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A B S T R A C T   

The density functional techniques (DFT) were put into practice to study the nature of the intermolecular in-
teractions between Vinyl chloride (VCM) gas molecule with single-walled pristine, Al and Ga-doped boron nitride 
nanotubes (BNNT, BNAlNT, and BNGaNT, respectively). For performing optimization process, various func-
tionals including PBE0, M06–2X, ωB97XD, and B3LYP-D3 were applied on both of the isolated and complex 
structures. All of the functionals were used together with split-valence triple-zeta basis sets with d-type Cartesian- 
Gaussian polarization functions (6-311G(d)). To consider the electronic structure, total density of state (DOS) 
analysis were employed. Natural bond orbital (NBO), quantum theory of atoms in molecules (QTAIM), and non- 
covalent interaction (NCI) analyses were also taken on board to discover the nature of intermolecular in-
teractions between gas and nanotubes. The results of electronic structure calculations as well as population 
analyses has been carefully tabulated and partially depicted. The HOMO-LUMO energy gap (HLG) were 
dramatically changed when the dopant atom added to the BNNT. It means the impurity can improve the sensivity 
and reactivity of the pristine nanotube; therefore, by absorbing the VCM onto the surface of the titled nanotubes, 
a salient signal can produce in a typical electronic circuit. Among all of the absorbents, BNGaNT shows the most 
favorable material to design a nanosensor for the studied gas molecule.   

1. Introduction 

After the emergence of density functional theory (DFT) due to its 
high computational power for large molecules as well as its considerable 
accuracy and speed, a suitable framework was provided for the theo-
retical studies of chemical systems. Many scientists today use this 
method to understand the properties of chemical structures. Meanwhile, 
theoretical studies on nanoscale structures have found an extraordinary 
place in computational chemistry, and researchers have used numerous 
computational methods to study intermolecular interactions to design 
tools that have better accuracy and performance [1–5]. A variety of 
nanomaterials have been considered for the construction of sensors with 
high measurement accuracy, extreme insensitivity to temperature, very 
low response time, low production costs, and resistant to harsh envi-
ronmental conditions [6–12]. 

Different of methods have been used in theoretical studies to 
improve the sensitivity of the adsorption process in nanomaterials such 
as metal doping [13–15], surface defect [16–18], transition metal 
decoration [19,20], etc. Impurities introduced to the nanomaterial wall 

change the energy gap, and also dramatically change its morphology. 
Lin et al. provides a comprehensive study on the effect of transition 
metal decoration to boron nitride nanotube [21]. Studies have shown 
that even the introduction of non-metals such as oxygen can activate the 
surface of nanomaterials [22]. Demonstrating the benefits of dopant 
element, we can point out that by reducing the electrical resistance, 
impurity-decorated nanomaterials can generate a stronger signal in the 
circuit. Therefore, compared to pure nanomaterials, it can be said that 
decorated nanomaterials have a higher efficiency [23]. Aluminum and 
gallium and germanium are the elements that have been widely used to 
activate the surface of nanotubes in theoretical studies [24–27]. 

Following the discovery of boron nitride nanotubes in 1994 by Rubio 
et al. [28] and its synthesis by Chopra et al., In 1995 [29,30], Deca et al., 
Interactions between (10,0) and (10, 5) nanotubes 5) reported with the 
drug molecule isoniazid (INH); they showed that the binding energy of 
INH to BNNT (5,5) was slightly more significant than BNNT (10,0) [31]. 
Mukhopadhyay et al. Showed that by adsorption of tryptophan 
(non-polar amino acid), sparic acid and arginine (polar amino acid) on 
BNNTs, a strong bonding energy between polar amino acids on the 

* Corresponding author. 
E-mail address: hewayaseen@gmail.com (H.Y. Abdullah).  

Contents lists available at ScienceDirect 

Solid State Communications 

journal homepage: www.elsevier.com/locate/ssc 

https://doi.org/10.1016/j.ssc.2021.114440 
Received 21 October 2020; Accepted 10 July 2021   

mailto:hewayaseen@gmail.com
www.sciencedirect.com/science/journal/00381098
https://www.elsevier.com/locate/ssc
https://doi.org/10.1016/j.ssc.2021.114440
https://doi.org/10.1016/j.ssc.2021.114440
https://doi.org/10.1016/j.ssc.2021.114440
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ssc.2021.114440&domain=pdf


Solid State Communications 337 (2021) 114440

2

surface of boron nitride nanotubes is being observed [32]. Peyghan et al. 
investigated the absorption and electrical structure of BNNT (6.0) 
imidazole molecule in gaseous and soluble phases. They found that 
imidazole adsorption had no significant effect on the electrical structure 
of BNNT [33]. Yang et al. performed the interaction between BNNTs 
with biological molecules using DFT calculations [34]. Anota et al. 
investigated the interaction between BNNT and metformin using DFT 
methods [35]. Recently, the interaction between the uracil molecule 
with BNNT (n, 0) has been investigated by Mirzai et al. [36]. After the 
widespread use of boron nitride nanotube, there are lots of theoretical 

investigation on the adsorption of different molecules onto the surface of 
different nanostructures like aluminun nitride, silicon carbid, etc [5, 
10–12,37–40]. 

This article encompasses a comprehensive study to investigate the 
intermolecular interactions of the VCM gas molecule with pristine BNNT 
plus nanotubes doped with Al and Ga elements. The details information 
about the computational level was given in section 2. The result and 
discussion section has been divided in 4 separate subsections: Geometric 
Surveys (3.1.), which provides insights about bond length and other 
geometry properties as well as introducing the levels of study for opti-
mizing all structures; Electronic Structure (3.2.) that discusses about 
DOS and energetic properties results; NBO analysis (3.3.) and QTAIM 
analysis (3.4) are provided to show the nature of intermolecular 

Table 1 
The adsorption energies (Eads) for VCM/nanotube complexes. All values are in 
eV and obtained from geometry optimization calculations using PBE0, CAM- 
B3LYP, M06–2X, ωB97XD, and B3LYP-D3 functional in combination with 6- 
311G(d) basis set.  

Systems PBE0 CAM-B3LYP M06–2X wB97XD B3LYP-D3 

VCM/BNNT − 0.110 − 0.080 − 0.168 − 0.272 − 0.298 
VCM/BNAlNT − 0.550 − 0.527 − 0.689 − 0.731 − 0.793 
VCM/BNGaNT − 0.619 − 0.611 − 0.807 − 0.805 − 0.843  

Fig. 3. The relaxed structure of the VCM gas molecule obtained from ωB97XD/ 
6-311G(d) level of theory. 

Fig. 1. The bond length (Å) obtained at ωB97XD/6-311G(d) level for (a) BNNT, (b) BNAlNT, and (c) BNGaNT.  

Fig. 2. The unit cells for BNNT prepared to perform one-dimensional periodic 
boundary condition density functional theory calculations. The Tx positions 
including on top of boron atom (T1), on top of ntrogen atom (T2), on top of the 
bond beween boron and notrogen atoms (T3), and on top of the hexagonal 
ring (T4). 
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interactions between two fragments. We tried to provide a brief theory 
for each part using useful references and avoided to bring boring 
description. And finally, the conclusion section briefly refers to all the 
findings in this study. 

2. Computational details 

The PBE0 functional together with 6-311G(d) basis set were selected 
at the first stage to start the geometry optimization process of the iso-
lated and complex structures. All of the structures were re-optimized 
using robust methods like M06–2X, ωB97XD, and B3LYP-D3. Head- 
Gordon et al. [41] invented the ωB97XD functional to account for the 
effect of long-range interactions as well as the dispersion corrections. 
Among Minnesota 06 suit, which is developed by Truhlar et al. [42], the 
global hybrid functional with double non-local exchange (2X) amounts 
(i.e. M06–2X) is a high performance method to study the non-covalent 
interactions. To study the dispersion effect, the latest version of 
B3LYP-D3 known as D3 (BD) (GD3BJ) developed by Grimme et al. 
[43–45] would be a good option. In order to compare the effect of each 
of the mentioned corrections, in Table 1, the amounts of adsorption 
energy obtained from ωB97XD method can be evaluated with other 
methods. 

The PBC-DFT framework at PBE0/6-311G(d) level was applied on a 
pristine unit cell of B40N40 with 5.38 Å length(and 6.95 Å diameter). Re- 
optimization process were performed using 3 other functionals 
(M06–2X, ωB97XD, and B3LYP-D3) and same basis set. The values of 
bond length for BNNT, BNAlNT, and BNGaNT are depicted in Fig. 1. As is 
obvious from Fig. 1 (a), the B–N length are 1.46 Å. Also, Fig. 1 (b) and (c) 
show the value of bond length for Al–N and Ga–N 1.74 Å and 1.84 Å (and 

1.79 Å), respectively. Due to the inner stress, the B–N bond length in the 
vicinity of Al and Ga dopant atoms are 1.42 Å. 

The adsorption of VCM gas molecule onto the surface of BNNT, 
BNAlNT, and BNGaNT were also carried out. To achieve this goal, the 
gas molecule should be placed on top of the nanotube in different po-
sitions through different orientations. There are 4 different sites in the 
BNNT (Fig. 2) including on top of boron atom (T1), on top of ntrogen 
atom (T2), on top of the bond beween boron and notrogen atoms (T3), 
and on top of the hexagonal ring (T4). The purpose of such calculations is 
to find energy local minima. Fig. 3 shows the different heads of VCM 
including H and Cl heads. The gas molecule were put on top of each Tx 
sites through different distances and optimization process started at 
PM7/6-311G(d) level. It should be stressed that, overally, there are 80 
initial orientations were prepared (i.e. 2 × 4 × 10 = 80. It means 6 
different gas molecule heads were put on each of the 4 sites of nanotube 
from 0.5 to 5.0 Å vertical distances with 0.5 Å intervals) for BNNT. Right 
after that, 6 minima were predicted for the gas/BNNT clusters. We select 
these 6 complex structures to optimize using PBE0/6-311G(d) level of 
theory. Regarding the values of adsorption energies, finally, the most 
stable complex were chosen and re-optimization were done using other 
functionals including M06–2X, ωB97XD, and B3LYP-D3. The relaxed 
structures of all complexes which has been obtained from ωB97XD/6- 
311G(d) are depicted in Fig. 4. When the values of Eads are “below the 
range of chemical interest” [46], such results provides identical results. 

The adsorption energy obtained from ωB97XD and B3LYP-D3 are 
closed to each other. The B3LYP-D3 functional shows the most negative 
Eads values according to Table 1. It seems these two functional are good 
options for further investigations in this study. The most negative value 
of Eads is corresponds to the adsorption of gas onto the BNGaNT, 

Fig. 4. The relaxed structures of a) VCM/BNNT, b) VCM/BNAlNT, and c) VCM/BNGaNT obtained from ωB97XD/6-311G(d) level of theory.  

Table 2 
HOMO energy (ϵH), LUMO energy (ϵL), Fermi energy (EF), HOMO–LUMO energy gap (HLG), chemical potential (μ), chemical hardness (η), and electrophilicity (ω). All 
values are in eV and were obtained using the ωB97XD/6-311G(d) level of theory.  

Systems εH εL EF HLG μ η ω 

BNNT − 6.460 − 0.183 − 3.321 6.277 − 3.321 3.139 17.312 
BNAlNT − 6.330 − 1.732 − 4.031 4.598 − 4.031 2.299 18.679 
BNGaNT − 6.310 − 2.390 − 4.350 3.921 − 4.350 1.960 18.547 
VCM/BNNT − 6.413 − 0.374 − 3.394 6.039 − 3.394 3.019 17.388 
VCM/BNAlNT − 5.893 − 1.397 − 3.645 4.495 − 3.645 2.248 14.931 
VCM/BNGaNT − 5.749 − 1.142 − 3.445 3.607 − 3.445 2.303 13.671  
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− 0.843eV which indicates that the reactivity of VCM gas is significant. 
Otherwise, the reactivity of gas and pristine BNNT shows the weakest 
interaction, among those nanotubes. We preferred to run the population 
analysis calculations with ωB97XD to reduce the computation times. 
Therefore, all the interactions analyses were applied to the results of the 
ωB97XD/6-311G(d) level of theory. For population analysis the unit cell 
expanded 5 times along with its centeral axis and calculations were 

performed. It should be noted that, to reduce the boundary effects, the 
terminal atoms were terminated by H atoms. 

2.1. Electronic structure 

The “Conceptual DFT” has been developed to consider the reactivity 
concept. Various properties can be obtained from HOMO-LUMO enrgy 

Fig. 5. Density of state maps for (a) BNNT (b) VCM/BNNT (c) BNAlNT (d) VCM/BNAlNT (e) BNGaNT (f) VCM/BNGaNT. Data were obtained from the ωB97XD/6- 
311G(d) level of theory. 
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gap (HLG) [47] in such a way when an external potential apply to a 
system the energy, in the Hohenberg-Kohn theorems [48] context, 
changes as follows: 

ΔE≡E[N+ΔN,v(r)+Δv(r)]− E[N,v(r)]=
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In the above Taylor expansion N is a global quantity and ν(r) is a 
local function. Each term has a specifict meaning in the chemical lan-
guage as follows: 

− χ =

(
∂E
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)

v
= μ ≅
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2
(4)  
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(
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Equation (4) shows the nagative electronegativity (χ) which is equal 
to chemical potential (μ). Also the values of HOMO and LUMO are 
related to the ionization affinity and electron affinity, respectively. You 
can follow the other terms to reach to the Fukui function, response 
function, dual descriptor, etc through literature [49,50]. And Equation 
(6) is related to the electrophilicity index (ω). The values of these 
properties are listed in Table 2. 

The energy gap (Eg) of BNNT has calculated about 6.277 eV at 
ωB97XD/6-311G (d) level of theory and the adsorption of VCM on it 
reduced the energy gap to 5.800 eV. The Al and Ga-doped nanotubes 
were also reduced the Eg values. Table 2 Shows the LUMO values were 
largely stabilized then the Eg has been reduced. The sensor response (S) 
is defined according to the following equations: 

S=
⃒
⃒
⃒
⃒

(
σ1

σ2

)

− 1
⃒
⃒
⃒
⃒= exp

(⃒⃒ΔEg
⃒
⃒

kT

)

− 1 (7)  

σ =AT3 /

2e
Eg
2kT (8)  

Where A is a constant and σ is electrical conductivity, k is Boltzmann’s 
constant, and T is Kelvin temperature. The resistivity will be diminished 
when Eg is being reduced, since the resistivity is proportional to the 
reciprocal of the conducting electron population. Hence, the resistivity 
for tube/gas adsorption is low and the electric current generated in the 

circuit will face the lowest resistance. Density of state (DOS) map is 
useful in intuitively revealing density of distribution of molecular or-
bitals in different energy regions, and gap is directly visible from this 
map (Fig. 5). 

2.2. NBO analysis 

The Natural bond orbital (NBO) method, developed by Weinhold 
et al. [51–53], is one of the most respectful population analyses and uses 
to calculate the distribution of electron density in bonds between atoms. 
The term NBO refers to a bonding orbital with the maximum electron 
density. A density matrix, calculated from DFT, as well as atomic charge, 
are used to define natural bonding orbitals. To complete the span of 
valance space in addition to bonding NBO (σ), we need an antibonding 
NBO (σ*) as follows: 

σAB =CAhA + CBhB (9)  

σ*
AB =CAhA − CBhB (10)  

where hA and hB are natural hybrid valance orbitals, CA and CB are the 
corresponding polarization coefficients. In the present study, NBO cal-
culations were performed to figure out various types of bond order 
including Mulliken [54] (Equation (11)) and Mayer [55–57] (Equation 
(12)) bond order as well as Wiberg bond index (WBI) in Löwdin 
orthogonalized basis [58,59] (Equation (13)). Thus, 

IAB =
∑

i
ηi

∑

a∈A

∑

b∈B
2Ca,iCb,iSa,b = 2

∑

a∈A

∑

b∈B
Pa,bSa,b (11)  

IAB = Iα
AB + Iβ

AB = 2
∑

a∈A

∑

b∈B

[
(PαS)ba(P

αS)ab +
(
PβS

)

ba

(
PβS

)

ab

]
(12)  

IAB =
∑

a∈A

∑

b∈B
P2

ab (13) 

In the above Equations, P and S are density and overlap matrix, 
respectively. Mulliken and Mayer’s bond orders are sensitive to the basis 
set, spacially for the basis set including diffuse functions. On the other 
hand, Wiberg bond order with respect to the two other is less basis set 
dependence. Table 3 reports the values of obtained bond orders from 
different methods. According to the WBI which is more accurate than 
Mayer and Mulliken we can up to this conclusion that BNAlNT and 
BNGaNT adsorbents are more active material in this study for adsorbing 

Table 3 
The values of Mulliken, Mayer, and Wiberg bond order obtained from the in-
teractions of the VCM molecule with BNNT, BNAlNT, and BNGaNT. All calcu-
lations were performed using the ωB97XD/6-311G(d) level of theory.  

Systems X …...Y Mulliken Mayer Wiberg 

VCM/BNNT Cl …..B 0.014 0.031 0.106 
VCM/BNAlNT Cl …..Al 0.105 0.264 0.481 
VCM/BNGaNT Cl ….Ga 0.131 0.291 0.598 

(a) X atoms are belong to VCM. 
(b) Y atoms are belong to nanotubes. 

Table 4 
QTAIM topological parameters for electron density ρ(r), Laplacian of electron density ∇2ρ(r), kinetic electron density G(r), potential electron density V(r), bond 
ellipticity index (ε), and eta index (η)at the BCPs of the VCM clusters with BNNT, BNAlNT, and BNGaNT. All values were calculated using the ωB97XD/6-311G(d) level 
of theory and NBO analysis.  

Systems Bond ρ ∇2r G(r) V(r) G(r)/V(r) ε η 

VCM/BNNT C …...B 0.005 0.014 0.003 − 0.002 1.372 3.047 0.156  
Cl …..B 0.002 0.008 0.002 − 0.001 1.397 0.575 0.123 

VCM/BNAlNT Cl …..Al 0.027 0.077 0.023 − 0.026 0.874 0.116 0.191  
C …...Al 0.013 0.038 0.009 − 0.008 1.105 0.256 0.199 

VCM/BNGaNT Cl ….Ga 0.035 0.091 0.028 − 0.033 0.844 0.025 0.203  
C …..Ga 0.017 0.049 0.012 − 0.011 1.039 0.245 0.221  
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VCM rather than pristine BNNT. The bond order value shows that the 
interaction of the gas molcule with BNNT can be classified as phys-
isorption; otherwise, the interactions between Al and Ge-doped BNCNT 
with the gas are more strong van der Waals interactions. 

2.3. QTAIM analysis 

QTAIM analysis is used study bond types and intermolecular in-
teractions. A critical point of the electron density, including minimum, 
maximum, or saddle point, can belong to: (1) Atomic critical point (ACP); 
(2) bond critical point (BCP); (3) ring critical point (RCP); and (4) cage 

critical point (CCP). The Electron density ρ(r) and the Laplacian electron 
density ∇2ρ(r) are playing important role in the QTAIM analysis since 
they determine the segmentation and identification of different types of 
chemical interactions. A bond critical point with negative values of 
Laplacian electron density and large values of electron density (ρ(r) >
10− 1 a.u.) is defined as a covalent bond. On the other hand, the positive 
value of ∇2ρ(r) designates that the interactions can be classified as of the 
non-substrate close-shell type (which include ionic and van der Waals 
interactions) [60]. 

The values of Lagrangian kinetic energy G(r) and potential energy 
density V(r) divulges the nature of the intermolecular interaction; 
therefore, the ratio of G(r)/|V|(r) can be hired as an appropriate index in 
link classification. When G(r)/|V|(r) < 0.5, the nature of the interaction 
is covalent, and if G(r)/|V|(r) > 1, the interaction is non-covalent. For 
closed-shell interactions η index at BCP is less than 1 and increases with 
increasing covalent character [61]. Large values of elliptical bond (ϵ) 
represents an unstable structure and defined as follows [62]: 

ε= λ1

λ2
− 1 , |λ1| > |λ2| (14) 

According to virial theorem [63], a relationship exists between G(r), 
V(r), and ∇2ρ(r) as follows: 

1
4
∇2ρ(r)= 2G(r) + V(r) (15) 

From Table 4 all values for ∇2ρ(r) are positive. The B ….Cl inter-
action between gas and BNNT shows a value of G(r)/|V|(r) higher than 
1; therefore, for the case of BNNT and gas, the interactions are non- 
covalent. However, for doped BNNTs the values of G(r)/|V|(r) are be-
tween 0.5 and 1. These results shows intermolecular interactions are 
classified as strong interactions. And finally the small values of ϵ andη 
show that these structures are stable. Fig. 6 are depicted to show the 
bond critical points between gas and nanotubes. 

The results of QTAIM, in the previous section, showed that the in-
teractions between VCM and nanotubes are non-covalent; hence, it is 
useful to check them by a non-covalent analysis. Reduced density 
gradient (RDG) and signλ2(r)ρ(r) are a pair of functions used in non- 
covalent interaction (NCI) [64] analysis which can be implemented to 
visualize the region and the type of weak interactions. RDG is defined as 
follows [64, 65]: 

RDG=
1

2(3π2)
1
3

|Δρ(r)|

ρ(r)
4
3

(16) 

The two functions RDG and signλ2(r)ρ(r) can be plotted to define 
specific areas. In this case, non-covalent interactions will be identified. 
The points that indicate strong interactions are located in the signλ2(r)ρ 
(r) < 0 region. Relatively weak van der Waals interactions are found in 
the signλ2(r)ρ(r) ≈ 0 region. And if points are in signλ2(r)ρ(r) > 0 region, 
it means that the interactions are of the type of repulsive [64, 65]. As it 
turns out, bond strength is closely related to the density matrix ρ(r) as 
well as signλ2. Low RDG and low electron density regions should be 
consulted to determine whether non-covalent interactions occur be-
tween the two components involved in the adsorption process. 

Considering an isosurface as a reference (e.g. RDG = 0.5), it can be 
seen that the spots are appeared in the signλ2(r)ρ(r) ≈ 0 zone after the 

Fig. 6. The Bond critical points graphs for the (a) VCM/BNNT (b) VCM/ 
BNAlNT (c) VCM/BNGaNT systems. The orange dots represent the BCPs. 
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adsorption of gas molecule onto BNNT; therefore, the interactions can 
classified as van der Waals. However, the interactions of gas with-
BNAlNT and BNGaNT were more stronger than BNNT in nature. NCI 
analysis also confirms the results of the adsorption energy calculations, 
QTAIM analysis, and NBO analysis, namely that the interactions of VCM 
with the doped nanotubes were strong (see Fig. 7). 

3. Conclusion 

The intermolecular interactions between the VCM gas molecule and 
BNNT, BNAlNT, and BNGaNT were studied by the DFT framework in 
vacuum condition. All molecular structures optimized at PBE0, ωB97XD, 
M06–2X, and B3LYP-D3 functionals together wit a 6-311G(d) basis set. 
Relaxed structures obtained from ωB97XD/6-311G(d) were chosen for 

Fig. 7. The RDG (X-axis) vs. sign(λ2)ρ(r) (Y-axis) diagrams (a) BNNT (b) VCM/BNNT (c) BNAlNT (d) VCM/BNAlNT (e) BNGaNT (f) VCM/BNGaNT. The diagrams 
were obtained from ωB97XD/6-311G(d) level of theory. 
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population analysis calculations. Results of adsorption energy show that 
among the nanotubes, the interaction of BNGaNT and gas (about 
− 0.843 eV) is higher than the other adsorbents. Different bond order 
analysis data repeats former results. To shed light on the nature of 
intermolecular interactions NBO, QTAIM, and NCI analyses were 
implemented and the results of all the analyses were in agreement. From 
NBO analysis, the charge transfer was not observed and NCI and QTAIM 
results show van der Waals intermolecular interactions-specially for 
BNGaNT/gas cluster. To sum up, we can conclude injecting Al and Ga 
elements inside the BNNT can active its surface in favor of adsorbing 
VCM gas. Accordingly, this nanomaterial would be favorable for 
designing a sensitive nanosensor. 
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