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Abstract: Boron nitride nanotubes have been widely used as drug delivery vehicles and for the
controlled release of targeted therapeutic drugs. In this study, we calculated the encapsulation
efficiencies of three organophosphorus pesticides, parathion, chlorpyrifos, and coumaphous, using
quantum chemical methods. The results show that the encapsulation energy of zigzag BNNT(20,0) is
lower than that of armchair BNNT(12,12) to encapsulate parathion. Al doping helps to decrease the
encapsulation energy and Al-doped zigzag BNNT(20,0) + parathion has the greatest binding affinity.
In addition, the energy gap of armchair BNNT(12,12) encapsulating organophosphorus pesticides
changed significantly. Al doping reduces the band gap of boron nitride nanotubes. Al-doped armchair
BNNT(12,12) has the strongest electron-accepting ability and is a promising sensor material.

Keywords: boron nitride nanotube; organophosphorus pesticide; encapsulation; controlled release;
quantum chemical method

1. Introduction

Boron nitride nanotubes (BNNTs) and carbon nanotubes (CNTs) share similar struc-
tural features and physical properties, with the most notable difference being that BNNTs
have a large energy gap of approximately 5.5 eV [1,2]. Today, the application of boron
nitride materials spans many fields. Among them, BNNTs are widely used in electronic
materials, adsorbents, and sensors, and have served as a drug carrier for targeted therapy
in the field of biomedicine [3]. BNNTs have high structural stability and chemical inertness.
In the field of semiconductors, BNNTs have good processability, and the energy gap can be
reduced by doping metal atoms [4]. In addition, BNNTs are non-toxic and have excellent
biocompatibility, so they are suitable for drug delivery and controlled release [5,6].

The physical and chemical properties of BNNTs are influenced by their diameter. The
larger the diameter, the weaker the restraint and the better the stability. There have been
many studies using the diameter scale to investigate electronic and optical applications of
boron nitride materials [7-9]. However, the optical properties of BNNTs can also be tuned
by doping. For example, BNNTs are doped with organic molecules in such a way that the
absorption edge is red-shifted under a static transverse electric field [10]. Doping BNNTs
with organic molecules not only changes the original electronic and optical properties,
but also induces charge transfer. For example, deeply occupied molecular states can be
observed in reactions of BNNT-encapsulated nucleophilic organic molecules [4].

Since BNNTs have a cavity large enough to encapsulate targets, many studies have
used BNNTs as nanocapsules for drug delivery, encapsulating targeted therapeutic drugs
into BNNTs to provide sustained release [5,11-17]. The chemical constitution of organic
matter or biomolecules will also affect the physical and chemical properties of the whole
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system; in particular, the change in the band gap energy difference is an important indica-
tor [18]. This difference can be used to assess its potential as a chemical or biosensor [19].
The main force for the drug molecule + BNNT complex is the van der Waals force [11,14].
When drug molecules are encapsulated into and bound to BNNTs, they will change the
polarity of the pristine BNNTs [17]. In the previous literature, quantum mechanical simula-
tions were used to study the encapsulation, and it was believed that the stable state is the
physical adsorption inside the nanotube [20,21].

As mentioned before, BNNTs have good processing properties, and, by doping metal
atoms, the energy gap can be narrowed, the surface can be activated, and the reactivity
can be improved [22-24]. Adding metal atoms in BNNTs can increase the adsorption
force, which is used to increase the adsorption strength of drugs [22,25,26], improve the
sensing response, and enhance the application as a chemical sensor [27-29]. Metal atoms
commonly used to modify the properties of BNNTs include aluminum, iron, gallium, and
others [30-33]. Although the mechanical properties of aluminum are relatively low, due
to its low density and good formability, Al-doped materials are light in weight, corrosion-
resistant, and have good mechanical properties [34]; Al-doped BNNT is also suitable as a
drug carrier [35].

The geometry and properties of Al-doped BNNTs can be determined by weak electro-
static forces [36]. In addition to the van der Waals force of pristine BNNT, it is also subject
to ionic interactions [22]. Al-doped BNNTs can have two types of atomic substitution,
substitution on a boron atom or nitrogen atom. In the case of substituting boron atoms,
aluminum atoms form Al-N bonds with surrounding nitrogen atoms, and the electron
density distribution of Al-N bonds is similar to that of pristine B-N bonds [37].

Organophosphorus (OP) pesticides are known to be neurotoxic, and they enter
the human body through various routes, posing threats to human health and animal
survival [38—40]. If the degradability of OP pesticides is low, coupled with strong soil
adsorption, it is easy to produce residues, and the burden on the environment is also
great [41]. However, despite their environmental impact, OP pesticides are still used to
control insects to increase yields [42—44].

Controlled-release technology can realize the transfer of active ingredients from the
reservoir to the target surface, and regulate and maintain the active ingredients at a pre-
determined concentration within a specific period of time [45]. The release kinetics of
nano-encapsulated pesticides can be controlled, which can effectively enhance the perme-
ability, stability, and solubility [46]. With efficient loading and controlled, targeted delivery,
nano-encapsulated pesticides have received extensive attention internationally [47]. Nano-
encapsulated pesticides can be used as intelligent pesticides with precise and controlled-
release modes, which have the characteristics of light sensitivity, heat sensitivity, humidity
sensitivity, and responses to soil pH and enzyme activity [48]. The previous literature also
focused on the new applications of nanomaterials in bio-pesticides, nucleic acid pesticides,
plant growth regulators, pheromones, and other agrochemicals [49]. Nanomaterials such as
metal-organic frameworks, inorganic non-metallic materials, synthetic polymer materials,
and natural polymer materials have been designed as pesticide carriers [50]. Encapsulants
for agricultural controlled-release systems require environmentally friendly materials and
manufacturing processes [51]. However, risk assessment analysis of nano-pesticides is
the latest challenge to be overcome to accelerate the practical application of these novel
nanomaterials by agricultural professionals [52].

We previously studied the adsorption of OP pesticides by BNNTs. The difference is
that larger-sized BNNTs, armchair BNNT(12,12), and zigzag BNNT(20,0) are used in this
study for the more stable adsorption of OP pesticides, namely encapsulation. Moreover,
these two BNNTs are modified by replacing one boron atom with an aluminum atom to
enhance the reactivity [26]. Four BNNTs encapsulating three OP pesticides with different
polarities—parathion, chlorpyrifos, and coumaphous—are examined. Through reaction
enthalpies, molecular electrostatic potentials, frontier molecular orbitals, and Hard and Soft
Acid and Base (HSAB) descriptors derived from HOMO and LUMO values, the efficiency of
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encapsulation and whether BNNT encapsulation has the property of sensing OP pesticides
are discussed.

2. Computational Details

The Nanotube Modeler software (JCrystalSoft, 2018; Version 1.8) from http://www.
jerystal.com/products/wincent/ (accessed on 23 August 2021) was used to generate the
XYZ coordinates of four types of boron nitride nanotube models, namely pristine armchair
BNNT(12,12), pristine zigzag BNNT(20,0), Al-doped armchair BNNT(12,12), and Al-doped
zigzag BNNT(20,0). Al-doped indicates that the boron site of BNNT is replaced by an Al
atom. The four BNNT models with all the edge atoms terminated by monohydrogen were
used for the following calculations. The investigated organic pollutants included parathion
(par), chlorpyrifos (chl), and coumaphos (cou) (Scheme 1).
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Scheme 1. The four BNNT models (pristine armchair BNNT(12,12), pristine zigzag BNNT(20,0),
Al-doped armchair BNNT(12,12), and Al-doped zigzag BNNT(20,0)) and the investigated organophos-
phorus pesticides (parathion (par), chlorpyrifos (chl), and coumaphos (cou)).

Geometry optimization was performed using the PM7 method in the MOPAC 2016
quantum chemistry software [53], available from http://openmopac.net (accessed on 15
July 2021). The solvent effect is implicitly treated by the conductor-like screening model
(COSMO), which uses a dielectric constant of 78.4 for water [54]. All Density Functional
Theory (DFT) calculations were performed by the Gaussian 16 software package [55].
The electronic properties were obtained using the M06-2X density functional method [56]
and the 6-31G (d,p) basis set. The solvent effect of water is modeled by the polarizable
continuum model using the integral equation formalism variant (IEF-PCM) [57]. The
encapsulation energy can be defined as the following Equation (1):

Eenc = E(OP@(AI-)BNNT) — E((Al-)BNNT) — E(OP) 1)

where E(OP@(Al-)BNNT) is the total energy of the organophosphorus pesticide molecule
(OP = par, chl and cou) encapsulated in (Al-doped) BNNT. E((Al-)BNNT) and E(OP) are
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the total energies of the (Al-doped) BNNT and the isolated organophosphorus pesticide
molecule, respectively.

Chemical reactivity descriptors (GAPD, I, A, u, X, 1, S, w) were calculated according to
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energies. The HOMO and LUMO energies are used to approximate ionization potential
(I = —HOMO) and electron affinity (A = —LUMO), respectively [58]. The following HSAB
descriptors can be calculated using the ionization potential (I) and electron affinity (A): the
chemical potential (u = —(I + A)/2), electronegativity (x = (I + A)/2 = —p), chemical hardness
(n = (I — A)/2), chemical softness (S = 1/2n), and electrophilicity index (w = u?/2n) [59].

3. Results and Discussion
3.1. Encapsulation Energy

One characteristic of BN materials is that the B-N bond is a polar bond, due to the
relatively large difference in electronegativity between B and N. The larger atomic partial
charges bring out pronounced electrostatic interactions. The result of encapsulation energy
is shown in Table 1, and it can be seen that without Al doping, the binding affinity of zigzag
BNNT is greater than that of armchair BNNT to encapsulate parathion. The polarity of
chlorpyrifos is relatively smaller than parathion, leading to the opposite result compared
to parathion. This is because the polarity difference between zigzag BNNT and armchair
BNNT is significantly large (zigzag > armchair). Doping with Al leads to the same situation.
The phosphorothioate group is one of the active structures of OP pesticides. The nitro
group of parathion and the oxygen atom on the coumarinyl group of coumaphos have a
high negative charge, which facilitates the encapsulation.

Table 1. Encapsulation energy (calculated using Equation (1), in kcal/mol) of parathion (par), chlor-
pyrifos (chl), and coumaphos (cou) encapsulated by the nano-systems of BNNT(12,12), BNNT(20,0),
Al-doped BNNT(12,12), and Al-doped BNNT(20,0).

Encapsulation Energy

(Eenc)
(kcal/mol)
Armchair BNNT
BNNT(12,12) +par BNNT(12,12) + par —12.49
BNNT(12,12) +chl BNNT(12,12) + chl -7.10
BNNT(12,12) +cou BNNT(12,12) + cou —6.81
Zigzag BNNT
BNNT(20,0) +par BNNT(20,0) + par —-12.92
BNNT(20,0) +chl BNNT(20,0) + chl —5.63
BNNT(20,0) +cou BNNT(20,0) + cou —-11.72
Armchair BNNT
AI-BNNT(12,12) +par Al-BNNT(12,12) + par —12.81
AI-BNNT(12,12) +chl AI-BNNT(12,12) + chl —-8.17
AI-BNNT(12,12) +cou Al-BNNT(12,12) + cou —12.96
Zigzag BNNT
AI-BNNT(20,0) +par Al-BNNT(20,0) + par —14.06
Al-BNNT(20,0) +chl AI-BNNT(20,0) + chl —6.40
Al-BNNT(20,0) +cou Al-BNNT(20,0) + cou —12.70

From the results summarized in Table 1, it can be seen that after Al doping, the
encapsulation energy tends to decrease. Among them, AI-BNNT(20,0) + par has the
lowest encapsulation energy. The order of encapsulation energy of zigzag BNNT(20,0) and
Al-doped zigzag BNNT(20,0) with three organophosphorus pesticides is chlorpyrifos >
coumaphous > parathion. This is the opposite order regarding the dipole moment and
polarity for the three organophosphate pesticides (parathion > coumaphous > chlorpyrifos).

The phosphorothioate group is the core structure of parathion, coumaphous, and
chlorpyrifos. The nitro group of parathion and the coumarin group of coumaphous have
obvious ionic characteristics. For the chlorpyrifos structure, only the chlorine atom with
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a small charge interacts with the BNNT tube wall. In addition, parathion has the largest
conjugated system, so that the electrons will not be concentrated in a specific region, the
repulsive force caused is weakened, and the system is relatively stable.

BNNT(12,12) + cou has the highest encapsulation energy of parathion and coumaphos
among all BNNTs. This is because when cou is encapsulated into BNNT(12,12), the distance
between the sulfur atom of the phosphorothioate group and the nearest boron atom is
3.20 A, while that between the oxygen atom of the coumarin group and the nearest boron
atom is 3.82 A. Compared with the original structure of cou, shortening the distance
between the ethyl group on the phosphorothioate group and the coumarin group caused
obvious distortion and compression, and increased the energy barrier.

The AI-BNNT(20,0) + par system demonstrates the strongest encapsulation efficiency.
The distances from the oxygen atom of the phosphorothioate group and the nitro groups
to the nearest boron atom are 4.33 A and 2.94 A, respectively. DFT calculations us-
ing M06-2X/6-31G (d,p) were used to analyze the interactions and electronic proper-
ties of the systems. The result indicated that the value of the encapsulation energy of
Al-BNNT(20,0) + par was the lowest in this work, and AI-BNNT(20,0) is suitable as a carrier
for parathion.

3.2. Molecular Electrostatic Potential

The encapsulation of OP pesticide in BNNTs will cause charge redistribution, and the
positive potential is concentrated at one end of the BNNT, indicating that the BNNT is an
electron outflow system, and zigzag BNNT is more positive than armchair BNNT. The
negative potential is mainly distributed in the high-electronegativity region of OP pesticide
(Figures 1-3).

Figure 1. Electrostatic potentials of (A) BNNT(12,12) + par, (B) BNNT(20,0) + par, (C) AI-BNNT
(12,12) + par, and (D) AI-BNNT(20,0) + par.
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Figure 2. Electrostatic potentials of (A) BNNT(12,12) + chl, (B) BNNT(20,0) + chl, (C) AI-BNNT
(12,12) + chl, and (D) AI-BNNT(20,0) + chl.

Figure 3. Electrostatic potentials of (A) BNNT(12,12) + cou, (B) BNNT(20,0) + cou, (C) AI-BNNT
(12,12) + cou, and (D) AI-BNNT(20,0) + cou.

The phosphorothioate group is the core of the organophosphorus pesticide and also the
location of the concentration of negative charges. In addition to phosphorothioate groups,
negative charges are also concentrated on highly electronegative functional groups and
atoms, such as the nitro group in parathion, the nitrogen atom of pyridine in chlorpyrifos
and the oxygen atom of coumarin in coumaphos. These highly negative positions are the
active sites of the reaction and contribute the main force of encapsulation. Especially for
BNNT(12,12) + cou (Figure 3A), the oxygen atoms on the coumarinyl group are highly
electronegative, showing a red-yellow color.

After Al doping, the position of the Al atom is a significant electron outflow, showing
a dark blue color with a positive potential. It is worth mentioning that the OP pesticide
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is green after the encapsulation of AI-BNNT(12,12) + par (Figure 1C), indicating that the
polarization of the OP pesticide is less obvious in this case [20,21].

3.3. Hard and Soft Acid and Base (HSAB)

The HSAB descriptors are listed in Table 2. The energy gap between HOMO and
LUMO (GAP = LUMO — HOMO) represents the energy difference that needs to be over-
come for electron transfer. The larger the GAP difference, the more difficult it is for the
electrons of this molecule to transition. Compounds with larger energy gaps have higher
chemical hardness. The GAP values of armchair BNNT are larger than those of zigzag
BNNT, and that of pristine BNNT is larger than that of Al-doped BNNT, which has the same
order as the ionization energy. Al doping contributes to narrowing the GAP [23], which has
a smaller energy to overcome for electron transfer than pristine BNNT. When OP pesticides
are encapsulated into BNNTs, the GAP becomes smaller. The reaction of OP pesticides with
BNNT(12,12) has the largest GAP change; moreover, the GAP of BNNT(12,12) + cou has
the largest change, so that BNNT(12,12) is the most suitable as a chemical sensor [19].

Table 2. The HSAB descriptors in the present study 2.

i@l)’ I(eV) AEV)  x(eV) 1 (eV) wEeV) SVl wl(eV)

par 6.825 8.447 1.622 5.034 3.412 —5.034 0.147 3.714

chl 7.443 8.051 0.608 4.330 3.721 —4.330 0.134 2.519

cou 6.338 7.542 1.204 4.373 3.169 —4.373 0.158 3.017
BNNT(12,12) 8.793 8.026 0767 3.630 439 —3.630 0.114 1.498
BNNT(20,0) 8.273 7.868 -0.405 3.732 4137 —3.732 0.121 1.683
BNNT(12,12) + par 6.398 8.009 1.611 4.810 3.199 —4.810 0.156 3.616
BNNT(12,12) + chl 7.316 8.028 0.712 4.370 3.658 —4.370 0.137 2.611
BNNT(12,12) + cou 6.373 7.707 1.334 4.520 3.187 —4.520 0.157 3.206
BNNT(20,0) + par 6.230 7.844 1.614 4.729 3.115 —4.729 0.161 3.590
BNNT(20,0) + chl 7.222 7.866 0.644 4.255 3.611 —4.255 0.138 2.507
BNNT(20,0) + cou 6.344 7.666 1.322 4.494 3.172 —4.494 0.158 3.184
AI-BNNT(12,12) 7.686 8.017 0.330 4174 3.843 —4.174 0.130 2.266
Al-BNNT(20,0) 7.603 7.856 0.253 4.054 3.802 —4.054 0.132 2.162
AI-BNNT(12,12) + par 6.391 7.996 1.605 4.801 3.196 —4.801 0.156 3.606
AI-BNNT(12,12) + chl 7.234 8.010 0.776 4.393 3.617 —4.393 0.138 2.668
AI-BNNT(12,12) + cou 6.357 7.696 1.339 4.518 3.179 —4.518 0.157 3.210
AI-BNNT(20,0) + par 6.154 7.834 1.679 4.756 3.077 —4.756 0.162 3.676
AI-BNNT(20,0) + chl 7.256 7.847 0.591 4.219 3.628 —4.219 0.138 2.453
AI-BNNT(20,0) + cou 6.309 7.614 1.305 4.460 3.154 —4.460 0.159 3.152

@ Energy gap: GAP = the lowest unoccupied molecular orbital (LUMO) energy—the highest occupied molecular
orbital (HOMO) energy; ionization potential: I = —HOMO; electron affinity: A = —LUMO [58]; chemical potential:
u=—+ A)/2; electronegativity: x = I + A)/2 = —y; chemical hardness: n = (I — A)/2; chemical softness:
S =1/2n; electrophilicity index: w = u2/2n [59].

HOMO is the highest molecular orbital occupied by electrons. The larger the energy,
the stronger the ability to donate electrons. The negative value of the HOMO is ionization
energy (I= —HOMO), which is the minimum energy required to remove one of the electrons
from an atom or molecule. The order is par > chl > cou, and armchair BNNT is greater
than zigzag BNNT and pristine BNNT is greater than Al-doped BNNT. When parathion is
adsorbed in the nano-system, the ionization energy becomes smaller, and the ionization
energy of BNNT(12,12) changes less than that of BNNT(20,0). Coumaphos has the largest
HOMO value, which means that it has the smallest ionization energy and has the strongest
ability to donate electrons.

LUMO is the lowest unoccupied molecular orbital. The smaller the energy, the
stronger the ability to accept electrons. The negative value of the LUMO is electron affinity
(A = —=LUMO), which is the energy released when the system accepts an electron. The
order is par > cou > chl, and Al-doped BNNTs are greater than pristine BNNTs. When en-
capsulating coumaphos, the electron affinity becomes larger, and the change in the electron
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affinity of zigzag BNNTs is smaller than that of armchair BNNTs. When the coumaphos is
encapsulated by BNNT, the electron affinity becomes larger.

The electronegativity (x = (I + A)/2 = —u) means that electrons migrate to the system
with higher electronegativity. The order is par > cou > chl. Because parathion has nitrogen
and oxygen atoms, which possess high electronegativity, this leads to parathion having the
greatest electronegativity. Aluminum atoms possess less electronegativity than boron and
nitrogen atoms. After Al doping, the electron affinity and electronegativity increase [26],
and the electronegativity difference with OP pesticides decreases, which will weaken
the interaction between the two and reduce the encapsulation energy. It shows that Al-
doped BNNT has the potential to be a carrier of OP pesticides [28]. Compared with
chlorpyrifos and coumaphos, parathion has the largest ionization energy, electron affinity,
and electronegativity, because it has the largest conjugated system, making the electron
distribution delocalized and increasing the relative stability of the system.

For the chemical potential (1 = —(I + A)/2), the order is opposite to that of electroneg-
ativity, due to the chemical potential being the negative value of electronegativity. Those
with higher chemical potential tend to act as electron donors, providing electrons to those
with lower chemical potential. BNNTs have higher chemical potential than OP pesticides;
when OP pesticides react with BNNTs, OP pesticides tend to act as electron acceptors, and
BNNTs tend to act as electron donors.

The chemical hardness (n = (I — A)/2) represents the stability of the entire system.
The greater the chemical hardness, the more difficult it is for the charge to transfer, which
reduces the polarization and improves the stability of the system. The order is chl > par >
cou. The chemical hardness of zigzag BNNT is smaller than that of armchair BNNT, and
the phenomenon of polarization will be more obvious during the reaction. This can explain
why the blue part of the zigzag BNNT in the electrostatic potential diagram is deeper
than that of the armchair BNNT. During encapsulation, the chemical hardness of the four
types of BNNTs becomes smaller, and the change in the chemical hardness of BNNT(12,12)
declines the most.

The chemical softness (S = 1/2n) has opposite characteristics to chemical hardness:
the higher the chemical softness, the easier it is to be polarized, so that the order is the
opposite of chemical hardness. The chemical softness of zigzag BNNTs is larger than that
of armchair BNNTs, and Al-doped BNNTs have larger values than pristine BNNTs, which
means that AI-BNNT(20,0) is more easily polarized and therefore has higher reactivity.
When OP pesticides are encapsulated in the nano-system, the chemical softness becomes
larger, and the chemical softness of BNNT(12,12) increases the most.

Because soft acids form strong bonds with soft bases, and hard acids form strong
bonds with hard bases, AI-BNNT(20,0) + cou is the softest OP pesticide encapsulated into
the softest BNNT, and BNNT(12.12) + chl is the hardest OP pesticide encapsulated into the
hardest BNNT. Coumaphos has the least chemical hardness and reacts with BNNT(12,12),
which has high chemical potential and low polarity, leading to higher encapsulation
energy. Chlorpyrifos can react with BNNT to obtain higher chemical hardness. Moreover,
BNNT(12,12) + chl is the complex with the largest GAP and chemical hardness in the
reaction between OP pesticides and BNNTs, which means that it is difficult to excite
electrons during the transition process and the molecular stability is high.

For the electrophilicity index (w = uz/ 2n), the larger the value, the easier it is to accept
electrons. Parathion has a nitro group, which leads to it having the largest electrophilicity
index. The electrophilicity index of Al-doped BNNTs is much larger than that of pristine
BNNTs, indicating that the degree of electron acceptance is increased. Furthermore, Al-
BNNT(12,12) has the largest electrophilicity index among the four types of BNNTs. OP
pesticides have a higher electrophilicity index and play the role of an electron acceptor in
the system, among which parathion has the largest electrophilicity index. The larger the
electrophilicity index, the more suitable it is as an electrophile in chemical reactions.
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3.4. Frontier Molecular Orbital (FMO)

When parathion or chlorpyrifos is encapsulated into BNNTSs, the orbital lobes in
the HOMO diagram are mainly distributed on the BNNTs (Figures 4 and 5). Due to
electronegativity, the orbital lobes are located on the nitrogen atoms and N-B bonds of
BNNTs. The HOMO orbital lobes of BNNT(12,12) + chl are light green and uniformly
distributed in the BNNT (Figure 5A). In particular, for AI-BNNT(12,12) + chl (Figure 5C),
the HOMO is slightly distributed on the orbital lobes of the trichloropyridyl group. This is
because when chl is encapsulated by AI-BNNT(12,12), the optimized geometry of BNNT is
obviously deformed, allowing the OP to cling to the inner wall of the BNNT.

Figure 4. The HOMO diagrams of (A) BNNT(12,12) + par, (B) BNNT(20,0) + par, (C) AI-BNNT
(12,12) + par, and (D) AI-BNNT(20,0) + par.

Figure 5. The HOMO diagrams of (A) BNNT(12,12) + chl, (B) BNNT(20,0) + chl, (C) AI-BNNT
(12,12) + chl, and (D) AI-BNNT(20,0) + chl.
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However, unlike parathion and chlorpyrifos, the orbital lobes in the HOMO diagram
are concentrated on the coumarinyl group, oxygen atom, and chlorine atom of coumaphos
(Figure 6). This may be due to the fact that coumaphos has the highest HOMO value
(HOMO = —7.542 eV) among the three OP pesticides, which leads to the electron-occupied
orbital dominance of the BNNT + cou system. As for the LUMO diagram, the results given
are similar (Figures 7-9). The orbital lobes are concentrated on the nitrophenyl group of
par, the trichloropyridyl group of chl, and the coumarinyl group of the cou pesticide. As a
result, OP pesticides are electrophiles, while BNNTs are nucleophiles.

Figure 6. The HOMO diagrams of (A) BNNT(12,12) + cou, (B) BNNT(20,0) + cou, (C) AI-BNNT
(12,12) + cou, and (D) AI-BNNT(20,0) + cou.

A p(g m\(& B

2 )

y.
®
?
a

Figure 7. The LUMO diagrams of (A) BNNT(12,12) + par, (B) BNNT(20,0) + par, (C) AI-BNNT
(12,12) + par, and (D) AI-BNNT(20,0) + par.



Crystals 2023, 13, 685 11 of 14

Figure 8. The LUMO diagrams of (A) BNNT(12,12) + chl, (B) BNNT(20,0) + chl, (C) AI-BNNT
(12,12) + chl, and (D) AI-BNNT(20,0) + chl.

Figure 9. The LUMO diagrams of (A) BNNT(12,12) + cou, (B) BNNT(20,0) + cou, (C) AI-BNNT
(12,12) + cou, and (D) AI-BNNT(20,0) + cou.

4. Conclusions

We investigated four BNNTs and their interactions with three OP pesticides and found
that the Al-doped zigzag BNNT(20,0) + parathion system has the highest encapsulation
efficiency. Al doping helps to decrease the encapsulation energy. It enhances the reac-
tivity of the OP pesticides involved in encapsulation. Armchair BNNT(12,12) exhibits
significant energy gap changes with three OP pesticides, among which armchair BNNT
(12,12) + coumaphos has the largest energy gap change.
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