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Abstract 

        There are several uses for nanostructured gas sensors in environmental monitoring. 

Calcium oxide (Ca₁₂O₁₂) nanocages have significant surface area and unique structural 

characteristics, making them ideal for real-world sensing applications. Using dispersion-

corrected density functional theory (DFT) computations, we examined the adsorption of 

carbon monoxide (CO), nitrogen oxide (NO), and hydrogen cyanide (HCN) gases on 

(Ca12O12) nanocages that are doped with transition metals (TM = Sc to Zn) and those that are 

pure. Charge transfer, as demonstrated by the analysis of dipole moments, adsorption 

energies, molecular electrostatic potential (MEP), thermodynamic characteristics (Gibbs free 

energy, ΔG, and enthalpy, ΔH), molecular dynamics (MD) simulations, non-covalent 

interaction (NCI), natural bonding orbitals (NBOs), and the quantum theory of atoms in 

molecules (QTAIM) were all considered. The ΔG values of all complexes, except for the 

NO/CuCa11O12, NO, and HCN on CoCa11O12, NO, CO, and HCN on ZnCa11O12 complexes, 

were negative, suggesting weak adsorption. For optimal geometries, the binding energy of 

TM-doped Ca11O12 falls between -5.728 and -6.023 eV. The CO, NO, and HCN adsorption 

energies in pure Ca12O12 nanocages are -0.404, -0.671, and -0.423 eV, respectively. On the 

other hand, the interaction energies for CO /TM-doped Ca11O12, ranged from -0.172 (Zn) to      

-2.616 (Cr) eV; for NO/TM-doped Ca11O12, ranged from -0.149 (Zn) to 4.072 (Cr); and for 

HCN/TM-doped Ca11O12, ranged from -0.055 (Zn) to -2.556 (Ti) eV, respectively. 

Ultimately, TM-doped Ca11O₁₂ nanocages have the potential to improve the accuracy and 

reliability of hazardous substances, such as HCN, NO, and CO, detection in next-generation 

sensor technologies. 
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1. Introduction 

       The increased industrialization and urbanization of recent years have resulted in a serious 

problem with air pollution. Nanomaterial-based gas monitors are growing increasingly 

important because of the release of harmful gases. A significant problem facing the 

semiconductor industry now is figuring out the critical factors that affect how these gas 

molecules interact with nanomaterials. [1–3]. Since poisonous gases including NO, CO, and 

HCN are easily found in the air and pose a serious threat to human health due to their 

introduction through fuel burning, automobiles, and industrial operations, they are regarded 

as the main gaseous pollutants [4–6]. 

      Since CO is one of the most significant pollutants in the atmosphere, it has been 

extensively researched. Vehicles and industrial processes are the primary producers of this 

gas. CO can have harmful effects on both the human body and animal ecology. Most 

investigations have found CO gas in the 4–10 ppm range. There is no smell or color to this 

gas [7]. 

       Cyanides are poisonous substances that can be naturally occurring or man-made. They 

are primarily found in automobile exhaust and smoke. Common poisonous cyanides include 

HCN, potassium cyanide KCN, and sodium cyanide NaCN. HCN is highly hazardous to 

human health, affecting oxygen utilization through various routes [8]. Cyanides are 

commonly used in manufacturing processes like dye synthesis, nitriles, resins, fibers, 

pigments, electroplating, chelating agents, and metal extraction. Detecting HCN's presence or 

discharge is crucial for human safety [9, 10]. HCN and cyanogen chloride (CNCl) are volatile 

and have low boiling points, necessitating sensitive sensors for their detection. Due to the 

extremely dangerous nature of HCN gas, which is released while burning nitrogen that 

contains living materials and from the smoke of various tobacco products, its detection is 

essential for both environmental preservation and human safety. Such sensors are needed for 

this purpose; their energy gap may be adjusted by adsorbing a small amount of dangerous 

gases that produce a detectable signal. Defective SWCNTs can be thought to be effective 

HCN sensors, as demonstrated by Zhou et al. [11]. Zhang et al. [12] found that SWCNTs 

doped with boron atoms exhibit strong reactivity to the deadly cyanide molecule. Yang et al. 

[13] found that SWCNTs doped with silicon to detect HCN are an especially promising 

sensing material. In their work, Shi et al. [14] examined the electronic characteristics and 

adsorption energies of graphene doped with Cr, Mn, and Fe in the presence and absence of 

HCN adsorption. The kinetic, geometrical, and electrical characteristics of Si and Al-doped 

graphene in response to hazardous HCN were investigated by Rastegar et al. [15] using DFT. 
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       An extensive study on fullerenes has demonstrated that the spherical allotropes of carbon 

contain particularly fascinating features, ever since Kroto et al [16] discovered C60 fullerene 

in 1985. Extensive research is being conducted on novel nanoscale materials because of their 

unique properties and numerous possible uses [17–19]. Several research publications based 

on inorganic materials have recently been published that offer various forms of 

nanostructures that resemble fullerenes [20, 21].
 
These papers highlight the significance of 

inorganic nanocages, which have the generic formula (XY)n, where n is the total number of 

atoms in the structure. The nanocages (n = 12) are extremely stable [22–25]. This "magic 

number," [26], has not yet been satisfactorily explained, but what makes those nanocages 

(XY)12 intriguing is the fact that they meet the tetragonal rule. Those nanocages (XY)12 are 

made up of 6-squares and 8- hexagons. Within these cages, the most well-known 

nanostructures are B12N12 and Al12N12 [27, 28].  

       Many ways to produce exceptionally well nanostructured electronics with adjustable 

energy gaps (Eg) have been developed to enhance their semiconducting capabilities. One 

effective method for customizing the intrinsic characteristics of nano-cages is to dope them 

with metal atoms. Because of their varied characteristics over the whole periodic table, 

transition metals are intriguing dopants. Interesting features such as improved catalytic 

activity, electron retreating and donation ability, and light absorption spectrum tuning are 

obtained by doping transition metal (TM) on nanocages [29, 30]. Many investigations have 

found that materials with TM atoms on the surface, including metal oxide, graphene, 

phosphide, and metal nitride nanocages supply increased activity for gas detection and 

catalytic performance [31-35]. The 3D transition metal (TM) atoms adsorption onto 

monolayers has been investigated, revealing that the systems show significant promise 

potential 2D applications in spintronics and nanoelectronics [36, 37].  

      Because metal-oxide linkages are very ionic, (XY)12 nanoclusters containing metal 

oxides, such as Ca12O12, have certain notable properties. As such, the aforementioned 

clusters' chemical and physical characteristics were thoroughly investigated [38–41]. CaO in 

the form of nanoparticles is highly desirable; these particles have been prepared with an 

average crystallite size of around 4 nm and 500 m
2
 g

−1
  greater surface areas [42]. Because of 

the enormous surface areas and significant surface reactivity, these materials are regarded as 

effective adsorbents [42]. There was theory behind the CaO nanoclusters. The adsorption of 

CaO nanostructures and their electrical and structural characteristics after interacting with 

single molecules have been the subject of numerous studies recently [43]. Oliveria et al.'s 

recent study [44] evaluated the Ca12O12 nanocage cluster using quantum chemical techniques. 
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According to their findings, these nanostructures have potential applications in adsorption 

procedures, gas sensors, catalysis, and chemical moieties storage.  

       Omidi et al. [45] showed that doping of Sc significantly improved the conductivity 

characteristics of Be12O12, Mg12O12, and Ca12O12. Recent research by Sajid et al.
 
[46] showed 

that the trend Ca12O12 > Mg12O12 > Be12O12 was followed by various gaseous adsorption 

(N2O, NO2, NO, H2S, SO2, and SO3) onto three chosen nanocages .S. A. Jasim et. al. 

[47] study the reactivity and sensitivity of a CaO nanocage to aluminum phosphide using 

density functional theory calculations. Results suggest CaO nanocages could be effective 

sensors for Air Pollution (AP) molecule detection. R. Kartika et. al. [48] demonstrate how the 

adsorption activity and mustard gas electrical sensitivity toward a Ca12O12 nanocage are 

revealed by the DFT simulations. Mustard molecule identification is made easier by the 

interaction of Ca atoms with mustard, which improves electrical conductivity. The electrical 

properties of the nano-cage are dependent on the solvent.  H. Louis et. al. [49] study the 

efficient detection of phosgene using 3D nanomaterials Al12N12, Ca12O12, and Mg12O12, using 

density functional theory. Results show Ca12O12 is the best for phosgene gas adsorption due to 

stronger adsorptions and minimal energy gap. A.S. Rad et. al.  [42] study  water and 

hydrogen sulfide adsorption on Ca12O12 nanocages using DFT. Results illustrate that H2S 

dissociates during adsorption, increasing electrical conductivity and softness, suggesting 

potential for selective sensor design.  J.S. Al-Otaibi et. al.  [50] study the thymine derivatives 

interaction with Ca12O12 and Be12O12 nanocages using DFT. Results showed adsorption 

energies of -43.16, -60.06, -29.62, -50.71, -45.95, -30.27 kcal/mol for thymine, 1-amino 

thymine, and thymine glycol, supporting drug adsorption. M. M. Kadhim et. al [51] they 

inspect the effects of the edifenphos molecule on the reactance and electrical sensitivity of 

pure (CaO) nanocage. They showed that the edifenphos molecule strongly adsorbs calcium 

oxide nanocage, causing a decrease in Eg of CaO and increased electrical conductance. This 

affects the work function of CaO nano-cage, affecting field emission electron current. The 

recovery time for edifenphos desorption is about 99 ms, making CaO nano-cage a suitable 

sensor.  

       As far as we know, the effect of adsorption of several poisonous gases such as CO, NO, 

and HCN on the electric characteristics of TM-doped calcium oxide nanoclusters (TM = Sc to 

Zn) has not been examined and requires more investigation. In the current investigation, a 

DFT approach was implemented to inspect the impacts of CO, NO, and HCN molecules 

adsorption on the electrical and geometrical features of pure Ca12O12 nanocages as well as 

doped TM-Ca11O12 (TM= Sc to Zn) nano-cages. The electrical characteristics, energy 

parameters, and geometric optimization of all structures were examined using NBOs, MD 

https://pubmed.ncbi.nlm.nih.gov/?term=Al-Otaibi+JS&cauthor_id=38056182
https://link.springer.com/article/10.1007/s43153-022-00262-2#auth-Mustafa_M_-Kadhim-Aff1
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simulations ,QTAIM, and analysis of NCI. All of the geometry optimization calculations 

were conducted by DFT applying B3LYP-D3 functional and 6-311+G(d) basis set. The 

nature of the gas molecule's intermolecular interactions with the aforementioned nanocages 

was investigated. 

2. Theory and Computation 

       All of the investigated compounds' geometry was optimized using the Gaussian 09 suite 

of algorithms, which did not impose any symmetry requirements. [52]. The third version of 

Grimme's atomic pair-wise dispersion correction (D3) [53], along with the exchange-

correlation functional of Becke−3−Lee− Yang−Parr (B3LYP) [54], was empirically used for 

optimized geometry. The geometries were optimized using the (6-311+ G(d)) basis set in 

each case, and the same basis set was then used to calculate the single point energy that was 

corrected for basis set superposition error (BSSE) [55]. This combination is applicable to a 

wide range of chemical systems, including organic molecules, transition metals, and larger 

complexes, making it an ideal option for many research applications. To investigate the effect 

of the functional and basis set, calculations for CO, NO, and HCN molecules on the Ca12O12 

nanocage are performed at three levels: B3LYP/6-31+g(d), B3LYP/6-311+g(d), and 

PBEPBE/6-311+g(d), as shown in Table S1 in the supplemental information (SI), the 

acquired results are somewhat similar. We took into consideration the following convergence 

criteria: (i) convergence on energy = 1.00D-06, (ii) convergence on MAX density matrix = 1.00D-06, 

and (iii) convergence on RMS density matrix = 1.00D-08 within 128 cycles. The optimized 

geometries for each structure under investigation, as well as the adsorption energies and 

electronic characteristics of NO, CO, and HCN gases on both pure Ca12O12 and doped with 

3d Transition Metals (Sc to Zn) were calculated with the use of the Gauss View 5.0.8 

software package [56]. MD simulations are used to investigate the Ca11O11 stability and TM-

Ca11O11 clusters under investigation. The global reactivity parameters proposed by Koopmans 

and the systems frontier molecular orbitals (FMOs) were computed using Eg, lowest empty 

molecular orbitals (LUMOs) and highest occupied molecular orbitals (HOMOs) deduced 

from the FMOs studies. Following adsorption of the gaseous molecules, density of state 

(DOS) plots was used to investigate and validate the electronic mechanisms between the CO, 

NO, and HCN gaseous molecules and the pure Ca12O12 and doped Ca11O12 nanocage. The 

(NBOs) analysis was implemented [57]. The B3LYP-GD3/6-311+G(d) optimized geometries 

have been subjected to noncovalent interaction analysis and topological evaluation applying 

the QTAIM using version 3.7 of Multiwfn software [58].  To gain a comprehensive 

understanding of the nature of interatomic interactions. To visualize and produce isosurface 

maps, virtual molecular dynamics (VMD) software [59] has been utilized. 
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      Equations (1) and (2) was used to get the average binding energy per atom (  ) and the 

defect formation energy         for the TMCa11O12 nanocluster (TM = Sc to Zn).  
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Where,           
 is the optimized           nanoclusters total energies,    ,    , and 

   are the TM, Ca, and O isolated single atoms energies, respectively. 

    The energies (    ) of adsorption for the gas on the Ca12O12 and TMCa11O12 nanoclusters 

were calculated using Eqs. (3) and (4) [55], respectively.  

                    
             

                                              

                      
               

                                     

Where,             
,               

 ,         
 ,           

 ,      and       are the energies 

for the (           ,                complexes,         ,            substrate, free 

gases, and basis set superposition error (BSSE), respectively. The (BSSE) was  

taken into consideration while using the counterpoise method to correct the     . The 

negativity of      indicates an exothermic process, and its positivity indicates an endothermic 

process.  

      Global reactivity descriptions were taken into consideration using the extended 

Koopmans' theorem to further examine the stability and reactivity of the Ca12O12 nanocages, 

gases/Ca12O12 nanocage, TM-doped Ca11O12 nanocage, and gases/TM-doped Ca11O12 

nanocage. The electron affinity (EA) and ionization potential (IP) in Eqs. (5) and (6), 

respectively, are expressed using the generalized Koopman's theorem [60, 61] 

                                                                                                                           

                                                                                                                            

The Fermi level (EF) energies were estimated at T = 0 K [62,63]. Where is predicted as: 

                                                                                                 

Chemical softness (S), chemical potential (μ), electrophilicity (ω), and chemical hardness (η) 

can also be calculated using equations 7, 8, 9, and 10 based on [64].  
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The mean polarizability      and hyperpolarizability      are defined below [65-67]. 

   
 

 
(           )                                                                                            

      
    

    
  

 
                                                                                                      

 
where                  ,                   and                   

The total dipole moment     is obtained using the following equation: 

      
    

    
  

 
                                                                                                    

Equations (15), (16), and (17) examine the thermodynamic parameters such as ΔG,  ΔH, and 

entropy (ΔS) to better understand adsorbate-adsorbent interactions and ensure that all 

investigated configurations are matched to a minimum at the potential energy surface. 

                                                                                                        

                                                                                                                          

                                                                                                                                    

where in equation (15),         ,              and       were represented as the sum of 

thermal and electronic enthalpies of complex structures, TM-Nano-cage, and gas molecules 

respectively. In equation (16),         ,              and      were defined as the sum of 

thermal and electronic free energies of complex, gas and nanocage, respectively. The Gauss 

Sum software was utilized to determine the projected densities of states (PDOS) and sorbent 

clusters, gas-cluster complexes, and adsorbed gases densities (DOS) of states [68].  

3. Results and Discussion 

3.1. Structural Geometry 

       It was theoretically computed to use the B3LYP-GD3/6-311+G (d) to optimize the shape 

of the Ca12O12 nanocage and doped TM- Ca11O12 (TM=Sc to Zn) nanocage for sensing NO, 

CO, and HCN molecules. To satisfy the tetragonal rule, the nanocage under study is made up 

of 6-tetragonal and 8-hexagonal rings that collaborate to construct a nanocage Fig. 1(A). The 

optimized geometry configurations of pristine Ca12O12 were initially calculated. As depicted 

in Fig. 1(A), in Ca12O12 the oxygen and calcium bond that are shared between 6- and 6-

membered rings is 2.22 Å, 4- and 6-membered rings is 2.26 Å. The bond lengths are found to 

agree with previous computational results. [26,69-72]. The Eg value for Ca12O12 is 4.09 eV; 

the determined Eg agrees with earlier studies [69,70]. 

3.2. CO, NO, HCN Adsorption on the Pristine Ca12O12 

       Subsequently, Ca12O12 nanocages' adsorption structure and associated adsorption 

energies of NO, CO, and HCN were investigated. The optimized geometry configurations of 
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these gases are depicted in Fig. 1(B-D). The corresponding energetic and structural 

characteristics of the optimized Ca12O12, CO, NO and HCN adsorbed on Ca12O12 nanocages 

are listed in Table 1, Fig. 2(A-C), and the atomic coordinates are listed in Table S2 in SI.   

The adsorption energies of the CO, NO, and HCN molecules on the Ca12O12 nanocage are -

0.404, -0.671, and -0.423 eV, respectively, indicating the physical adsorption of the 

molecules onto the nanocluster. The negative binding energy values are indicative of the 

exothermic reaction. The adsorption energies indicate that this compound is weakly bound 

onto the Ca12O12 nanocage. The Ca12O12 nanocage was found to bind to NO, CO, and HCN 

molecules at distances of 2.79 Å, 2.83 Å, and 2.66 Å, in that order. To further recognize the 

electronic interactions between the NO, CO, and HCN molecules and the pure Ca12O12 

nanocages, the (HOMOs) and (LUMOs) are assessed. The (EHOMO), (ELUMO), (EF), and 

energy gap (Eg) values at the DFT/B3LYP-GD3 level are illustrated in Table 1. Figure 3 

displays the (PDOS), (HOMOs) and (LUMOs) surfaces for the free NO, CO, and HCN gases; 

Figure 4 displays the same information for the CO/Ca12O12, NO/Ca12O12, and HCN/Ca12O12 

complexes. While the HOMO is mostly found on the O atoms, the LUMO is split evenly 

between the O and Ca atoms. The pure Ca12O12's (HOMO) and( LUMO) are found at −5.28 

and −1.19 eV, respectively, according to Fig. 3a.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 1. Optimized structures of (A) Ca12O12 nanocage, (B) NO, (C) CO, and (D) HCN 

gases at (DFT/B3LYP-GD3/6-311+G (d) D3. Atoms are labelled as seen above 
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Fig.2. Optimal structures of :  (A) NO/Ca12O12, (B) CO/Ca12O12, and (C) 

HCN/Ca12O12 . All distances are in Å. 
 

Fig. 3. The (HOMO), (LUMO) and (PDOS) surfaces for relaxed structures of (a) Ca12O12, 

adsorbate  gases: (b) free CO, (c) free NO and (d) free HCN at B3LYP/6-311+G(D)D3 level of 

theory. 
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       The two occupied states, -10.54 and -13.50 eV, which correspond to the free CO 

molecule are shown in Fig. 3(b). The CO interaction in the CO-Ca12O12 complex caused to 

relocate, as seen in Fig. 4(a) to -11.25 and -13.50 eV, respectively, in the CO/Ca12O12 

complex. In contrast, Fig. 4(b) shows the LUMO and HOMO of Ca12O12 in CO/Ca12O12 to be 

at -5.28 and -1.19 eV, respectively. The CO molecule plays no part in the HOMO of 

CO/Ca12O12, which is (-5.28 eV) at the Ca12O12; the LUMO (-1.19 eV) is mostly localized to 

the CO molecule. For CO-Ca12O12, the HOMO is localized across the surface, whereas the 

LUMO is localized on CO. As can be seen in Figs. 3(c) and 4(c), where the LUMO and 

HOMO of NO in NO/Ca12O12 are found to be -4.61 and – 1.07 eV, respectively, because of 

adsorption The Ca12O12 DOS changes significantly , whereas the NO gas DOS changes just 

little. Furthermore, for NO/Ca12O12, the LUMO surface is -1.0 eV and is somewhat dispersed 

around the surface of cluster, while the HOMO is -4.61 eV and is solely found in NO gas. In 

the NO/Ca12O12 system, the HOMO was localized on the NO surface exclusively, while the 

LUMO was unlocalized at both the NO and Ca12O12 surfaces. Moreover, there is a DOS 

significant variation  before (Fig. 3d) and after (Fig. 4 e) for the interaction of HCN with 

Fig. 4. (HOMO), and (LUMO) surfaces for CO/Ca12O12, NO/Ca12O12, and 

HCN/Ca12O12  and (PDOS) for (a) CO in CO/Ca12O12, (b) Ca12O12 in CO/Ca12O12, 

(c) NO in NO/Ca12O12, (d) Ca12O12 in NO/Ca12O12 (e) HCN in HCN/Ca12O12, (f) 

Ca12O12 in HCN/Ca12O12.    
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Ca12O12. The LUMO and HOMO of Ca12O12 in HCN/Ca12O12, which are situated at -1.19 and 

-5.28 eV, respectively, are likewise impacted by the interaction (Fig. 4f).  In addition, the 

HCN/Ca12O12 complex's HOMO surface is (-5.28 eV) related to the Ca12O12 states, meaning 

it is only located at the Ca12O12, where the LUMO is (-1.19 eV) for both the Ca12O12 and the 

HCN gas states, meaning it is less dispersed across the cluster surface. For HCN, HOMO is 

localized only on the Ca12O12 surface, while LUMO is unlocalized at both the HCN and 

Ca12O12 surfaces. 

       Due to its poor adsorption of CO, NO, and HCN, the Ca12O12 nanocage will be 

insufficient to capture or store the three hazardous gases. Table 3 provides the tabulated 

global reactivity descriptors, which simply offer the data needed to appropriately predict the 

reactivity and stability of all the structures under consideration. Great levels of global 

softness correlate to great stability with low reactivity, limited global hardness and ionization 

potential values indicate a system with limited stability and strong reactivity [73–76]. The 

calculated global reactivity for pristine Ca12O12 is like those previously reported [77]. Table 3 

revealed the estimated values hardness, which were found to be 2.05, 4.69, 1.48, and 4.99 eV. 

Additionally, the ionization potential values for free pure Ca12O12, CO, NO, and HCN were 

determined to be 5.28, 10.54, 6.18, and 10.19 eV. The corresponding hardness and ionization 

potential values for CO/Ca12O12 (5.17 and 2.07 eV), NO/Ca12O12 (4.61 and 1.77 eV), and 

HCN/Ca12O12 (4.83 and 1.94 eV) were found, however, following the adsorption of the CO, 

NO, and HCN on the nanocages. While CO/Ca12O12’s highest IP and η values suggested a 

stable nanocluster in the chemical processes, NO/Ca12O12’s lowest values demonstrate its 

highest reactivity.  

3.3. Transition Metals (TM=Sc to Zn) Doped Ca12O12 

       The Ca atoms were then substituted by Transition Metals (TM=Sc to Zn) in the Ca12O12 

cages preparing TMCa11O12, the full optimization structures of which are illustrated in Fig. 5 

and their electronic properties are listed in Tables 2 and 3. The spin multiplicity, electronic 

arrangement, spin state, electronic state, and total electronic energy of TM in the gas phase 

are shown in Table S3 in SI. As can be seen in Table 2, the Ca–O bond length in pristine 

Ca12O12 was 2.266 Å which decreases to 1.946, 1.835, 1.812, 1.825, 1.845, 1.856, 1.887, 

1.853, 1.901, and 1.931 Å for the TM–O bond in TM Ca11O12 (TM=Sc to Zn), respectively. 

The findings demonstrate how doping influences the cluster shape, where the bond lengths of 

TM-O and TM-Ca are shorter than those of the corresponding Ca-O and Ca-Ca bonds. That 

is, local deformation in the clusters is caused by the doping of TM, and this could be because 

the doping TM atom is small in size. As illustrated in Table 2, the estimated    for Ca12O12 is 
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-5.82 eV, while the doping increases its values by 2.54%, 3.56%, 2.85%, 3.03%, 1.99%, and 

1.15% for ScCa11O12 to FeCa11O12, respectively.  Moreover,   values decreased to -0.40%, -

0.10%, -1.48%, and -1.51%, from CoCa11O12 to ZnCa11O12, respectively.  Following TM 

doping, the binding energy    exhibits a rising trend, as can be seen from the result in                 

Table 2, TiCa11O12Ca11O12 > CrCa11O12 > VCa11O12 > ScCa11O12 > MnCa11O12 > 

FeCa11O12>NiCa11O12 >CoCa11O12 >CuCa11O12 >ZnCa11O12.  Based on the negative values 

of   , we conclude that all the systems that are being studied are stable.  
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  The NBO evaluation has been presented to determine the atomic charges for the inspected 

clusters. The positive charges on TM atoms, negative charges on the nearest O atoms and 

positive charges on the nearest Ca atoms. It was found that the TM atoms in TMCa11O12 

(TM=Sc, Ti, V, Cr, and Mn) have +ve charges, while the nearest O atoms have -ve charges 

and the nearest Ca atoms have positive charges. It was discovered that the TM atoms in 

TMCa11O12 (TM=Fe, Co, Ni, Cu, and Zn) have +ve charges, the nearest O atoms have +ve 

charges while the nearest Ca atoms have negative charges. These findings validate charge 

transfer from TM to Ca11O12 and show that on Ca11O12, where the TM d orbitals overlap with 

the TM-O bonds sp4 orbitals to form the mixed sp4d hybridization and with the TM-Ca 

Fig.5. The optimized structures for Ca12O12 and TMCa11O12 (TM=Sc to Zn) 

computed at the B3LYP/6-311+G(D)D3 level of theory. 
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bonds 4s2 orbitals to form the mixed 4p2d hybridization, the TM atoms donate electrons to 

the neighboring Ca and O atoms. Table 3 provides the tabulated global reactivity descriptors 

for TM Ca11O12 (TM=Sc to Zn). The estimated IP for Ca11O12 (5.282) lowered by 3.24, 3.03, 

1.52, 2.66, 1.22, 2.15, 1.18, 1.30, 0.378, 0.253 from Sc Ca12O12 to Zn Ca12O12, respectively. 

Furthermore, EA (1.189) lowered by 0.12,0.05, -0.10, 0.15, 0.03, 0.13, 0.18, 0.15, 0.15, 0.17, 

respectively. In addition, η (2.047) lowered by 1.56, 1.49, 0.81,  1.26, 0.60, 1.01, 0.50, 0.57, 

0.11, 0.04, respectively. While S increased by 0.78, 0.66, 0.16, 0.39, 0.10, 0.24, 0.08, 0.10, 

0.02, 0.01, respectively. The preceding description indicates that all the structures under 

examination are stable.  

      We then looked at the impact of TM doping on the Ca11O12 nanocages electrical 

properties. For every nanocage that was considered, the (DOS) plots and the distribution of 

HOMO-LUMO are displayed in Figs (6,7). The energies of the HOMO and LUMO, as well 

as the ensuing energy gap (  ), were calculated from the DOS spectra and are shown in 

Table 3. About 0.98 eV, 1.11 eV, 2.47 eV, 1.58 eV, 2.90 eV, 2.07 eV, 3.10 eV, 2.95 eV, 3.86 

eV, and 4.01 eV are the   values of TM Ca11O12 (TM=Sc to Zn), in that order.  Moreover, 

Table 3  clearly shows that doping TM atoms on nanocages significantly reduces the   . The 

largest    reduction occurs when titanium and scandium atoms doped on the nanocages (0.98 

eV and 1.11 eV), but the minimum    reduction occurs when a zinc atom is doped (4.01 eV). 

This indicates that the kind of TM atom determines how much    is reduced. Therefore, the 

electrical conductance of all TM rises in the presence of the TM atom. The doping of TM 

atoms on Ca11O12, except for Cu and Zn, appears to release electron charge on the 

nanocluster and create a new HOMO level with a high energy level situated between the pure 

nanocage's LUMO and original HOMO, as depicted in Figs (6,7). This new HOMO level 

could be the cause of the notable decline in    values. 

       We employ, for instance, Ca12O12, Ti, Fe, and NO-CrCa11O12 to confirm the stability of 

the Ca12O12, TM-Ca11O12 and NO-CrCa11O12 nano-cages. To do this, we compute the potential 

energy fluctuation with time at 300 K using the atom-centered density matrix propagation 

molecular dynamics model (ADMP), as shown in Fig. 8.  Additionally provided are the 

atomic configurations following 300 fs. The examined nano-cages are found to be stable, as 

evidenced by the lack of deformation in their atomic structures and the negligible potential 

energy variation over time. 

        An important factor in determining a material's electrical conductivity (σ) is the energy 

gap (  ) value. The link between a material's    and σ may be represented mathematically as 

follows [78]: 
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where k and T are Boltzmann’s constant and the temperature, respectively. According to 

equation Eq. (18), a smaller H-L gap value leads to higher σ at a given temperature T. The 

electric conductivity of the doped Sc/Ca11O12 to Zn/Ca11O12 structures is indicated that the σ 

for Sc/Ca11O12 to Zn/Ca11O12 clusters is higher than that of the Ca12O12 cluster. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 CO, NO, and HCN adsorption on doped TM Ca11O12 nanocages 

       For figuring out how much the CO, NO, and HCN molecules interact with the doped 

TMCa11O12 nanocages. The computation of the interaction energies was done using the 

optimized geometries at the B3LYP-GD3 /6-311+G(d) level. Tables 4-6 show the estimated 

adsorption energies (Eads) for the molecules CO/TMCa11O12, NO/TMCa11O12, and 

Fig.6  the (HOMOs), (LUMOs) distribution and density of states (DOS) plots 

for all considered nanocages. 
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HCN/TMCa11O12, in that order. The corresponding optimized geometries are displayed in 

Figs. 9-11. It should be noted that the density functionals B3LYP were employed in the 

counterpoise.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      The results of Table 4 indicate that the CO molecule's adsorption energies on ScCa11O12 

to ZnCa11O12 vary from -0.172 to -2.616 eV. The estimated energy only slightly decreases 

when the BSSE-corrected values are detected within the same range. The BSSE-corrected 

energies are found to be between -0.158 and -2.614eV for ScCa11O12 to ZnCa11O12 surfaces. 

The observed minima and maxima values in the CO/TMCa11O12 adsorption energies are 

explained by the specific effects caused by the various types of TM. The minima adsorption 

energy is observed in the case of CO/ZnCa11O12(-      eV), the maxima adsorption energy is 

observed for CrCa11O12 (-2.616 eV). Doping improves adsorption by chemically adsorbing 

Fig.7 (continued) 
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CO on TMCa11O12 (TM=Sc-Cu) at 1.71Å to 2.28Å distances, whereas the ZnCa11O12 is 

physically bonded having values of Eads < -0.2 eV) [79] at distance 3.24Å.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.  Potential energy fluctuations during MD simulation at 300 K and the atomic 

configuration  after 300 fs of (a) Ca12O12, (b) Ti- Ca11O12, (c) Fe-Ca11O12, (d) Cr-Ca11O12.  
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      The results of Table 5 indicate that the NO molecule's adsorption energies on ScCa11O12 

to ZnCa11O12 vary from -0.149 to -4.072 eV. The estimated energy only slightly decreases 

when the BSSE-corrected values are detected within the same range. The BSSE-corrected 

energies are found to be between -0.138 and -4.060 eV for ScCa11O12 to ZnCa11O12 surfaces. 

The observed minima and maxima values in the NO-TMCa11O12 adsorption energies are 

explained by the specific effects caused by the various types of TM. The minima adsorption 

energy is observed in the case of NO/ZnCa11O12(-      eV), the maxima adsorption energy 

is reported for CrCa11O12 (-4.072 eV). Doping improves adsorption by chemically adsorbing 

NO on TMCa11O12 (TM=Sc-Cu) at distance from 1.611Å to 2.111Å, whereas the ZnCa11O12 

is physically adsorbed having Eads values of -0.138 eV at distance 4.431Å.  

 

 

 

 

 

 

 

 

 

 

 

       

 Furthermore, the results of Table 6 show that the HCN molecule's adsorption energies on 

ScCa11O12 to ZnCa11O12 vary from -0.055 to -2.556 eV. The estimated energy only slightly 

decreases when the BSSE-corrected values are detected within the same range. The BSSE-

corrected energies are found to be between -0.067 and -2.519 eV for ScCa11O12 to ZnCa11O12 

surfaces. The observed minima and maxima values in the HCN-TMCa11O12 adsorption 

energies are explained by the specific effects caused by the various types of TM. The minima 

adsorption energy is observed in the case of HCN/ZnCa11O12(-      eV), however the 

maxima adsorption energy is reported for CrCa11O12 (-       eV). Doping improves 

adsorption by chemically adsorbing HCN on TMCa11O12 (TM=Sc-Cu) at distance from 

1.782Å to 2.945Å, whereas the ZnCa11O12 is physically adsorbed having Eads values of -0.055 

eV at distance 2.693Å. 

      The results obviously disclosed that the CrCa11O12 has the strongest interactions with the 

CO and NO molecules at B3LYP, whereas HCN/TiCa11O12 has the strongest interactions at 
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B3LYP functional. While ZnCa11O12 indicates the least interaction with the CO and NO at 

the B3LYP. Because of its strong redox characteristics and catalytic activity, chromium 

usually exceeds titanium in terms of sensitivity and response time, especially to a variety of 

gases such as CO and NO. However, Zn has lower catalytic activity than other transition 

metals. The inclusion of a doped TM in the nanocage wall may cause the Ca12O12 nanocages 

to become functionalized, according to all the results of the structural stability test, this makes 

it a viable material for nanodevice applications. These outcomes are explained by the 

following factors:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 The optimal structures of the CO/TMCa11O12 (TM=Sc-Zn), at the B3LYP/6-

311+G(D)D3 level of theory. 
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3.4.1. The dipole moment of adsorbates and substrates  

      The strength of interactions inside complexes can be predicted thanks to molecular 

dipole moments [70,71]. The dipole moment (μ) of a molecule is a crucial factor in 

determining its reactivity with its surroundings. The dipole moments of the related systems 

were estimated using the optimized geometry of DFT/B3LYP-GD3. The results are displayed 

in Tables 1, 2 and 4-6.  The findings show that pristine Ca12O12 is nonpolar, with a dipole 

moment of (0.0004D). This is because there is no charge separation and the Ca12O12 

Fig. 10 The optimal structures of the NO/TMCa11O12 (TM=Sc-Zn) - at the B3LYP/6-

311+G(D)D3 level of theory.  

 

Fig. 11 The optimal structures of the HCN/TMCa11O12 (TM=Sc-Zn) - at the B3LYP/6-

311+G(D)D3 level of theory.  
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nanocluster is centrosymmetric, which invalidates the consequent dipole moment from 

negatively charged O atoms and positively charged Ca.  

Table 1 displays the μ values for the molecules of NO, CO, and HCN, which are 0.098, 

0.072, and 3.081 Debye, respectively. But since TM-doped nanocages are polar by nature, 

doping Ca11O12 led to a notable rise in the dipole moment. Following TM doping, the dipole 

moment increased from 2.174 to 5.338 Debye (Table 2), which is consistent with the 

significant dipole moments seen in TiCa11O12 complexes. It's interesting to note that, as 

Tables 4-6 make evident, the dipole moment for each complex greatly increased following 

the adsorption of the CO, NO, and HCN molecules on TMCa11O12. However, significant 

dipole moments were found in HCN/NiCa11O12 (9.871D), NO/V Ca11O12 (11.428 D), and 

CO/ScCa11O12 (9.334 D). In conclusion, the obtained results indicate that doping affects the 

dipole moment, which can change the molecular species' electrical properties.  

3.4.2. The analysis of natural bond orbital (NBO) charge  

       Table S4 in SI shows the outcomes of the (NBO) investigation, which was done to find 

out the adsorbed gases atomic charges   and the exact adsorbing site of the C12O12. The 

charges for the CO molecule are (0.478, - 0.478), for the NO molecule are (0.186, -0.186), 

and for HCN are (0.217, 0.095, -0.312) |e|, respectively. The Eads values follow a sequence 

NO > HCN > CO for Ca12O12 (Table 1).  The average charges of the TM (Table 2) for TM-

C11O12 systems were altered from 0.598 to 1.337|e|. Therefore, the doped Ca12O12 has larger 

Eads than the non-doped Ca12O12. In addition to the CO/TMCa11O12, NO/TMCa11O12, and 

HCN/TMC11O12 complexes, investigating the electronic arrangements of TM atoms in the 

TM-Ca11O12 is intriguing. Table S5 in SI illustrates the electronic configurations of the CO-

TM-Ca11O12, NO-TM-Ca11O12, and HCN-TM-Ca11O12. The 4s and 3d orbitals hybridization, 

with a minor 4p and 5p contribution , provides the most obvious changes in the electronic 

configurations compared to the configurations of  free atom. This is noticeable from the 

results in Table S5 in SI, which have been computed applying the outcomes of an 

examination of the (NBOs) [80-82]. This study found that the electronic configurations of 

free metal differed significantly from that of adsorbed metal. Charge transfer is visible in the 

metal's 4s and 3d orbitals. This is also compatible with the bonds that exist between the TM 

atom and its normal sites, which are dominated by the transition metal's polarization 

generated by the existence of Ca12O12. 

3.4.3. Frontier orbitals and DOS  

       Figs. S1, S2 and S3 in SI provide an additional investigation of the impact of adsorbed 

gases on the adsorbent complexes by displaying the LUMOs and HOMOs surfaces for 
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CO/TMCa11O12, NO/TMCa11O12, and HCN/TMCa11O12 nanocage (TM = Sc to Zn), while 

Fig. S4 and S5 in SI shows the corresponding DOS. As shown in Fig. S1 in SI the HOMOs 

are strongly localized on both CO and TM (Sc, V, Cr, Mn, Fe, Cu and Zn). While there is 

strong delocalization of the LUMOs on both CO and TM (Sc, V, Cr, Mn, Fe, Cu and Zn). 

HOMO and LUMO are strongly localized on both CO and Co and Ni atoms. In CO-

TMCa11O12 systems(Table 4), the HOMOs move by (0.15,0.42, -0.26,-0.04,0.48,0.45, 0.95, 

1.51, 2.23, 1.03 eV), respectively, while the LUMOs move by (-0.17, -0.16, -0.10, -0.20,-

0.05, -0.25, -0.08, -0.11, 0.06, 0.18 eV), respectively, the Eg values changed by (-33.2%, -

55.9%, 6.5%,-10.0%, -16.7%, -9.6%, -33.2%, -55.1%, -56.3%, -21.1%), respectively. 

       As shown in Fig. S2 in SI the HOMOs are strongly localized and LUMOs are strong 

delocalization on both NO and TM (Sc, Ti, V, Cr, Mn), While there is strong localization of 

the HOMO and the LUMOs on both NO and TM (Fe, Co, Ni, and Cu).  Additionally, in 

NO/ZnCa11O12 the HOMOs are strongly localized on the surface of nanocage and strong 

delocalization on NO gas, while there is strong localization of the LUMOs only on NO gas 

and strong delocalization on ZnCa11O12.  In NO-TMCa11O12 systems (Table 5)  the HOMOs 

move by (-0.62, -2.45, 0.99, -0.70,-0.92, -0.84, -0.22, -0.30, 0.27, -0.02 eV) , respectively,  

while the LUMOs move by (-0.17, -0.32, -0.03, -0.17, 0.18, -0.43, -0.50, 0.17, -1.52, -2.61 

eV) , respectively,  the Eg values changed by ( 45.6%, 192.4%, -41.1%, 33.1%, -25.3%, 

19.8%, -9.2%, 16.0%, -46.4%, -64.5%), respectively. 

       As shown in Fig. S3 in SI the LUMOs are strong delocalization on both HCN and all 

TMCa11O12 except TiCa11O12 and NiCa11O12, while there is strong localization of the HOMO 

on both HCN and all TMCa11O12 except ZnCa11O12. HOMO and LOMO are strong 

delocalization on HCN gas. In HCN-TMCa11O12 systems (Table 6), the HOMOs move by (-

0.30, 0.29, 0.24, ,0.13, 0.98, 0.12, 0.25, -0.56, -0.40, 0.21 eV), respectively,  while the 

LUMOs move by (-0.18, -0.22, 0.05, -0.16, 0.14, 009, 0.08, -0.23, -0.20, 0.11 eV), 

respectively,  the Eg values changed by (12.4%, -45.9%, -7.4%, -18.2%, -29.3%, -1.4%, -

5.4%, 11.2%, -5.2%, -2.4%), respectively. 

3.4.4. Thermodynamic parameters   

       Then, we include the interaction Gibbs-free energies (G), enthalpies (H), and interaction 

entropies (S) in our study of interaction energies. Thermodynamic descriptors (defined as 

Gibbs-free energy change, ΔG), enthalpy change, and entropy change, ΔS) were measured at 

298.15 K and P=1 atm for the adsorbed gases CO, NO, and HCN on TM-doped Ca11O12.               

Table 7 indicates that the Gibbs-free energies are negative, indicating spontaneous adsorption 

of gas molecules on the TM-doped Ca11O12. A larger ΔG value indicates a significant 
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connection between the gas molecule and substrate. It is deemed to have stabilized when the 

values of enthalpy changes are greater than the values of the Gibbs-free energy. Numerically, 

ΔG, ΔH, and ΔS parameters for the CO/CuCa11O12 complex were found to be -60.780, -

71.559, and -0.036 kcal/ mol, respectively. While for the NO/ScCa11O12 complex were found 

to be -66.793, -79.810, and -0.043 kcal/ mol, respectively.  In addition, for the 

HNC/CrCa11O12 complex were found to be -42.336, -53.493, and -0.037 kcal/ mol, 

respectively. Positive value of ΔG indicates weak adsorption for NO/CoCa11O12, 

NO/CuCa11O12, NO/ZnCa11O12, CO/ZnCa11O12, HCN/CoCa11O12, and HCN/ZnCa11O12 

complexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.5. Optical properties  

       Table 8 shows the polarizability (α) and hyperpolarizability      based on assessments of 

the nonlinear optical characteristics. According to Table 8, the values for Ca12O12 first 

hyperpolarizability      and polarizability (α) were around 0.156 and 358.259 au (atomic 

units), respectively. The findings suggested that doping Ca12O12 with transition metal atoms 

increases the cluster's first hyperpolarizability     . The following findings were reached 

after careful observation: 
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 In the case of NO-TMCa11O12, NO/TiCa11O12 has the greatest polarizability (α) and 

dominates by the     , whereas NO/ZnCa11O12 has a minimal dipole moment value and 

dominates by the   . Conversely  NO/CrCa11O12 dominates by the      and has the largest 

average hyperpolarizability 〈β〉. 

 Out of all the CO/TMCa11O12, CO/VCa11O12 has the greatest polarizability (α) value, 

dominates by the     .  However, CO/ZnCa11O12, which dominates by the   , has the 

minimal dipole moment. Conversely, the structure of the      dominates CO/VCa11O12 and 

has the biggest 〈β〉.  

 Regarding HCN/TMCa11O12, the structure HCN/VCa11O12 has the largest average 

hyperpolarizability terms 〈β〉 and highest polarizability (α), with     and      

terms predominating. The term dominates the structure with the lowest dipole moment 

value, HCN/FeCa11O12. 

 

 

 

 

 

 

 

 

 

 

3.4.6 Molecular electrostatic potentials (MEPs)  

       Determining Molecular Electrostatic (MEPs) Potentials  contours is a vital advance 

concerning greater comprehending and anticipating molecular activities [83]. It serves as an 

efficient instrument for researching electrophilic and nucleophilic reactions, particularly 

"recognition" of one molecule by another [84]. In the study of (SWCNT) sensors, electrostatic 

interactions are important [85, 86]. Numerous investigations have demonstrated that, despite 

applications of diverse theoretical techniques, flaws in SWCNTs are significantly more active 

than defect-free locations [87-89]. Nevertheless, there hasn't been much theoretical focus on 

Ca12O12 in this scenario. MEPs can be (-ve) or low potentials that are also reactive to electrons 

and nucleophiles, or (+ve) high potentials that are reactive to electrons and nucleophiles. The 

former is denoted by deep blue, whereas the latter is indicated by deep red. Figs.12 (a, b, c, and 

d) show the MEP contours for the bure Ca12O12, free CO, NO, HCN molecules. As shown in Fig 
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12a, the free Ca12O12 nanocage possesses symmetrical potential due to the symmetrical 

structure: Ca atoms have positive potential and O atoms have negative potential. Even though 

the o atom has -ve charge, and the C atom should be charged positively, it is evident that the CO 

molecule has a negative MEP surrounding each of them, with the negative MEP surrounding 

the (C) atom being greater than the one surrounding the (O) atom, as shown in Fig 12b. In 

accordance with earlier research, this indicates that (C) atom has a significant nucleophilic 

nature [90, 91]. Thus, the CO molecule uses its C head to engage with the clusters. As shown in 

Fig. 12c, for NO, where (N) atom is positively charged and has surrounded by a -ve MEP larger 

than the one around the (O ) with -ve charge, a similar tendency was noted. Because the N atom 

is nucleophilic, (NO) acts on the cluster through its head is N. As can be shown in Fig. 12d, the 

H and N atoms have the highest and lowest MEP (Vmax and Vmin) of the HCN molecule, 

respectively. Consequently, in the interaction with nanocages, the H and N atoms of HCN can 

function as an electron donor and acceptor, respectively. Figs. 12(e-g) illustrate the MEP 

contours for CO/Ca12O12, NO/Ca12O12, HCN/Ca12O12, and Figs. 12(h-j) show the MEP contours for the 

CO/MnCa11O12, NO/MnCa11O12, and HCN/MnCa11O12 clusters as examples, respectively. The rest of the 

MEP plots for gases / TMCa11O12 are shown in Fig. S6 and S7 in SI. 

        It is shown that the intensity of the contours is enhanced by the adsorption of gas 

molecules and the addition of TM atoms. Positive and negative MEP contours of gases-Ca12O12, 

and gases-TMCa11O12 differ significantly from one to another. On the other hand, the MEP 

outlines surrounding the TM atoms and gas molecules. There are differences between the MEPs 

of CO/TMCa11O12, NO/TMCa11O12, and HCN/TMCa11O12. Nevertheless, the outcomes 

additionally demonstrate that a molecule's electrostatic potential could potentially describe the 

systems CO/TMCa11O12, NO/TMCa11O12, and HCN/TMCa11O12, which represent gases and 

doped Ca11O12 interactions. 

 

 

 

 

 

 

 

 

 

 

 

Fig.12 Molecular electrostatic (MEP) potential  contours for (a) pure Ca12O12, (b) free CO, (c) free NO, (d) 

free HCN, (e) CO/Ca12O12, (f) NO/ Ca12O12,  (g) HCN/Ca12O12, (h) CO/MnCa11O12, (i) NO/MnCa11O12, and 

(j)  HCN/MnCa11O12 at the B3LYP/6-311+G(D)D3 level of theory.  
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3.4.7. QTAIM analysis  

       QTAIM, which was suggested by Bader's hypothesis [92,93], aids in comprehending the 

bonds type and through-space interaction for NO, CO, and HCN molecules and the doped TM-

Ca11O12 (TM=Sc to Zn) complex. The theory of QTAIM illustrates the bonds path connecting 

the cooperating atoms nuclei under investigation for the topological (3, -1) point in space with  

zero value for the Laplacian electron density,         . The topological investigations were 

used the potential (V(r)) electron energy density,       , G(r) (Lagrangian kinetic energy), H(r) 

(total electron energy density), eigenvalues (λ1, λ2, and λ3) of the Hessian matrix, and the bond 

ellipticity, ε [94], and electron density ρ(r). Table 9 displays the obtained values, whereas Fig 

13(A, B, C)  depicts the topological graphs as an example for NO,CO, and HCN molecule 

adsorption on CrCa11O12. The rest of the topological graphs for gases / TMCa11O12 are 

shown in  Fig. S8 in SI. A stronger covalent nature is indicated by a greater values of ρ (r) (ρ > 

0.1 au), while a weaker non-covalent interaction (NCI) is indicated by a lower values of ρ (r) (ρ 

< 0.1 au). These predictions can be made using the electron density values, ρ (r). Syzgantseva 

et.  al [95], state that although negative values of H(r) signify a covalent interaction, positive 

ones show an electrostatic one.   

         From Table 9, for NO/ TM-Ca11O12 (TM=Sc to Zn) the highest ρ(r) value of (0.225, and 

0.191 a.u) is observed in the NO/MnCa11O12 and NO/VCa11O12 complex, which indicates a 

strong covalent bonding interaction between doped MnCa11O12, VCa11O12 and NO. 

Additional ρ(r) values fall between 0.010 and 0.252 a.u. While positive        and negative 

values of H(r) imply medium interaction (partially covalent), the negativity of these two 

parameters suggest strong covalent interactions. Furthermore, they exhibit weak 

(noncovalent) interactions when both       and H(r) are positive
 
[59]. The table shows that 

all interacting bonds were found to be positive           negativity of H(r) supporting the 

partially covalent (medium interactions) and being consistent with the electron density. 

Furthermore, the NCI analysis indicates a repulsive force by displaying more blue colors. 

       has positive values for most of the bond pathways, suggesting that interactions of 

closed-shell predominate in the structures. A highly polar covalent interaction is also 

demonstrated by the H(r) with +ve and -ve values in practically all structures. The values of 

G(r) and V(r) divulge the nature of intermolecular interaction; as a result, the ratio 

(G(r)/|V|(r)) can be used as an adequate index for link categorization. G(r)/|V|(r) < 0.5, 

indicates a covalent interaction, while G(r)/|V|(r) > 1.0 indicates a non-covalent interaction. 

Conversely, a high elliptical bond (ε) value denotes an instability  and is associated with the 

ratio of the Hessian matrix's eigenvalues (λ1, λ2, etc.) [96].  Additionally, stable interactions 
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are indicated by ε < 1 value at the BCP. When compared to other systems, NO/MnCa11O12, 

NO/VCa11O12, NO/CoCa11O12, and NO/CrCa11O12, were found to have the highest values of 

electron density, which is supported by their good global descriptors and electronic 

properties; such systems are appropriate sensors for NO detection. Fig. S8 in SI shows a 

schematic representation of the bond crucial locations between nanocages  

and gas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

       While for CO/ TM-Ca11O12 (TM=Sc to Zn) (Table 9), the CO/FeCa11O12 and 

CO/MnCa11O12 complexes have the highest values of ρ(r) (0.174, and 0.165 a.u), 

respectively, which indicates a strong covalent bonding interaction between the doped 

FeCa11O12, MnCa11O12 and NO molecule. The other ρ(r) values range from 0.013 to 0.174 

a.u. The table shows that all interacting bonds were found to be positive           negative 

H(r) supporting the medium interactions (partially covalent) and being consistent with the 

electron density. For  CO/TiCa11O12 with 2.153 au, with ε > 1; this implies instability. When 

compared to other systems, CO/FeCa11O12 , CO/MnCa11O12, CO/CrCa11O12, and 

CO/NiCa11O12 were found to possess the greatest ρ(r), which is supported by their good 

electronic and global descriptors; these structures are appropriate sensors for CO detection. 

       Furthermore, the results of Table 9, for HCN/ TM-Ca11O12 (TM=Sc to Zn) the highest 

ρ(r) value of (0.147, and 0.131 a.u) is observed in the HCN/CrCa11O12 and HCN/FeCa11O12 
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complex, which indicates a strong covalent bonding interaction between doped CrCa11O12 

FeCa11O12, and HCN. Additional ρ(r) values fell between 0.017 to 0.147 a.u.  Stability is 

generally shown by ε < 1 in all interactions. 

3.4.8. Noncovalent Interaction (NCI) Analysis 

       By using the NCI analysis [42], the weak interactions nature between   the TM-Ca11O12 

surfaces and NO, CO and HCN molecules was further clarified. In a graph made for these 

studies using the VMD tool, the  reduced density gradient (RDG) was plotted against the 

electron density Hessian matrix second eigenvalue   (λ2) and the ρ(a.u) (RDG against sign 

λ2(r)ρ(r)). 

Fig 13(D-F) and Fig 13(G-I) depict the NCI molecular graphs, and RDG scatter maps as 

examples for NO,CO, and HCN molecule adsorption on CrCa11O12. The rest of the NCI 

molecular graphs, and RDG scatter maps for gases / TMCa11O12 are provided in   Fig. S9  and 

Fig S10 -S12 in SI.  The green, blue, and red index scale are used to interpret weak 

interactions. The red zone with (sign (λ2) ρ > 0) implies a great repulsive contact, such as the 

electron density ρ depletion, and steric effect. Conversely, green zone (sign (λ2) ρ ≈0) 

indicates rather weak interactions of van der Waal (vdW). In the blue zone, positive values 

(sign (λ2) ρ < 0) denote high electron density and strong interactions (like hydrogen bonds) 

[47,97]. As demonstrated in Fig S10 -S12 in SI, sign(λ2)  rises for red regions, indicating 

significant steric repulsions within the nanocage, while sign(λ2)  falls for blue regions. Van 

der Waals interactions are represented by the green regions between the complex's 

constituents that are becoming closer to zero. The geometric approach, which takes weak 

interactions into account, supports this conclusion. Blue and green blended spikes were 

observed at higher electron densities with sign (λ2) ρ < 0, which shows that the NO/ 

CrCa11O12, CO/ CrCa11O12, and HCN/ TiCa11O12 complexes have developed partial covalent 

interactions. As seen in Figs. S10 – S12 in SI, the partial covalent link showed the green and 

blue regions among gases and nanocages, along with the intermolecular contact. Because of 

the partial covalent contacts between the NO, CO, and HCN molecules and the CrCa11O12 

and TiCa11O12 nanocages in the graph of RDG versus sign(λ2)  , higher interaction intensities 

were observed for the NO/CrCa11O12, CO/CrCa11O12, and HCN/TiCa11O12 configurations.  

3.5. Analysis of recovery time 

       The recovery of sensors from adsorbed gases is essential. We can evaluate the recovery 

time (τ) by heating adsorbents to higher temperatures or exposing them to UV light [98]. We 

can deduce τ using transition theory as follows: 
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Where υ is the attempt frequency, T assigns the temperature, and k assigns the Boltzmann 

constant (~8.31 × 10− 3 kJ mol− 1.K). For carbon nanotube recovery at ambient temperature 

[63], an attempt frequency of roughly 10
12

 s 
−1

 is utilized, τ are 187 ms, 6   , and 12    for 

NO, CO, and HCN in complexes NO/ Ca12O12, CO/ Ca12O12, and HCN/ Ca12O12, 

respectively. This demonstrates the quick recovery time of the Ca12O12 nanocage as a sensor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6. The impact of solvent  

       To find out the solvent impact upon the adsorption strength between the (CO, NO, and 

HCN) molecules and CaO nanocage, the simulations are carried out for the water solution. In 

the aqueous phase, the solvent had insignificant impact upon the electronic and structural 

characteristics of the nanocluster. According to the DFT results in Table 10,  the Eg values of 

Fig 13. QTAIM, NCI molecular graphs, and RDG scatter maps for the optimized 

(A,D,G) for NO, (B,E,H) for CO, and (C,F,I) for HCN molecule adsorption on 

CrCa11O12 complexes. 
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the structures under study in the aqueous phase are higher compared to those of the gas phase 

by approximately 0.341, 0.304, 0.562 eV, respectively. Nonetheless, the solvent's effect on the 

electrical properties of the aforementioned compounds have no notable impact on the sensor signal. 

 

 

 

 

 

 

 

4. Conclusions 

       Using dispersion corrected (DFT) calculations, interaction studies were carried out using 

the calcium oxide (Ca11O12)-nanocage doped with TM (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, 

and Zn) metals to function as a sensor for sensing CO, NO, and HCN. The geometrical 

parameters, Eads, (μ), (NBOs), (FMOs), (DOS), global reactivity descriptors, thermodynamic 

properties (ΔG and ΔH),molecular electrostatic potential,  topological investigation (NCI), 

and  (QTAIM) were applied to assess the modeled nanoclusters suitability as adsorbents for 

the elimination of harmful gases such as CO, NO, and HCN. Weak interactions were found in 

NO/CuCa11O12, NO/CoCa11O12, HCN/CoCa11O12, NO/ZnCa11O12, CO/ZnCa11O12, and 

HCN/ZnCa11O12 in the BSSE-corrected adsorption energy mechanism approach. In contrast, 

Chemical adsorption in interactions involving CO/CrCa11O12, CO/MnCa11O12, NO/VCa11O12, 

NO/CrCa11O12, HCN/TiCa11O12, and HCN/CrCa11O12 was extremely favorable. This 

indicates that CO has a covalent bond  NO/CuCa11O12, NO, HCN/CoCa11O12, NO, CO, and 

HCN/ZnCa11O12, which have positive values indicating weak adsorption, all complexes have 

negative Gibbs-free energy changes (ΔG). By using molecular dynamics (MD) calculations, 

the stability of the structures under analysis is examined. Following the adsorption of NO, 

CO, and HCN on TM-Ca11O12 nanocages and TM doping on Ca12O12, the energy gaps 

decreased. To validate the covalent interactions in the systems, (QTAIM and NCI) 

investigations were implemented; it was confirmed in the high Laplacian and densities of all 

electrons showed in the systems. Based on the findings of these theoretical investigations, 

Ca11O12 doped with TM nano-cages served as promising materials for the removing of CO, 

NO, and HCN poisonous  gases. 
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Supplementary material 

       See the electronic supplementary information for the obtained xyz coordinates for all 

studied systems, the electronic configuration, orbital diagram, spin multiplicity and total 

electronic energy of free TM in the low-pin state and TMCa11O12, NBO charges, the NBO 

analysis, HOMO-LUMO plot, density of states (DOS), MEPs contours, QTAIM, NCI 

analysis graphs, and RDG scatter maps for all systems. 
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