energies of the
substitutional antisite defective BNNTs indicate that
the substitution of an N atom with a B atom in the
BNNTs is energetically easier than with the 180◦ rota-
tion of a BN bond, (2) the formation of antisite defects
at the edge or near the edges is energetically more
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favourable than the defects in the middle of the tubes,
(3) the formation of antisite defects in the narrower
BNNTs is more energetically favourable, which can be
due to the higher curvature in these BNNTs, (4) drastic
structural changes, double ring configuration, two-fold
coordination and the N–N bond cleavage were observed
in the complexes of BNNT–B6, (5) in the most stable
complex of BNNT–B6, (F1), the B6 cluster pulls apart
the B–N bond of the tube and becomes an integral part of
the tube by expanding the original hexagonal BN ring at
the tube surface while in the other BNNT-B6 complexes
(F2–F6), double ring B6 acts as a bridge at the top of
the decagon and (6) it is noted that the N–N bonds at the
edge or near the edges are more reactive than the N–N
bonds in the middle of the tube and functionalisation of
diagonal N–N bonds at the middle of the tubes is more
favourable than the N–N bonds that lie perpendicular to
the tube axis.
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