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Abstract: In this study, density functional theory (DFT) calculations were performed to 
investigate the adsorption of CO molecule (via O and C atoms) on the surface of Mg16M—

O2 (M=Be, Mg, and, Ca) nanostructures, M is the central atom, at the CAM-B3LYP/6-

311+g(d) level of theory. The electronic properties of Mg16M—O2 nanostructures were 

significantly affected by the adsorption of the CO molecule. The NBO analysis revealed 

a charge transfer from the adsorbed CO molecule to the Mg16M—O2 nanostructure. Based 

on the adsorption energies and enthalpies, a thermodynamically favorable chemisorption 

process was predicted. The adsorption and binding energy values of the CO molecule (via 

both O and C atoms) over the Mg16M—O2 nanostructures have increased with increasing 

the atomic radius of the central atom in the nanostructures through a chemical and 

exothermic reaction.  The Mg16CaO2―CO complex with the smallest bond distance and 

the largest adsorption energy shows the most tendency to adsorb carbon monoxide 

molecule.  

Keywords: Adsorption, Carbon Monoxide, DFT, Electron Properties, Magnesium 

Nanostructure  

 

1. INTRODUCTION  

Metal clusters have been considered as novel physical materials with 

tremendous properties nearly two decades ago [1]. They illustrate several 

unprecedented non-monotonous size-dependent behaviors which are remarkably 

distinct from those of either isolated atoms or the bulk metal [2]. Divalent metal 

clusters with filled electronic shells have certain aspects of the van der Waals type 

of bonding between the atoms. Hence, they are expedient to study nonmetal to 

metal transition, examine various theoretical methodologies and perceptual 

extension of atomic cluster physics. Among divalent metal clusters, interest in 

magnesium clusters has grown dramatically in the past few decades because of a 

wide range of attractive properties such as high-temperature stability, low 
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dielectric constant, large thermal conductivity, strong chemical reactivity and 

oxidation resistance [1, 3-5]. These properties lead to several diverse potentials 

such as superconductivity [6], hydrogen storage [7, 8], nanomaterials [9, 10], and 

biomedicine [11]. Apart from these valuable characteristics, magnesium clusters 

display the transition from weak van der Waals bonding to metallic bonding as 

the clusters grow in size [12]. A wide range of theoretical studies has been 

completed on the geometrical structures and electronic properties of the 

magnesium clusters [2, 5, 13-17]. Xia and et al. investigated the structural and 

electronic properties of neutral and anionic magnesium clusters with different 

sizes ranging from n=3 to 20, through combining a systematic exploration of the 

potential energy surface using CALYPSO [18] and density functional theory 

(DFT) calculations [17]. Subsequently, they indicated that the ground state 

structure of the neutral Mg17 cluster which contains two square Mg4 frameworks 

can be considered as 𝜋-aromatic. Moreover, the Mg17 cluster is a 34 electrons 

system, which possesses a closed electronic shell according to the jellium super-

atom Model [19, 20]. Therefore, due to the high potential of the Mg17 cluster, this 

study was implemented to further continue our probe on the capability of this 

cluster for adsorbing the different diatomic molecules. Carbon monoxide (CO) is 

a highly poisonous gas in low concentrations [21] but its package is used in 

various industries for a range of demands including metal fabrication, chemicals, 

steel and metals, electronics, pharma, and biotechnology [22-24]. However, a key 

problem is their storage thus; the inventing a portable, fast response, highly 

sensitive, easy to use, and reliable sensor to detect or adsorb CO molecule from 

the air is highly essential. The spectrophotometric, electrochemical, and gas 

chromatographic approaches [25-27] are some of the common techniques used to 

sense these gases which are time consuming and occasionally too complicated. 

With the advent of nanotechnology, the development of the gas 

sensors with high sensitivity and selectivity, adsorption capacity, high 

surface/volume ratio, and unique electronic sensitivity of nanostructures [28] has 

accelerated. Therefore, numerous nanostructured material based sensors have 

been introduced and investigated for different gases both experimentally and 

theoretically [29-34]. During the past few decades, density functional theory 

(DFT) has been frequently used to study a wide variety of properties of metal 

clusters [13, 17, 33-42]. In this study, we examine the possibility of the adsorption 

of CO molecule over the outer surface of Mg16M—O2 nanostructures (M=Be, Mg 

and Ca) in the gas phase using density functional theory (DFT) calculations. DFT 

is the most precise and reliable method to investigate metal nanocluster properties 

[35-40, 43, 44]. The natural bond orbital (NBO) analysis [45, 46] was used to 

interpret the charge transfer process between CO molecule and Mg16M—

O2;(M=Be, Mg, and, Ca) during the adsorption process. The atoms in molecules 
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(AIM) approach was used to characterize the nature of the interactions by 

AIM2000 software [47]. 

  

 2. Theoretical Methods 

To investigate the CO adsorption (via O and C atoms) on the magnesium 

nanoclusters (Mg16Be, Mg16Mg, and, Mg16Ca), the geometry of neutral 

magnesium nanoclusters consisting of 17 atoms with the atomic center of 

beryllium, magnesium, and calcium are modeled using Gauss View 5.0 [48].  We 

applied a filled-cage-like construction, including two square Mg4 scaffolds (4-

MRs) and an octagon scaffold (8-MR), (Fig. 1, part a) where stabilized in Mg16M 

because of the potent interactions between the Mg4 units and the central M atom 

and more significantly due to the tendency of local aromaticity [17]. In our 

previous work, we investigated the adsorption of the uni-O2 molecule on the 

surface of the Mg16Be, Mg16Mg, and, Mg16Ca nanoclusters [49]. The optimized 

energy values of the O2 adsorption indicated the 4-MRs frames are more desirable 

for O2 adsorption in three nanoclusters of Mg16Be, Mg16Mg, and, Mg16Ca. 

Consequently, in this study, we intend to investigate the adsorption of CO 

molecule (via O and C atoms) over the outer surface of Mg16M—O2 (4-MRs) 

nanostructures (M=Be, Mg and Ca) to understand the adsorption behavior of 

Mg16M;(M=Be, Mg, and, Ca) toward different molecules. The adsorption 

position for the CO molecule on the Mg16M—O2 complexes were determined 

through charge analysis (natural bond orbital analysis, (NBO)) of the optimized 

complexes of Mg16M—O2 (𝑀 = 𝐵𝑒, 𝑀𝑔 𝑎𝑛𝑑, 𝐶𝑎). For this purpose, we 

determine the charge of each Mg atom of the most stable complex and the Mg 

atom with the highest negative and positive charge was selected for adding the 

CO molecule through C and O atom respectively. All structures were 

geometrically optimized using the hybrid exchange–correlation functional CAM-

B3LYP which combines the hybrid qualities of B3LYP and the long-range 

correction presented by Tawada et al. [50] and 6-311+g(d) basis set in the gas 

phase using the Gaussian 09 package [51]. Normal mode frequency analysis was 

performed numerically from the analytical gradients. The absence of negative 

frequency in normal mode analysis indicates the optimized structure on the 

potential energy surfaces (PES) were real minimum stationary points. The 

adsorption energies of the studied complexes are corrected separately, for both 

ZPE and basis set superposition error (BSSE) using the counterpoise correction 

scheme outlined by Boys and Bernardi [52].   
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a) 𝑀𝑔16𝑀 (𝑀 = 𝐵𝑒, 𝑀𝑔 𝑎𝑛𝑑, 𝐶𝑎) 
nanocluster 

b) Mg16Be—O2 (4-MRs) complex 

  

c) Mg16Mg—O2 (4-MRs) complex d) Mg16Ca—O2 (4-MRs) complex 

Fig. 1. (a) Schematic view of the Mg16M (𝑀 = 𝐵𝑒, 𝑀𝑔 𝑎𝑛𝑑, 𝐶𝑎) nanoclusters, the blue 

and red bonds represent the two 4-membered rings (4-MRs) and the thick black bonds 

represent one 8-membered ring (8-MR), M is the central atom (M=Be, Mg, and, Ca). 

(b), (c), and, (d) are the optimized structures of the uni-molecular O2  adsorption of 

Mg16M—O2 (M=Be, Mg, and, Ca) at the CAM-B3LYP/ 6-311+G(d) level of theory in 

our previous prob.  

 

Furthermore, using the obtained results from the calculations, the structural and 

electronic properties and also the thermodynamic parameters were calculated. 

The density of state (DOS), and the partial density of state (PDOS) were obtained 

for all adsorption models using the Gauss Sum [53] and Multiwfn [54] programs. 

The EDD maps were generated by VMD software. 
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3. Results and Discussion  

3.1. The Adsorption of CO Molecule on the Surface of Mg16M—O2 (M=Be, 

Mg, and Ca) Nanostructures  

The interaction energies of the CO adsorption on the studied nanostructures 

were calculated to determine the adsorption behavior of this molecule upon the 

exterior surface of the investigated nanostructures. The adsorption energy (𝐸𝑎𝑑), 

binding energy (𝐸𝑏𝑖𝑛𝑑) and deformation energy (𝐸𝑑𝑒𝑓) are calculated based on 

following equations:  

 

𝑀𝑔16𝑀— 𝑂2 + 𝑋 → 𝑀𝑔16𝑀— 𝑂2 … X       𝑀 = 𝐵𝑒, 𝑀𝑔, 𝐶𝑎    𝑋 = 𝐶𝑂, 𝑂𝐶         

𝐸𝑎𝑑 = 𝐸𝑀𝑔16𝑀—𝑂2…𝑋 − (𝐸𝑀𝑔16𝑀—𝑂2  + 𝐸𝑋  )                                             (1) 

𝐸𝑏𝑖𝑛𝑑 = 𝐸𝑀𝑔16𝑀—𝑂2…𝑋 − (𝐸𝑀𝑔16𝑀—𝑂2  𝑖𝑛 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 + 𝐸𝑋 𝑖𝑛 𝑐𝑜𝑚𝑝𝑙𝑒𝑥)           (2)                

𝐸𝑑𝑒𝑓 = 𝐸𝑎𝑑 −  𝐸𝑏𝑖𝑛𝑑                                                                                        (3)                                             

 

Where  𝐸𝑀𝑔16𝑀—𝑂2
 and  𝐸𝑀𝑔16𝑀—𝑂2…𝑋  are the optimized energies of different 

complexes. To study the CO adsorption (via both O and C atoms) over the 

Mg16M—O2 nanostructure, we used the most stable nanostructures of Mg16M—O2 

(M=Be, Mg and, Ca) in our previous study, and added a carbon monoxide 

molecule (via both O and C atoms) on these nanostructures. As a result, we have 

studied six distinct starting structures which includes three cases of approaching 

CO molecule via its carbon atom to the most negative Mg atom of the Mg16M—

O2 (M=Be, Mg and, Ca) nanostructures and three cases via its oxygen atom to the 

most positive Mg atom of the Mg16M—O2 (M=Be, Mg and, Ca) nanostructures.  

Table 1 illustrates the calculated values of the binding distance (R), adsorption 

energy (𝐸𝑎𝑑), binding energy (𝐸𝑏𝑖𝑛𝑑), and deformation energy (𝐸𝑑𝑒𝑓) for the 

Mg16MO2—CO and Mg16MO2—OC complexes at the CAM-B3LYP/6-311+g(d) 

level of theory. The adsorption and binding energy values of the CO molecule 

(via both O and C atoms) over the Mg16M—O2 nanostructures have increased with 

increasing the atomic radius of the central atom in the nanostructures through a 

chemical and exothermic reaction. As such, the highest adsorption energy 

observed for Mg16CaO2—CO and Mg16CaO2—OC with -297.5009 and -289.7590 

kcal/mol, respectively and the binding energy values, vary from -189.8811 to -

525.0410 kcal/mol for Mg16BeO2—OC to Mg16CaO2—CO respectively. As 

mentioned in section 3.1, the stability of the Mg16M—O2 (M=Be, Mg, and, Ca) 

nanostructures decrease with increasing the radius of the central atom therefore, 

the reactivity will increase. As a result, the Mg16Ca—O2 nanostructure shows the 

highest adsorption energy during the CO (via both O and C atoms) adsorbing. 
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Table 1. The calculated adsorption energy (𝐸𝑎𝑑), binding  energy (𝐸𝑏𝑖𝑛𝑑) and deformation 

energy (𝐸𝑑𝑒𝑓) all in (kcal/mol), binding distance (R) (Å) for the Mg16MO2—CO and Mg16MO2—

OC complexes, at the CAM-B3LYP/6-311+g(d) level of theory. 

complex Adsorption position R(Å) 𝐸𝑎𝑑 𝐸𝑏𝑖𝑛𝑑 𝐸𝑑𝑒𝑓 

Mg16BeO2—CO   a* 2.32 -140.6290 -192.9501 +52.3211 

Mg16MgO2—CO a 2.26 -273.3701 -349.9412 +76.5711 

Mg16CaO2—CO a 2.25 -297.5009 -525.0410 +227.5401 

Mg16BeO2—OC   b* 3.54 -136.9398 -189.8811 +52.9413 

Mg16MgO2—OC b 4.01 -266.1607 -342.1121 +75.9514 

Mg16CaO2—OC b 3.46 -289.7590 -516.9501 +227.1911 

*a and b; related to the atom with the most negative and positive charge in the complex respectively. 

It should be noted that, the electronegativity of the central atom plays an 

important role during the adsorptions of carbon monoxide on different 

nanostructures. Hence, calcium as the central atom with the least 

electronegativity induces strong role in carbon monoxide adsorption. The 

interaction energy values of the investigated systems anticipate the chemisorption 

process for adsorbing carbon monoxide molecule on the surface of the 

nanostructures. Additionally, the deformation energy values vary from 52.3211 

to 227.5401 kcal/mol for Mg16BeO2—CO to Mg16CaO2—CO respectively, which 

indicates a significant deviation in the geometry of these nanostructures during 

the adsorption of the CO molecule. It assumed that during the adsorption of 

carbon monoxide, an electron transfer occurs between the carbon monoxide and 

the nanostructure surface, therefore, a significant curvature with the large values 

of deformation energy was observed (see Table 1). The NBO analysis indicates a 

depletion of the electron from CO molecule to the Mg16Ca—O2 nanostructure 

results in an improvement in the adsorption of carbon monoxide and also an 

increase in the interaction energy. Consequently, for the most stable adsorbed 

model (Mg16CaO2—CO) a high charge of 0.13513 e is transferred from CO 

molecule to the Mg16Ca—O2 nanostructure. The corresponding EDD isosurfaces 

also confirm a redistribution pronounced electron density over the CO and 

Mg16Ca—O2 nanostructure. In addition, there is a great electron density 

accumulation around the Mg—C bond, which confirms the strong chemical 

adsorption of CO over the Mg16Ca—O2 nanostructure surface (Fig. 2).   
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a) Mg16BeO2—CO b) Mg16BeO2—OC 

  
c) Mg16MgO2—CO d) Mg16MgO2—OC 

  
e) Mg16CaO2—CO f) Mg16CaO2—OC 

Fig. 2. The optimized structures of the different complexes Mg16MO2—CO and 

Mg16MO2—CO at the CAM-B3LYP/ 6-311+G(d) level of theory along with their 

corresponding EDD maps (0.001 au) and PDOS plots. In the EDD maps, the electron 

density depletion and accumulation sites are displayed in red and blue, respectively. 

𝑞𝐶𝑇  indicates the charge transfer.      
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3.2. Atoms in Molecules (AIM) Analysis 

Bader’s theory of atoms in molecules (AIM) is a powerful method to study the 

nature of the interactions [55] via parameters, such as electron density, 𝜌(𝑟) the 

Laplacian of the electron density, ∇2
𝜌(𝑟)

and the ellipticity ( 𝜀), which are 

computed at the bond critical point (BCP).  According to this theory, when two 

neighboring atoms are chemically bonded, a bond critical point appears between 

the acceptor and donor atoms. At the bond critical point, the Laplacian of the 

charge density ∇2
𝜌(𝑟)

, is the sum of the curvature in the charge density along any 

orthogonal coordinate axes [56]. Negative values for Laplacian of the electron 

density (∇2
𝜌(𝑟)

 < 0) reveal that the charge density is concentrated, as the covalent 

bond and positive values (∇2
𝜌(𝑟)

 > 0) show a depleted charge density, a sign 

closed-shell (electrostatic) interactions [57, 58].  

  
Table 2. Topological parameters, the electron density 𝜌(𝑟), Laplacian of the electron density 

∇2
𝜌(𝑟)

, Ellipticity (𝜀) and energetic parameters for the Mg—O and Mg—C at the bond critical 

points (BCPs); electronic potential energy density, 𝑉(𝑟), electronic kinetic energy density,  𝐺(𝑟) 

and electronic energy density 𝐻(𝑟) all in )a.u.) for the studied systems, at the CAM-B3LYP/6-

311+G(d) level of theory. 

complex 𝜌(𝑟) ∇2
𝜌(𝑟)

 𝜀 𝐺(𝑟) 𝑉(𝑟) 𝐻(𝑟) 

Mg16BeO2—CO 0.02607 0.13439 0.05208 0.03005 0.02650 0.05655 

Mg16MgO2—CO 0.02877 0.15854 0.02891 0.03520 0.03077 0.06597 

Mg16CaO2—CO 0.02925 0.16127 0.05833 0.03576 0.31200 0.06696 

Mg16BeO2—OC 0.00275 0.00563 0.12544 0.00121 0.00101 0.00222 

Mg16MgO2—OC 0.00141 0.00337 0.18761 0.00064 0.00045 0.00109 

Mg16CaO2—OC 0.00337 0.00501 0.12014 0.00105 0.00085 0.00190 

 

To analyze the characteristics of the bond critical points at the interaction sites of 

carbon monoxide molecule on the Mg16M—O2 nanostructures, the values of the 

electron density, Laplacian of the electron density, ellipticity, density of the total 

energy of electrons (𝐻(𝑟)) and its two components, kinetic (𝐺(𝑟)) and potential 

(𝑉(𝑟)) electron energy densities for all investigated compounds have been 

calculated and tabulated in Table 2. For all studied complexes, the Laplacian of 

the total electron densities at BCPs of Mg—O and Mg—C bonds are positive and 

reveal that electronic charges are depleted in the interatomic path, which is 

characteristic of the closed-shell interactions.  The interaction behavior can be 

classified as a function of 𝐻(𝑟) and the Laplacian of the electron density at BCP 

[59]. For strong interaction (∇2
𝜌(𝑟)

< 0 and 𝐻(𝑟) < 0), the covalent character is 
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established; for medium strength (∇2
𝜌(𝑟)

> 0 and 𝐻(𝑟) < 0), the partially covalent 

character is defined; and weak ones with ∇2
𝜌(𝑟)

> 0 and 𝐻(𝑟)  >  0 are mainly 

electrostatic  interaction. As such, the interactions between all the studied 

complexes have an electrostatic character in nature, due to the positive values of 

∇2
𝜌(𝑟)

 and   𝐻(𝑟). In addition, our theoretical results show that in all of the 

investigated systems 𝐺(𝑟) > 0 and 𝑉(𝑟) > 0. Table 2 reveals the Mg16CaO2—CO 

and Mg16CaO2—OC complexes have the smallest intermolecular distances (2.25 

and 3.46 Å respectively) and highest electron density of 0.02925 and 0.00337 a.u. 

respectively, which clarify the electrostatic features in these complexes. These 

results are in good agreement with the large binding energies obtained for these 

complexes. Furthermore, the analysis of the electron density for the studied 

complexes indicates the electron density at the BCP will increase with the 

enhancement of the interaction energy.  The calculated electron density properties 

(Table 2) illustrate among different complexes, the Mg16CaO2—CO with the 

value of 𝜌(𝑟)=0.02925 is the most stable complex for adsorbing the molecule of 

CO. 

 

3.3. Electronic properties 

The remarkable contribution in the chemical stability and chemical reactivity 

is related to the frontier orbitals of the highest occupied molecular orbital energies 

(HOMO) and lowest unoccupied molecular orbital energies (LUMO) which 

illustrate the electron-donating and accepting ability, respectively [60]. The 

evaluation of the transition energy from HOMO to LUMO (energy gap; 𝐸𝑔𝑎𝑝) 

was carried out to measure the molecular reactivity and evaluation of the 

sensitivity of each nanostructure relative to the CO molecule. Table 3 illustrates 

the values of the 𝜀𝐻𝑂𝑀𝑂  and 𝜀𝐿𝑈𝑀𝑂 , energy gap (𝐸𝑔𝑎𝑝), chemical potential (𝜇), 

chemical hardness (𝜂) and, electronegativity (𝜒) for the studied complexes. The 

chemical reactivity of the investigated nanostructure can be characterized by 

calculating the energy gap which is a significant parameter relying on the HOMO 

and LUMO energy levels. A large gap, corresponds to high stability and a small 

gap shows low stability. In turn, the high stability is associated with the low 

chemical reactivity and the small stability has high chemical reactivity [61, 62]. 

It can be seen that the optimized Mg16Ca—O2 nanostructure shows a smaller gap 

than Mg16Mg—O2 and Mg16Be—O2 nanostructure at the CAM-B3LYP level of 

theory. Consequently, the Mg16Ca—O2 nanostructure has the most chemical 

reactivity compared to the other nanostructure. Moreover, Table 3 shows the 

HOMO–LUMO energy gap (Egap) values for CO adsorption over the Mg16M—O2 

(M =Be and Ca) increased compared to their pristine nanostructure, leading to 
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more stability for complexes of Mg16Be—O2 and Mg16Ca—O2. Whilst, the CO 

adsorption upon the Mg16Mg—O2 causes a decrease in the HOMO–LUMO 

energy gap from 2.7919 eV to 2.6842 eV and 2.6207 eV for Mg16MgO2—CO and 

Mg16MgO2—OC, respectively. This leads to instability for complexes of 

Mg16MgO2—CO and Mg16MgO2—OC. 

 
Table 3. The energy of HOMO (𝜀𝐻𝑂𝑀𝑂), LUMO (𝜀𝐿𝑈𝑀𝑂), gap energiy (𝐸𝑔𝑎𝑝), chemical potential 

(𝜇), chemical hardness (𝜂), and electronegativity (𝜒) (all in eV) for the studied compounds, at the 
CAM-B3LYP/6-311+g (d) approach. 

structure 𝜀𝐻𝑂𝑀𝑂   𝜀𝐿𝑈𝑀𝑂 𝐸𝑔𝑎𝑝 ∆𝜀𝑔% 𝜇 𝜂 𝜒 

Mg16Be—O2 -4.6123 -1.8476 +2.7647 — -3.2311 +1.3823 +3.2311 
Mg16BeO2—CO -4.6784 -1.8675 +2.8109 +1.67 -3.2729 +1.4055 +3.2729 

Mg16BeO2—OC -4.5935 -1.8221 +2.7714 +0.24 -3.2078 +1.3857 +3.2078 

Mg16Mg—O2 -4.6205 -1.8286 +2.7919 — -3.2247 +1.3966 +3.2247 
Mg16MgO2—

CO 
-4.3541 -1.6699 +2.6842 -3.86 

-3.0120 +1.3407 +3.0120 

Mg16MgO2—
OC 

-4.3616 -1.7409 +2.6207 -6.13 
-3.0514 +1.3104 +3.0514 

Mg16Ca—O2 -4.3946 -1.6572 +2.7374 — -3.0279 +1.3689 +3.0279 
Mg16CaO2—CO -4.4235 -1.6471 +2.7764 +1.43 -3.0353 +1.3882 +3.0353 
Mg16CaO2—OC -4.3796 -1.6414 +2.7382 +0.03 -3.0105 +1.3691 +3.0105 

 
The global indices of reactivity in the context of DFT are represented in Table 

3. Chemical hardness [63-65] is a measure of the resistance of a chemical species 

to change its electronic configuration, while electronic chemical potential 

measures the escaping tendency of an electron cloud. With the Mulliken 

definition for chemical potential, the negative μ values correlate to the more stable 

or less reactive compound. Therefore, Mg16Be—O2 nanostructure with μ= -3.2311 

eV and Mg16Ca—O2 nanostructure with μ= -3.0279 eV have the least and most 

reactivity, respectively. On the other hand, the evaluated values of chemical 

hardness, are in a contrary relation with the values of the chemical potential. The 

hardness values of Mg16CaO2—CO and Mg16CaO2—OC complexes and also 

Mg16BeO2—CO and Mg16BeO2—OC complexes are significantly increased 

compared to their pristine nanostructures (Mg16Ca—O2 and Mg16Be—O2) which 

prove much less reactivity for these systems. Subsequently, to verify the effects 

of the adsorption of CO on the electronic properties of the studied systems, the 

electronic densities of states (DOSs) of these complexes have been calculated and 

tabulated in Fig. 3. More inspection of the DOS plots reveals that for Mg16MgO2—

CO and Mg16MgO2—OC complexes, the conduction levels shift toward the lower 

energies compared to those of the pristine nanostructures. In contrast, for other 

complexes, the conduction levels shift toward the higher energies compared to 

those of the pristine nanostructures. 
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a) Mg16BeO2—CO b) Mg16BeO2—OC 

  
c) Mg16MgO2—CO d) Mg16MgO2—OC 

  
e) Mg16CaO2—CO f) Mg16CaO2—OC 

 

Fig. 3. The illustration of the electronic density of states (DOS) for the studied 

complexes. The 𝐸𝑔𝑎𝑝 indicates the HOMO–LUMO energy gap. 
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3.4 Thermodynamic parameters  

 

Thermodynamic parameters provide deep evidence of the essential energetic 

changes associated with the adsorption process. Table 4 summarizes the changes 

of the enthalpy (ΔΗ°), entropy (ΤΔS°), and the Gibbs free energy (ΔG°) of the 

studied complexes at 298 K and 1 atmosphere. The calculated standard enthalpies 

predicted an exothermic adsorption process for the investigated complexes. The 

standard enthalpies of the adsorption process reduce by increasing the atomic 

radius of the central atom. On the other hand, the negative values of ΔG°for the 

studied complexes verify the spontaneous adsorption process.  As a result, the 

Mg16CaO2—CO complex with the lowest relative standard Gibbs free energy of 

formation is the most thermodynamically stable. 

 

Table 4. The calculated thermodynamic properties; standard enthalpy (ΔΗ°), standard 

entropy (𝑇∆𝑆°) and standard Gibbs free energy (∆𝐺°) all in (kcal.mol-1) and electronic 

properties; chemical potential (𝜇), chemical hardness (𝜂) and electronegativity (𝜒) all in 

(eV) for studied complexes, at the CAM-B3LYP/6-311+g(d) approach. 

 ΤΔS°  ΔG°      ΔΗ° structure 

-20.6043 -

118.3977 

-139.0020 Mg16BeO2—CO 

-14.8789 -

120.5236 

-135.4025 Mg16BeO2—OC 

-22.2692 -

249.3743 

-271.6435 Mg16MgO2—CO 

-16.3432 -

248.1953 

-264.5385 Mg16MgO2—OC 

-23.7203 -

272.0373 

-295.7576 Mg16CaO2—CO 

-18.8667 -

269.2906 

-288.1573 Mg16CaO2—OC 

 

4. Conclusion 

The CAM-B3LYP/6-311+g(d) method was employed to investigate the 

interaction between the CO molecule and the Mg16M—O2 (M=Be, Mg, and, Ca) 

nanostructures, M is the central atom, in the gas phase. Based on the negative 

values of the Gibbs free energy, adsorption energies, and enthalpies, a 

spontaneous favorable adsorption process was predicted for CO adsorption on 

three studied complexes. The highest adsorption energy was observed for the 

Mg16CaO2—CO complex at the CAM-B3LYP level of theory, which causes a 

high charge transfer of 0.13513 e from CO molecule to the Mg16Ca—O2 

nanostructure. Furthermore, the adsorption energy values of the CO molecule (via 
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both O and C atoms) over the Mg16M—O2 nanostructures have increased with 

increasing the atomic radius of the central atom in the complexes through a 

chemical and exothermic reaction. In summary, the Mg16M—O2 nanostructures 

with different central atom of Be, Mg, and Ca are likely candidates for storage 

the CO molecule, while Mg16Ca—O2 have the highest capacity to use as a 

reservoir for the adsorption of this gas.   
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