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Metal nanoclusters have been considered as a new class of chemical 

sensors due to their unique electronic structures and the particular 

physicochemical properties. The interaction of N2 molecule with 

neutral and ionic magnesium nanoclusters 〖Mg〗_17^q  (q=0,±1), as 

well as neutral magnesium nanoclusters with the centrality of 

beryllium and calcium Mg16M (M=Be, Mg, and Ca) have been  

investigated using CAM-B3LYP/6-311+G(d) level of theory in the 

gas phase. The electronic properties of magnesium nanoclusters were 

significantly affected by the adsorption of N2 molecule. The NBO 

analysis revealed a charge transfer from the adsorbed N2 molecule to 

the nanocluster. Based on the adsorption energies and enthalpies, a 

thermodynamically favorable chemisorption process was predicted 

for the Mg16Ca—N2 complex. The negative value of the Gibbs free 

energy of Mg16Ca—N2 confirmed the spontaneous adsorption 

process. The estimated recovery time for Mg16Ca—N2 complex for 

8-MR (0.089 s) and 4-MRs (0.075 s) illustrated a possible desorption 

process for N2 molecule from the surface of Mg16Ca. Our finding 

also revealed the Mg16Ca has the ability to use as a sensor for 

detection and absorption of N2 molecule.  
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1. Introduction 

    Nitrogen gas, which makes up 78% of the Earth's atmosphere, is the most plentiful element 

in the Earth [1]. The nitrogen gas has different applications such as the ammonia production 

in the Haber process, the net gas in explosive liquid tanks [2], diodes [3], and stainless metals 

production [4]. It can be used as a refrigerant in the cryogenic cooling and storage systems in 

the food and pharmaceutical. It is a key element in the cells of living organisms [5]. 

Expensive experimental techniques such as spectrophotometry [6], electrochemistry [7], and 

chromatography [8] are used for the detection of N2 . Hence, it is of great importance to find a 

portable, fast, and sensitive sensor for detection and adsorption of nitrogen gas. With the 

advent of nanotechnology, the development of high capacity sensors with high surface to 

volume ratio and special electronic sensitivity is on the rise [9]. A new class of sensors such 

as nanoclusters has been broadly considered as chemical sensors [10, 11]. For this purpose, 

metal nanoclusters are promising candidates. 

    Metal nanoclusters are a kind of nanoscale size particle with unusual properties that behave 

quite differently from macroscopic metals. A nanocluster behaves like a molecule and known 

as the bridging link between atoms and nanoparticles. These metal nanoclusters were known 

as unparalleled properties materials with unique behavior such as size and number of atoms. 

These materials have been studied by many researchers due to their biocompatibility metals 

properties and featuring significant metal-metal interactions [12-16]. Divalent metal 



64                                                                          J. Chem. React. Synthesis 2021: 11(2) 62-90 

 

nanoclusters with filled electronic layers represent the special aspects of van der Waals 

bonding between the atoms. These behaviors significantly differ from the behavior of a single 

atom or bulky materials [17]. Among the divalent metal nanoclusters, magnesium 

nanoclusters received great attention in the last twenty years due to interesting properties 

such as stability in the high temperature, low dielectric constant, high thermal conductivity, 

intense chemical reactivity, and oxidation resistance [18-21]. The diatomic molecule of 

magnesium is a weakly bonded van der Waals system, but magnesium nanoclusters of larger 

sizes represent strong bonding [17]. These properties of magnesium were led to several 

applications such as superconductivity [22], hydrogen storage [23, 24], nano-materials [25, 

26], and biomedical [27]. Besides these remarkable properties, transition van der Waals 

bonding to metallic bonding was observed in magnesium nanoclusters with increasing the 

cluster size [28].  

    The structural and electronic properties of magnesium nanoclusters have been investigated 

using several theoretical methods [29-33]. Xia and coworkers studied the structural evolution 

and electronic properties of the neutral and anionic Mg clusters with a different number of 

atoms from 3 to 20 using the unbiased CALYPSO method combined with density functional 

theory [33]. They demonstrated that the most stable neutral clusters are consisting of 17 

atoms, includes two square frames (4-MRs) on the top and down with an octagon frame (8-

MR) at the center (Figure. 1), which has been considered as an aromatic metal cluster. 

Jellinek et al. investigated the structural and electronic properties of neutral and anionic 

magnesium clusters up to 22 atoms using gradient-corrected density functional theory [34]. 

Lyalin et al. have studied the evolution of the optimized structures of the neutral and singly 

charged cationic magnesium clusters with increasing the cluster size by ab initio method 

systematically [35]. Nitrogen adsorption on various nanostructures has been extensively 

investigated theoretically and experimentally [36-39]. The goal of this study is to examine the 
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possibility of N2 adsorption on the surface of the magnesium nanoclusters consisting of 17 

atoms with the centrality of Be, Mg, and Ca (Figure. 1), and also on the ionic structure of 

17
( 0, 1)

q

qMg   in the gas phase using density functional theory (DFT) calculations. DFT is 

the most precise and reliable method to investigate the metal clusters properties [40-45]. The 

natural bond orbital (NBO) analysis [46] was used to interpret the charge transfer process 

between N2 molecule and Mg16M;(M=Be, Mg, and, Ca) and  also ionic nanoclusters during 

the adsorption process. 

 

Figure. 1 Schematic view of the Mg17 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). 

2. Theoretical Methods 

    The initial structure of N2 molecule, the 
17

( 0, 1)
q

qMg   and the Mg16M;(M=Be, Mg, and, 

Ca) nanoclusters were modeled using Gauss View 5.0 [47]. A filled-cage-like construction, 

including two square (4-MRs) frames and an octagon (8-MR) frame was applied to stabilize 

the Mg16M due to the potent interactions between the Mg4 units and the central M 

atom;(M=Be, Mg, and, Ca) and more significantly because of the tendency of local 

aromaticity [33]. A single N2 molecule was geometry optimized separately and added to each 
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of these nanoclusters from two different sites of 4-MRs and 8-MR (Figure. 1). All structures 

were geometrically optimized using the hybrid exchange-correlation functional CAM-B3LYP 

[48]. The CAM-B3LYP is a good functional for energetic studies and structural parameters 

and predicts the energetic quantities to the accuracy of B3LYP [49]. It has also a high 

accuracy resulting in long-range correction effect [48]. To reduce the calculation time, the 

geometry optimizations have been started with 6-31+G followed by a higher precision basis 

set (6-311+G(d)) to extract the energetic values in the gas phase using the Gaussian 09 

software package [50]. 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 

zero point energy (ZPE) and basis set superposition error (BSSE) using the counterpoise 

correction scheme outlined by Boys and Bernardi [51]. 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), partial density of 

state (PDOS) and total density of state (TDOS) plots were obtained for all adsorption models 

using the Gauss Sum [52] and Multiwfn [53] programs. The EDD maps were generated by 

VMD software.  

3. Results and discussions  

3.1 Geometry optimization and validation 

    The neutral Mg17  nanocluster with 4dD  point group is the most stable among other point 

groups such as   ,     , and,    [21, 33]. The structure of the nitrogen molecule, the ionic 

forms of     
         and also the neutral Mg16M;(M=Be, Mg, and, Ca) nanoclusters 

were geometry optimized at the CAM-B3LYP/6-311+G(d) level of theory in the gas phase 
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separately (Figure. SF1, supplementary material) and the bond lengths and angles are 

tabulated in Tables ST1-7, supplementary material. Table 1 summarizes the calculated bond 

lengths and angles of 
17

( 0, 1)
q

qMg   and Mg16M;(M=Be, Mg, and, Ca) nanoclusters for 8-

MR and 4-MRs frames. The obtained results fall within the range of corresponding values 

reported in experimental studies Ref [54] and theoretical works in Ref [55]. Table ST8, 

supplementary material, illustrates the calculated bond length of Mg—Mg and the total 

energy of      nanocluster with CAM-B3LYP/6-311+G(d)  for      nanocluster and 

compares with those from theoretical reported values [21]. There is good agreement between 

our results and those from B3LYP/6-311G(d) and B3PW91/6-311G(d).  According to Table 

1 accepting or losing an electron directly influences the bond lengths and angles of the 

nanoclusters. Therefore, the bond lengths and angles of 4-MRs and 8-RM frames of 
1

17Mg
, 

and 
1

17Mg
 slightly change in comparison to the neutral Mg17 nanocluster. As an  example, the 

bond angles for 8-MR frame of Mg17, 
1

17Mg
, and 

1

17Mg
 are 116.39°, 114.85°, and 116.91° 

respectively, but for 4-MRs frames, it is equal to 89.97°, 89.99°, and 90.01° respectively. 

Therefore, the 
1

17Mg
 with the average bond length of 3.02   0.01Å and bond angle of 

114.85° for 8-MR frame and 3.04   0.02 Å and 89.97° for 4-MR frame is less stable in 

comparison to the Mg17 and 
1

17Mg
, which could be related to the reduction of the bond length 

and angles in the anionic nanocluster. 

Table 1. The average bond lengths in (Å) and bond angles in (°) of 
17

( 0, 1)
q

qMg    and Mg16M;(M=Be, Mg, 

and, Ca) nanoclusters in 4-MRs and 8-RM frames. 

 

Nanoclusters  Metal ring frame Bond length Bond angle 

1

17Mg   

8-MR 

3.02   0.01 114.85 

1

17Mg  3.02   0.02 116.91 
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1

17Mg   

4-MRs 

3.04   0.02 89.97 

1

17Mg  3.11   0.01 89.99 

Mg16Be 

 

8-MR 

3.12   0.01 115.44 

Mg17 3.04   0.01 116.39 

Mg16Ca 2.95   0.01 112.76 

Mg16Be 

 

4-MRs 

2.92   0.01 89.99 

Mg17 3.05   0.01 90.01 

Mg16Ca 3.27   0.01 89.91 

    Table 1 also exhibits that the bond lengths and angles in Mg16M;(M=Be, Mg, and, Ca) 

nanoclusters are affected by the central atom (M) in both 4-MRs and 8-MR frames. As such, 

the bond lengths for 4-MRs frames of Mg16M increased with increasing the size of the central 

atom whilst, for the 8-MR frame the bond lengths show an inverse trend. The bond angle for 

8-MR frame, in Mg16Ca is 112.76˚, which is smaller than the values of Mg16Be and Mg17, 

consequently, leading to the cluster instability. It can be concluded that the 8-MR frame of 

Mg16Ca with the smallest bond length (2.95 Å) and angle (112.76˚) and high strain ring is the 

most favorable position of nanocluster for adsorbing N2 molecule. This result is in agreement 

with the obtained results of the adsorption energy values in the 3.2 section. 

3.2 Adsorption behavior of N2 molecule on the Mg16M nanoclusters 

    The interaction energies of the Mg16Be―N2, Mg17―N2 , Mg16Ca―N2 and also the      
  —

N2  and     
  —N2 complexes were calculated to determine the adsorption behavior of N2 

molecule upon the exterior surface of the Mg16M;(M=Be, Mg, and, Ca) nanoclusters. The 

adsorption energy ( ),adE binding energy (     ) and deformation energy (    ) are calculated 

based on following equations: 
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                                                                      (1) 

            
    

          
                              (2) 

                 (3) 

where       
    

 ,       
  , and     are the optimized energies of the complex 

(nanocluster/N2), nanocluster and N2 molecule, respectively. It should be mentioned that the 

adsorption energy encompasses both binding (     ) and deformation (    ) energy 

contributions, which are both occurred during the adsorption process [56]. 

Table 2 displays the values of the adsorption (   ) and interaction (     ) energies with the 

correction of the basis set superposition errors (BSSE), and deformation energies (    ) for 

N2 adsorption on the surface of the Mg16M;(M=Be, Mg, and, Ca) nanoclusters. The 

adsorption energy values of the 4-MRs and 8-MR frames for Mg16Be―N2, Mg17―N2, and 

Mg16Ca―N2 complexes are (-1.0915, -4.6333); (-1.3698, -0.8128); and (-88.0620, -87.6170) 

(kJ.mol
-1

) respectively. It is clear that the Mg16Ca― N2 complex has the highest adsorption 

energy. This indicates a strong interaction between N2 molecule and Mg16Ca nanocluster 

which shows a chemisorption process. Whilst, the values of the adsorption energies for the 

other complexes indicate the N2 molecule adsorbs physically upon the surface of the 

investigated nanoclusters. 

Table 2. The calculated basis set superposition errors (     ), adsorption (   ), binding (     ) and deformation 

(    ) energies (all in kJ.mol
-1

) of         ;(M=Be, Mg, and, Ca) and     
 
       complexes with the BSSE 

correction, at the CAM-B3LYP/6-311+G (d) approach. 

Complexes Metal ring frame                                

1

17 2Mg ―N  

8 –MR 

0.0021 -0.8857   -199.1755   +198.2898 

1

17 2Mg ―N  0.0247 -6.8629 -1555.6449 +1548.7819 

16 2Mg B ―e N  0.0186 -4.6333       -1.6073        -3.0260 
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17 2Mg ―N  0.0020 -0.8128       -1.0038       +0.1910 

16 2Mg C ―a N  0.0351        -87.6170        -1.7789       -85.8381 

1

17 2Mg ―N  

4-MRs 

0.0018  -0.1711    -197.1642     +196.9931 

1

17 2Mg ―N  0.0176  -7.5697   -1556.6062   +1549.0365 

16 2Mg B ―e N  0.0016  -1.0915         -1.0246           -

0.0669 

17 2Mg ―N  0.0014  -1.3698         -1.5488          

+0.1790 

16 2Mg C ―a N  0.0425 -88.0620         -1.1240         -

86.9380 

 

    According to section 3.3, the stability of the neutral Mg16M;(M=Be, Mg, and, Ca) 

nanoclusters will decrease with increasing the central atom radius, which leads to more 

reactivity. Accordingly, the Mg16Ca has the highest adsorption energy for the nitrogen 

molecule. It should be noted that the electronegativity of the central atom can be an important 

factor during the nitrogen adsorptions on the investigated nanoclusters. Hence, calcium with 

the least electronegativity plays a more effective role in nitrogen adsorption. 

The adsorption energy values of Mg17―N2,     
  —N2 and     

  —N2 complexes for 8-MR 

and 4-MRs frames are (-0.8128, -1.3698); (-6.8629, -7.5697); and (-0.8857, -0.1711) (kJ.mol
-

1
), respectively. The comparison of the adsorption energy values of N2 molecule over the 

studied nanoclusters reveals that the substitution of the central atom of the nanocluster is 

more effective than the charge alteration. Therefore, the adsorption energy values of 

Mg16Ca―N2 complex from both positions of 4-MRs and 8-MR frames are more than the 

related values of the other neutral and anionic complexes. The values of the adsorption 

energies for the 
17

( 0, 1)
q

qMg    complexes indicate the N2 molecule adsorbs physically on 

the surface of the investigated clusters.  
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Figure. 2 Comparison of the bond lengths and angles of Mg16Ca nanocluster before and after N2 adsorption. All 

bond distances are in Å. 

    The deformation energy values of the neutral, cationic, and anionic     
 
―      

      nanoclusters are positive which indicate an endothermic-unfavorable adsorption 

process of N2 molecule upon the surface of 
17

( 0, 1)
q

qMg   whilst, the negative deformation 

energies for 16Mg Be  and 16Mg Ca , implying an exothermic-favorable adsorption process. 

Hence, for 16Mg Be  and 16Mg Ca  nanoclusters, the adsorption process is thermodynamically 

spontaneous and lead to a distortion in the nanocluster structure. Figure. 2 illustrates that the 

Mg16Ca― N2 with the largest deformation energy values of (4-MRs= -86.938 kJ.mol
-1

 and 8-
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MR= -85.838 kJ.mol
-1

) shows dramatic changes in the bond lengths and angles of Mg16Ca 

after the N2 adsorption. The charge transfer between the N2 molecule and different 

nanoclusters were analyzed using the natural bond orbital (NBO) technique. Figure. 3 

displays a high charge transfer (0.07110 e) during the adsorption of N2 molecule on the 8-MR 

frame of        nanocluster, which motivates the highest interaction energy among the 

adsorption models (Mg16M;(M=Be, Mg, and, Ca). On the other hand, the natural bond 

orbitals (NBO) analysis indicates that a remarkable charge (Figure. 3) is transferred from the 

N2 to the Mg16Ca nanocluster which is responsible for the large change of the electronic 

properties. By decreasing the curvature of the Mg16M;(M=Be, Mg, and, Ca) nanoclusters, the 

charge transfer is decreased which is in agreement with the reduction of sensitivity and 

adsorption energy (see Table 2 and Figure. 3) [57-59]. The calculated NBO charges for the 

neutral and ionic nanoclusters of     
           represent the most accumulation of 

negative charge on the central atom (Table ST9, supplementary material). The charge transfer 

from N2 molecule to the 
1

17Mg
 nanocluster causes a weak interaction compared to the 

cationic nanoclusters which can be attributed to the electronic repulsion between the N2 

molecule and the anionic nanocluster. The electron density depletion (EDD) map analysis 

represents condense electronic cloud surrounded the Mg—N bond, which is an evidence for 

the adsorption of N2 molecule on the neutral and ionic nanoclusters (Figures 3 and SF2-SF4, 

supplementary material).   
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Figure. 3 The optimized structures of the adsorbed nitrogen over the Mg16M;(M=Be, Mg, and, Ca) nanocluster 

from 8-MR position along with their corresponding electron density depletion (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. All bond distances are in Å.     indicates the charge transfer. 

    Although the electronic properties of the Mg16M;(M=Be, Mg, and, Ca) nanoclusters are 

sensitive to N2 molecule, the high adsorption energy can prevent the desorption process. 

Exposing to ultraviolet (UV) light [60] can use to recover a sensor experimentally. The 

recovery time      can be determined using equation (4) based on the the transition theory: 
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                                                        (4) 

where T is the temperature, k is the Boltzmann’s constant (                   ), and   

is the attempt frequency. In order to study this issue in more detail, the recovery time was 

calculated and computed results tabulated in Table 3. If the vacuum UV light (    

        ) is applied for the recovery of N2 molecule from the surface of the most stable 

(Mg16Ca—N2) complex, the recovery time at 298 K will be about 0.075 s for 4-MRs frames 

and 0.089 s for 8-MR frame. The estimated recovery time represents a possible desorption 

process of N2 molecule from the surface of the Mg16Ca nanocluster. Hence the Mg16Ca 

nanocluster could be an appropriate sensor for N2 molecule in comparison to Mg16Be and 

Mg17 nanoclusters.  

Table 3. The estimated recovery time      in (s) for the studied complexes. 

Metal ring frame 1

17 2Mg ―N 1

17 2Mg ―N 16 2Mg B ―e N 17 2Mg ―N 16 2Mg C ―a N 

MR-8                                             0.075 

MRs-4                                             0.089 

 

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 [61]. The evaluation of the transition energy from HOMO to 

LUMO (energy gap;     ) was carried out to measure the molecular reactivity and evaluation 

of the sensitivity of each nanocluster relative to N2 molecule. Table 4 illustrates the values of 

the highest occupied molecular orbital energies (     ) and the lowest unoccupied molecular 
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orbital energies (     ), energy gap )( gapE , chemical potential ( ), chemical hardness ( ) 

and, electronegativity ( ) for the studied complexes. 

    Comparing the       and       of the Mg16Ca nanocluster with the Mg16Ca― N2 

complex during the adsorption process indicated that the       of the Mg16Ca nanocluster 

was decreased from       -4.0518 to -4.5525 eV and -4.5486 eV for the 8-MR and 4-RMs 

frames, respectively. Whilst, the       of the Mg16Ca nanocluster was increased from -

2.1034 to -1.5764 eV and -1.5809 eV for 8-MR and 4-MRs frames, respectively. On the other 

hand, the        (the percentage of the nanoclusters bandgap changes during the adsorption 

of N2 molecule) has large values for 8-MR (i.e; +52.7458%) and  4-MRs frames (i.e; 

+52.3147% ) of the Mg16Ca nanocluster. Accordingly, the HOMO and LUMO energy levels 

for the Mg16Ca nanocluster is significantly affected by the adsorption of N2 molecule.  The 

      and       values for 4-MRs and 8-MR frames of the other complexes were increased 

during the adsorption process. 

Table 4. The energy of HOMO (     ), LUMO (     ), gap energies (    ), chemical potential ( ), 

chemical hardness ( ), and electronegativity ( ) (all in eV) for the studied compounds, at the CAM-

B3LYP/6-311+G (d) approach. 

                                                                    structure 

+6.6650 +7.2604 -6.6650       — +14.5208 +0.5954 -13.9254    

+3.1682 +1.5089 -3.1682       —   +3.0177  -1.6572    -4.6749            

+3.1633 +1.2981 -3.1633       —   +2.5960  -1.8639   -4.4599      

+5.9511 +1.3951 -5.9511       —   +2.7903   -4.5560   -7.3463 *    
   

+6.1747 +1.3645 -6.1747       —   +2.7290  -4.8102   -7.5392  **    
   

+0.5337 +1.1495 -0.5337       —   +2.2991 +0.6158   -1.6833 *    
   

+0.5737 +1.2333 -0.5737       —   +2.4667 +0.6596   -1.8071 **    
   

+3.0801 +0.9742 -3.0801       —   +1.9484  -2.1034    -4.0518 Mg16Ca 

+3.1025 +1.3879 -3.1025    -8.0160   +2.7758  -1.7146   -4.4904 MR)-(8        2N—         

+3.1596 +1.5085 -3.1596    -0.0232   +3.0170  -1.6511   -4.6681                             (4-MRs)   

+3.1449 +1.2968 -3.1449    -0.0963   +2.5935  -1.8482    -4.4417 MR)-(8               2N —      

+3.1455 +1.2932 -3.1455    -0.3698   +2.5864  -1.8523   -4.4387                             (4-MRs) 

+5.8566 +1.3792 -5.8566    -1.1432   +2.7584  -4.4774   -7.2358 *    
  — N2             (8-MR) 

+5.8446 +1.4080 -5.8446   +0.9246   +2.8161  -4.4365   -7.2526                             (4-MRs) 

+6.0412 +1.4036 -6.0412   +2.8655   +2.8072  -4.6376   -7.4448 **    
  — N2          (8-MR) 

+6.0698 +1.4066 -6.0698   +3.0817   +2.8131  -4.6632    -7.4763                             (4-MRs) 

+0.5384 +1.1495 -0.5384    -0.0043   +2.2990 +0.6111   -1.6879 *    
  — N2             (8-MR) 

+0.4616 +1.2184 -0.4616   +5.9893   +2.4368 +0.7567   -1.6801                             (4-MRs) 

+0.5792 +1.2342 -0.5792   +0.0649   +2.4683 +0.6549   -1.8134 **    
  — N2           (8-MR) 

+0.5280 +1.2630 -0.5280   +2.3999   +2.5259 +0.7349   -1.7910                             (4-MRs) 
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+3.0644 +1.4881 -3.0644 +52.7458   +2.9761  -1.5764   -4.5525 MR)-(8        2N —        

+3.0648 +1.4838 -3.0648 +52.3147   +2.9677  -1.5809   -4.5486                              (4-MRs) 

The * and ** show the spin-up case (Alfa MOs) and the spin-down case (Beta MOs), respectively 

    The chemical reactivity of the Mg16M nanoclusters can be characterized by their energy 

gap which is an important parameter relying on the HOMO and LUMO energy levels. The 

large energy gap indicates the high stability and consequently the low chemical reactivity, as 

such, a small gap represents the low stability and a high chemical reactivity [62-64]. Table 4 

clearly shows that the Mg16Ca nanocluster has a smaller energy gap, low stability, and high 

chemical reactivity in comparison to the Mg17 and Mg16Be nanoclusters, which lead to more 

sensitivity to the presence of N2 molecule. The dependency of the      to the conduction 

electron population (N) based on equation (5), has been proven many times [65-67] and its 

alteration can be used as an appropriate index for the adsorbent sensitivity to a chemical. 

                                                                      (5) 

where k is the Boltzmann’s constant and A (electrons/m
3
 K

3/2
) is a constant.  

Eq. 5 estimates an exponential increase for the electrical conductivity of the Mg16M by 

decreasing the     . This alteration can be converted to an electrical signal, assisting to 

detect the molecule. Therefore, Eq. 5 predicts a decrease in the electrical conductivity of 

Mg16Ca —N2 by increasing     .  

The resistance of a chemical species to alter its electronic configuration is called the chemical 

hardness, while electronic chemical potential illustrates the desire to escape the electron 

cloud [68-70]. Table 4, represents the values of the chemical hardness and electronic 

chemical potential for Mg16Ca —N2 complex for the 8-MR (η=1.4881 and μ=-3.0644 eV) and 

4-MRs frames (η=1.4838 and μ=-3.0648 eV). The comparison between these values with the 

values of Mg16Ca nanocluster (η=0.9742 and μ=-3.0801 eV) indicates a significant increase 
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in η and μ during the adsorption of N2 molecule. Moreover, the values of the chemical 

hardness for Mg16Be, Mg17, and Mg16Ca are 1.5089 eV, 1.2981 eV, and 0.9742 eV, 

respectively. It seems that in the three different nanoclusters, the chemical hardness decreases 

with increasing the radius of the central atom. Accordingly, the Mg16Ca nanocluster 

represents the highest reactivity. The chemical potential values of the neutral and ionic 

magnesium nanoclusters 
17

( 0, 1)
q

qMg    show that the neutral nanocluster more stabilized by 

losing one electron while, accepting an electron causes instability in the resulting anionic 

nanocluster. It should be noted that the instability of the anionic nanocluster compared to the 

cationic one, does not lead to its high reactivity with N2 molecule, because the presence of an 

empty orbital in the cationic nanocluster plays an effective role in the nucleophilic attack by 

the lone pair electrons of N2 molecule. Accordingly, the N2 molecule has better adsorption on 

the cationic cluster. 

    The values of the energy gap for Mg16Be, Mg17, and Mg16Ca nanoclusters are 3.0177 eV, 

2.5960 eV and 1.9484 eV, respectively. These values indicated a reduction in the energy gap 

with increasing the radius of the central atom, which causes more instability and reactivity. 

Thus, Mg16Ca nanocluster with 1.9484 eV gap energy has the most reactivity to interaction 

with N2 molecule, which confirmed with the results of the adsorption energy values in the 

section of 3.2. Moreover, each of the ionic magnesium nanoclusters 
17

( 1)
q

qMg    with a 

doublet spin multiplicity ( 2)S   has two different HOMO-LUMO energy gaps. The most 

value of the band gap, and consequently the most stability are related to the anionic (the spin-

down case) and cationic (the spin-up case) nanoclusters, respectively (Figures 4 and 5).  

    In order to verify the effects of N2 adsorption on the electronic properties of the 

magnesium nanoclusters, electronic densities of states (DOSs) of the molecule/nanoclusters 
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have been presented in Figures. SF5 and SF6, supplementary material. The examination of 

the DOS plots reveal that for the 8-MR frame of Mg16Be —N2 and 4-MRs frames of Mg17—N2 

complexes, the conduction levels shift toward the lower energies compared to those of their 

pristine nanoclusters, whereas for 4-MRs and 8-MR frames of Mg16Ca —N2 and     
  —N2,  

and 4-MRs frames of     
  —N2  complexes, the conduction levels shift toward the higher 

energies. According to Figures. SF5 and SF6, supplementary material, for 4-MRs frame of 

Mg16Be —N2 (a), 8-MR frame of Mg17—N2 (d), and 8-MR frame of     
  —N2 (k), the DOS 

plots do not show significant changes compared to that of the pristine nanocluster. Therefore, 

there is no change in the conductance of these nanoclusters based on the adsorption of N2 

molecule. While for the Mg16Ca —N2 (4-MRs and 8-MR) complex (Figure. SF5, 

supplementary material, (e) and (f)) several new peaks appear within the energy gap near the 

conduction level which indicate the N2 molecule has a stronger interaction with the Mg16Ca 

nanocluster. Moreover, there is an overlap between the partial density of state (PDOS) of the 

nanoclusters and the total density of state (TDOS) of the investigated complexes (Figures. 

SF7 and SF8, supplementary material). Hence, it can be concluded that the nanocluster has a 

significant contribution towards HOMO. In contrast, the LUMO level arises from the 

contribution of N2 orbitals in the investigated complexes (Figures. SF7 and SF8, 

supplementary material).  
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Figure. 4 The HOMO, LUMO, and DOS profiles of the neutral and ionic nanoclusters of      
 
         . 

The      indicates the HOMO–LUMO energy gap. 

 



80                                                                          J. Chem. React. Synthesis 2021: 11(2) 62-90 

 

 

Figure. 5 The HOMO, LUMO, and DOS profiles of the neutral nanoclusters of                . The 

     indicates the HOMO–LUMO energy gap. 

3.4 Thermodynamic parameters 

    For more consideration of the N2 adsorption process on the magnesium nanoclusters, the 

thermodynamic parameters such as standard enthalpy )( H  and standard Gibbs free energy 

)( G  at 298 K and 1 atmosphere were calculated based on the equation (6) and the results 

are tabulated in Table 5.             

            
      (        

        )                                     (6) 
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Where       
    

 ،      
و           are thermodynamic parameters corresponding to the 

complex (nanocluster/N2), nanocluster, and N2 molecule respectively.  

Table 5. The calculated thermodynamic properties; standard enthalpy (   ), standard 

entropy (    ) and standard Gibbs free energy (   ) all in (kJ.mol
-1

) for the studied 

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

Complexes Metal ring frame              

    
      

8 –MR 

+0.4621 +16.1573 -15.6952 

    
      +2.0741 +13.5948 -11.5207 

           -0.6774 +15.0887 -15.7661 

         +2.7463 +11.9381   -9.1919 

          -86.5365  -65.6979 -20.8386 

    
      

4-MRs 

 +3.5786  +34.1420 -30.5635 

    
       +1.4099  +15.8370 -14.4271 

           +2.6990  +13.9650 -11.2660 

         +2.1923  +15.8081 -13.6158 

                  -84.5727   -71.5817 -12.9909 

    The negative values of the standard enthalpy for Mg16Ca —N2 (4-MRs and 8-MR frames) 

and Mg16Be —N2 (8-MR) complexes indicated an exothermic reaction. The large negative 

values of      denote an entropy  reduction during the formation of these complexes. The 

positive values of the standard Gibbs free energy for both 4-MRs and 8-MR frames of 

    
  —N2 ,     

  —N2,       —N2, and Mg16Be —N2  complexes predicted a 

thermodynamically disfavored adsorption process for these complexes. The negative values 

of the standard Gibbs free energy for Mg16Ca —N2 complex for both 4-MRs and 8-MR 

frames, verifying a spontaneous and thermodynamically favorable adsorption process which 

leads to an increase in the capability for N2 storage. This results represent a linear correlation 

between adsorption energy and standard enthalpy of these complexes at the CAM-B3LYP 

approach with the corresponding correlation coefficient of 0.99 (Figure. SF9, supplementary 
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material). The Mg16Ca—N2 nanocluster with the adE = -87.617 (kJ.mol
-1

) and    = -86.5365 

(kJ.mol
-1

) for 8-MR frame; and adE = -88.0620 (kJ.mol
-1

) and    = -84.5727 (kJ.mol
-1

) for 

4-MR frames adsorbed N2 molecule during a chemisorption reaction. These results are in line 

with available works [71]. 

4. Conclusions 

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

between the N2 molecule with the Mg16M (M=Be, Mg, and Ca), M is the central atom, and 

also with 
17

( 0, 1)
q

qMg   nanoclusters in the gas phase. Based on the adsorption energies and 

enthalpies, a thermodynamically favorable adsorption process was predicted for the 

Mg16Ca—N2 complex. The negative value of the Gibbs free energy of Mg16Ca—N2 confirmed 

the spontaneous adsorption process. The highest interaction energy was observed for the 

       nanocluster at the 8-MR frame which causes a high charge transfer of 0.0711 e. 

Furthermore, the nitrogen molecule is chemisorbed on the Mg16Ca nanocluster while it 

retains its molecular form. The NBO analysis revealed that in all complexes, the nitrogen 

molecule is an electron-donating and the nanocluster is the electron acceptor. The nanocluster 

has a significant contribution towards HOMO whereas the LUMO level arises from the 

contribution of N2 orbitals in the investigated complexes. The estimated recovery time for 

Mg16Ca—N2 complex was 0.075 s for 8-MR frame and 0.089 s for 4-MRs frames, which 

represented a possible desorption process for the N2 molecule from the surface of Mg16Ca. 

The conduction electron population (N) predicted a decrease in the electrical conductivity of 

Mg16Ca—N2 by increasing     . These changes can be converted to an electrical signal, 

helping to detect the molecule. In summary, the Mg16Ca nanocluster may be a promising 

candidate for detection of N2 molecule.We anticipate that the substitution of central Mg atom 
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with the divalent metal with a larger radius than Mg can increase the sensitivity of the 

aromatic metal Mg16M nanoclusters to use as a sensor for N2 gas. 
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