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The adsorption of chlorofluoromethane on pristine and Ge-doped silicon carbide
nanotube: a PBC-DFT, NBO, and QTAIM study
Mohsen Doust Mohammadia, Idris H. Salihb and Hewa Y. Abdullahb

aSchool of Chemistry, College of Science, University of Tehran, Tehran, Iran; bPhysics Education Department, Faculty of Education, Tishk International
University, Erbil, Iraq

ABSTRACT
The feasibility of detecting the chlorofluoromethane (CFM) onto the outer surface of pristine silicon
carbide nanotube (SiCNT), as well as its germanium doped structures (SiCGeNT), was carefully
evaluated. Density functional theory level of study using the PBE0 functional together with a 6-311G
(d) basis set has been used. Subsequently, the B3LYP, CAM-B3LYP, ωB97XD, and M06-2X functionals
with a 6-311G(d) basis set were also employed to consider the single point energies. Natural bond
orbital (NBO) and quantum theory of atoms in molecules (QTAIM) were implemented by using the
PBE0/6-311G(d) method. The total density of states (TDOSs), Wiberg bond index (WBI), natural charge,
natural electron configuration, donor–acceptor natural bond orbital interactions, and the second-order
perturbation energies are performed to explore the nature of the intermolecular interactions. All
results denote that by adsorbing of the gas molecule onto the surface of the considered
nanostructures, the intermolecular interactions are of the type of strong physical adsorption. It was
revealed that the sensitivity of the adsorption will be increased when the gas molecule interacts with
decorated nanotubes and decrease the HOMO-LUMO band gap; therefore, the change of electronic
properties can be used to design suitable nanosensors to detect CFM gas.
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1. Introduction

The nano materials are structurally divided into carbon and
non-carbon materials. carbon nanotube (CNT), which is an
allotropes of carbon, were first discovered independently by
Iijima et al. [1] and Bethune et al. [2] in 1991 in soot from car-
bon discharge in a neon-containing medium [3–7]. The CNT,
according to its (n,m) type, presents stupendous mechanical
[8–10], electromagnetic [11–15], and chemical [16–19] prop-
erties and it plays a significant role in various branches of tech-
nology. One of the most applicable binary carbide-derived
carbons of CNT with extensive properties is silicon carbide
nanotube (SiCNT) [20]. There have also been widespread
reports on the applications of SiCNT as active material in elec-
trodes [21, 22], gas storage materials [23, 24], and catalysts
[25–27].

In the last two decades, theoretical studies in the density
functional theory (DFT) framework on nanostructures have
attracted the attention of many scientists in the fields of com-
putational chemistry and solid-state physics. The study of sili-
con carbide nanotube is no exception, and many theoretical
studies on this nanostructure have led to interesting proposals
for the manufacture of the industrial devices. Theoretical
studies show the molecular stability, structure, and properties
of SiCNT [28, 29]. In this regard, Alam et al. proved that the
most stable form of SiCNT is the arrangement in which the
Si atom surrounded by three carbon atoms [30]. Compared
to the CNT, the SiC nanotube shows high thermal stability
as well as a larger HOMO-LUMO gap (HLG) [31]. Ahmadi

et al. shows by dopping the gallium element to the SiCNT,
the semiconductor proprties will be improved [32]. Having a
wide surface, SiCNT can appear in the role of an adsorbent
and be used in the design of relevant tools. Mohammadi
et al. have had a precise investigation on the adsorption of
nobel gases and bromomethane onto the SiCNT [33, 34]. A
biotechnology study by Chen et al. introduced (8,0) SiCNT
for encapsulation of the glycine molecule [35]. Several toxic
gases can be trapped using SiCNT such as CO [36], NO
[37], N2O [38], CO2 [39]. The widespread use of silicon car-
bide nanotubes, provide the basis for further study on such
structures.

Chlorofluoromethane (CFM), (also is known as Freon 31 or
HCFC 31 with chemical formula CH2ClF), is classified as a cat-
egory 2 carcinogen from the group of chlorofluorocarbons or
dihalomethanes. It is a colourless, odourless, flammable gas
with a solid monoclinic crystal structure of space group P21
[40]. Chlorofluoromethane was used as the refrigerant. It is
listed in the Montreal Protocol as a substance that degrades
the ozone layer [41]. A rotational study has been performed
by Caminati et al. [42] to investigate the dimer interactions
of CFM molecule and the results confirm that the interactions
are non-covalent. According to the dissociation energy of
dimer complex of CMF molecule reported in [42] we con-
sidered it as an isolated single molecule in this work.

This article discusses the design of such a sensor. This study
investigated the interactions of CFM with SiCNT and SiC-
GeNT. After optimising the structure of silicon carbide nano-
tubes by Gaussian software, to study the chemical stability and
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conductivity, the elements doping process on this nanotube
have been studied. Because of the high sensitivity of compu-
tation to precisely determine the energy of molecular orbitals
to investigate the conductivity and probability of physical
and chemical adsorption, different structures need to be opti-
mised using appropriate computational methods. For this pur-
pose, the PBE0 functional and 6-311G(d) basis set was used in
this research for computation. The B3LYP, CAM-B3LYP,
ωB97XD, and M06-2X functionals with 6-311G (d) basis set
were also used to calculate the single point energies. Natural
bond orbital and quantum theory of atoms in molecules
were studied by using the PBE0 /6-311G (d) method and the
results were used to obtain various physical parameters.

2. Computational details

The DFT calculations at Perdew, Burke, and Ernzerhof (PBE0)
functional [43] together with 6-311G(d) Pople split-valence
triple-zeta basis set with polarisation functions [44] were
used for geometry optimisation for all different positions of
the CFM/tube complex structures. To determine the stability
of the optimised structures, frequency calculations are also
performed using the similar level of theory to approve that
all the stationary points are in agreement with a minimum
point through the potential energy surface. For further inves-
tigation, single point energy calculations using different levels
of theory were also applied on the most stable relaxed struc-
tures, which were obtained from geometry optimisation at
the PBE0/6-311G(d) level. The levels of theory used for the
single point energy calculations included B3LYP, CAM-
B3LYP, M06-2X, ωB97XD together with 6-311G(d) basis set.
Natural bond orbital (NBO) and quantum theory of atoms
in molecules (QTAIM) were implemented by using the
PBE0/6-311G(d) method. All of the calculations including
geometry optimisation, single point energy calculations, and
NBO analysis were performed by Gaussian 16 package [45].
It should be noted that the NBO calculations were performed
using NBO v 3.1 software which is embedded within Gaussian
software. In order to perform quantum theory of atoms in
molecule (QTAIM) and density of state (DOS) analyses, the
Multiwfn program [46–48] was employed.

The adsorption energy (Eads) of the investigated CFM onto
the surface of pristine and doped nanotubes can be calculated
as follows:

Eads = Esheet/CFM − (Esheet + ECFM) (1)

where Etube/CFM represents the total energy of the complex
structure. Etube and ECFM, are the total energy of the pure
nanotube and the pure CFM molecule, respectively. It is note-
worthy that the absorption energy consists of two parts: the
interaction energy (Eint) and the deformation energy (Edef)
that occur in the absorption process. Therefore, the following

equations are used to calculate these shares:

Eads = Eint + Edef (2)

Eint = Esheet/CFM − Esheet in complex − ECFM in complex (3)

Edef = Esheetdef + ECFMdef

= (Esheet in complex − Epristine sheet)

+ (ECFM in complex − Eisolated CFM) (4)

where Esheet in complex and ECFM in complex are energies of CFM
molecule and nanotube in the optimised complexes,
respectively.

3. Result and discussion

3.1. The structural analysis

To optimise the structure of pristine armchair (5,5) single
walled silicon carbide nanotubes using periodic boundary con-
ditions, we first consider a unit cell of silicon and carbon atoms
(Si20C20) which is 6.274 Å in length. Unlike the nanosheet, the
nanotube is expanded in one direction only. We optimised this
cell by 1D periodic boundary condition DFT method with
PBE0 functional together with basis set 6-311G (d). After
optimisation of the pristine unite cell we substitiuted Ge
with Si atom then the optimisation process has been repeated
for doped nanotubes. The quantetive values of bond lengthes
are shown in Figure 1.

The next step was the optimisation of CFM/nanotube
complexes. In this step the CFM molecule was placed on
the outer surface of each above-mentioned nanotubes with
vertical distance of about 2.1 Å. To find out the optimum
distances between nanotube and CFM molecule we used
the rigid scan for some cases to estimate the most efficient
distance. It should be noted that the level of theory in
both optimisation and rigid scan was PBE0/6-311G (d). To
better explain the details of the adsorption process, it will
be useful to compare Figures 1 and 2.

Figure 1. (Colour online) The values of bond length for (a) SiCNT and (b) SiCGeNT.
The optimisation process has been done using PBE0/6-311G (d) level of theory.
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The silicon carbide nanotube is composed of several sym-
metric hexagons that have four different adsorption positions
for the adsorption of any molecule onto the outer surface of
the nanotube as shown in Figure 3: adsorption position on
Si atom (T1); adsorption position on C atom (T2); and adsorp-
tion position on Si–C bond (T3); adsorption position at hexa-
gonal center (T4). The logical approach is to put the CFM
molecule in each of these positions and measure the amount
of adsorption energy (Eads). It is important to note that the
CFM molecule has different heads (H,Cl, F), and each of
these heads must be placed on the desired position on the
nanotube to measure the amount of absorption energy. Our

experience shows that negligible differences exist in the
amounts of adsorption energies when we place the CFM in
any of the possible adsorption sites. As mentioned in [49],
when the differences in the adsorption energies are ‘below
the range of chemical interest’, placing the gas in different pos-
itions on the nanotubes provides identical results. Neverthe-
less, we put the CFM molecule from F-head onto the desired
positions on the SiC nanotube. The test result showed that
there is a negligible difference among the adsorption energies;
therefore, the boron atom position was the target position on
the SiC nanotube.

Next, we extend the unit cell to five units and terminated
with hydrogen atoms (Figure 4), the nanotube length for Si100-
C100H20 increased to 31.804 Å, then single point energy calcu-
lations using different functional such as: PBE0, ωB97XD, and
M06-2X and 6-311G (d) basis set were done. The calculated
values indicate a strong interactions between nanotubes and
CFM molecule. Since the PBE0 functional does not account
for the long-range scattering contribution, it is expected that
in poor interactions, this functional will not give a good esti-
mate of the amount of energy. For this reason, methods have
been developed for long-range and dispersion effects. In this
work we used PBE0, ωB97XD to consider long range and dis-
persion effects. The well-knownM06-2X functional are used to
better comparison. The results show that the energies obtained
from the PBE0 and other functionals are consistent with the
accuracy of the calculations. On the other hand, as expected,
the ωB97XD method shows more energy values than the
others, due to the dispersion contribution consideration.
Also by doping the Ge element on the SiC nanotube, signifi-
cant changes in the results are achieved. Table 1 shows that
Ge doping increase the absorption energy and enhanced the
chemical absorption. Table 2 also shows the bond length and

Figure 2. (Colour online) The most stable form of (a) isolated CFM and the adsorbed CFMmolecule onto the outer surface of (b) SiCNT and (c) SiCGeNT. All clusters have
been optimised using the PBE0 functional and 6-311G (d) basis set.

Figure 3. (Colour online) All possible target positions for the adsorption of any
arbitrary molecules onto the surface of SICNT. Top of boron atom (T1), top of ntro-
gen atom (T2), beween boron and notrogen atoms (T3), and top of the hexagonal
ring (T4).
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the nearest intermolecular distances (re (Å)) between CFM
molecule and SICNT and SiCGeNT.

3.2. Energetics properties

The chemical electron potential (μ) describes the tendency of
electrons to escape from a particular species at the ground
state. This quantity is equal to the absolute negative electrone-
gativity obtained from the definition provided by Mulliken, as
follows:

m = −x (5)

Parr and his colleagues [50] used the DFT to show that at a
constant external potential, the potential energy of an electron
is related to the first derivative of energy relative to the number
of electrons, as follows:

m = ∂E
∂N

( )
y(r)

= − 1
2
(IP + EA) (6)

where IP and EA are the ionisation affinity and electron

affinity, respectively [51]. Based on the Koopman approxi-
mation (see the Hartree–Fock theory) and Janak’s approxi-
mation [52] (in the DFT theory), the ionisation and electron
affinity potentials are equal to the negative value of the highest
occupied molecular orbital (HOMO) energy (1HOMO = −IP)
and negative value of the lowest unoccupied molecular orbital
(LUMO) (1LUMO = −EA). Therefore, the chemical potential in
Janak’s approximation is defined as

m = ∂E
∂N

( )
y(�r)

� (1LUMO + 1HOMO)
2

(7)

where 1HOMO and 1LUMO 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 υ(r) is the exter-
nal potential.

Comparison of the variation in electron chemical potentials
to that in the number of electrons at a constant external poten-
tial is called chemical hardness, which is expressed as

h = ∂m

∂N

( )
= 1

2
∂2E
∂N2

( )
(8)

Parr et al [53] used the electron energy curve as well as the
finite difference approximation to express hardness as follows:

h = 1
2
(IP− EA) (9)

Figure 4. (Colour online) The expanded (a) silicon carbide and (b) Ge-doped silicon carbide nanotubes terminated with hydrogen atoms.

Table 1. The interaction energy (Eb) for SiCNT and SiCGeNT with CFM molecule.

System PBE0 B3LYP CAM-B3LYP M06-2X ωB97XD

CH2ClF_SiCNT −1.339 −0.957 −1.400 −1.753 −1.894
CH2ClF_SiCGeNT −2.748 −2.306 −2.856 −3.507 −3.465
All values are in (eV).

Table 2. The bond lengths and the nearest intermolecular distances (re (Å)) between CFM molecule and SiCNT and SiCGeNT.

Systems F-Ge F-C F-Si C-Ge Si-C C-H C-Cl C-F

CH2ClF – – – – – 1.101 1.806 1.364
SiCNT – – – – 1.800 – – –
SiCGeNT – – – 1.854 1.792 – – –
CH2ClF/SiCNT – 3.255 2.626 – 1.807 1.099 1.791 1.390
CH2ClF/SiCGeNT 2.555 3.286 4.770 1.855 1.793 1.099 1.788 1.394

All calculations were performed using PBC-DFT PBE0/6-311G(d) level of theory.
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Moreover, using Janak and Koopman’s approximations, the
hardness equation is transformed as follows:

DEmin = −m2

2h
(10)

Chemical hardness is the energy gap between the HOMO
and the LUMO. Therefore, molecules with high energies are
considered as hard molecules, while those with low energies
are called soft molecules. Since the softness of a molecule is
the opposite of its hardness, the equation for molecule softness
is denoted as follows [54]:

S = 1
h

(11)

Inspired by Maynard’s work, Parr et al [55] introduced elec-
trophilicity as the steady-state energy in which an atom or a
molecule at ground state gains by receiving additional electron
charges from the environment. The energy changes that lead to
such a charge transfer are expressed as follows:

DE = mDN + 1
2
h(DN)2 (12)

When the system receives electron charges from the
environment sufficient to equate its potential to that of the
environment, the system is saturated with electrons and can
be expressed as follows:

dDE
dDN

= 0 (13)

The electron load received from the environment is maxi-
mised, and the total energy of the system is eventually mini-
mised. Thus,

DNmax = −m

h
(14)

DEmin = −m2

2h
(15)

Since η > 0, ΔE < 0 always, and the charge transfer is ener-
getically desirable. Accordingly, Parr et al. proposed the fol-
lowing equation to denote the electrophilicity of electrophilic
species.

v = m2

2h
(16)

In fact, the electrophilicity index is the capacity of a species
to accept an arbitrary number of electrons from the environ-
ment. In this regard, Nourizadeh and Maihami [56] used elec-
trophilicity in the Diels–Alder reaction and stated that ‘atoms
appear to be arranged in a natural tendency to reach the lowest
electrophilicity.’ This expression is called the minimum elec-
trophilicity principle (MEP).

The values of maximum occupied molecular orbital
(HOMO) and lowest occupied atomic orbital (LUMO) and
their differences (HLG), chemical potential (μ), chemical hard-
ness (η), and electrophilicity (ω) are reported in Table 3. From
the results of this table, it can be seen that by adsorption of
CFM molecule onto the outer surface of nanotubes the

distance between HOMO and LUMO levels is reduced relative
to the pure nanotube, which is caused by the molecular energy
absorption matched from this position. By doping the
elements Al and Ga, it is observed that HLG changed. The
decrease in HLG results in an increase in the electrical conduc-
tivity and thus an increase in the metal property of all the
nanotubes compared to pure SiCNT. It is also noteworthy
that the observed changes in HLG after doped Ge is mainly
due to lower LUMO energy levels. In order to study these
changes in the electron structure of the studied cases more clo-
sely, the density of state spectra (DOS) will be analyzed in the
next section. For a more detailed study of the electron struc-
ture changes, the density of state spectra (DOS) are extracted
and illustrated in Figure 5.

From the DOS spectra, it is clear that DOS spectra for all
absorption are in agreement with the values of the energy par-
ameters reported in Table 3. The lowest amount of adsorption
energy is related to the pristine nanotube and the highest
amount of adsorption energy is for the adsorption of CFM
onto the Ge-doped SiC nanotube, the most changes are also
observed in the DOS spectrum relative to this nanotube. In
other words, the electron structure changes show a direct
relationship with the absorption energies. Given the amount
of absorption energy, high amount of binding energy, and
the structure of DOS spectra obtained in all of these cases, it
can be claimed that the adsorption of CFM molecule onto
SiC and SiCGe nanotubes is a strong physical adsorption type.

3.3. NBO and QTAIM analyses

The natural bond orbital (NBO) analysis has been developed
based on many-electron molecular wavefunction in terms of
localised electron-pair bonding units and uses first-order
reduced density matrix of the wavefunction [57, 58]. In the
NBO approach, a given wavefunction should be transformed
into a localised form in which NBOs are considered as local
block eigenfunctions of the density matrix. NBO analysis is
applicable in both closed-shell and open-shell systems which
are calculated from atom-centered basis functions [59]. The
mechanism of the energetic analysis of NBO interactions is
based on the one-electron effective energy operator (Fock or
Kohn–Sham matrix) that arise from the host electronic struc-
ture system (ESS). Second-order perturbation theory is one of
the highest uses methods for estimating energy effects. For the
case of HF or DFT methods, the interactions between NBOs
are considered to analyze the wavefunction energetically.
With the explanation that the Kohn–Sham matrix elements
are implemented in the DFT platform [60–70].

Table 3. Values of HOMO energy (ɛH), LUMO energy (ɛL), HOMO and LUMO
energy gap (HLG), chemical potential (μ), chemical hardness (η), and
electrophilicity (ω).

System εH εL HLG μ η ω

SiCNT −4.818 −2.723 2.095 −3.770 1.048 7.447
SiCGeNT −4.805 −2.735 2.070 −3.770 1.035 7.355
CH2ClF/SiCNT −4.696 −2.668 2.029 −3.682 1.014 6.876
CH2ClF/SiCGeNT −4.662 −2.666 1.996 −3.664 0.998 6.697

All values are in (eV) and were obtained from completed nanotube PBE0/6-311G
(d) level of theory.
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We used the PBEPBE/6-311 g(d) level of theory to perform
the NBO calculations. The concept of bonded orbitals can be
used to understand the distribution of electrons in atomic
and molecular orbitals. Atomic charges and molecular bonds
can be used to obtain these orbitals. In this method, an electron
density matrix is used to both define the shapes of the atomic
orbitals in the molecular environment and obtain molecular
bonds (electron density between atoms). NBO is defined as
the following equation for σ bonding between atoms A and B.

sAB = CAhA + CBhB (17)

where hA and hB are natural hybrids on the A and B atoms. In
the covalent limit, CA = CB, and at the ionic limit, CA >> CB (if
the electronegativity of A is greater than B). Each bonding
NBO must be paired with a corresponding anti-bonding NBO.

s∗
AB = CAhA − CBhB (18)

Binding orbital analysis is used to evaluate the effects of
non-stationary effects, such as anomeric effect, rotation
barrier, hydrogen bonding, and so on. In NBO analysis, mol-
ecular energy is divided into two parts: total energy (for non-
stationary enters) and Lewis molecule energy (where super-
conjugation does not occur, and the electrons are strongly
bound in single bonds and pairs). The occupied NBOs describe
the covalent effects in the molecule, while the non-occupied
NBOs are used to describe non-covalent effects. The most

important non-occupied NBOs are anti-bond orbitals [58,
67, 69].

Various types of bond order analyses are developed to take
into account the bond property such as Mulliken bond order
analysis [71], Mayer bond order analysis [72, 73], Multi-center
bond order analysis [74, 75], Wiberg bond order analysis [76],
Fuzzy bond order [77, 78] and so on. Due to the different
assumptions, caution should be exercised when using the
above-mentioned methods and the term ‘Caveat emptor’ in
this case is a practical example to describe such a situation.
Basis set containing diffuse functions as case in point, leads
to unreliable result for Mulliken or Mayer analyses [46].
According to the literature [79], the Wiberg bond order, in
comparison to the Mayer method, has much less sensitivity
to the basis set. The Wiberg bond index (WBI) is the sum of
squares of off-diagonal density matrix elements between
atoms and is denoted as follows:

WBI =
∑
k

p2
jk
= 2p jj − p2jk (19)

where Pjk represents the density matrix elements (i.e. the con-
tribution of interactions between basis functions j and k) and
Pjj is the charge density in the atomic orbital. In the WBI,
there is no difference between net bonding or antibonding
type of elements of the density matrix.

NBO analysis was used to calculate the bond order using the
Wiberg method [76] for a more detailed examination of the

Figure 5. (Colour online) The density of state (DOS) diagrams for the adsorption of CFM molecule onto the surface of the (a) pristine and (b) Ge-doped silicon carbide
nanotubes. The data were obtained from completed nanotube and PBEPBE/6-311G (d) level of theory. The left side diagrams are isolated nanotubes and the right side
diagrams are CFM/nanotube clusters.
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types of interactions. After studying the adsorption energy of
the complexes, we examine the bond length and bond order
of the gases and the nanotubes before and after the adsorption.
TheWiberg bond order for these clusters are reported in Table
4. According to this table, that the bond of the halogen atoms
in CFM molecules oriented to the Si in SiCNT and Ge in SiC-
GeNT. The results of the WBI analysis agree with the adsorp-
tion energies reported in Table 1. They reveal that these
nanotubes show a strong interaction with the gas molecules
and can be considered a suitable sensor for such gases.

One of the results of the natural population analysis
obtained from NBO calculation is a natural electron configur-
ation which shows the effective valence electron configuration
for any atoms in the studied structure. 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 CFM and the nanotubes.
The NBO approach was implemented for all atoms in the pris-
tine and cluster systems to reveal the quantities listed in Table
5. Charge transfer quantity between CFM molecule and nano-
tubes can also be a criteria to study the interaction of nanotube
and CFM, such that the stronger the interaction the more the
charge transfer between CFM and the nanotube. Table 5 shows
that there is a significant charge transfer between two species
during adsorption process would be happened.

In addition, by implementing the natural electron configur-
ation the type of the interaction between nanotubes and CFM
molecule will be described. From Table 5, it can be obvious
that valance configuration of isolated CFM molecule and
nanotubes as well as valance configuration of nanotube/CFM
clusters have been increased. Therefore; the interaction of
CFM with all nanotubes can be classified as a strong physical
adsorption process.

The second-order perturbative estimate of donor–acceptor
interactions in the NBO basis. NBO analysis expresses the
complex quantum-mechanical wavefunction into a more palp-
able Lewis-dot-like formalism. Lewis-type NBOs are called
filled or ‘donor’ orbitals (σ) and Non-Lewis-type NBOs are
called vacant or ‘acceptor’ orbitals (σ*). For each donor NBO
(i) and acceptor NBO ( j), the stabilisation energy E(2) is cal-
culated as follow [64]:

E(2) = DE2ij = −qi
(Fi,j)

2

(1j − 1i)
(20)

where εi, εj are diagonal elements which show the orbital ener-
gies, qi denotes the donor orbital occupancy (q = 2 for closed-
shell systems and q = 1 for open-shell systems), and the off-
diagonal NBO Fock matrix element is demonstrated by F(i,
j), and DE2ij is the stabilisation energy.

The results of electron donor–acceptor electron configur-
ation of pristine SiCNT and Ge-doped SiCNT are reported
in Table 6. It is noteworthy that in this table the most impor-
tant interactions in terms of the electron transfer stability
energy are reported. The existence of such interactions with
the remarkable stability energies in this table shows that the
doped atom has been incorporated into the nanotube structure
by the chemical interaction and the stability structure has been
achieved. In other words, the inserted atom behaves as a dop-
ing atom. The data in Table 6 show that the most important
interaction for the pristine nanotube related to electron trans-
fer from the BD (Si–C) bond as the electron donor to the BD*
(C-F) as the receptor. This is in agreement with the results of
the absorption energy as well as with the other results which
have examined. In the study of the doped complexe, it is
observed that in the Ge electron pair is a donor (Lewis base)
and the F-bonded electron pair is the group of the electron
acceptor molecule (Lewis acid). The highest electron-acceptor
stabilisation energy in all cases is due to the same interaction,
which indicates a strong adsorption of the molecule onto the
SiCGe nanotube compared to the pristine NT.

3.4. QTAIM analysis

QTAIM is a powerful tool for topology analysis containing the
type and structure of bonds and intermolecular interactions.

Table 4. The Wiberg bond index (WBI), obtained for atomic bonds and intermolecular interactions between CFM molecule and SiCNT and SiCGeNT.

Systems F-Ge F-C F-Si C-Ge Si-C C-H C-Cl C-F

CH2ClF – – – – – 0.909 1.014 0.905
SiCNT – – – – 0.968 – – –
SiCGeNT – – – 0.936 0.974 – – –
CH2ClF/SiCNT – 0.009 0.083 – 0.973 0.906 1.039 0.852
CH2ClF/SiCGeNT 0.093 0.010 0.002 0.895 0.984 0.904 1.044 0.844

All calculations were performed using PBE0/6-311G(d) level of theory.

Table 5. Natural electron configurations and natural charges (esu) for the isolated
CFM, pristine and Ge-doped SiCNT nanotubes and their complex structures.

Systems Atom
Natural
charge Natural electron configuration

SiCNT Si 1.87 [core]3S(0.70)3p(1.41)3d(0.03)
C −1.87 [core]2S(1.35)2p(4.51)

SiCGeNT Si 1.87 [core]3S(0.70)3p(1.41)3d(0.03)
C −1.87 [core]2S(1.35)2p(4.51)
Ge 1.72 [core]4S(0.86)4p(1.42)4d(0.01)

CH2ClF/SiCNT Si 1.87 [core]3S(0.69)3p(1.41)3d(0.03)
C −1.87 [core]2S(1.35)2p(4.52)
H 0.24 1S(0.75)
Cl −0.06 [core]3S(1.87)3p(5.17)3d(0.01)4p

(0.01)
F −0.31 [core]2S(1.84)2p(5.46)
C −0.05 [core]2S(1.14)2p(2.89)3p(0.01)3d

(0.01)
CH2ClF/
SiCGeNT

Si 1.87 [core]3S(0.69)3p(1.41)3d(0.03)
C −1.87 [core]2S(1.35)2p(4.52)
Ge 1.75 [core]4S(0.86)4p(1.38)4d(0.01)5p

(0.01)
H 0.24 1S(0.75)
Cl −0.05 [core]3S(1.87)3p(5.16)3d(0.01)4p

(0.01)
F −0.31 [core]2S(1.85)2p(5.46)
C −0.06 [core]2S(1.14)2p(2.89)3p(0.01)3d

(0.01)

All values calculated by the PBE0/6-311G(d) level of theory.
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QTAIM method proposed by Bader et al [80–85]. 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 categories: (1)
Atomic critical point (ACP), which denotes the geometrical
position of an atom or nucleus (other than hydrogen), and
geometrically represents a local maximum point of electron
density in all three directions of space; (2) bond critical point
(BCP), which indicates a critical point related to a bond or
physical or chemical interaction (in reality, this point rep-
resents a saddle point with two directions of maximum elec-
tron density and one direction of minimum electron
density); (3) ring critical point (RCP) [86, 87], which denotes
a ring or set of atoms forming a ring (geometrically, it is a sad-
dle point with the minimum electron density in one direction
and in the other two directions); and (4) cage critical point
(CCP), which is observed when multiple rings form a cage
(geometrically, this point is a local minimum point in all
three directions of space). Poincaré-Hopf relationship should
be satisfied to verify if all CPs may have been found as follows
[88, 89]:

n(ACP) − n(BCP) + n(RCP) − n(CCP) = 1 (21)

The eigenvalues of Hessian matrix, λ1 and λ2, are negative
and | λ1 | < | λ2 | for the BCP. λ1 and λ2 are perpendicular to
the bonding path, and λ3 is a positive value along the bonding
path. For the QTAIM analysis, is it necessary to know the

electron density ρ(r) and Laplacian electron density ∇2 ρ(r).
The ρ(r) and∇2ρ(r) play an important role in the segmentation
and identification of different types of chemical interactions. A
BCP with negative values of ∇2ρ(r) and large values of ρ(r) (of
orders exceeding 10−1 a.u.) is defined as a shared (covalent)
intermolecular interaction. Also, when ∇2ρ(r) is positive, the
interactions can be classified as of the non-substrate close-
shell type (which include ionic and van derWaals interactions)
[90]. The elliptical bond (ɛ) [91] and the virial theorem [92] are
two other important factors in the classification of bonds. An
elliptical bond represents the electron density preferentially
accumulated on a plate containing the bond and is defined
as follows:

1 = l1
l2

− 1 where |l1| . |l2| (22)

Large values of ɛ 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) [93], the electron potential energy density V(r) [94], and
∇2ρ(r):

1
4
∇2r(r) = 2G(r)+ V(r) (23)

The balance between G(r) and V(r) reflects the nature of the
interaction, and therefore, the ratio of G/|V| can be used as an
appropriate index in link classification. If this ratio is less than
0.5, the nature of the interaction 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.
∇2ρ(r) < 0 and G/|V| < 0.5), the nature of the bond from
van der Waals interactions to strong covalent interactions. It
becomes covalent. It can also play a decisive role in controlling
the amount of ionic interaction for close-shell interactions (i.e.
∇2ρ(r) > 0 and G/|V| > 1), as they become stronger ionically
(and weakly electrostatic) by reducing interactions. Therefore,
the QTAIM topology analysis together with WBI analysis and
adsorption results expose an important trend: by increasing
the ionic character of atomic bonds in the nanotubes, the ten-
dencies of the gases to adsorb is also increased.

Considerable results can be obtained from reviewing Table
7. It is observed that in all adsorption sites Laplacin of electron

Table 6. The donor-acceptor NBO interactions and second order perturbation
energies (E(2)) for the CFM clusters with SiCNT and SiCGeNT.

Systems Donor NBO (i) Acceptor NBO (j) E2 (kcal/mol)

CH2ClF/SiCNT BD (Si-C) BD*(C-H) 0.88
BD (Si-C) BD*(C-Cl) 0.06
BD (Si-C) BD*(C-F) 0.22
BD (Si-C) RY*(F) 0.07
BD (Si-C) RY*(H) 0.1

CH2ClF/SiCGeNT BD (Si-C) BD*(C-H) 0.4
BD (Si-C) BD*(C-Cl) 0.15
BD (Ge-C) BD*(C-F) 0.39
BD (Ge-C) RY*(F) 0.08
BD (Ge-C) RY*(H) 0.11
BD (Ge-C) RY*(H) 0.09

All values obtained from completed nanotubes at the PBE0/6-311G (d) level of
theory.

Table 7. The AIM topological parameters, including electron density (ρ(r)), Laplacian of electron density (∇2ρ(r)), the kinetic electron density G(r), potential electron
density V(r), eigenvalues of Hessian matrix (λ) and bond ellipticity index (ε) at BCPs of the CFM clusters with SiCNT and SiCGeNT.

Systems Bond ρ ∇2r G(r) V(r) G(r)/V(r) λ1 λ2 λ3 ε

CH2ClF C-H 0.2788 −0.9946 0.0287 −0.3061 0.0939 −0.7828 0.5499 −0.7617 0.0277
C-Cl 0.1765 −0.1940 0.0597 −0.1680 0.3557 −0.2799 0.3517 −0.2657 0.0532
C-F 0.2550 −0.1198 0.3286 −0.6872 0.4782 −0.4988 0.8082 −0.4292 0.1621

SiCNT Si-C 0.1230 0.3720 0.1620 −0.231 0.7010 −0.168 0.6790 −0.139 0.2110
SiCGeNT Si-C 0.1233 0.3721 0.1620 −0.2309 0.7014 −0.1682 0.6791 −0.1388 0.2121

Ge-C 0.1391 0.1714 0.1250 −0.2072 0.6034 −0.1495 0.4817 −0.1607 0.0748
CH2ClF/SiCNT F-C 0.0074 0.0209 0.0043 −0.0033 1.2818 −0.0054 0.0304 −0.0041 0.3019

F-Si 0.0193 0.0363 0.0113 −0.0135 0.8355 −0.0119 0.0599 −0.0117 0.0208
C-H 0.2809 −1.0330 0.0268 −0.3119 0.0861 −0.7800 0.5477 −0.8007 0.0265
C-Cl 0.1823 −0.2151 0.0614 −0.1767 0.3478 −0.2916 0.3528 −0.2764 0.0548
C-F 0.2378 −0.1492 0.2849 −0.6072 0.4693 −0.4376 −0.3655 0.6540 0.1971

CH2ClF/SiCGeNT F-Ge 0.0243 0.0633 0.0180 −0.0203 0.8905 −0.0178 0.0997 −0.0186 0.0414
C-H 0.2807 −1.0219 0.0276 −0.3107 0.0888 −0.7736 0.5469 −0.7953 0.0281
C-Cl 0.1837 −0.2207 0.0619 −0.1789 0.3458 −0.2792 0.3528 −0.2943 0.0538
C-F 0.2357 −0.1581 0.2780 −0.5955 0.4668 −0.4309 0.6325 −0.3597 0.1979

All values have been calculated using the PBE0/6-311G(d) level of theory from NBO analysis.
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energy density has a positive value, i.e. the bond is noncova-
lent. In the study of doped systems, we found that for the all
clusters the energy density and the energy density of Laplacin
are high indicating that there is a strong bond between the
nanotubes and the CFM molecule and the elliptical bond is
close to 0, which means the interaction is strong. As stated
above, the ratio G/|V | More than 1 means non-covalent bond-
ing, in the case of Ge-doped clusters these amounts are less
than 1. In other words, the results of QTAIM analysis also
confirm the strong adsorption of the CFM molecule on the
SiCGeNT which is illustrated in Figure 6.

The reduced density gradient (RDG) function as well as
signλ2(r)ρ(r) are used to evaluate the weak interactions.
These functions are categorised in the context of non-covalent
interaction methods which is powerful way to analyze the
types of intermolecular interactions. The RGD is defined as
follows [95, 96]:

RDGs = 1

2(3p2)
1
3

|Dr(r)|
r(r)

4
3

(24)

The strength of the interaction has a positive correlation
with electron density ρ(r) and the second largest eigenvalue
of the Hessian matrix (λ2). Thus, the real space function
signλ2(r)ρ(r) (the products of the signs of λ2 and ρ) can
be defined. The scatter graph of the sign of the λ2(r)ρ(r)
function (X-axis) and RDG (Y-axis) reveals the interaction
type between gases and nanotubes. 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, signλ2(r)ρ(r) < 0 (strong attraction),
signλ2(r)ρ(r) ≈ 0 (weak van der Waals interaction), and
signλ2(r)ρ(r) > 0 (strong repulsion (steric effect in ring))
[95, 96].

Using the isosurface RDG = 0.5 as a reference, it can be con-
cluded that after adsorption of the gas onto the outer surfaces
of the nanotubes, spots appeared around the region character-
ised by signλ2(r)ρ(r) ≈ 0. The interaction of gas with SiC nano-
tubes are in the range of strong van der Waals interactions in
nature. Significant changes in the overall features of the pris-
tine nanotubes graph (Figure 7) after the adsorption of gases
were observed in the region characterised as signλ2(r)ρ(r) <
0 (i.e. strong attraction), implying that the nanotube/gas inter-
actions were strong. Hence, this analysis also confirms the
results of the single-point energy calculations and NBO analy-
sis, namely that the interactions of CFM with SiCNT and SiC-
GeNT were strong.

In this study, the interactions between Chlorofluoro-
methane molecule and pristine and Ge-doped silicon carbide
nanotubes as were investigated using density functional fra-
mework. To this end, the structure of the nanotubes and
CFM molecule was optimised at the theoretical level of
PBE0/6-311G (d). Right after that B3LYP. CAM-B3LYP,

Figure 6. (Colour online) AIM molecular graphs for (a) CFM/SiCNT and (b) CFM/SiCGeNT systems. Orange dots represent the boundary critical points (BCPs).
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M06-2X, and ωB97XD functionals and same basis set were
also used to consider the contribution of long range inter-
actions and dispersion effect. QTAIM and NBO analyzes
were also implemented to consider the character of intermo-
lecular interactions. The results of all analyses are in agree-
ment and show: (1) Among the different positions studied
for pristine silicon carbide nanotube, the T1 position has
the highest absorption energy; (2) investigations in this
study show that the Ge atom can be substituted by Si
atom by chemical bonding and, as a binding element,
cause dramatic changes in the chemical, electronic and
mechanical structure of SiCNT nanotube; (3) the Ge-doped
SiCNT has a very high adsorption energy compared to
SiCNT, and is expected to be strong physical adsorption in
this case and appears to be a suitable sensor characteristic
option. Generally, we found that the adsorption tendencies
of the aforementioned gas molecule has a positive correlation
to the nature of the bonds in SiC nanotubes. Finally, we con-
clude that the SiCNT and SiCGeNT are favourable candi-
dates for utilisation as gas sensor devices to detect CFM
molecule.

4. Conclusion

In this study, the interactions between Chlorofluoromethane
molecule and pristine and Ge-doped silicon carbide nano-
tubes as were investigated using density functional theory
framework. To this end, the structure of the nanotubes
and CFM molecule was optimised at the theoretical level
of PBE0/6-311G (d). Right after that B3LYP. CAM-B3LYP,

M06-2X, and ωB97XD functionals and same basis set were
also used to consider the contribution of long range inter-
actions and dispersion effect. QTAIM and NBO analyses
were also implemented to consider the character of intermo-
lecular interactions. The results of all analyses are in agree-
ment and show: (1) Among the different positions studied
for pristine silicon carbide nanotube, the T1 position has
the highest absorption energy; (2) investigations in this
study show that the Ge atom can be substituted by Si
atom by chemical bonding and, as a binding element,
cause dramatic changes in the chemical, electronic and
mechanical structure of SiCNT nanotube; (3) the Ge-doped
SiCNT has a very high adsorption energy compared to
SiCNT, and is expected to be strong physical adsorption in
this case and appears to be a suitable sensor characteristic
option. Generally, we found that the adsorption tendencies
of the aforementioned gas molecule has a positive corre-
lation to the nature of the bonds in SiC nanotubes. Finally,
we conclude that the SiCNT and SiCGeNT are favorable
candidates for utilisation as gas sensor devices to detect
CFM molecule.
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from completed nanotube and PBEPBE /6-311G (d) level of theory. The left side diagrams are isolated nanotubes and the right side diagrams are CFM/nanotube
clusters.
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