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Abstract: Adsorption of gaseous molecules on outer 

surface of nanostructures is one of the interesting 

properties. In this respect, Al12N12 inorganic system is 
chosen as nanocage, while oxygen and carbon dioxide are 

considered to interact with the nanocage. Two modes have 

been considered in this study. Steric and relaxation 

deformation densities are employed to find the nature of 

chemical interaction between these two fragments and 

results confirm strong steric interaction in the 

intermolecular area, while the role of relaxation interaction 

is not negligible. All deformation density calculations for 

two models of configuration have been investigated using 

the density functional theory (DFT) calculations by M06-

2X methods and 6-311++G** basis set. Interaction energy 

for two models of molecules has been examined and 
compared utilizing the method of computation. To get 

insight into steric and attractive parts of the intermolecular 

interaction, deformation density is decomposed to two 

intrinsic components: kinetic energy pressure and 

relaxation. Competition between these two components 

has been performed in this research. 
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Intermolecular Interaction between Al12N12 Nanocage, Carbon Dioxide and  … 

INTRODUCTION  
Recently, extensive research has been achieved in the electrical and also optical 

attributes of some important molecules. [1-6]. Studies of various (XY)n clusters 

(X=B, Al, … and Y=N, P, …) anticipated the fullerene-like cages X12Y12 has the 
highest stability. That is, the fullerene-like cages (XY)n can be considered as 

magic clusters, with special built-in stability for n=12 [7]. 

In the last years, a lot of researchers have been focusing on the characterization 

synthesis, and structural characteristics of nanocages, AlN nanotubes, nanowires, 
nanosheets. Among of (AlN)n nanocages, Al12N12 is the most stable structure [8]. 

There are several reports on BN, AlN, BP and AlP nanocages that can adsorb a 

variety of molecules on their exterior [9]. Rad and Ayub used DFT calculations 
to show that guanine molecule can be absorbed on a variety of nanocages exterior 

[10]. In addition, B12P12 and B12N12 nanoclusters and with Zn and Cu doping have 

been used for SO2, CO2 and COCl2 adsorption, respectively [11-13]. Furthermore, 
very recently, Yuki and Chang investigated theoretically on Al12N12 nanocage on 

the adsorption of   HNO as a potential electronic sensor and Ф-type sensor for the 

detection of HNO [14]. 

Deformation density, ∆𝜌, is a helpful amount in computational chemistry, which 
can be used to calculate reorganization of charge of a molecule to find out about 

its chemical properties. By definition, this criterion is the molecular electron 

densities difference between the complex and the fragments  𝜌𝑡𝑜𝑡 = 𝜌𝑐𝑜𝑚𝑝 −

𝜌𝑓𝑟𝑎𝑔
(0)

. There are two ways to examine the deformation density including 

topological analysis in Cartesian space and orbital analysis as eigenorbitals of 

deformation density. Total deformation density has been analyzed by several 

studies and it has become clear how to elicit electronic structure based on 
deformation density [15-21]. We can explain deformation density as orbital 

relaxation (∆𝜌𝑟𝑒𝑙𝑎𝑥) components and kinetic energy pressure (∆𝜌𝐾𝐸𝑃) [22-24], so 

that each has their specific topological characteristics [25-28]. In chemistry, 
kinetic energy pressure known as steric repulsion effect has been originated from 

Pauli exclusion principle [29,30]. In addition, relax is generated through electron 

density redistribution during the intermolecular interaction, which leads to 

reorganization of orbitals [31]. It is clear that relax deformation density and KEP 
can be diagonalized, which leads to relative eigenvalues and eigenorbitals when 

the interaction displaces the charges due intermolecular or intramolecular 

interaction. 

The purpose of the current chore is to conduct a theoretical research of 

deformation density decomposition into relaxation and steric interactions on 

intermolecular interaction between (AlN)n nanocage as a physisorption 
phenomenon. Thus, a plan was devised to examine the interaction of (AlN)n 

https://en.wikipedia.org/wiki/Molecule
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nanocage (n =12) and two diatomic and polyatomic molecules, to shed light into 
the physisorption in depletion and concentration of electron density language. The 

following contains a short account of deformation density decomposition into 

relaxation and steric parts. 

 

COMPUTATIONAL DETAILS 

We adopted an Al12N12 fullerene-like nanocage as adsorbent model. Electronic 

and geometries  wave functions of Al12N12 complexes with O2 and CO2, at two 

different sites were optimized at 6–311++G** [32] and hybrid density functional 
M06-2X [33] level as basis set in Gaussian (v.09) [34].  

In fact, the decomposition of total deformation density (𝝆𝒕𝒐𝒕) yields two intrinsic 

components: relaxation deformation densities (𝝆𝒓𝒆𝒍𝒂𝒙) and kinetic energy 

pressure (𝝆𝑲𝑬𝑷) to examine the attractive and steric parts of the intermolecular 

interaction. These three densities are diagonalized to result 𝜽∆.𝒊
𝒕𝒐𝒕 , 𝜽∆.𝒊

𝑲𝑬𝑷 and 𝜽∆.𝒊
𝒓𝒆𝒍𝒂𝒙 

as deformation eigenorbitals, and 𝒏∆.𝒊
𝒕𝒐𝒕 , 𝒏∆.𝒊

𝑲𝑬𝑷 and 𝒏∆.𝒊
𝒓𝒆𝒍𝒂𝒙 as the corresponding 

eigenvalues, respectively. Its concentration and depletion parts of each, 

components have been considered based on eigenvalues sign and yellow and blue 

colors represent depletion (∆𝝆𝒅𝒆𝒑𝒍) and concentration (∆𝝆𝒄𝒐𝒏𝒄) of deformation 

densities, respectively. Moreover, total eigenvalues of the same sign indicate the 

total size of charge that is displayed with each deformation density components. 

Densitizer was used for analyzing deformation density [24,35], eigenorbitals and 

isosurfaces of deformation densities are plotted in GaussView (v.5.0.8) [36].  

It should be noted, kinetic energy pressure (KEP) is pertinent to exchange 

repulsion [37], which forms among electron pairs with the same spin in interacting 
molecules. In addition, the intermolecular forces among two molecules with 

interaction are also performed using electrostatic contributions. The classical 

interaction of two molecules and static charge distribution yield the first and 
second order electrostatic interactions. The dispersion and induction effects in the 

two interacting molecules are caused by the second-order electrostatic 

contribution [37]. On the Inorganic and biological systems, the dispersion affects 

the interaction. It happens due to distribution of charges between the interacting 
molecules, which fluctuates along with the electrons, move. When the electrons 

enter a configuration of low energy, they become correlated. Especially, 

dispersion is a key factor in non-polar hydrophobic molecules aggregation in 
aqueous solution. Therefore, the hydrophobic interactions formed between sites 

of molecules and carbon nanoring is supported by dispersion in terms of strength. 
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RESULTS AND DISCUSSION  

Deformation density analysis was carried out on intermolecular interaction 

between Aluminum nitrid nanocage (Al12N12) and some molecules such as oxygen 

and carbon dioxide gases. Al12N12 is a nanocage that contains 12 nitrogen and 12 

aluminum atoms. It should be noted that two kinds of ring have been found in this 

nanocage; the four-membered rings and also six-membered rings having Th 

symmetry , as demonstrated the rings in Fig. 1.  

 
Fig 1. Two kinds of rings, 6-membered rings named A and 4-membered ring named B 

 

The initial orientation of any interacted molecules to the outside surface of Al12N12 
nanocage is very important. Indeed, for two kinds of ring in this cage, two models 

for configuration of O2 molecule close to the outside surface of Al12N12 nanocage 

have been considered with respect to six-four member rings. For optimization, 
various possible initial adsorption geometries via two mentioned rings are 

considered. In model A, O2 molecule has been located over the Al and N atoms 

of the nanocage faced near six-membered ring, as shown in Fig. 2. Another kind 
of configuration that faces near 4-membered ring named model B, as shown in 

Fig. 3. Also, two models for CO2 molecule have been considered such as O2 

molecule.  

   
Fig 2. Model A: adsorption of O2 on the nanocage  
   

    
Fig 3. Model B: adsorption of O2 on the nanocage  
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O2 and CO2 molecules interaction on new surfaces are both important. To find a 
new surface with good properties was a motivation to us to study the adsorption 

of the noted molecules. The application of study of Interaction of Al12N12 with O2 

and CO2 molecules are in medicine and environmental sciences. This kind of 
interaction of O2 and CO2 with nanocages have been subject to different research 

studies in order to be used in gas sensors as well as devices used for Oxygen 

storage and removal of poisonous gases.  

 Geometry optimization and energies have been calculated for the structures 
prepared. In addition, the frequency of the optimized structures was determined 

at hybrid density functional M06-2X function with the 6-311++G** basis adopted 

to regulate a local minimum attendance. The smallest distance of O2 and CO2 
gases to Al12N12 nanocage is about 2.66 and 2.08 A˚ in the configurations of model 

A, respectively. In the model B, the smallest distance of O2 and CO2 gases to the 

nanocage is about 2.59 and 2.08 A˚, respectively.  
It has been observed that the optimized geometry of Al12N12 nanocage consist of 

two kinds of non-equivalent bonds of Al-N in a six-membered ring. There are 

bond lengths of 1.78 and 1.85 Å. However, in the four-membered ring, four AlN 

bonds are almost equal. This bond length is 1.85 Å.  
The interaction energy named as adsorption energy (Eads) is described as follows:  

Eads = E Eadsorbate@nanocage - Eadsorbate- Enanocage                    (1) 

Where adsorbate serves as small molecules such as O2 and CO2; E(adsorbate@nanocluster) 
represents the sum of energy of an adsorbate the surface of the nanocage, E(adsorbate) 

and E(nanocluster) represent the sum of energies of the nanocage and an adsorbate and 

nanocage, respectively. A negative value of Eads coinsides to exothermic 

adsorption. The energies were computed with the same M06-2X /6-311++G** 
level of theory.  

Ead values between the adsorbate and the adsorbent are ‒0.0087 and –0.0083 eV 

for O2 in model A and B, respectively. For CO2, Ead values between the adsorbate 
and the adsorbent are ‒0.0197 eV in two models, equally. These results clearly 

indicate that the adsorption between the two species is an exothermic process. 

Additionally, the results have been shown that the kind of model is not very 
effective. 

The three-deformation density isosurfaces and displaced charges have been 

shown in Tables 1 and 2, for complexes of Al12N12 nanocage with Oxygen and 

Carbon dioxide molecules in model A and B, respectively. As listed in Table 1, 

the  ∆𝜌𝑟𝑒𝑙𝑎𝑥 appears mostly in the ∆𝜌𝑡𝑜𝑡 and the shape of ∆𝜌𝑡𝑜𝑡  in model A, is 

completely dominated by  ∆𝜌𝑟𝑒𝑙𝑎𝑥. Thus, the role of the orbital relaxation is more 

intensive in total deformation density for these two complexes. 
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Table 1. Total deformation density isosurface and its corresponding components: kinetic 

energy pressure and relaxation energy for compounds 1 and 2 as Model A of nano-cage 

Al12N12 with Oxygen and Carbon dioxide 

 Molecule ∆𝝆𝑲𝑬𝑷 ∆𝝆𝒓𝒆𝒍𝒂𝒙 ∆𝝆𝒕𝒐𝒕 

1 Al12N12-O2 

(0.6874) 

 
(1.4613) 

 
(1.8645) 

2 Al12N12-CO2 

(0.8814) 

 
(0.9091) (1.3632) 

It is demonstrated that in Al12N12--O2 and Al12N12--CO2 complexes in model A, 

∆𝜌𝑟𝑒𝑙𝑎𝑥  make a wider spread of the deformation density than ∆𝜌𝐾𝐸𝑃. 

Considerably, in Al12N12-O2 and Al12N12-CO2 complexes in model B, ∆𝜌𝑟𝑒𝑙𝑎𝑥  and 

∆𝜌𝐾𝐸𝑃 for both O2 and CO2 fallow the same trend similarly in two complexes as 
shown in Table 2.  

 
Table 2. Total deformation density isosurface and its corresponding components: kinetic 

energy pressure and relaxation energy for compounds 1 and 2 as Model B of nano-cage 

Al12N12 with Oxygen and Carbon dioxide 

 Molecule ∆𝝆𝑲𝑬𝑷 ∆𝝆𝒓𝒆𝒍𝒂𝒙 ∆𝝆𝒕𝒐𝒕 

1 Al12N12-O2 

 
(0.4691) (0.8652) (0.8348) 

2 Al12N12-CO2 

 
(0.8810) (0.9087) (1.3626) 
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In two models A and B, the displaced charge values due to ∆𝜌𝑟𝑒𝑙𝑎𝑥, is higher 

compared to the corresponding value of ∆𝜌𝐾𝐸𝑃 for complexes including O2 and 

CO2. Thus, compared to the kinetic energy pressure,  𝑛∆,𝑟𝑒𝑙𝑎𝑥  to 𝑛∆,𝑇𝑜𝑡𝑎𝑙 there is 

a stronger quantitative contribution made by the orbital relaxation to the formation 

of total deformation density. As to entries in T able 1 and 2, ∆𝜌𝑟𝑒𝑙𝑎𝑥  

∆𝜌𝐾𝐸𝑃 in Al12N12-O2 and Al12N12-CO2 interactions. 

In model A, the values of 𝑛∆,𝐾𝐸𝑃 are compared for the for the complexes. Clearly, 

this value for CO2 is higher than that of O2. The values of 𝑛∆,𝑟𝑒𝑙𝑎𝑥 for CO2 are less 

than O2 in model A. Moreover, value of 𝑛∆,𝐾𝐸𝑃  is higher than 𝑛∆,𝑟𝑒𝑙𝑎𝑥  in each 

complex in the two models. About the values of 𝑛∆,𝑟𝑒𝑙𝑎𝑥  and 𝑛∆,𝑡𝑜𝑡  , it is obvious 

for two complexes in model A, similarly. 

In model B the condition is different from model A. In this model, the values of 

𝑛∆,𝐾𝐸𝑃  for the complexes indicate that CO2 value higher than that of O2, Also, the 

values of 𝑛∆,𝑟𝑒𝑙𝑎𝑥  for CO2 are more than O2. Moreover, the value of 𝑛∆,𝐾𝐸𝑃 is 

higher than 𝑛∆,𝑟𝑒𝑙𝑎𝑥  in each complex in this model. About the values of 𝑛∆,𝑡𝑜𝑡  , it 

is obvious that for CO2 it is more than O2, similarly. Indeed, the trend of 𝑛∆,𝑟𝑒𝑙𝑎𝑥  

for O2 and CO2 in model A is different from model B. 

 
Table 3. Deformation density isosurface of concentration and depletion components of 

kinetic energy pressure for compounds 1 and 2 as Model A of nano-cage Al12N12 with 

Oxygen and Carbon 

 Molecule ∆𝝆𝑲𝑬𝑷𝒄𝒐𝒏𝒄
 ∆𝝆𝑲𝑬𝑷𝒅𝒆𝒑𝒍

 

1 Al12N12-O2 

 
(0.6874) 

 
(0.6874) 

2 Al12N12-CO2 

 
(0.8814) 

 
(0.8814) 

 

Concentration isosurfaces of 𝜌𝐾𝐸𝑃 for complexes of O2 and CO2 with the 

nanocage in model A have been shown in Table 3. ∆𝜌𝐾𝐸𝑃𝑐𝑜𝑛𝑐
 isosurfaces in Table 
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3 are arranged around the O2 molecules and the labeled atoms of nanocage near 
the mentioned molecules such as N2, N17, N20 and Al21 belong to the six-

membered ring faced to O2 molecule in Al12N12--O2 Also, the same trend has been 

observed for the atoms N2, N22, N23 and Al19 in Al12N12--CO2 belong to the 

six-membered ring separately. However, depletion isosurfaces of 𝜌𝐾𝐸𝑃 for 

complexes of O2 and CO2 with the nanocage (∆𝜌𝐾𝐸𝑃𝑑𝑒𝑝𝑙
) isosurfaces in model A 

are extended around each atom that is mentioned above in the nanocage besides 

O2 and CO2 molecules continuously. This is not separated from O2 and CO2. 

 

Table 4. Deformation density isosurface of concentration and depletion of 
kinetic energy pressure for compounds 1 and 2 as Model B of nano-cage Al12N12 with 

Oxygen and Carbon 
 Molecule ∆𝝆𝑲𝑬𝑷𝒄𝒐𝒏𝒄

 ∆𝝆𝑲𝑬𝑷𝒅𝒆𝒑𝒍
 

1 Al12N12-O2 

 

 
(0.4691) 

 

 
(0.4691) 

2 Al12N12-CO2 

 
(0.8810) 

 
(0.8810) 

 

As shown in Table 4, the distribution for ∆𝜌𝐾𝐸𝑃𝑑𝑒𝑝𝑙
 isosurfaces for model B is 

widespread on a wide area of the complexes and the region among these 

molecules and nanocage. The ∆𝜌𝐾𝐸𝑃𝑑𝑒𝑝𝑙
 isosurfaces are focused on O2 and CO2 

molecules and near atoms of nanocage. However, the ∆𝜌𝐾𝐸𝑃𝑐𝑜𝑛𝑐
 isosurfaces are 

concentrated on O2 and CO2 molecules and near atoms separately not continuous. 

The extension of ∆𝜌𝐾𝐸𝑃𝑑𝑒𝑝𝑙
for Al12N12--CO2 complex is higher than the Al12N12-

-O2 complex and the majority of atoms play a role in the deformation density.  

The values of 𝑛∆,𝐾𝐸𝑃  for the complexes indicates that CO2 possesses more 𝑛∆,𝐾𝐸𝑃  

value than O2 in the two models. Also, in Al12N12--CO2 complex, extension of 
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∆𝜌𝐾𝐸𝑃𝑐𝑜𝑛𝑐
is greater than Al12N12--O2 complex and a higher number of atoms are 

covered by the isosurface between carbon atoms and oxygen molecules (Tables 3 
and 4). Therefore, CO2 can affect the nanocage stronger than O2. 

 
Table 5. Deformation density isosurface of concentration and depletion components of 

relaxation energy pressure for compounds 1 and 2 as Model A of nano-cage Al12N12 with 

Oxygen and Carbon 

 

Tables 5 and 6 reveal the ∆𝜌𝑟𝑒𝑙𝑎𝑥𝑐𝑜𝑛𝑐
 isosurfaces are concentrated on a larger 

number of atoms in the complexes. There is a wide spread of deformation density 

on wide regions of the molecule and nanocage. As shown by the concentration 

components of deformation density, all complexes in the two models, it is 

thoroughly continuous between two fragments in complexes. This continuity for 
the two models is obvious for relaxation components of deformation density. The 

depletion and concentration components of relaxation deformation density for 

Al12N12--O2 in model A show that intermolecular area is affected more by Al12N12-
-CO2 interactions. The same trend is also shown by values of depletion and 

concentration. Analysis of the depletion and concentration components of density 

of relaxation deformation in model B have shown the same trend for two 
complexes in the aspect of continuity. 

 Molecule ∆𝝆𝑹𝑳𝑿𝒅𝒆𝒑𝒍
 ∆𝝆𝑹𝑳𝑿𝒅𝒆𝒑𝒍

 

1 Al12N12-O2 

 
(1.4613) (1.4613) 

2 Al12N12-CO2 

(0.9091) 
 

(0.9091) 
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In comparison of the values of the components of relaxation deformation 

density, ∆𝜌𝑟𝑒𝑙𝑎𝑥𝑐𝑜𝑛𝑐
 and ∆𝜌𝑟𝑒𝑙𝑎𝑥𝑑𝑒𝑝𝑙

, related to two complexes, it has been shown 

that these values for Al12N12--O2 are less than Al12N12--CO2 in model B. This trend 
differs from the corresponding values for model A. 

Tables 7 and 8 illustrate the depletion and concentration of total deformation 

density have been shown. Clearly, it is the sum ore relaxation and steric 
interactions. As listed, concentration is mostly located on the molecule and 

adjacent area, and are spread on other nitrogen and aluminum atoms of nanocage 

much more than KEP component of mentioned molecules. The value of depletion 

and concentration components of total deformation density, ∆𝜌𝑟𝑒𝑙𝑎𝑥𝑡𝑜𝑡
 and 

∆𝜌𝑟𝑒𝑙𝑎𝑥𝑡𝑜𝑡
, of two complexes in model A for Al12N12--O2 is more than Al12N12--

CO2 while in model B the values for Al12N12--O2 is less than Al12N12--O2. 
 
Table 6. Deformation density isosurface of concentration and depletion components of 

relaxation energy pressure for compounds 1 and 2 as Model B of nano-cage Al12N12 with 

Oxygen and Carbon 
 

 Molecule ∆𝝆𝑹𝑳𝑿𝒅𝒆𝒑𝒍
 ∆𝝆𝑹𝑳𝑿𝒅𝒆𝒑𝒍

 

1 Al12N12-O2 

 

 
(0.8652) 

 
(0.8652) 

2 Al12N12-CO2 

 
(0.9087) 

 
(0.9087) 
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Table 7. Deformation density isosurface of concentration and depletion components of 

total energy for compounds 1 and 2 as Model A of nano-cage Al12N12 with Oxygen and 

Carbon 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

Table 8. Deformation density isosurface of concentration and depletion components of 

total energy for compounds 1 and 2 as Model B of nano-cage Al12N12 with Oxygen and 

Carbon 

 

 

 
 

 

 Molecule ∆𝝆𝒕𝒐𝒕𝒄𝒐𝒏𝒄
 ∆𝝆𝒕𝒐𝒕𝒅𝒆𝒑𝒍

 

1 Al12N12-O2 

(1.8645) (1.8645) 

2 Al12N12-CO2 

(1.3632) (1.3632) 

 Molecule ∆𝝆𝒕𝒐𝒕𝒄𝒐𝒏𝒄
 ∆𝝆𝒕𝒐𝒕𝒅𝒆𝒑𝒍

 

1 Al12N12-O2 

 

 
(0.8348) 

 

 
(0.8348) 

2 Al12N12-CO2 

(1.3626) 

 
(1.3626) 
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Looking at Tables 3 to 8, there are some considerable points including 

concentration and depletion isosurfaces of 𝜌𝐾𝐸𝑃,  ∆𝜌𝑟𝑒𝑙𝑎𝑥, and  ∆𝜌𝑡𝑜𝑡 for 

complexes of O2 and CO2 with the nanocage, respectively. The deformation 

density analysis for O2 and CO2 molecules indicates that ∆𝜌𝐾𝐸𝑃𝑐𝑜𝑛𝑐
 isosurfaces 

are concentrated near the molecules and the face of nanocage close to the 
molecule. In other words, not electron density concentration is created by KEP in 

the intermolecular area. In addition, ∆𝜌𝐾𝐸𝑃𝑑𝑒𝑝𝑙
 isosurfaces are concentrated not 

only near the molecules and the face of  nanocage in front of the molecule, but 

also the deformation density component also affects the intermolecular area. That 

is, KEP displaces electron density from the intermolecular area.  In addition, the 

depletion component of relaxation deformation density isosurface  ∆𝜌𝑟𝑒𝑙𝑎𝑥𝑑𝑒𝑝𝑙
 is 

scattered in intermolecular area. Moreover, the other part of relaxation, 

∆𝜌𝑟𝑒𝑙𝑎𝑥𝑑𝑒𝑝𝑙
  is continuous and distributed in that region. Tables 7&8 the depletion 

and concentration elements of the whole deformation density and both of them 

indicate the phenomena illustrated in Tables 5 and 6. 
In Table 9 and 10 in the model, to shed more light into deformation eigenorbitals 

(𝜽∆.𝑖), deformation density, and corresponding eigenvalues because of total, KEP 

and relaxation contribution represented in models A and B respectively for O2 and 
CO2 molecules in complex with the nanocage. The table includes only five 

deformation orbitals with significant eigenvalues. The negative and positive 

values indicate depletion concentration of electron density in the space created by 

the pertinent orbitals respectively.  It is notable that the deformation orbitals for 
these molecules are shaped in the areas close to the mentioned molecules and the 

surface of nanocage close to the molecule. Thus, these areas have a higher charge 

displacement. The 𝜃∆
𝐾𝐸𝑃s that have  negative eigenvalues are extended more to 

the mentioned molecules and positive eigenvalues are extended more to the 

nanocage. Moreover, 𝜃∆
𝑟𝑒𝑙𝑎𝑥s are expanded in wider areas of both fragments of 

O2 and CO2 molecules and nanocage. For O2 and CO2 in complexes, 𝜃∆
𝑟𝑒𝑙𝑎𝑥s 

indicate the key role of orbital relaxation in the density of total deformation. The 

general form of deformation orbitals are influenced by 𝜃∆
𝑟𝑒𝑙𝑎𝑥  of the molecules. 

In comparison of two modes, model B represent the deformation orbitals of 

mentioned molecules in the corresponding and complex eigenvalues because of 

KEP, total, and relaxation contribution. Similarly, all deformation orbitals of the 
molecules are formed in close to the noted molecules and the surface of nanoring 

close the molecule. Relaxation energy component of deformation density controls 

the effects of this phenomenon; which is illustrated by the pertinent displaced 

charge component of deformation density. The general forms of the deformation 



 

 

 

 

Soudabeh Abdolahpur et al      DOI: 10.30495/JOPN.2022.29023.1238 
 

58                   Journal of Optoelectronical Nanostructures. 2022; 7 (3): 46- 66 

orbitals are showed by 𝜃∆
𝑟𝑒𝑙𝑎𝑥  in these molecules, which is identical to the that 

noted regarding the O2 and CO2--nanocage complex in model A. 

 
Table 9. KEP, relax and Total highest Molecular Orbitals in model A, for 

Carbon Nano-Cage O2 and CO2. The respective eigenvalues are represented in 

parentheses below them. 

 
 
 

  MO1 MO2 MO3 MO4 MO5 

O2 

𝜽∆.𝒊
𝑲𝑬𝑷

 

(0.3114) (-0.3114) (-0.1724) (0.1724) (-0.1177) 

𝜽∆.𝒊
𝒓𝒆𝒍𝒂𝒙

 

(1.1379) (-1.1379) (-0.0766) (0.0766) (0.0353) 

𝜽∆.𝒊
𝑻𝒐𝒕

 

(1.1569) (-1.1082) (-0.3065) (0.3005) (-0.1455) 

CO2 

𝜽∆.𝒊
𝑲𝑬𝑷

 
 

(0.4323) (-0.4323) (0.1801) (-0.1801) (0.1188) 

𝜽∆.𝒊
𝒓𝒆𝒍𝒂𝒙

 

(-0.2832) (0.2832) (0.1167) (-0.1167) (0.0855) 

𝜽∆.𝒊
𝑻𝒐𝒕

 

(0.5279) (-0.04514) (-0.2463) (0.2219) (-0.1527) 
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Table 10. KEP, relax and Total highest Molecular Orbitals in model B, for Carbon 

Nano-Cage O2 and CO2. The respective eigenvalues are represented in parentheses 

below them. 

 

 
The comparison of our results with other results in literature shows that there is a 

good agreement with others and our calculations and other observations are in one 

direction. As we mentioned before about the structure of Al12N12 nanocluster, in 

according to our computations by M06-2X/6–311++G**, the nanocluster has two 
diverse bond types: The Al–N bond that is shorter is 1.7843 Å in length in eight 

6-membered rings (6MRs), and the longer is 1.8484 Å in length in six 4-

membered rings (4MRs). The results indicated that the length of the bonds of the 
4MRs are longer than 6MRs to same extent. These results have been compared 

with other reports. Soltani et al. showed the Al-N bond in Al12N12 nanocluster 

accompanied by TDOS and ELF plots. They found the Al–N bond in Al12N12 

  MO1 MO2 MO3 MO4 MO5 

O2 

𝜽∆.𝒊
𝑲𝑬𝑷

 

(-0.3140) (0.3140) (0.1074) (-0.1074) (-0.00878) 

𝜽∆.𝒊
𝒓𝒆𝒍𝒂𝒙

 

(0.5601) (-0.5601) 
(0.0805) (-0.0805) (0.0404) 

𝜽∆.𝒊
𝑻𝒐𝒕

 

(0.5959) (-0.5959) (-0.3023) (0.2787) (0.1119) 

CO2 

𝜽∆.𝒊
𝑲𝑬𝑷

 
 

(0.4321) (-0.4321) (0.1801) (-0.1801) (-0.1187) 

𝜽∆.𝒊
𝒓𝒆𝒍𝒂𝒙

  
(-0.2831) (0.2831) (0.1166) (-0.1166) (0.0854) 

𝜽∆.𝒊
𝑻𝒐𝒕

 

(0.5277) (-0.4512) (-0.2461) (0.2218) (-0.1527) 
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nanocluster 1.849 Å in length in 4MRs and 1.784 Å in 6MRs [38]. Also, Silaghi-
Dumitrescu et. al concluded that the bond lengths of the 4MRs are longer than 

those of the 6MRs [39]. Wang et al. determined the Al–N bond in Al12N12 

nanocluster 1.855 Å in length in 4MRs and 1.792 Å in 6MRs [40]. Saeedi et al. 
found that the optimized structure of Al12N12 nanocluster was 1.874 Å in length 

in 4MRs and 1.808 Å in 6MRs [41]. 

 

CONCLUSION 

Deformation density analysis is carried out on interaction between Al12N12 

inorganic nanocage and two molecules, oxygen and carbon dioxide in two 
models, where the chemical phenomenon behind this interaction is adsorption of 

the corresponding gaseous molecules on the outer wall of nanocage. For 

mentioned molecules in the two models, kinetic energy relaxation deformation 
densities and pressure are included and analyzed.  

Following analysis of data and surfaces, the findings indicated that the kinetic 

energy relaxation and pressure are present in different areas. In Al12N12--O2 and 

Al12N12--CO2 complexes, it was shown that orbital relaxation is dominant in total 
deformation of electron densities. Investigation on depletion and concentration of 

relaxation, kinetic energy pressure, and total deformation densities indicated that 

KEP is concentrated close the adsorbed molecule and those atoms of nanocage 
which are close to the molecule. Furthermore, it is seen that carbondioxide 

molecule can affect more the nanoring than oxygen. It has been observed that 

𝑛∆,𝐾𝐸𝑃  and 𝑛∆,𝑟𝑒𝑙𝑎𝑥  and 𝑛∆,𝑡𝑜𝑡 of model A and B for AlN--CO2 is more than the 

value for AlN--O2 expect for 𝑛∆,𝑟𝑒𝑙𝑎𝑥  and of 𝑛∆,𝑡𝑜𝑡  of model A is inverse. The 

value for AlN--O2 is more than the value for AlN--CO2. In both models for 

adsorption of O2 and CO2 molecules, ∆𝜌𝐾𝐸𝑃𝑐𝑜𝑛𝑐
 is appeared around the adsorbed 

molecules and nanocage; while ∆𝜌𝐾𝐸𝑃𝑑𝑒𝑝𝑙
 isosurfaces are located in wider area. 

Additionally, it is found that interaction energy as adsorbent energy of Al12N12--
O2 in two models are almost the same. 
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