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Abstract
The possibility of C2Cl2-sensing on C-NCS and CGe-NCS surfaces has been investigated using density functional theory in gas phase. The effects of N functionalization and DMSO on the adsorption of C2Cl2 gas on C-NCS and CGe-NCS surfaces were investigated. Results reveal that adsorptions of H2S on studied nanocone sheets are exothermic and experimentally possible from the energetic viewpoint. Results show that, Ead value of C2Cl2 on CGe-NCS surface are more negative than corresponding values of C-NCS. Results reveal that, N functionalization and DMSO causing an increase and decrease the absolute Ead values of C2Cl2 on studied nanocone sheets, respectively. These results show that, there are good linearity dependences between Ead and orbital energy values of studied nanocone sheets. Therefore we can conclude the Ead and orbital energy values of studied nanocone sheets can consider as important parameters to propose suitable nanocone sheets with enhanced C2Cl2 adsorption potential.
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Abbreviations
HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied molecular orbital), HLG (HOMO–LUMO gap), DFT (density functional theory), B3LYP (Becke 3-parameter Lee, Yang and Parr), DMSO (dimethyl sulfoxide), C-NCS (carbon nanocone sheet), CGe-NCS (carbon germanium nanocone sheet) and polarized continuum model (PCM), BSSE (basis set superposition error).
1 Introduction
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Dichloroacetylene is an oily pyrophoric chemical compound with the chemical formula C2Cl2. The compound is volatile at standard temperature and pressure and explodes on contact with air. It is a toxic compound. It displays nephrotoxic effects to rats, but not to humans. It can be made from the compound trichloroethylene. C2Cl2 has a toxic effect on humans who are exposed to it. The most common effect that the compound has on humans is the development of neurological disorders. 
These disorders can persist for any amount of time between a number of days and a number of years. Exposure to the chemical can also cause a large range of other symptoms, including a headache, vomiting and nausea, jaw pain, cranial nerve palsy, appetite loss, and acute lung edema. C2Cl2 level of carcinogenity in humans is not classifiable, although there are small amounts of evidence that suggest that the chemical is carcinogenic in animals.1, 2
 Studies on male rats and rabbits have shown that inhalation of C2Cl2 can cause tubular necrosis, focal necrosis, and other nephrotoxic effects. Additionally, the rabbits that were given C2Cl2 experienced hepatotoxic and neuropathological effects. Inhalation of C2Cl2 also causes benign tumors of the livers and kidneys of rats. The chemical also caused increased incidences of lymphomas.3, 4
The study of adsorption of toxic gas on the solid surface in order to identify the suitable sensor to remove or reduce the toxic gas are important in environmental issue. In recent years, nanostructure materials due to their superior sensitivity and especially large surface-to-volume ratio have been used in chemical gas detection, widely. Chemical functionalization of nanostructure is a commonly used method to improvement the physical and chemical properties of nanostructures as gas toxic sensor.5-8
Carbon nanocone sheet (C-NCS) has been successfully produced by controlled energetic electron irradiation through a layer-by-layer sputtering process and has wide gap semi-conductor. In addition to C-NCS, there are other nanocone sheets which are found experimentally such as carbon germanium nanocone sheets (CGe-NCS).The advantages of C-NCS and CGe-NCS as potential hydrogen storage material are (i) a large surface area for hydrogen adsorption, (ii) economical and scalable production, and (iii) the strongest material ever measured.9-12
In the current study, the interactions of C2Cl2 gas with C-NCS and CGe-NCS with disclination angles of 240° exploring its potential application as C2Cl2 gas sensor will be theoretically investigated. To our knowledge, no prior theoretical investigations have been reported on potential application of C-NCS and CGe-NCS as a C2Cl2 gas sensor. 
The N functionalization of nanostructures is very important and it can effectively change the electronic structures of nanostructures [13]. So in this study the effect of functionalization of C-NCS and CGe-NCS by N group on the C2Cl2 gas adsorption were investigated. Also the solvent effect on the C2Cl2 gas adsorption ability of C-NCS and CGe-NCS were investigated. Therefore obtained results in this paper can be useful for further studies related to the functionalization of the C-NCS and CGe-NCS as well as construction of a C2Cl2 storage material.
The fundamental objects of present work are: (1) to investigate the C2Cl2 adsorption on C-NCS and CGe-NCS surfaces; (2) to compare the C2Cl2 adsorption ability of C-NCS and CGe-NCS; (3) to identify the effect of N functionalization of studied C-NCSs and CGe-NCSs on adsorption of C2Cl2; (4) to explore how the solvent alter the C2Cl2 adsorption on studied C-NCS and CGe-NCS surfaces; (5) To find the C-NCS and CGe-NCS with highly effective detection of C2Cl2.
2 Computational details
In this paper, structure of C-NCS (constructed of 108 C atoms) and CGe-NCS (constructed of 54 C and 54 Ge atoms) with disclination angles of 240° and their N functionalized derivatives were geometry optimized in the gas phase and solvent. Also the structure of complexes of studied C-NCSs and CGe-NCSs with C2Cl2 molecule were geometry optimized in gas phase and solvent (structures were shown in figure 1). In order to avoid boundary effects, atoms at the open ends of the studied C-NCSs and CGe-NCSs were saturated with hydrogen atoms. All the calculations were performed using the DFT/B3LYP method and 6-31G(d,p) basis set within the GAMESS package.14, 15 
Also, harmonic vibrational frequencies have been calculated, enabling us to conﬁrm the real minima. Solvation effects were included through the use of the polarized continuum model (PCM).16 The B3LYP is a reliable and common used level of theory in the study of different nanostructures.17-19 A dielectric constant of 46.7 was used corresponding to that for dimethyl sulfoxide (DMSO) as the solvent. 
The adsorption energy (Ead) of C2Cl2 molecule on the C-NCS and CGe-NCS is obtained using the following equation:
Ead = E (nanocone sheet/C2Cl2) – E (nanocone sheet) – E (C2Cl2) + EBSSE       (1)
where E(nanocone sheet/C2Cl2) is the energy of C-NCS or CGe-NCS–C2Cl2 complex, and E(nanocone sheet) and E(C2Cl2) are referred to the energies of C-NCS or CGe-NCS and C2Cl2 molecule, respectively. The negative value of Ead indicates the exothermic speciﬁcity of the adsorption. The basis set superposition error (BSSE) has been corrected for all of the interactions.20
Figure 1. Complexes of C2Cl2 with C-NCS, CGe-NCS, N-C-NCS and N-CGe-NCS. 










3 Results and discussion
In this study the Ead values of C2Cl2 gas on C-NCS and CGe-NCS surfaces in gas phase and DMSO were investigated. The effects of N functionalization and DMSO as solvent on the adsorption of C2Cl2 gas on C-NCS and CGe-NCS surfaces were investigated. The EHOMO, ELUMO and EHLG (energy difference between HOMO and LUMO is termed the HOMO–LUMO gap (HLG)) of studied nanocone sheets were calculated. Also the dependences of between Ead values of C2Cl2 on studied nanocone sheet surfaces and corresponding values of EHLG of studied nanocone sheets were investigated.
3.1 The Ead values of C2Cl2 gas on studied nanocone sheet surfaces in gas phase and DMSO
The calculated Ead values of C2Cl2 gas on C-NCS and CGe-NCS and their N functionalized derivatives (N-C-NCS and N-CGe-NCS) in gas phase and DMSO are reported in the table 1. Results in table 1 show that, the Ead values of C2Cl2 on C-NCS and CGe-NCS in gas phase are -3.13 and -3.48 eV, respectively. Also the Ead values of C2Cl2 on C-NCS and CGe-NCS in DMSO are -2.94 and -3.25 eV, respectively. 
Results indicated that, CGe-NCS increase the absolute Ead values of C2Cl2 in comparison to C-NCS ca 0.35 and 0.31 eV in gas phase and DMSO, respectively. Also, results reveal that, DMSO as solvent decrease the absolute Ead values of C2Cl2 on C-NCS and CGe-NCS in comparison to gas phase ca 0.19 and 0.23 eV, respectively.
Results in table 1 show that, the Ead values of C2Cl2 on N-C-NCS in gas phase and DMSO are -3.66 and -3.48 eV, respectively. Also the Ead values of C2Cl2 on N-CGe-NCS in gas phase and DMSO are -4.06 and -3.87 eV, respectively. 
Results reveal that, N functionalization of C-NCS increase the absolute Ead values of H2S in comparison to C-NCS ca 0.53 and 0.54 eV in gas phase and DMSO, respectively. Also N functionalization of CGe-NCS increase the absolute Ead values of C2Cl2 in comparison to CGe-NCS ca 0.58 eV in gas phase and DMSO. Results indicated that, DMSO decrease the absolute Ead values of C2Cl2 on N-C-NCS and N-CGe-NCS in comparison to gas phase ca 0.18 and 0.19 eV, respectively.
Results reveal that Ead values of C2Cl2 on studied nanocone sheets and their N functionalized derivatives in gas phase and DMSO are negative. These results can be propose that adsorptions of C2Cl2 on studied nanocone sheets are exothermic and experimentally possible from the energetic viewpoint. Also these obtained results can show that C2Cl2 are stabilized by studied nanocone sheet surfaces in gas phase and DMSO. 
Results indicate that the absolute Ead values of the C2Cl2 on studied nanocone sheets decreased in the following order in gas phase and DMSO: C-NCS < N-C-NCS < CGe-NCS < N-CGe-NCS. In according to obtained Ead values of C2Cl2 on studied nanocone sheet surfaces in gas phase and DMSO, it can be concluded that N-CGe-NCS and C-NCS have higher and lower ability to adsorption of C2Cl2, respectively. 
Table 1. Calculated Ead of C2Cl2 on C-NCS, CGe-NCS, N-C-NCS and N-CGe-NCS surfaces in gas phase and DMSO.
	DMSO
	Gas phase
	Nanostructure

	-2.94
	-3.13
	C-NCS

	-3.25
	-3.48
	CGe-NCS

	-3.48
	-3.66
	N-C-NCS

	-3.87
	-4.06
	N-CGe-NCS


These results in this section can be interpreted with a known fact that Ge atoms in studied CGe-NCS stabilize the CGe-NCS and their C2Cl2-CGe-NCS complexes; hence, these results in increased absolute Ead in comparison to studied C-NCS in gas phase, DMSO. 
Also results show that in compare to gas phase, DMSO attenuate the absolute Ead values of C2Cl2 on studied nanocone sheet surfaces ca 0.197 eV. Fundamental reason for decrease in absolute Ead values in DMSO, could be an unequal stabilization/destabilization of the studied nanocone sheets and their complexes with C2Cl2 in DMSO.
The N substituent have the high delocalization energy or higher resonance energy and it can stabilize the studied nanocone sheets and their complexes with C2Cl2 remarkable, in gas phase and DMSO. Therefore the N functionalized nanocone sheet has the more negative Ead values and higher ability to C2Cl2 adsorption in comparison to non-functionalized nanocone sheet, in gas phase and DMSO.
Therefore results in this study show that, the N-CGe-NCS and C-NCS have the most and less absolute Ead values of C2Cl2 on studied nanocone sheet surfaces.
3.2 The EHOMO and ELUMO of studied nanocone sheets
In this work the EHOMO, ELUMO and EHLG values of C-NCS and CGe-NCS and their N functionalized derivatives were calculated and reported in table 2. In this section the dependences of between Ead corresponding EHOMO, ELUMO and EHLG values of studied nanocone sheets were investigated.
Results show that, calculated EHOMO values of studied nanocone sheets range from -5.58 to -6.12 eV. Among the studied nanocone sheets the absolute EHOMO values decrease in this order: C-NCS > N-C-NCS > CGe-NCS > N-CGe-NCS. As the maximum and minimum absolute value of the EHOMO value within studied nanocone sheets are for C-NCS and N-CGe-NCS, respectively. Therefore obtained absolute EHOMO values of studied nanocone sheets show that the N-CGe-NCS and C-NCS have higher and lower tendency to lose electron, respectively.
Results reveal that, calculated ELUMO values of studied nanocone sheets range from -3.57 to -3.94 eV. Among the studied nanocone sheets the ELUMO values decrease in this order: C-NCS < N-C-NCS < CGe-NCS < N-CGe-NCS. As the maximum and minimum ELUMO value within the studied nanocone sheets are for N-CGe-NCS and C-NCS, respectively. Therefore obtained ELUMO values of studied nanocone sheets show that the N-CGe-NCS and C-NCS have higher and lower capacity to accept electrons, respectively.
Results indicated that, calculated EHLG values of studied nanocone sheets range from 1.64 to 2.55 eV. The obtained EHLG values of studied nanocone sheets decrease in this order: C-NCS > N-C-NCS > CGe-NCS > N-CGe-NCS. As the minimum and maximum of the EHLG value within the studied nanocone sheets are for N-CGe-NCS and C-NCS, respectively. Therefore EHLG values of studied nanocone sheets show that the N-CGe-NCS have lower stability and higher reactivity and C-NCS have lower reactivity. 
Results in table 2 indicated that CGe-NCS have higher absolute ELUMO and EHLG and lower absolute EHOMO in comparison to C-NCS. In according to obtained results in table 2, it can be concluded that N functionalization of C-NCS and CGe-NCS increase the absolute ELUMO values and decrease the absolute EHOMO and EHLG values in comparison to C-NCS and CGe-NCS. Therefore N functionalization cause an increase in the C2Cl2 adsorption ability of C-NCS and CGe-NCS.  
In present paper we investigated the dependences between Ead values of C2Cl2 on studied nanocone sheet surfaces and corresponding EHOMO, ELUMO and EHLG values of studied nanocone sheets. The computed Ead values of C2Cl2 on studied nanocone sheet surfaces are corrected against corresponding calculated EHOMO, ELUMO and EHLG values of studied nanocone sheets. Equations obtained from the linear regression are as follows:
Ead = – 1.71 × (EHOMO) – 13.54 		                                                                            (2)
Ead = 2.49 × (EHOMO) + 5.72	                 	                                                                            (3)
Ead = 1.03 × (EHLG) – 5.74     	                      	                                                                            (4)
The correlation coefficients of equations 2, 3 and 4 reached ca 0.985, 0.992 and 0.990, respectively. These results show that, there are good linearity dependences between Ead and orbital energy (EHOMO, ELUMO and EHLG) values of studied nanocone sheets. 
Obtained equations enable fast Ead value estimations for studied nanocone sheets from the corresponding orbital energy (EHOMO, ELUMO and EHLG) values. This can be useful in the selection of suitable nanocone sheets with enhanced C2Cl2 adsorption potential. 
As mentioned in tables 1 and 2, this can be concluded the calculated Ead and orbital energy scales have same trends for averment C2Cl2 adsorption potential of studied nanocone sheets. Results indicate that C2Cl2 adsorption potential of suitable nanocone sheets in according to Ead and orbital energy scales decreased in the following order: C-NCS < N-C-NCS < CGe-NCS < N-CGe-NCS. Therefore results in this study, reveal that N-CGe-NCS has highest and C-NCS has lowest C2Cl2 adsorption potential among studied nanocone sheets.
Finally higher absolute Ead and ELUMO values and lower EHOMO and EHLG values for studied nanocone sheets are appropriate benchmarks to approval the C2Cl2 adsorption potential. Therefore we can conclude the Ead, EHOMO, ELUMO and EHLG values of studied nanocone sheets can consider as important parameters to predicate and propose suitable nanocone sheets with enhanced C2Cl2 adsorption potential.
Table 2. Calculated EHOMO, ELUMO and EHLG of C-NCS, CGe-NCS, N-C-NCS and N-CGe-NCS.
	EHLG
	ELUMO
	EHOMO
	Nanostructure

	2.55
	-3.57
	-6.12
	C-NCS

	2.16
	-3.69
	-5.85
	CGe-NCS

	2.03
	-3.74
	-5.77
	N-C-NCS

	1.64
	-3.94
	-5.58
	N-CGe-NCS


Conclusion
In this study the Ead values of C2Cl2 gas on C-NCS and CGe-NCS surfaces in gas phase were investigated using density functional theory calculations. The effects of N functionalization and DMSO on the adsorption of C2Cl2 gas on C-NCS and CGe-NCS surfaces were investigated. Results reveal that adsorptions of C2Cl2 on studied nanocone sheets are exothermic and experimentally possible from the energetic viewpoint. Results show that, Ead value of C2Cl2 on CGe-NCS surface are more negative than corresponding values of C-NCS. Results reveal that, N functionalization and DMSO causing an increase and decrease the absolute Ead values of C2Cl2 on studied nanocone sheets, respectively. Results show that, there are good linearity dependences between Ead and orbital energy values of studied nanocone sheets. Therefore we can conclude the Ead and orbital energy values of studied nanocone sheets can consider as important parameters to propose suitable nanocone sheets with enhanced C2Cl2 adsorption potential. 
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