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A B S T R A C T   

The density functional theory (DFT) framework was used to investigate the intermolecular interactions between 
cyanogen chloride (CNCl) pollutant gas molecule with pristine boron nitride nanotubes (BNNT), Al-doped boron 
nitride nanotubes (BNAlNT), and carbon boron nitride nanotubes (BC2NNT). The geometric structures of the 
resulting systems have been optimized using different methods, including B3LYP-D3(GD3BJ)/6-311G(d), 
ωB97XD/6-311G(d), and M06-2X/6-311G(d). The computed adsorption energies suggest that the studied 
nanotubes can enhance adsorption of CNCl, and thus promote its detection when employed as sensing materials. 
Wave function analysis has been implemented to study the type of intermolecular interactions at ωB97XD/6- 
311G(d,p) level of theory. Natural bond orbital (NBO) analysis has been used to study the charge transfer and 
bond order. Quantum theory of atoms in molecules (QTAIM) analysis has also been used to determine the type of 
interactions between the target gas and the nanotubes. To investigate the weak intermolecular interactions we 
also carried out non-covalent interaction analysis (NCI). The results also indicate that the CNCl-nanotube systems 
are created through physisorption as they are dominated by non-covalent interactions. The predicted adsorption 
energies increase as follows: BNAlNT: − 1.175 eV > BC2NNT: − 0.281 eV > BNNT: − 0.256 eV; this shows that the 
aluminum-doped boron nitride nanotube is the best option from promoting adsorption of the target gas among 
them. The HOMO–LUMO energy gaps were as follows: BNNT: 7.090, BNAlNT: 9.193, and BC2NNT: 7.027 eV at 
B3LYP-D3/6-311G(d) level of theory.   

1. Introduction 

To determine the properties of nanomaterials and consequently to 
investigate their appropriateness for specific applications we need to 
understand the intermolecular interactions with chemical species pre-
sent in their immediate environment [1–5]. Nanotubes, nanosheets, and 
nanocages, are among the materials that have been explored in this 
respect for a wide number of applications. Using computational tools, 
and especially quantum computing and molecular dynamics of high 
accuracy [6], great efforts have been made to study the properties of 
these materials [7]. In addition, a number of studies have investigated 
the intermolecular interactions between such nanomaterials and highly 
reactive compounds, comprising one of the main motivations in the field 
of computational sciences [8–14]. 

Boron nitride nanotubes are among the different types of nanotubes 

that theoretically exhibit interesting properties including electrical and 
thermal conductivity, as well as mechanical stability [15]. To increase 
the reactivity of this type of nanotubes, changes in their structure can be 
made, e.g., by adding aluminum or gallium. This leads to the formation 
of a more polarized electron cloud, which in turn increases dramatically 
the reactivity of the nanotubes [16,17]. 

Shao et al. considered the effect of Al doping in the boron nitride 
nanotube for adsorbing CO2 [18], whereas Mirzaei and his colleagues 
have studied in detail the role of aluminum in the structure of boron 
nitride nanotubes [19,20]. Another approach for enhancing their ab-
sorption capabilities is to add carbon to the structure of boron nitride 
nanotubes (i.e. BC2NNT). Theoretical studies reported in the literature 
indicate that the use of these nanotubes can enhance physical and 
chemical adsorption of pollutant gases [21–23]. 

Cyanogen chloride (CNCl) is one of the most dangerous gases used in 
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industry or produced as a by-product in organic synthesis. Exposure to 
CNCl can cause many symptoms including drowsiness, rhinorrhea, sore 
throat, etc. [24]. Developing sensors that can detect and measure the 
concentration of CNCl in the breathing air is therefore of particular 
importance for preventing exposure and minimizing associated risks at 
the workplace. To achieve that, a number of sensing approaches, 
including electrochemical [25], metal oxide semiconductor [26], 
graphene-based [27], and nanotube-based [28] sensors, can be used to 
measure the concentration of CNCl in ambient air. In almost all of these 
cases, elements that can enhance adsorption of the target gas are highly 
useful as they can increase the sensitivity and improve the selectivity of 
the resulting sensors. Towards this direction, adsorption of CNCl by 
carbon nanocages has been studied by Soltani et al [29]. Aluminum 
nitride nanotubes have also been investigated for this purpose by the 
same research group [30], whereas phosphorus-based nanomaterials 
have also been explored [31,32]. 

The main focus of this study is to investigate the adsorption of CNCl 
onto boron nitride, carbon boron nitride, and aluminum-doped boron 
nitride nanotubes using DFT framework. The rest of the paper is 
organised as follows. Section 2 provides all the details of our calculations 
and references to the relevant computational codes. The calculations for 
the geometry optimization and the identification of local minima are 
provided in Section 3.1, whereas the electronic structures are discussed 
in Section 3.2. The charge transfer and bond orders resulting from the 
natural bond orbital (NBO) analysis calculations are given in Section 
3.3. Section 3.4, provides the quantum theory of atoms in molecules 
(QTAIM) analysis and discusses the type of intermolecular interactions. 
Finally, Section 4 summarizes the most important conclusions. 

2. Computational details 

Density functional theory is a framework that provides the study of 
many-body systems with a high number of atoms. In order to reduce the 
computational time while maintaining good accuracy, a basis set that 
best covers the integration space is selected. Benchmark studies have 
shown that the 6-311G(d) (i.e. split-valence triple-zeta) basis set well 
approximates the space required for the carbon, nitrogen, boron, and 
chlorine atoms [33–37]. A number of processes including dispersion is 
also considered for functional selection, whereas long- and short-range 
interactions are also taken into account due to their high importance. 
In this study, functionals ωB97XD [38], M06-2X [39,40], and B3LYP-D3 
(GD3BJ) [41–43] are used to optimize the geometry of the resulting 
structures. Functional ωB97XD is employed to investigate the wave 
function analysis. The Gaussian 16 software was employed to perform 
SCF calculations [44]. All default settings and threshold limits are used, 
whereas no additional settings are applied in our calculations. Gauss-
View 6.0.16 [45] is employed to build the system models. The NBO 
software version 3.1 [46–48] included in Gaussian is also used to carry 
out wave function analysis, whereas Multiwfn [49] was employed to 
interpret the results obtained from NBO and the QTAIM analysis. 

The following formula was used to calculate the adsorption energy 
(Eads) of each system: 

Eads = Etube/gas − Etube − Egas +ΔEBSSE +ΔEZPE (1) 

Here Etube/gas refers to the total energy of the gas/nanotube system, 
whereas Egas and Etube are the energies of the isolated target gas and the 
nanotubes, respectively. ΔEBSSE and ΔEZPE are respectively the basis set 
superposition error and zero point energy corrections, which are 
calculated as follows [50–52]: 

ΔEBSSE = Ecluster − Ecluster
tube − Ecluster

gas  

ΔEZPE = Ecluster,ZPE − Etube,ZPE − Egas,ZPE (3) 

Here Ecluster denotes the energy of the cluster (target gas + nanotube), 
Ecluster

tube is the energy of the nanotube in the cluster structure, and Ecluster
gas is 

the calculated energy of the target gas in the cluster structure. Etube,ZPE 
and Egas,ZPE are total energy of isolated nanotube and gas containing zero 
point energy corrections, and are determined by the relaxed isolated 
structures through frequency calculations. 

3. Result and discussion 

3.1. Geometry optimization procedure 

In the first step, both the CNCl structure and each of the boron 
nitride, carbon and aluminum-doped boron nitride nanotubes is opti-
mized separately. Calculations for each of the structures are performed 
by method B3LYP-D3(GD3BJ)/6-311G(d), whereas the semi-emperical 
PM7 method was used to find a suitable first guess to provide input 
for the quantum chemistry calculations. That is, first all the isolated 
nanotubes are optimized by the PM7 method and then the optimized 
structure is introduced as input for DFT calculations to the Gaussian 16 
software. The atomic equilibrium distances for the CNCl gas molecule 
are illustrated in Fig. 1. 

The length (and diameter) of boron nitride single-wall armchair (5,5) 
nanotube has a 12.33-Å length. Including terminal hydrogens to the 
nanotubes in order to reduce boundary effects, the nanotube contains 
110 atoms. Changing the morphology (e.g., using armchair- or zigzag- 
type nanotubes) or increasing the length or diameter of the nanotube 
does not affect the adsorption energy as indicated by previous studies 
[53–55]. When the size of the adsorbent and the nanotube are compa-
rable, the results of the calculated adsorption energies are less valid. 
Therefore, the size of the nanotube must be much larger compared to the 
adsorbing species. Therefore, the choice of armchair (3,3) BNNT cannot 
be a suitable option. On the other hand, the choice of armchair (7,7) 
BNNT only increases the calculation time and will not have a significant 
effect on the calculated adsorption energies [8]. So, the reasonable 
choice is to use armchair (5,5) nanotubes boron nitride nanotube. 
Pristine boron nitride nanotube has been used to make BNAlNT. In this 
way, a boron atom is replaced by an Al atom and the whole structure is 
optimized again. Fig. 2 shows the nanotubes, where the bond lengths are 
changed slightly when the Al atom is replaced. This, in turn, affects the 
adsorption energy as we will discuss later. 

The most challenging part of the molecular optimization process is 
finding the most stable gas and nanotube configuration. For this pur-
pose, all possible states are investigated and the gas molecule placed at 
different distances from the outer surface of the nanotube to obtain the 
most stable adsorption energy. It should also be noted that in addition to 
changing the distance, the gas molecule is placed at different angles in 
order to choose the best option for the calculation of the adsorption 
energy from all possible configurations. Fortunately, nanotubes gener-
ally have a symmetrical geometric structure, which greatly simplifies 
the calculations. As shown in Fig. 3, there are only 4 distinct positions on 
the outer surface of the boron nitride nanotube that can qualify as 
adsorption sites (Tx). 

First, the gas molecule is placed from its Cl head on top of the boron 
atom on the outer surface of the boron nitride nanotube having a vertical 
position. This is done for each of the other 3 mentioned adsorption sites. 
At the same time the gas molecule is rotated, and turned with the N head 
towards the nanotube. To find the optimum distance between the gas 
and the nanotube, we repeat the the calculations by changing the rela-
tive position between the gas and the nanotube with distance steps that 

Fig. 1. Optimized CNCl molecule and associated bond lengths expressed in 
Ångstrom. The values are obtained by the ωB97XD/6-311G(d) model. 
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range from of 0.5 to 5 Å. In total, we generate 80 different geometric 
structures that are then introduced as input to the Gaussian software. We 
employ the PM7 method to save time and reduce computational cost, 
and a number of optimized configurations with this method are pre-
pared for the next step. The criterion for selecting the best optimized 
geometries is the total molecular energy, which introduces the most 
stable configurations for DFT calculations. 

Using this systematic method, the best optimized geometries are 
achieved(see Fig. 4). The method employed in this study was B3LYP-D3 

(GD3BJ)/6-311G(d), but functionals M06-2X and ωB97XD were also 
used to compare the values of obtained adsorption energy (see Table 1). 
Each of these functionals, taking into account the shares of exchange and 
correlation energies, eventually leads to different amounts of adsorption 
energy, which are only presented here for comparison. As seen from the 
numerical values of the adsorption energies in Table 1, when an element 
enters the symmetric structure of the boron nitride nanotube as an im-
purity, it provides a more active surface for gas adsorption by disturbing 
the electron cloud. Here the highest adsorption energy occurs when an 
aluminum atom is placed between the nanotube walls. Also, by adding 
carbon atoms, a more active surface is provided to adsorb CNCl gas. 
Therefore, one of the ways to manipulate the nanotubes and optimize 
adsorption intensity is by doping the element in the outer nanotube wall. 

3.2. Electronic properties 

Population analysis is used to calculate charge transfer. One of the 
most popular methods for calculating charge transfer is the NBO method 
(see next section). The nature of the nanotube total density of states 
(TDOS) around the Fermi energy level is critical to figure out the elec-
trical transport through this systems. Fig. 5 shows how the electrons are 
distributed on the energy levels below the HOMO as well as above the 
LUMO, together with the changes in the energy gap during the 
adsorption process. Evidently, the largest change in the energy gap is 
found for the gas/BNAlNT system. For the isolated BNAlNT, the energy 
gap value is 9.193 eV, while for the gas/BNAlNT system, this decreases 
to 8.199 eV. This dramatic change in energy gap indicates that BNAlNT 
is very sensitive to gas adsorption, which can be attributed to the elec-
tronic specifications of the system. We should note here that the hy-
bridization of the aluminum atom happens at the sp3 orbitals, which this 
is in contrast to the boron atom. Therefore, aluminum can also have a 
coordination number of 4, thus creating more Lewis acid strength. From 
Tables 1 and 2, it can be concluded that more negative adsorption en-
ergy and higher charge transfer attributes higher reactivity to the 
nanotube doped with aluminum, thus providing a more suitable system 
for CNCl adsorption. 

Typically, the macroscopic properties probed by sensors is their 
electrical conductivity, which can be calculated as [56]: 

σ = AT3/2exp
(
− Eg

2kT

)

(4) 

Here A is a constant (?? electrons/m3 K3/2), T the …, Eg the …, and k 
the Boltzmann constant. According to Eq. 4, if the energy gap is not very 

Fig. 2. Length of the equilibrium bonds between the constituent atoms of 
nanotubes (a) BC2N, (b) BN, and (c) BNAl, obtained by the ωB97XD/6-311G(d) 
DFT method. 

T1

T4 T3

T2

Fig. 3. Unit cells of the BNNT used for the DFT calculations. Tx positions are 
shown for the boron atom (T1), the nitrogen atom (T2), between the boron and 
the nitrogen atoms (T3), and for the hexagonal ring (T4). 
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large, the electrical conductivity is significant, which can produce the 
appropriate signal in the relevant circuit. According to the values listed 
in Table 2, the reported energy gaps are in the desired range, and 
therefore there is the ability to design sensors from these nanotubes, 
especially boron nitride nanotube doped with aluminum. To ensure the 
correctness of the calculations made, the calculations related to the 
frequency have also been performed. By referring to Table S1 and S2 in 
supplementary materials, one can correctly check the information 
related to thermochemistry. Furthermore, it is clear that no negative 
frequencies are observed, so the geometric optimization information is 
reported correctly. 

3.3. NBO analysis 

NBO is employed to further follow up on what happens during the 
adsorption process. As the gas molecule approaches the surface of the 
electron cloud nanotube, the two species participating in the interaction 
merge with each other, and at this point one can calculate the charge 
transfer rate by NBO analysis. The values shown in Table 2indicate that 
electrons move between the gas and the nanotube. To assess the in-
tensity of adsorption, another parameter that can be used from the 
general form of NBO analysis is the bond order, which can be described 
by various methods. Weiberg bond index [57,58], Meyer [59–61] and 
Mulliken [62] bond orders are among the most common, which can be 
calculated from the following relationships: 

IAB =
∑

i
ηi

∑

a∈A

∑

b∈B
2Ca,iCb,iSa,b = 2

∑

a∈A

∑

b∈B
Pa,bSa,b (5)  

IAB = Iα
AB + Iβ

AB = 2
∑

a∈A

∑

b∈B

[
(PαS)ba(P

αS)ab +
(
PβS

)

ba

(
PβS

)

ab

]
(6)  

IAB =
∑

a∈A

∑

b∈B
P2

ab (7) 

Having a density matrix P and an overlap matrix S, the bond order 
can be easily reported. Equation 5 shows Mulliken bond order and 
equations 6 and 7 show Mayer order and Wiberg bond index, respec-
tively. Numerical values obtained from the mentioned methods are 
provided in Table 3. Evidently, the order of bonding between the two 
species participating in the adsorption process exhibits a maximum 
value for the nanotubes containing Al. 

3.4. Qtaim analysis 

To determine the type of intermolecular interactions that may occur 
during the adsorption process, Bader [63,64] developed the QTAIM 
comprehensive method of analysis. In this method, by defining a number 
of parameters (see below), one can determine the type of interaction, 
whether covalent or non-covalent, and thus determine the type of 
adsorption process, whether chemical or physical. The electron density 
ρ(r), which plays a fundamental role in DFT calculations, is employed 
here as well, and from it, other useful parameters in QTAIM analysis can 
be obtained. In this analysis, if we derive the electron density and set it 
to zero (∇ρ(r) = 0), we can determine the critical points that represent 
local maxima or minima. Other parameters that can be used in QTAIM 
analysis to describe the type of intermolecular interactions are the ki-
netic electron density G(r), Laplacian of electron density ∇2ρ(r), and 

Fig. 4. Structure and equilibrium intermolecular distances of the most stable 
gas-nanotube states for (a) CNCl/BC2NNT, (b) CNCl/BNNT, and (c) CNCl/ 
BNAlNT. Calculations are made by the ωB97XD/6-311G(d) model. 

Table 1 
Calculated adsorption energies (Eads; in eV) for CNCl/BC2NNT, CNCl/BNNT, and 
CNCl/BNAlNT using different functionals and the 6-311G(d) basis set.  

Systems B3LYP-D3 M06-2X ωB97XD 

CNCl/BC2NNT  − 0.246  − 0.222  − 0.281 
CNCl/BNNT  − 0.236  − 0.191  − 0.256 
CNCl/BNAlNT  − 1.143  − 1.139  − 1.175  
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potential electron density V(r) [65]. 
Intermolecular interactions are of the covalent type when the 

amount of electron density ρ(r) is large and its Laplacian is negative 

(a) BC2NNT (b) CNCl/BC2NNT 

(c) BNNT (d) 

(e) BNAlNT (f) CNCl/BNAlNT 
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Fig. 5. Density of the states (DOS) for systems: (a) BC2NNT, (b) CNCl/BC2NNT, (c) BNNT, (d) CNCl/BNNT, (e) BNAlNT, and (f) CNCl/BNAlNT. The implemented 
model chemistry is ωB97XD/6-311G(d). 

Table 2 
The HOMO (εH) and LUMO (εL) energy values; HOMO–LUMO energy gap (Eg). 
All values are in eV. QT denotes the total Mulliken charge for molecules at 
ωB97XD/6-311G(d) level of theory.  

Systems εH εL Eg QT(|e|) 

BC2NNT  − 7.428  − 0.401  7.027  – 
BNNT  − 8.693  − 1.603  7.090  – 
BNAlNT  − 8.660  0.533  9.193  –      

CNCl/BC2NNT  − 7.431  − 0.405  7.025  0.039 
CNCl/BNNT  − 8.675  − 1.566  7.109  0.048 
CNCl/BNAlNT  − 8.309  − 0.110  8.199  0.229  

Table 3 
The Mullike and Mayer bond order values as well as Wiberg bond index (WBI) 
calculated by ωB97XD/6-311G(d) level of theory through NBO analysis.  

Systems Mulliken Mayer Wiberg 

CNCl/BC2NNT  0.025  0.066  0.139 
CNCl/BNNT  0.019  0.027  0.101 
CNCl/BNAlNT  0.130  0.220  0.343  
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(∇2ρ(r) < 0). If the Laplacian is positive and the value of ρ(r) is low, the 
interactions are of non-covalent type and can be of closed-shell or van 
der Waals type [66]. Table 4 lists the values of each of these parameters 
at the critical points depicted in Fig. 6. Here the Laplacian values are 
positive and the electron density is negligible, so for all the studied 
systems, the intermolecular interactions are non-covalent. 

According to the viral theorem, electron density can be related to the 
Lagrangian kinetic energy G(r) and the potential energy density V(r), 
which is represented by the following relationship [67]: 

1
4
∇2ρ(r) = 2G(r)+V(r) (8) 

The ratio of the last two parameters, G(r)/|V|(r), is so important that 
if it is<0.5, the intermolecular interactions are covalent. Conversely, if 
the ratio is between 0.5 and 1, the bond is non-covalent, but if it is 
greater than 1, intermolecular interactions are considered as van der 
Waals interactions. The value of this ratio is greater than one for all 
systems as shown in Table 4, so the type of interaction can be considered 
van der Waals.Consequently, the intermolecular interactions cannot be 
in the field of chemical adsorption, but of physical adsorption. 

3.5. Nci analysis 

The results obtained from the previous sections show that the in-
teractions between the CNCl gas molecule and nanotubes are non- 
covalent. To verify this, the interactions were examined in terms of 
non-covalent interaction (NCI) analysis to determine the accuracy of the 
results. This analysis has been used in many articles to determine the 
role of van der Waals type intermolecular interactions [68–75]. NCI 
analysis uses two parameters: (1) signλ2(r)ρ(r), which is the product of 
electron density and the sign of the second Hessian eigenvector, and (2) 
The Reduced Density Gradient (RDG), which is a dimensionless form of a 
gradient of electron density [76], given by: 

RDG(r) =
1

2(3π2)
1
3

|∇ρ(r)|
ρ(r)

4
3

(8) 

Here, in the nominator, the absolute value of the electron density 
gradient is placed, and the variable in the denominator is the electron 
density. The relation between of these two parameters are shown in 
Fig. 7. Three areas can be distinguished in Fig. 7, indicating the type of 
interactions. The signλ2(r)ρ(r) < 0 region, is characterised by strong 
non-covalent interactions (i.e. H-bond and Halogen-bond), the sign-
λ2(r)ρ(r) ≈ 0 region, by relatively weak van der Waals interactions, and 
the signλ2(r)ρ(r) greater than 0 region, by repulsion forces [76,77]. 
These areas are marked with blue, green and red colors in Fig. 7, 
respectively. The strength of weak intermolecular bonds has a direct 
relationship with the electron density. In the case of van der Waals in-
teractions, the value of the electron density is close to zero. Meanwhile, 
hydrogen and halogen bonds have a large electron density value. 

Repetitive results from previous analyses are also shown in the NCI 
analysis through. When the electron density and the second eigenvector 
of the Hessian matrix are both close to zero (λ2(r) ≈ 0, ρ(r) ≈ 0), the 
accumulation of points at this region in the two-dimensional diagram 
indicates the presence of van der Waals type interactions. When we look 
at the two-dimensional diagrams for the isolated absorbers (Fig. 7 (a), 

(c), and (e)), there are no points in the mentioned region. Meanwhile, 
when the gas molecule is placed on the absorbers (Fig. 7 (b), (d), and 
(e)), points appear in this area, which indicates the existence of inter-
molecular interactions of the van der Waals type. 

Table 4 
Parameters extracted from QTAIM calculations: electron density (ρ(r)) and 
(∇2ρ(r)) shows Laplacian of electron density. The kinetic electron density G(r) 
and potential electron density V(r), and their ratio G(r)/V(r) at BCPs are also 
listed. The implemented model chemistry ωB97XD/6-311G(d).  

Systems ρ(r) ∇2ρ(r) G(r) V(r) G(r)/V(r) 

CNCl/BC2NNT  0.0068  0.0203  0.0042  − 0.0033  1.2758 
CNCl/BNNT  0.0060  0.0191  0.0039  − 0.0031  1.2648 
CNCl/BNAlNT  0.0448  0.2764  0.0655  − 0.0619  1.0585  

Fig. 6. Graphs related to atom in molecules analysis (QTAIM). Orange dots 
represent the boundary critical points (BCPs). The molecules are displayed as 
follows: (a) CNCl/BC2NNT, (b) CNCl/BNNT, and (c) CNCl/BNAlNT systems. 
The implemented model chemistry ωB97XD/6-311G(d). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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4. Conclusion 

The intermolecular interactions between pollutant and lethal cyan-
ogen chloride gas with BNNT, BNAlNT, and BC2NNT was investigated. 
All calculations are performed at the DFT level of study. The chemistry 
model used in the wave function analysis calculations was B3LYP-D3 
(GD3BJ)/6-311G(d). The ωB97XD as well as M06-2X functionals have 

also been used for the geometry optimization. 
The calculations show that adsorption of CNCl by these nanotubes is 

possible. During the adsorption process, the energy gap changes signif-
icantly, which is desirable for designing and building sensors. Among 
the investigated nanotubes, BNAlNT has the highest adsorption energy 
and the strongest intermolecular interaction with the target gas, and 
therefore it is recommended for CNCl sensors. Charge transfer analysis 

BC2NNT CNCl/BC
2
NNT

BNNT

BNAlNT

CNCl/BNNT

CNCl/BAlNNT

(a) (b)

(c) (d)

(e) (f)

Fig. 7. Reduced density gradient (RDG) vs sign(λ2)ρ(r) values for (a) BC2NNT, (b) CNCl/BC2NNT, (c) BNNT, (d) CNCl/BNNT, (e) BNAlNT, and (f) CNCl/BNAlNT. 
The data were obtained from B3LYP-D3/6-311G(d) level of theory. The left side diagrams refer to isolated nanotubes and the right side diagrams are CNCl/ 
nanotubes. The three areas marked in blue, green and red color are related to strong attraction interactions, van der Waals interactions and strong repulsion in-
teractions, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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by the NBO method show that this happens from the nitrogen atom of 
the gas molecule to the nanotubes. The parameters obtained by the 
QTAIM analysis indicate that the interaction between the molecules is 
non-covalent and the adsorption process can be classified as physical. 
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