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Nanostructures such as nanotubes and nanosheets are widely used in the medical industry for drug delivery,
prevention, and treatment. These nanostructures are used as sensors or carriers by adsorbing functional groups.
In this study, the adsorption rates of the bromochlorodifluoromethane (CBrClF;) molecule, which is used as an
effective gaseous fire suppression agent, onto the outer surfaces of pristine, Al, Ga, P, and As-doped boron nitride
nanotubes are investigated. A periodic boundary condition density functional theory method using both Perdew,
Burke, and Ernzerhof exchange-correlation (PBEPBE) and B3LYP-D3 functionals together with the 6-311G (d)
basis set were used. Subsequently, the B3LYP, CAM-B3LYP, ®B97XD, and M06-2X functionals with the 6-311G
(d) basis set were used to consider the single-point energies. Natural bond orbital analysis and the quantum
theory of atoms in molecule were considered using the PBEPBE/6-311G (d) method, and the results were
compatible with the expected electronic properties, namely the Wiberg bond index, natural charge, natural
electron configuration, donor-acceptor natural bond orbital interactions, and second-order perturbation en-
ergies. All the calculations and analyses denoted that the adsorption of the CBrCIF5 molecule onto the surfaces of
pristine boron nitride nanotubes occurred due to physical adsorption and van der Waals interactions. Among the
doped nanotubes, the Al nanotube exhibited the highest adsorption energy compared to the other doped
nanotubes.

1. Introduction properties, such as a wide band gap (3.5-5.5 eV) [9], good piezoelectric

properties, high thermal and chemical stability [10], and high oxidation

Nanotubes are structurally divided into carbon and non-carbon
nanotubes. Carbon nanotubes (CNTs) were first discovered indepen-
dently by Iijima and Ichihashi in 1991 in soot from carbon discharge in a
neon-containing medium [1]. CNTs can pass through cell walls because
of their needle shape [2]. Various studies have shown that single-walled
nanotubes are potentially very good agents for the delivery of anticancer
drugs [3,4]. However, the toxicity of CNTs to tissues is still being studied
[5]. Since the discovery of CNTs, many efforts have been made to
discover non-CNTs due to the dependence of the properties of CNTs on
the nanotube diameter and chiral features. Thereafter, boron nitride
nanotubes (BNNTs) were first synthesized in 1995 [6]. These nanotubes,
similar to their carbon counterparts, have excellent mechanical prop-
erties due to the strong sp3 bonds in the nanotube walls [7,8].

BNNTs are characterized by remarkable mechanical and electrical
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resistance [11,12]. Their unique mechanical properties and high ther-
mal conductivity [13] are invaluable for diagnostic and therapeutic
approaches to diseases as well as sensor-based applications. BNNTs are
hydrophobic and insoluble in water, and their resistance to oxidation
makes them useful as drug carriers [14]. In addition, BNNTs are non-
toxic to cells. They do not damage the DNA [15]. Ciofani et al. tested
the non-toxicity of BNNTs [16,17]. Their results showed that the
chemical neutrality and structural stability of these nanotubes is
attributable to their biocompatibility [18].

Following the discovery of BNNTs in 1994 by Rubio et al. [19] and
their synthesis by Chopra et al. in 1995 [6,20], Deca et al. studied the
interactions between the (10, 0) and (10, 5) nanotubes with the drug
molecule isoniazid (INH) [21]. They showed that the binding energy of
INH to BNNT (5, 5) was slightly higher than that of BNNT (10, 0).
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Mukhopadhyay et al. studied the adsorption of tryptophan (a non-polar
amino acid), sparic acid, and arginine (a polar amino acid) on BNNTs,
and reported a strong bonding energy for the adsorption of the polar
amino acid on the BNNT surface [22]. Peyghan et al. investigated the
adsorption and electrical structure of the BNNT (6, 0) imidazole mole-
cule in the gaseous and soluble phases. They found that imidazole
adsorption had no significant effect on the electrical structure of the
BNNT [23]. Yang et al. studied the interaction between BNNTs with
biological molecules using density-functional theory (DFT) calculations
[24]. Anota et al. investigated the interaction between BNNT and met-
formin using DFT [25]. Recently, the interaction between the uracil
molecule and BNNT (n, 0) was investigated by Mirzai et al. [26]. Given
the widespread use of BNNTSs, many theoretical investigations have been
conducted on the adsorption of different molecules onto the surface of
various nanostructures, such as aluminum nitride and silicon carbide
[27-34].

Bromochlorodifluoromethane (BCF), also known as halon 1211,
halon 1211 BCF, or freon 12B1, has many applications in industries as
well as daily life. BCF is a proficient fire extinguishing agent and exhibits
lower toxicity compared to carbon tetrachloride [35,36]. The BCF is
classified as a chlorofluorocarbon; therefore, its ozone depletion po-
tential is high. Care should be taken when using this substance, and
currently, the production of BCF is limited in most countries, but it
continues to be recycled. Similar investigations have been performed to
detect Ozone-depleting substances. For example Scaranto et al. theo-
retically studied the CHyBrF adsorption on TiO; surface [37], Moham-
madi et al. provided DFT modelling for adsorption of CH3Br using
different nanotubes [28], Esrafili et al. performed a study on N,O [38],
Gholizadeh et al investigated the adsorption of CO on Si-and Se-doped
graphenes [39]. Other pollutants are also studied like Hydro-
chlorofluorocarbons [40], NO [41], CHyFy [42], NO2 and NO3 [43].
Accordingly, it is important to study the feasibility of the adsorption of
BCF by using the nano-material surface.

This article discusses the design of such a sensor. This study inves-
tigated the interactions of BCF with BNNT and BN nanotubes doped with
Al, Ga, P, and As. The structure of BN was optimized using Gaussian
software to study the chemical stability and conductivity characteristics,
following which the element doping process was investigated. Different
structures need to be optimized using appropriate computational
methods. The computation method should be highly sensitive to pre-
cisely determine the energies of the molecular orbitals and allow an in-
depth understanding of the conductivity and probability of physical and
chemical adsorption. For this purpose, the Perdew, Burke, and Ernzerhof
exchange—correlation (PBEPBE) as well as B3LYP-D3 functionals and 6-
311G (d) basis set were used in this research for the computations. The
B3LYP, CAM-B3LYP, ®B97XD, and M06-2X functionals with the 6-311G
(d) basis set were also used to calculate the single-point energies. The
natural bond orbital (NBO) and quantum theory of atoms in molecule
(QTAIM) were implemented with the PBEPBE/6-311G (d) method, and
the results were used to obtain various physical parameters.

2. Computational details

The periodic boundary condition DFT (PBC-DFT) calculations at both
PBEPBE [44] and B3LYP-D3 [45-47] functionals together with the 6-
311G (d) Pople split-valence triple zeta basis set with polarization
functions [48] were used for geometry optimization of all different po-
sitions of the BCF/nanotube complex structures. All the calculations,
including geometry optimization, single-point energy calculations, and
NBO analysis, were performed with the Gaussian 16 package [49,50]. It
should be noted that NBO calculations were performed using the NBO v
3.1 software, which is embedded within Gaussian software. The Mul-
tiwfn program [51] was used to implement the QTAIM and density of
state (DOS) analyses. The DOS diagrams were depicted using the
GaussSum [52] package.

The adsorption energy (Eags) of the BCF onto the surface of the
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pristine and doped nanotubes can be calculated as follows:

Euis = Eupe/pcr — (Ewpe + Epcr) (€9

where Epe/pcr represents the total energy of the complex structure.
Etube and Epcr are the total energies of the pure nanotube and the pure
BCF molecule, respectively.
The chemical electron potential (u) describes the tendency of elec-
trons to escape from a particular species at the ground state.
According to Parr [53] as well as Koopmans’ [54] and Janak’s ap-
proximations [55], the chemical potential is defined as

oE (eLumo + Enomo)
=== > 2
a <6N > ) 2 @

where egomo and e ypo are the energies of the HOMO and the LUMO,
respectively. N is the number of electrons, E is the total electronic energy
of the system, and u(r) is the external potential. The chemical hardness
(1) and electrophilicity (w) are expressed, respectively, as follows:

o\ 1 OE _ (eLumo — €nomo)

= <6N> T2 (aNZ) -2 ®
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The Wiberg bond index (WBI) [56] identifies the bond order char-
acter and is denoted as follows:

WBI = E p_/?k = 2p; — p_/?k 5)
k

where pj represents the density matrix elements, and pj; is the charge
density in the atomic orbital. Furthermore, the second-order perturba-
tive estimate of donor-acceptor interactions as per the NBO analysis is
defined by the second-order perturbation theory [57], as follows:

~] L\2
(o)
AE} = -2 11 (6)
4 Ep — &
where F is the effective orbital Hamiltonian, ¢ = <6i F Ui>, and g =

3. Results and discussion
3.1. Structural analysis

To optimize the structure of pristine armchair (5, 5) single-walled
BNNTs using periodic boundary conditions, we first considered a base
cell of B and N atoms (ByoN2g) whose length is 5.038 A. Unlike the
nanosheet, the nanotube was expanded in one direction only. We opti-
mized this cell using the 1D periodic boundary condition DFT method
with the PBEPBE functional together with the basis set 6-311G (d). A 5
x 1 x 1k-point sampling in the Brillion zone was employed in such a
way that, by increasing the number of unit cells, the gradient of the
absolute value of the total dipole moment and the total energy became
minimal. After the optimization of the pristine unit cell, we substituted
Al and Ga with the B atom, and P and As with the N atom. Then, the
optimization process was repeated for the doped nanotubes in order to
study the effect of dopant through the adsorption process. To investigate
the effect of nanotube length and diameter on the amount of adsorption
energy, a number of calculations have been performed that these mea-
surement results show that an increase in the length (B3gNs30, B4gN4g) of
the nanotube and also an increase in its diameter, like armchair (7, 7),
will not have a significant effect on the amount of adsorption energy.
One reason could be the increase in the amount of deformation energy
along with the increase in the diameter of the nanotube during the



M. Doust Mohammadi and H.Y. Abdullah

(@) (b) ©

Computational and Theoretical Chemistry 1193 (2021) 113047

(d ()

Fig. 1. Unit cell structures of the (a) BNNT, (b) BNAINT, (c) BNGaNT, (d) BNPNT, and (e) BNAsNT systems. The optimization process was performed using the

PBEPBE/6-311G (d) level of theory. All quantitative values are in angstrom A).

Fig. 2. The most stable form of (a) isolated BCF and adsorbed BCF molecule on the outer surface of (b) BNNT, (c) BNAINT, (d) BNGaNT, (e) BNPNT, and (f) BNAsNT.
All clusters were optimized using the PBEPBE functional and 6-311G (d) basis set. All quantitative values are in angstrom (/?\).

adsorption process. Therefore, the selection of the BogNyo armchair (5,
5) nanotube is appropriate and logical in terms of computational costs.
The quantitative bond lengths are shown in Fig. 1. Test results show that
the changes in length and diameter of the nanotubes

The next step involved the optimization of the BCF/nanotube com-
plexes. In this step, the BCF molecule was placed on the outer surface of
each above-mentioned unit cell at a vertical distance of approximately
2.1 A. To find the optimum distance between the nanotube and the BCF
molecule, we used the rigid scan to estimate the most efficient distance
for some cases. It should be noted that we used the PBEPBE/6-311G (d)
level of theory for both the optimization and the rigid scan. To better

explain the details of the adsorption process, compare Figs. 1 and 2.
Since the pure GGA functional does not account for the long-range
dispersion contribution, it is expected that in poor interactions, this
functional may not provide a good estimate of the amount of energy. For
this reason, methods have been developed to calculate dispersion ef-
fects. One of the most effective, accurate and low computational
methods is the experimental method developed by Grimme et al.
Various versions of the semi-empirical Grimme method have been pre-
sented in recent years [46,47,58]. In this work we used the latest version
of B3LYP-D3 known as D3 (BD) (GD3BJ) to reoptimize the structures
due to dispertion consideration through optimization calculations. The
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Fig. 3. All possible target positions for the adsorption of any arbitrary mole-
cules onto the surface of BNNT. Top of the B atom (T;), top of the N atom (T5),
between the B and N atoms (T3), and top of the hexagonal ring (T4).

results obtained from B3LYP-D3/6-311 g(d) repeated the same trend for
adsorption energies (i.e. BCF/BN(AD)NT > BCF/BN(Ga)NT > BCF/BN
(As)NT > BCF/BN(P)NT > BCF/BNNT).

The BNNT is composed of several symmetric hexagons with four
different adsorption positions for the adsorption of any molecule onto
the outer surface of the nanotube, as shown in Fig. 3: on the B atom (T),
on the N atom (T3), on the B-N bond (T3), and at the hexagonal center
(T4). The logical approach is to place the BCF molecule in each of these
positions and measure the amount of adsorption energy (Eags). It is
important to note that the BCF molecule has different heads (Br, Cl, and
F), and that each of these heads must be placed at the desired position on
the nanotube to measure the amount of adsorption energy. Our expe-
rience shows that negligible differences exist in the amounts of
adsorption energies when we place the gas molecule in different di-
rections on the nanotube. As mentioned in [59], when the differences in
the adsorption energies are “below the range of chemical interest”,
placing the BCF molecule from different heads in different positions on
the nanotubes provides identical results. To confirm this, we placed the
BCF molecule from the Br head in the desired positions on the BN
nanotube. The results showed negligible differences among the
adsorption energies; therefore, the position of the B atom was chosen as
the target position on the BN nanotube.

Next, we extended the unit cell to five units and terminated them
with H atoms (Fig. 4). The nanotube length of B;ooN700Hz20 increased to
27.193A with the same diameter. The single-point energy calculations
using different functionals (B3LYP, CAM-B3LYP, ®B97XD, and M06-2X,
and the 6-311G (d) basis set) were performed. The calculated values
indicated strong interactions between the nanotubes and the BCF
molecule. In this work, we used CAM-B3LYP and ®B97XD to consider
long-range and dispersion effects. The well-known B3LYP hybrid and
MO06-2X functionals were used to allow good comparisons. The results of
the energy calculations of the systems studied using the above-
mentioned levels of theory are reported in Table 1. The results show
that the energies obtained from the PBEPBE and other functionals were
consistent with the accuracy of the calculations. On the other hand, as
expected, the ®B97XD method showed higher energy values due to the
consideration of the contribution of dispersion. Moreover, doping the Al,
Ga, P, and As elements on the BN nanotubes led to significant changes in
the results. Table 1 shows that doping using As and P as well as Al and Ga
increased the adsorption energy and enhanced the chemical adsorption.
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Fig. 4. Expanded (a) BN, (b) Al-doped BN, (c) Ga-doped BN, (d) P-doped BN,
and (e) As-doped BNNTs terminated with H atoms.

Table 1
The adsorption energies (E,qs) for the nanotube and BCF molecule obtained from
different functionals and 6-311 g(d) basis set. Units: eV.

Systems Optimization Single point
PBEPBE B3LYP- B3LYP CAM- MO6- ®B97XD
D3 B3LYP 2X

CBrCIFy/ —1.513 —2.613 -1.12 —1.58 —-2.522  -2.736
BNNT

CBrCIFo/BN  —4.728 —5.565 -3.778 —4.218 -5.069  —5.425
(ADNT

CBrCIF,/BN —4.058 —4.457 -3.23 -3.62 —4.423 —4.718
(Ga)NT

CBrCIFo/BN  —1.818 -3.121 -1.137 -1.75 —3.066  —3.082
(P)NT

CBrCIF,/BN -3.295 —4.389 —2.345 —2.998 —4.665 —4.518
(As)NT

3.2. Energetics properties

The values of the HOMO and LUMO, and their differences the
HOMO-LUMO gap or (HLG), chemical potential (1), chemical hardness
(1), and electrophilicity (w) are reported in Table 2. It can be seen that
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Table 2

HOMO energy (ey), LUMO energy (e1), HOMO-LUMO energy gap (HLG),
chemical potential (1), chemical hardness (1)), and electrophilicity (w). All values
are in eV and were obtained using the PBEPBE/6-311G (d) level of theory.

Systems ey er HLG " n 0]
BNNT -5.578 -1.086  4.492  —-3.332 2246 12.468
BN(ADNT -5.452 -2.327 3.125 -3.889 1.563 11.820
BN(Ga)NT -5.392 2944 2448 -4.168 1.224  10.630
BN(P)NT —-5.542  -2.070 3.472  -3.806 1.736  12.576
BN(As)NT -5.364 -2.131 3.233 —3.747 1.616  11.349
CBrCIF,/BNNT —5.546  -2.384 3.162 —-3.965 1.581 12.427
CBrCIF,/BN(ADNT -4.971 —-4.119 0.852 —-4.545 0.426  4.400

CBrCIF,/BN(Ga)NT -5.110 -3.814  1.296 —4.462 0.648  6.449
CBrCIFy/BN(P)NT —5.510 —2.360  3.150 —3.935 1.575 12.194
CBrCIF,/BN(As)NT —5.350 —2.323 3.027 —3.837 1.513 11.140

adsorption of the BCF molecule onto the outer surface of the nanotubes
reduced the distance between the HOMO and LUMO levels relative to
the corresponding value for the pure nanotube. The greatest decrease
was observed in the interaction of the Al-doped BNNT and BCF, which
can be attributed to the molecular energy adsorption matching this
position. Doping with Al, Ga, P, and As decreased HLG. The decrease in
HLG increased the electrical conductivity, thereby increasing the metal
properties of all the nanotubes compared to the case of the pure BNNT.
Moreover, note that the observed changes in HLG after doping with Al,
Ga, P, and As were mainly due to the lower LUMO energy levels, and
these changes were greater for metallic elements than the non-metallic
ones. After the adsorption of BCF, HLG of the nanotubes doped with
Al and Ga increased, whereas it decreased for the nanotubes doped with
non-metallic elements (P and As). The electrical conductivity is pro-
portional to the exponentially relationship to the energy gap [60] as
sollows:

o'ocTyZe?% 7

where k is the Boltzmann’s constant and T is absolute temperature and
Eg shows the energy gap. Owing to the remarkable HLG decrease
through adsorption process, if the nanotubes are assumed as a part of an
electric circuit, they can make an electrical signal, according to the
magnitude order of energy gap decrease after the adsorption process. In
order to study these changes in the electron structures more closely, the
density of state (DOS) spectra were analyzed (Fig. 5). It means The DOS
spectra can be estimated the energy gap of molecular structures [61]
(see Figs. 6 and 7).

The DOS spectra for all the adsorptions agree with the values of the
energy parameters reported in Table 2. The lowest adsorption energy
occurred for the pristine nanotube, and the highest, for the adsorption of
BCF onto the Al-doped BN nanotube. The majority of the changes were
also observed in the DOS spectrum relative to the Al-doped nanotube. In
other words, the changes in the electron structure showed a direct
relationship with the adsorption energies. Given the amount of
adsorption energy, high binding energy, and structures of the DOS
spectra obtained in all the cases, it is logical to conclude that the
adsorption of the BCF molecule onto the BN, BN(Al), BN(Ga), BN(P), and
BN (As) nanotubes was chemical in nature. In other words, the elec-
tronic transfers were significant.

3.3. NBO analysis

We used NBO analysis using the PBEPBE functional together with the
6-311g (d) basis set to perform the NBO calculations. The main idea
behind natural atomic orbital (NAO) and NBO was developed by
Weinhold et al. [62]. The concept of bonded orbitals can be used to
understand the distribution of electrons in atomic and molecular or-
bitals. Atomic charges and molecular bonds can be used to obtain these
orbitals. NBO is defined as the following equation for ¢ bonding between
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atoms A and B.

645 = Cahy + Cphp ®

where hp and hg are natural hybrids on the A and B atoms. In the co-
valent limit, Cy, = Cg, and at the ionic limit, C4 > Cp (if the electro-
negativity of A is greater than B). Each bonding NBO must be paired
with a corresponding anti-bonding NBO.

623 = CAI’lA — CEhB (9)

NBO analysis was used to calculate the bond order using the Wiberg
method for a more detailed examination of the types of interactions. The
following section presents these results. After studying the adsorption
energy of the complexes, we examine the bond length and bond order of
the molecule and the nanotube before and after the adsorption as well as
by doping with the various elements. The bond length and bond order
for these clusters are reported in Tables 3 and 4. According to these
tables, the length of the B-N bond increased after the molecule adsorbed
onto the nanotube, indicating that adsorption occurred between the
molecule and the nanotube, and the bond order decreased as well.

After the elements were doped, the bond length between the doped
element and the nanotube changes so that the system is in equilibrium.
Table 3 shows the bond length of the nanotube doped with Al, Ga, P, and
As after interaction with the BCF molecule. It is evident that the bond
length increases by doping the elements. The increase in the bond length
can be attributed to the increase in the atomic radius of the doped ele-
ments, because the doping atoms are larger than the N and B atoms.

The WBI relates to the bond order properties: the larger the WBI, the
stronger the covalent character. As per the results in Table 3, the
strongest bond occurs between the B atom from the BCF molecule and
the Al atom from the BNAINT, and this result agrees well with the
previously presented results on adsorption energy.

The results of the NBO calculations shed light on the natural electron
configuration and partial natural charge, which are useful in the study of
the character of the bond between the nanotubes and the BCF molecule.
The NBO approach was implemented for all atoms in the pristine and
doped cluster systems to reveal the quantities listed in Table 5. For
semiconducting inorganic nanotubes, such as those selected in this
study, the negative charges located on the atom possess more electro-
negativity. The charge transfer quantity between the BCF molecule and
the nanotubes can also be used as a criterion to study the interactions
between the nanotubes and BCF, such that the stronger the interaction,
the higher the charge transfer between the BCF and the nanotube.
Table 5 shows that significant charge transfer must have occurred be-
tween the two species during the adsorption process.

In addition, the type of interaction between the nanotubes and BCF
molecule can be described by implementing the natural electron
configuration. The results in Table 5 clearly indicate that the valance
configuration of the isolated BCF molecule and nanotubes as well as the
valence configurations of the nanotube/BCF clusters increased. There-
fore, the interactions of BCF with all the nanotubes can be classified as
strong chemisorption.

The electron donor-acceptor electron configuration of the pristine
BNNT and doped BN(Al), BN(Ga), BN(P), and BN(As) nanotubes are
reported in Table 6. The most important interactions in terms of the
electron transfer stability energies are reported. The existence of such
interactions with the remarkable stability energies in this table shows
that in all cases the doped atom was incorporated into the nanotube
structure by chemical interaction, and a stable structure was created. In
other words, the inserted atom behaved as a doping atom. The data in
Table 6 show the most important interaction for the pristine nanotube,
namely the electron transfer from the BD (B-N) bond as the electron
donor to the BD* (C-Br) bond as the receptor. This finding agrees with
the results of the adsorption energy as well as the other results examined
thus far. The study of the doped complexes reveals that in the Al com-
plex, the Al electron pair is the Al receptor (Lewis acid), and the N-
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Fig. 5. DOS diagrams for the adsorption of BCF molecule onto the surface of (a) pristine (b) Al-doped, (¢) Ga-doped, (d) P-doped, and (e) As-doped BNNTs. The data
were obtained from completed nanotubes using the PBEPBE/6-311G (d) level of theory. The left panel shows isolated nanotubes, while the right panel shows BCF/

nanotube clusters.

bonded electron pair is the amino group of the electron donor molecule
(Lewis base). The highest electron-acceptor stabilization energy in all
cases is due to the same interaction, which indicates the strong
adsorption of the molecule onto the BN(Al) nanotube compared to the

other cases.

3.4. QTAIM analysis

QTAIM is a powerful tool for studying the type and structure of bonds
and intermolecular interactions. According to this theory, the critical
point of the electron density, which can be a minimum point, a
maximum point, or a saddle point, can fall into one of the following four
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categories: (1) Atomic critical point (ACP); (2) bond critical point (BCP);
(3) ring critical point (RCP); and (4) cage critical point (CCP).

The BCP with negative values of Vzp(r) and large values of p(r) (of
orders exceeding 10-1 a.u.) is defined as a shared (covalent) intermo-
lecular interaction. Also, when Vzp(r) is positive, the interactions can be
classified as of the non-substrate close-shell type (which include ionic
and van der Waals interactions) [63]. The elliptical bond (¢) [64] and
the virial theorem [65] are two other important factors in the classifi-
cation of bonds. An elliptical bond represents the electron density
preferentially accumulated on a plate containing the bond and is defined
as follows:

A
£— l_l_ 1 where |[4;] > |4 (o
2

Large values of ¢ indicate an unstable structure and vice versa. Also,
based on the virial theorem, the following relationship exists between
the electron kinetic energy density G(r), the electron potential energy
density V(r), and V2p(r):

%Vzp(r) =2G(r)+V(r) an

The balance between G(r) and V(r) reflects the nature of the inter-
action, and therefore, the ratio of G/|V| can be used as an appropriate
index in link classification. If this ratio is<0.5, the nature of the inter-
action will be purely covalent, and if the ratio is greater than 1, the
interaction may be considered as completely non-covalent. Note that for
covalent bonds (i.e. V2p(r) < 0 and G/|V| < 0.5), the nature of the bond
from van der Waals interactions to strong covalent interactions. It be-
comes covalent. It can also play a decisive role in controlling the amount
of ionic interaction for close-shell interactions (i.e. Vzp(r) >0and G/|V|
> 1), as they become stronger ionically (and weakly electrostatic) by
reducing interactions. The information obtained after optimizing the
initial and doped nanotubes and their complexes using QTAIM analysis
is reported in Table 7.

Table 7 shows important results. All the adsorption sites had pposi-
tive values for the Laplacian of electron energy density (i.e. the bonds
are non-covalent). The study of the doped systems showed that the en-
ergy densities and the Laplacian of electron energy densities were high
for all clusters, indicating that a strong bond exists between the nano-
tubes and the BCF molecule, and the elliptical bond is close to 0. Thus,
the interaction is strong. As stated above, when G/|V | exceeds 1, the
bond is non-covalent, and in the case of Al- and Ga-doped clusters, these
amounts are less than 1. In other words, the results of the QTAIM
analysis also confirm the chemical adsorption of the BCF molecule on BN
(ADNT and BN(Ga)NT.

The averaged reduced density gradient (RDG) method is another
powerful way to analyze the types of intermolecular interactions, and it
is defined as follows [66,67]:

1 |Ap(r)]
237 p(r)

The strength of the interaction has a positive correlation with elec-
tron density p(r) and the second largest eigenvalue of the Hessian matrix
(42). Thus, the real space function sign of 12(r)p(r) (the products of the
signs of 15 and p) can be defined. The scatter graph of the sign of the
A2(r)p(r) function (X-axis) and RDG (Y-axis) reveals the interaction type
between gases and nanocages. The RDG values range from medium to
very large around the nuclei and edges of the molecules, whereas weak
interactions (zero to medium) are observed around the chemical bonds.
Also, for each specific value of RDG (seen as a horizontal line on the
graph), the regions of the graph can be classified into three types,
namely, Signiy(r)p(r) < 0 (strong attraction), signly(rp(r) =~ 0 (weak
van der Waals interaction), and signia(r)p(r) > 0 (strong repulsion
(steric effect in ring)) [66,67].

Using the isosurface RDG = 0.5 as a reference, it can be concluded

RDGs = 12)

~
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Fig. 7. Plots for the reduced density gradient (RDG) vs. sign(A2)p(r) values of the (a) pristine (b) Al-doped, (c) Ga-doped, (d) P-doped, and (e) As-doped BNNTs. The

data were obtained from completed nanotubes and using the PBEPBE/6-311G (d) level of theory. The diagrams in the left panel show isolated nanotubes, and those in
the right panel are BCF/nanotube clusters.

that after adsorption of the BCF molecule onto the outer surfaces of the
nanotubes, spots appeared around the region characterized by signi,(r)p
(r) ~ 0. The interactions of BCF with the nanotubes were strong and
intermolecular in nature. Significant changes in the overall features of
the pristine nanotubes graph after the adsorption of BCF were observed
in the region characterized as signia(r)p(r) < 0 (i.e. strong attraction),

implying that the nanotube/BCF interactions were stronger compared
with those of the isolated nanotubes. Hence, this analysis also confirms
the results of the single-point energy calculations and NBO analysis,

namely that the interactions of BCF with the pristine and doped nano-
tubes were strong.
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Table 3
Bond lengths and nearest intermolecular distances (re (A)) between the BCF molecule and BNNT, BNAINT, BNGaNT, BNPNT, and BNAsNT. All calculations were
performed using the PBC-DFT PBEPBE/6-311G (d) level of theory.

re (A) Br---(x) Br---B Br--N Co(x) Cl--(x) F-(x)

CBrCIF,/BNNT - 3.305 3.551 - - -

CBrCIF,/BN(ANT 2.559 4.308 3.454 3.587 5.226 3.7524

CBrCIF,/BN(Ga)NT 5.641 4.021 4,588 5.283 6.856 4.3089

CBrCIF,/BN(P)NT 3.641 4151 3.573 5.137 6.497 5.0235

CBrCIF,/BN(As)NT 3.356 3.063 3.362 4.930 6.30953 4.922
Table 4

WBI obtained for atomic bonds and intermolecular interactions between the BCF molecule and BNNT, BNAINT, BNGaNT, BNPNT, and BNAsNT. All calculations were
performed using the PBEPBE/6-311G (d) level of theory.

WBI Br--+(x) Br---B Br---N C(x) Cl---(x) F-(x)

CBrCIF,/BNNT - 0.037 0.005 - - -

CBrCIFy/BN(ADNT 0.379 0.002 0.023 0.003 0.009 0.0060

CBrClF,/BN(Ga)NT 0.360 0.003 0.032 0.004 0.007 0.0184

CBrCIF,/BN(P)NT 0.011 0.055 0.006 0.003 0.001 0.0002

CBrCIF,/BN(As)NT 0.029 0.082 0.009 0.009 0.002 0.0005
Table 5

Natural electron configurations and natural charges (au) for the isolated BCF, pristine and Al-, Ga-, P-, and As-doped nanotubes, and their complex structures. All values
were calculated using the PBEPBE/6-311G (d) level of theory.

Systems Atom Natural Charge Natural Electron Configuration
BNNT B 1.14 [core]2S(0.45)2p(1.40)3p(0.01)3d(0.01)

N -1.14 [core]2S(1.35)2p(4.78)
BN(ADNT B 1.12 [core]25(0.46)2p(1.41)3p(0.01)3d(0.01)

N —-1.14 [core]2S(1.41)2p(4.93)3p(0.01)

Al 1.96 [core]3S(0.44)3p(0.57)3d(0.02)4p(0.01)
BN(Ga)NT B 1.14 [core]25(0.46)2p(1.42)3p(0.01)3d(0.01)

N -1.31 [core]2S(1.40)2p(4.88)3p(0.01)

Ga 1.72 [core]4S(0.63)4p(0.67)4d(0.01)5p(0.01)
BN(P)NT B 1.12 [core]2S(0.46)2p(1.40)3p(0.01)3d(0.01)

N -1.14 [core]2S(1.36)2p(4.77)

P 0.18 [core]3S(1.42)3p(3.42)3d(0.02)4p(0.01)
BN(As)NT B 1.14 [core]2S(0.46)2p(1.40)3p(0.01)3d(0.01)

N -1.13 [core]2S(1.36)2p(4.77)

As 0.25 [core]4S(1.47)4p(3.31)4d(0.01)5p(0.01)
CBrCIF,/BNNT B 1.14 [core]2S(0.45)2p(1.39)3p(0.01)3d(0.01)

N -1.14 [core]2S(1.35)2p(4.78)

C 0.54 [core]25(1.00)2p(2.39)35(0.01)3p(0.05)3d(0.02)

Br 0.08 [core]4S(1.90)4p(5.00)4d(0.01)5p(0.01)

Cl 0.01 [core]3S(1.87)3p(5.10)3d(0.01)4p(0.01)

F —-0.30 [core]25(1.84)2p(5.45)3d(0.01)
CBrCIF,/BN(ADNT B 1.14 [core]25(0.45)2p(1.39)3p(0.01)3d(0.01)

N -1.14 [core]2S(1.35)2p(4.78)

Al 1.83 [core]35(0.45)3p(0.69)3d(0.03)4p(0.01)

C 0.59 [core]25(0.98)2p(2.36)35(0.01)3p(0.05)3d(0.02)

Br 0.12 [core]4S(1.86)4p(5.00)4d(0.01)

Cl 0.04 [core]3S(1.86)3p(5.08)3d(0.01)4p(0.01)

F -0.27 [core]2S(1.83)2p(5.43)3d(0.01)
CBrCIF,/BN(Ga)NT B 1.14 [core]2S(0.45)2p(1.39)3p(0.01)3d(0.01)

N -1.14 [core]2S(1.35)2p(4.78)

Ga 1.61 [core]4S(0.64)4p(0.75)4d(0.01)5p(0.01)

C 0.56 [core]25(0.99)2p(2.38)35(0.01)3p(0.05)3d(0.02)

Br 0.19 [core]4S(1.86)4p(4.93)4d(0.01)5p(0.01)

Cl 0.04 [core]3S(1.86)3p(5.07)3d(0.01)4p(0.01)

F —0.29 [core]2S(1.84)2p(5.45)3d(0.01)
CBrCIF,/BN(P)NT B 1.14 [core]2S(0.45)2p(1.40)3p(0.01)3d(0.01)

N -1.14 [core]2S(1.36)2p(4.77)

P 0.15 [core]3S(1.40)3p(3.43)3d(0.01)4p(0.01)

C 0.52 [core]2S(1.00)2p(2.40)35(0.01)3p(0.05)3d(0.02)

Br 0.11 [core]4S(1.89)4p(4.98)4d(0.01)5p(0.01)

Cl 0.03 [core]3S(1.86)3p(5.09)3d(0.01)4p(0.01)

F -0.30 [core]2S(1.84)2p(5.45)3d(0.01)
CBrCIF;/BN(As)NT B 1.14 [core]2S(0.60)2p(1.68)3p(0.02)3d(0.01)

N -1.14 [core]2S(1.36)2p(4.78)

As 0.21 [core]4S(1.46)4p(3.32)4d(0.01)

C 0.52 [core]2S(1.00)2p(2.40)35(0.01)3p(0.05)3d(0.02)

(continued on next page)
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Systems Atom Natural Charge Natural Electron Configuration
Br 0.12 [core]4S(1.89)4p(4.96)4d(0.01)5p(0.01)
Cl 0.03 [core]3S(1.86)3p(5.09)3d(0.01)4p(0.01)
F —-0.30 [core]25(1.84)2p(5.46)3d(0.01)

CBrCIF, C 0.54 [core]25(1.00)2p(2.39)35(0.01)3p(0.05)3d(0.02)
Br 0.05 [core]45(1.90)4p(5.03)4d(0.01)5p(0.01)
Cl 0.01 [core]3S(1.87)3p(5.11)3d(0.01)4p(0.01)
F —0.30 [core]25(1.84)2p(5.45)3d(0.01)

Table 6

Donor-acceptor NBO interactions and second-order perturbation energies (E?) for BCF clusters with BNNT, BNAINT, BNGaNT, BNPNT, and BNAsNT. All values were
obtained from the completed nanotubes using the PBEPBE/6-311G (d) level of theory.

Systems Donor NBO (i) Acceptor NBO (j) E2(kcal/mol)
CBrCIF,/BNNT BD (B-N) BD*(C-Br) 0.09
BD (B-N) BD*(C-CI) 0.08
BD (B-N) BD*(C-F) 0.06
BD (B-N) RY*(Br) 0.06
BD (B-N) RY*(C) 0.05
CBrCIF,/BN(ADNT BD (B-N) BD*(C-Br) 0.11
BD (B-N) BD*(C-F) 0.06
CBrClF,/BN(Ga)NT BD (B-Ga) BD*(C-Br) 0.8
BD (B-N) RY*(Br) 0.4
CBrCIF,/BN(P)NT BD (B-N) BD*(C-Br) 0.07
BD (B-N) RY*(Br) 0.05
CBrCIF,/BN(As)NT BD (B-As) BD*(C-Br) 0.1
BD (B-N) BD*(C-Br) 0.09
BD (B-N) RY*(Br) 0.09
Table 7

QTAIM topological parameters (electron density (p(r)), Laplacian of electron density (V2p(r)), kinetic electron density G(r), potential electron density V(r), eigenvalues
of Hessian matrix (1), and bond ellipticity index (¢)) at the BCPs of the BCF clusters with BNNT, BNAINT, BNGaNT, BNPNT, and BNAsNT. All values were calculated

using the PBEPBE/6-311G (d) level of theory and NBO analysis.

Systems Bond p) var G(r) V() G(1)/V(r) 21 A2 A3 e

CBrCIF2/BNNT Br---N 0.0088 0.0244 0.0052 —0.0042 1.2203 —0.0046 0.0313 —0.0023 1.0641
CBrCIF2/BN(AINT Br---Al 0.0317 0.0852 0.0264 —0.0315 0.8379 —0.0271 0.1355 —0.0232 0.1670
CBrCIF2/BN(Ga)NT Br---Ga 0.0399 0.0903 0.0295 —0.0364 0.8100 —0.0312 0.1547 —0.0332 0.0651
CBrCIF2/BN(P)NT Br---P 0.0102 0.0258 0.0057 —0.0048 1.1668 —0.0054 0.0351 —0.0038 0.4223
CBrCIF2/BN(As)NT Br---As 0.0113 0.0292 0.0061 —0.0050 1.2341 —0.0065 0.0417 —0.0059 0.1056

4. Conclusion

In this study, the interactions between BCF molecules and pristine,
Al-, Ga-, P-, and As-doped BNNTs were investigated using the density
functional framework. The structures of the nanotubes and BCF mole-
cule were optimized using the PBEPBE/6-311G (d) level of theory. The
B3LYP, CAM-B3LYP, M06-2X, and ®B97XD functionals and the same
basis set were also used to consider the contribution of long-range in-
teractions and the dispersion effect. QTAIM and NBO analyses were
implemented to consider the characteristics of the intermolecular in-
teractions. The results of all the analyses were in agreement, and showed
the following: (1) Among the different positions studied for pristine
BNNT, position T; had the highest adsorption energy. (2) Al, Ga, P, and
As can be substituted by BNNT atoms via chemical bonding, and as
binding elements, they can cause dramatic changes in the chemical,
electronic, and mechanical structures of the BNNT nanotubes. (3)
Among the doped nanotubes, Al-doped BNNT showed a very high
adsorption energy compared to those of BNNT doped with other ele-
ments. The interaction is chemical adsorption in this case, making this
doped BNNT a suitable sensor option. The next category concerns Ga, for
which the adsorption energy is higher than the initial state but lower

10

than that of Al. Also, due to their strong adsorption, the As- and P-doped
nanotubes may be better options than the pure BN nanotubes for
designing suitable BCF nanosensors.
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