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ABSTRACT
In this work, geometries, stabilities and electronic properties of carbon monoxide (CO) molecule as an adsorbent on simple carbon nanotube (CNT) and N, B, S-doped carbon nanotubes (NCNT, BCNT and SCNT) with parallel and perpendicular configurations are fully considered using ONIOM, natural bond orbital (NBO), and quantum theory of atom in molecule (QTAIM) calculations. The adsorption energies (Ead) demonstrate that CO molecule could be adsorbed on the surface of the simple carbon nanotube with parallel configuration (CNT-p) and N-doped carbon nanotube with perpendicular configuration (NCNT-d) in exothermic process. QTAIM calculations are showed the close-shell (non-covalent) interactions between CO molecule and CNT or N, B, S-doped CNTs. Also, the energy gap (Eg) values between the highest occupied molecular orbital and the lowest unoccupied molecular orbital are calculated. In accordance to the results of energy gap, simple and N-doped carbon nanotubes could be used as CO-sensors. 



Introduction
[bookmark: _Hlk15715494]The adsorption of gaseous molecules on the surface of carbon nanomaterials, especially carbon nanotubes (CNTs), has awakened an enormous interest in industrial, environmental, and medical monitoring.1-5 Various small molecules such as NO2, NH3, O2, CH4, H2O and N2 were determined to be adsorbed on the surface of various nanotubes and their related nanostructures.6-10 In particular, the adsorption of carbon monoxide (CO) on the surface of nanomaterials has attracted a great deal of attention due to its effect on air pollution and human’s health. CO detection technology has been developed over the common approaches contain electrochemical, catalytic combustion and semiconductor devices.11-13 In recent years, different kinds of nanotubes have been designed to detect small concentration of CO such as boron nitride 










nanotubes (BNNTs),14-15 silicon carbide nanotubes,16 Gallium phosphide nanotubes,17 TiO2 nanotubes18-19 and MgO nanotubes.20 Among different sensor materials, carbon nanotubes have been widely used for the adsorption of CO molecules due to their extraordinary electronic, mechanical and chemical properties.21-22 Also, the sensitivity of graphene to CO has been indicated by experimental and theoretical studies.23 
Nowadays, doped carbon nanostructures have attracted widespread attention due to their excellent physical, chemical and mechanical properties as well as their potential applications in electronics, sensors, supercapacitors and batteries.24 It is demonstrated that surface-modifications via doping of heteroatoms (such as boron and nitrogen) can tailor the gas sensitivity of nanostructures. Substitutional doping of carbon nanostructures creates charged sites and consequences in redistribution of spin and charge densities in nanostructures.25 For example, B and N-doped carbon  nanostructures are p-type and n-type conductors, respectively. Therefore, N and B impurities could enhance the conductivity and chemical reactivity of carbon nanostructures.26-30 An early study showed that nitrogen-doped carbon nanotubes (NCNTs) have significantly modified the physical and chemical properties of simple CNTs and NCNTs are more sensitive to CO molecules.31 It is well known that S-doped carbon nanostructures could act as n-type conductors. This is mainly believed that due to the S lone-pair electrons, it can provide additional negative charges for the π system of carbon lattices.32 The design of new nanostructures plays a key role in the development of sensor device technologies and applications. In this way, calculating the structural properties and interactive energies (in the gas or solvent) is a key to tailoring the technologically important physical properties of sensing materials. Therefore, density functional theory (DFT) has been widely used to calculate adsorption energies of gas molecules on the surface of doped nanotubes because these properties cannot be studied completely by experiments.33 For instance, our previous studies indicated that doped carbon nanostructures were dramatically sensitive to the adsorption of small molecules.34-40 However, to date there have been no systematic comparative studies of doped nanostructures with different doping atoms. The current investigations suggest that DNTs with different dopant atoms (N, S and B) will show various chemical activities to adsorption of CO molecule. 
In spite of several theoretical studies on the adsorption of CO molecule by several nanomaterials, only a few works have been reported on the sulfur doped CNTs and any works related to the comparison between various dopant atoms have not been observed in the adsorption of CO molecule by DNTs. In this study, ONIOM calculations were employed to investigate the comparison between the CO-sensor abilities of simple and N, B, S-doped carbon nanotubes. Moreover, adsorption energies, optimized parameters and the molecular orbital properties like HOMO and LUMO energies, energy gap (Eg) and density of states (DOS) plots have been calculated using
ωB97X-D/6-31G* calculations. The results of these computations and the related details will be presented in the next sections.
Methods 
All calculations such as geometry optimizations and solvent effects have performed using GAMESS program.41,42 For these calculations, density functional theory (DFT) with ONIOM (ωB97X-D/aug-cc-pvdz and ωB97X-D/3-21G) level of theories have been employed.43 The optimizations of all structures were performed without symmetry constraint or pre-defined conformational structures. The absence of imaginary frequency verified that a structure was a true least at its respective level of theory. The results of frequency calculations were used after applying appropriate scaling factor.44 The effects of solvent were studied through SCRF keyword using Tomasi's polarized continuum (PCM) model.45 Three solvents, two polar (water with ε=78.355 and acetone with ε=20.493) and one nonpolar (cyclohexane with ε=2.017), were selected to study of the solvent effect on the adsorption energies. These values in both gas and solvent phase obtained from the Gibbs free energies (ΔGad) that were calculated for CNT and DNTs according to equation 1.

∆Gad=GCNT-CO − (GCNT+GCO)                       (1)

NBO calculations of all structures were performed using the NBO.46 Also, QTAIM analyses were employed using the AIMAll 15.09.27 program.47 Density of state (DOS) plots were obtained from the GaussSumm 2.2.1 program.48 

Results and discussions 
3.1. Optimized Structures
In this work, first the structures of CNT and DNTs containing one doped atom like sulfur, nitrogen and boron (named as SCNT, NCNT and BCNT respectively) in the zigzag (5,5) CNT with 58 carbon atoms were optimized. To simplify the calculations, both ends of the CNT and DNTs were saturated with hydrogen atoms (10 hydrogens at both ends, totally 68 atoms). Afterward, to obtain the most stable configurations of CO molecule on the surface of CNTs, one CO molecule was located at two different configurations. In the first position (perpendicular, named as d position) CO molecule was placed vertically versus the orientation of CNT, and at the second position (parallel, named as p position) CO molecule was parallel with the orientation of CNT. Regarding the multiplicity of models, the acronyms were used including the simple and S, N and B-doped carbon nanotubes with perpendicular CO molecule with CNT-d, SCNT-d, NCNT-d and BCNT-d respectively and the simple and S, N and B-doped carbon nanotubes with parallel CO molecule with CNT-p, SCNT-p, NCNT-p and BCNT-p respectively. The optimized structures of the most stable configurations of CO molecule on their surfaces were illustrated in Fig.1. As shown in this figure, both N and B atoms retain on the surface of NCNT and BCNT but the S atom was on the top of the surface of SCNT (at the distance of 0.23 Å). In addition, optimized parameters of all structures were extracted and the results are shown in Table 1.
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Figure 1. Optimized Structures of CNT and DNTs
The distance of carbon-dopant atom is found 1.811 Å for S-C, 1.467 Å for N-C and 1.560 Å for B-C compared with the distance of C-C band in simple CNT, 1.45 Å. These consequences are in accordance with X-Ray data and previous theoretical works in DNTs.27,49 Also, the distance of dopant atom and carbon atom of CO (X-C(CO)) in parallel (p) and perpendicular configurations (d) of CNT and DNTs are between 1.136-3.365 Å and 1.952-4.035 Å respectively. Therefore, these values demonstrate that the CO molecule will have better interaction in p configurations.
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	Table 1. Optimized Parametersa for All Structures

	Molecule
	C-X
	Complex
	X-C(CO)
	X-C-O
	Complex
	X-C(CO)
	X-C-O

	CNT
	1.45
	CNT-d
	1.136
	169
	CNT-p
	3.252
	96

	SCNT
	1.811
	SCNT-d
	3.365
	173
	SCNT-p
	4.035
	162

	NCNT
	1.467
	NCNT-d
	1.439
	136
	NCNT-p
	2.285
	101

	BCNT
	1.560
	BCNT-d
	1.570
	177
	BCNT-p
	1.952
	71

	aBond lengths (C-X and X-C(CO)) in A° and bond angles (X-C-O) in degrees



3.2. Adsorption energies in the gas and solvent
[bookmark: _Hlk8467268]One of the most significant parameters to determine the strengths of interactions is adsorption energies (Ead). As previously mentioned, the adsorption energies in both gas and solvent phase obtained from the Gibbs free energies (ΔGad), and these values (shown in Table 2) for all interactions of CO molecule with CNT and DNTs in the gas phase were calculated by
6-31G* basis set for optimizations. Moreover, regarding solvation effects, adsorption energies in three solvents (water, acetone, and cyclohexane) were calculated by PCM using 6-31G* basis set, and the results are illustrated in Table 2. It should be noted that, the negative values of ΔGad in both gas and solvent phase demonstrate that the interaction of CO molecule with simple CNT-p (between -23.23 and -23.13 kcal/mol) and NCNT-d (between 
-8.34 and -8.03 kcal/mol) was energetically favorable and the adsorption process was effective. In the gas phase, the ∆Gad values are between -23.13 and 30.41 kcal/mol for CNTs and between -8.30 and 45.58 kcal/mol for DNTs. These values are in the range of 18.14 and 27.49 kcal/mol for SCNT complexes, -8.30 and 45.58 kcal/mol for NCNT complexes and 8.44 and 8.45 kcal/mol for BCNT complexes. Based on the results, CO molecule has a decent adsorption on BCNTs in comparison to other DNTs. In the solvent phase, all adsorption energies are between -23.22 and 30.15 kcal/mol for CNTs and between -8.03 and 46.23 kcal/mol for DNTs. So, the values of ∆Gad in solvent phase showed that solvent increased the ability of simple CNTs to adsorbed CO molecule. Also, climbing the values of ∆Gad in solvent phase for all DNTs indicate that DNTs have become solvated by the solvent molecules, and this matter affected their ΔGad values. In addition, the adsorption of CO molecule on the surface of CNT and DNTs in cyclohexane needed less energy compared to the other solvents (water and acetone) since the molecules of cyclohexane is nonpolar, and their solvation effects are low.


	[bookmark: _Hlk15682706]Table 2. Relative Gibbs Free Energies (in kcal/mol. ∆Grela) and Adsorption Energies (in kcal/mol. ∆Gad) of CO Molecule on the Surface of DNTs in the Gas Phase and Three Solvents Using PCM Compared with Simple CNT

	
	∆Grela
	 
	 
	 
	∆Gad
	 
	 
	 

	Complex
	Gas
	Acetone
	H2O
	CHa
	Gas
	Acetone
	H2O
	CHa

	CNT-d
	53.54
	52.97
	52.93
	53.33
	30.41
	29.75
	29.70
	30.15

	CNT-p
	0
	0
	0
	0
	-23.13
	-23.22
	-23.23
	-23.18

	SCNT-d
	9.35
	7.39
	7.20
	8.73
	27.49
	25.86
	25.69
	26.99

	SCNT-p
	0
	0
	0
	0
	18.14
	18.46
	18.49
	18.26

	NCNT-d
	0
	0
	0
	0
	-8.30
	-8.09
	-8.03
	-8.34

	NCNT-p
	53.89
	54.28
	54.26
	54.15
	45.58
	46.19
	46.23
	45.80

	BCNT-d
	0
	0
	0
	0
	8.45
	10.76
	11.02
	9.14

	BCNT-p
	0
	0
	0
	0
	8.44
	10.72
	10.96
	9.14

	aCyclohexane



The Gibbs free energy differences (∆Grela) of interaction CO molecule with CNT and DNTs with p and d configurations are shown in Table 2. As shown in table 2, the difference of energy between CNT-d and CNT-p is 53.54 kcal/mol in the gas phase, so the p configuration is more stable than d configuration in simple CNT. Also, the p configuration of SCNT is more stable than d configuration, 9.35 kcal/mol. In contrast, the d configuration of NCNT is more stable than the p configuration, 53.89 kcal/mol. The ∆Grela of BCNT complexes is very low and the CO molecule could be perpendicular (d) or parallel (p) on the surface of BCNT. The results of ΔGrela in three solvents were obtained from Gibbs free energies of solvation in the solvents. The instructions of ΔGrela in the solvents were similar to the gas phase, and it is observed that the solvents did not change the stability of the CO molecule at the surface of CNT.
3.3. QTAIM Analyses
Quantum theory of atoms in molecule (QTAIM) analyses is the most valuable ways to calculate intermolecular interactions and consider the nature of interactions between CO molecule and CNT or DNTs. The electron density (ρ) and Laplacians of electron densities (▼2ρ) at the bond critical points (BCP) for all structures are shown in Table 3. The values of ▼2ρ are in the ranges of 1.84×10-2 to 3.10×10-1 e/a05 for CNTs, 4.21×10-2 to 1.39×10-1 e/a05 for SCNTs, 8.76×10-2 to 5.92×10-1 e/a05 for NCNTs and 1.76×10-2 to 2.39×10-2 e/a05 for BCNTs. In this regard, the positive values of ∇2ρ (at critical points) indicate that the nature of these interactions is non-covalent. Based on the values of electron densities, the orders of ▼2ρ are the same as stabilities and the values of ▼2ρ increased through increasing the stability of complexes.


	Table 3. Electron Densities (ρ). Laplacian of Electron Densities (▼2ρ) for Interaction of CNT and DNTs with CO Molecule

	Complex
	ρ (e/a03)
	▼2ρ (e/a05)
	Complex
	ρ (e/a03)
	▼2ρ (e/a05)

	CNT-d
	2.23×10-1
	1.84×10-2
	CNT-p
	6.79×10-3
	3.10×10-1

	SCNT-d
	1.78×10-1
	4.21×10-2
	SCNT-p
	4.09×10-2
	1.39×10-1

	NCNT-d
	1.21×10-1
	5.92×10-1
	NCNT-p
	5.48×10-2
	8.76×10-2

	BCNT-d
	7.11×10-3
	2.39×10-2
	BCNT-p
	6.05×10-3
	1.76×10-2



	[bookmark: _Hlk8600277]Table 4. The Most Important Acceptor–Donor Second Order Perturbation Energies (in kcal/mol. E2) for Interactions of CNT and DNTs with CO Molecule. Obtained from NBO Calculations

	Complex
	Donor
	Acceptor
	E2
	Donor
	Acceptor
	E2

	CNT-d
	σ C- C
	σ* C-O 
	8.33
	LP O
	σ* C-C
	7.77

	CNT-p
	σ C- C
	σ* C-O 
	1.31
	LP C(CO)
	σ* C-C
	1.87

	SCNT-d
	LP S
	σ* C-O 
	1.61
	LP C(CO)
	σ* S-C
	0.22

	SCNT-p
	LP S
	σ* C-O 
	0.48
	LP C(CO)
	σ* S-C
	0.17

	NCNT-d
	σ N- C
	σ* C-O 
	8.78
	LP O
	σ* N-C
	7.05

	NCNT-p
	LP N
	σ* C-O 
	6.08
	LP C(CO)
	σ* N-C
	0.75

	BCNT-d
	σ B- C
	σ* C-O 
	4.51
	σ C-O 
	σ* B-C
	0.63

	BCNT-p
	σ B- C
	σ* C-O 
	17.11
	LP O
	σ* B- C
	11.08




3.4. NBO Analysis
Natural Bond Orbital (NBO) analysis is useful tools to assess the intramolecular interactions (second-order perturbation energies, E2) with high precision. The most important second-order perturbation energies (in kcal/mol) for interaction of CO molecule with CNT and DNTs extracted from NBO analysis are shown in Table 4. The values demonstrate that in the complexes of CNT and DNTs the σ-orbital of C-C, N-C, B-C and C-O bonds and the lone pair orbitals of O, S, N and C act as an electron donor, and the antibonding orbitals of CO molecule and X-C bond (X= S, N, B and C) act as an electron acceptor. In the most significant acceptor-donor interactions, the electrons in complexes of NCNTs were transferred from the σ-orbital of the N-C bond (σ N-C) or the lone pair orbital of N (LP N) as an electron donor to the antibonding orbitals of CO molecule (σ* C-O) as an electron acceptor with the energy in the range of 6.08-8.78 kcal/mol. In addition, the electrons could be transferred from the lone pair orbital of O (LP O) and the lone pair orbital of CO molecule (LP C(CO)) to the antibonding orbitals of N-C bond (σ* N-C) with the energy of 7.05 and 0.75 kcal/mol respectively. In the complexes of SCNTs, the electrons were partially transferred from the lone pair orbital of S (LP S) to the antibonding orbitals of CO molecule (σ* C-O) with the energy in the range of 0.48-1.61 kcal/mol. Moreover, the electrons were donated from the lone pair orbital of CO molecules (LP C(CO)) to antibonding orbitals of S-C bond (σ* S-C) with the energy in the range of 0.17-0.22 kcal/mol. In the complexes of BCNTs, the electrons were donated from the σ-orbital of the B-C bond (σ B-C) to the antibonding orbitals of CO molecules (σ* C-O) with the energy in the range of 4.51-17.11 kcal/mol. 
	Table 5. The Energy Gap (Eg) and Change in Energy Gap (ΔEg(%)) 

	Complex
	Eg
	∆Eg(%)

	CNT
	0.112
	-

	CNT-d
	0.141
	25.32

	CNT-p
	0.159
	42.01

	SCNT
	0.143
	-

	SCNT-d
	0.135
	5.33

	SCNT-p
	0.135
	5.26

	NCNT
	0.168
	-

	NCNT-d
	0.193
	14.52

	NCNT-p
	0.155
	7.73

	BCNT
	0.149
	-

	BCNT-d
	0.154
	3.36

	BCNT-p
	0.140
	5.75


Moreover, the electrons were transferred from the σ-orbital of the C-O bond (σ C-O) and the lone pair orbital of O (LP O) to the antibonding orbitals of B-C bond (σ* B-C) with the energy of 0.63 and 11.08 kcal/mol respectively. In the complexes of CNTs, the electrons were transferred from the σ-orbital of the C-C bond (σ C-C) to the antibonding orbitals of CO molecule (σ* C-O) with the energy in the range of 1.31-8.33 kcal/mol. Furthermore, the electrons were donated from the lone pair orbital of O (LP O) and the lone pair orbital of CO molecule (LP C(CO)) to the antibonding orbitals of C-C bond (σ* C-C) with the energy of 7.77 and 1.87 kcal/mol respectively.
3.5. Population analyses and DOS plots
In this part of work, the molecular orbital population analyses were employed to characterize the influence of the CO molecule adsorption on the electronic structure of the simple CNT and DNTs. The energy gaps (Eg) between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are listed in Table 5. According to the values of energy gap of CNTs and DNTs (from 0.112 to 0.193 ev), the Eg values of simple CNT was less than that DNTs and the highest values of Eg were found in NCNTs. Moreover, the density of states (DOSs) plots are illustrated in Fig. 2, to explain more about Eg and the electronic configurations for all interactions. The changes in energy gap (ΔEg(%)) caused significant changes in electric conductivity as defined in the equation (2).
σ ∝ exp (-Eg/2kBT)                                                  (2)                                                                   
[bookmark: _Hlk14744610]In this equation, σ is the electrical conductance, and k is the Boltzmann’s constant 50. Thus, the reduction of Eg in the complexes caused large changes in their conductivities. The values of change in energy gap (ΔEg(%)) were showed in the Table 5. These values were in the range of 3.36-42.01 eV. The larger values of ΔEg(%) were for simple CNTs (between 25.32-42.01 eV), and NCNTs (between 7.73-14.52 eV) in comparison to SCNTs and BCNTs. These considerable values of ΔEg(%) demonstrated that CNT have high sensitivity toward the adsorption of the CO molecule.
Conclusions
In this study, density functional theory (DFT), NBO, and QTAIM calculations were used to study the adsorption of CO molecule on the surface of CNT and DNTs (by one dopant atom of N, B and S in their structures). We have investigated two various configurations in which the CO molecule included perpendicular and parallel structures on the surface of CNT and DNTs. The adsorption energies of CO molecule on the surface of CNT showed that this interaction was exothermic for the parallel form of CNT (CNT-p) and the perpendicular form of NCNT (NCNT-d), especially in three solvents (acetone, water and cyclohexane).
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Figure 2. Density of States (DOS) Plots of CNT and DNTs with CO Molecule
 
Also, QTAIM analyses showed that the nature of all interactions was non-covalent and confirmed the potency of the interaction between CO molecule and NCNT in the perpendicular form. The distribution of electron density of atoms in the bonds was considered with NBO analyses. According to the results, the interaction between CO molecule and NCNT can be described as the donation of electron density from a lone pair orbital on N (LP N) to antibonding orbitals of CO molecule (σ* C-O). Finally, the change in the energy gaps (calculated from molecular orbital population analysis) showed that CNT and NCNT were dramatically sensitive to the adsorption of CO molecule and could be suitable for CO detections.
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