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Abstract 

The feasibility of detecting diazomethane (CH2N2) in the gas phase by adsorption onto the exterior 
surface of inorganic-based X12O12 (where X can be Be, Mg, or Ca) nanocages is investigated here 
using density functional theory (DFT). All the structures, including those of the pristine CH2N2 
and of the nanocages, as well as of the CH2N2/nanocage systems, have been optimized using the 
B3LYP-D3, M06-2X, ωB97XD, and CAM-B3LYP functionals, in conjunction with 6-311G(d) 
basis set. Natural Bond Orbital (NBO), Non-Covalent Interaction (NCI), and Quantum Theory of 
Atoms In Molecules (QTAIM) analyses results are in good agreement with each other. 
Furthermore, the Density Of States (DOSs), the natural charges, the Wiberg Bond Indices (WBI), 
and natural electron configurations were considered to investigate the nature of intermolecular 
interactions. The energy calculations indicate a strong size-dependent adsorption, with the 
nanocages comprised of large atoms being able to attract CH2N2 more strongly, and hence bind 
with it more effectively. The adsorption incurs also significant changes to the Highest Occupied 
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) energies.  
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1. Introduction 
 

Diazomethane (CH2N2) is a commonly used methylating agent that is a strong respiratory 
irritant, posing significant health concerns. At room temperature it is an extremely explosive gas, 
and thus comprises an important safety hazard [1]. As a result, there is an increasing demand in 
designing and developing sensors that can measure the concentration of diazomethane in the air 
for safety reasons.  

Among the various types of sensors, those relying on the adsorption of the target gas (i.e., 
diazomethane in our case) on the sensing material, which consequently alter one measurable 
property (e.g., their resistance [2]. are very promising for a number of reasons including their 
simplicity and low fabrication cost. Design such sensing materials, however, requires good 
understanding of the interaction (i.e., adsorption) between the target gas and the sensing element, 
which in turns warrants for systematic theoretical calculations.  

Density functional theory (DFT), due to its high computational effectiveness for large 
molecules and its considerable accuracy, provides a suitable framework for theoretical studies of 
various chemical systems [3]. As a result, it is widely employed to understand the properties of 
chemical structures and material systems. At the same time, theoretical studies on nanoscaled 
structures have become well-established in computational chemistry, providing numerous 
computational tools to study intermolecular interactions and to design materials that can exhibit 
enhanced performance for specific applications [4-11]. For instance, a wide range of nanomaterials 
have been developed and tested for gas sensors that can have low limits of detection, high 
measurement accuracy, low response time, resistant to variable environmental conditions, as well 
as low production cost [12-18].  

Since the discovery of the C60 fullerene (which can be considered as the first synthesized 
nanocage) by Kroto et al. [19], numerous studies have investigated its unique properties, which 
distinguish it as a new carbon allotrope, in view of specific applications. Several experimental and 
theoretical studies carried out over the past decade have extended this activity by developing and 
studying structures similar to those of fullerenes, using elements from the third through the fifth 
groups of the periodic table [20-22]. Following this development, a significant number of studies 
have investigated the properties of these nanostructures for potential applications in medicine [23], 
optics [24], quantum computing [25], and electronics [26]. 

XnYn (where X can be B, Al, or Ga, and Y can be N, P, or As) nanocages have a number of 
unique properties that can be useful for specific gas sensors. For instance, boron nitride (BnNn) 
nanocages are isoelectronic, which is in contrast to carbon fullerene-like nanocages, and exhibit 
unique optical, magnetic, and electronic properties. In this regard, the Coulomb blockade, 
photoluminescence and super magnetism of BnNn nanocages are significantly disparate compared 
to those of fullerenes [27]. Earlier theoretical investigations using DFT show the feasibility of 
adsorption of specific gaseous molecules, including formaldehyde [22], ammonia [28], CO [29], 
CO2 [30], NO, N2O [31], H2, N2 and CH4 [32], etc., on B12N12 nanocages. Similar theoretical 
studies, but using other nanocages, including Ga12N12 [33], B12P12 [21], Al12P12 [21], Ga12P12 [34], 
B12As12 [35], Al12As12 [36], Ga12As12 [37], have also been reported.  

Earlier studies have shown that X12O12 (X = Be, Mg, and Ca) nanocages can act as very 
effective adsorbents due to the highly ionic metal-oxide bond [38]. For example, Farrokhpour et  



al. have demonstrated that sulphur mustard can effectively adsorb on Mg12O12 nanocages [39], 
whereas Solimannejad et al. have theoretically shown that diazomethane can be adsorbed on 
silicon carbide nanotubes [40]. Here we report a systematic study on the adsorption of 
diazomethane molecule onto all six available adsorption sites of X12O12 (X = Be, Mg, and Ca) 
fullerene-like nanocages. The electronic properties, energetic parameters, and geometry 
optimization of all structures were investigated using Natural Bond Orbital (NBO), Non-Covalent 
Interaction (NCI), and Quantum Theory of Atoms In Molecules (QTAIM) analysis. All the 
geometry optimization calculations have been carried out by DFT using four different functionals 
(i.e., B3LYP-D3, M06-2X, ωB97XD, and CAM-B3LYP), together with a split-valence triple-zeta 
(6-311G(d)) basis set. The nature of the intermolecular interactions between the gas molecule and 
the above-mentioned nanocages were studied.  

 

2. Computational details 

All the structures investigated in this work have been optimized (assuming vacuum 
conditions) using the Kohn-Sham DFT [41-42]. Various functionals including CAM-B3LYP [43], 
M06-2X [44], ωB97XD [45], and the B3LYP-D3 scheme of Grimme [46], together with split-
valence triple-zeta basis sets with d-type Cartesian-Gaussian polarization functions (6-311G(d)) 
were employed. It should be noted that the 6-311G(d) basis set is suitable for the systems 
considered in this work, as reported in a benchmark study by Grimme et al. [47]. No symmetry 
constraints were imposed. All the molecular geometries were built using the GaussView 6.0.16 
[48] software package, which is fully optimized according to the Berny [49] method in Gaussian 
16 Rev. C.01 [50] Linux based version of the software. The optimization processes were performed 
using the default Gaussian convergence criteria. A frequency calculation has been performed to 
ascertain the stability of each structure and to determine the nature of each stationary point. In 
addition, wave function stability calculations have also been used to evaluate the stability of the 
electrons. NBO calculations were carried out using the NBO v 3.1 software (which is integrated 
within the Gaussian package) to determine the charge-transfer interactions between occupied and 
unoccupied orbitals. To extract the result data of NBO, NCI, and QTAIM analysis, as well as to 
depict the DOS diagrams, we employed respectively the Multiwfn [51] and the GaussSum [52] 
software.  

The energy of adsorption (Eads) between two fragments (i.e., the nanocage and the CH2N2 
gas molecule) can be considered as follows: 

/ ( )ads cage gas cage gas BSSEE E E E E= − − + ∆     (1) 

where Ecage/gas is the total energy of the gas/nanocage cluster, Ecage and Egas are the energies of the 
isolated nanocage and isolated gas molecule, respectively, and 𝛥𝛥E(BSSE) is the Basis Set 
Superposition Error (BSSE) obtained from the Boys and Bernardi’s counterpoise procedure [51] 
as follows: 

( )
cluster cluster

BSSE cluster cage gasE E E E∆ = ∆ − ∆ − ∆     (2) 

According to Equation 1, negative values of Eads (i.e., corresponding to exothermic adsorptions) 
indicate that the formed complex is stable; otherwise, positive values of Eads belong to a local 



minimum in which the adsorption of CH2N2 on the surface of the nanocage is deterred by an energy 
barrier. 

 

3. Results and discussion 

3.1 Structural analysis 

The structures of pristine X12O12 nanocages were optimized using DFT at the CAM-
B3LYP/6-311G(d) level. Although CAM-B3LYP describes the long-range interactions, it does 
not consider dispersion correction and the charge transfer excitations; therefore, all of the 
structures were re-optimized using robust methods (i.e., M06-2X, ωB97XD, and B3LYP-D3). 
Head-Gordon et al. [45] developed the ωB97XD functional to account to capture the effect of 
long-range interactions and to make dispersion-related corrections. Among the functionals of the 
Minnesota 06 suit, developed by Truhlar et al. [44], the global hybrid functional with double non-
local exchange (2X) amounts (i.e., M06-2X) is a high-performance method to study the non-
covalent interactions. To take into account the effect of dispersion, the latest version of B3LYP-
D3, known as D3 (BD) (GD3BJ) developed by Grimme et al. [46], would also be a good option 
and has been used in this present study.  

The geometrical structure of the X12Y12 nanocages containing the X-Y bonds is shown in 
Figure 1. These nanocages consist of eight (8) symmetric hexagons and six (6) tetragons having 
an equal number of adsorption positions for the adsorption of any molecule onto their outer surface 
shown further below. The adsorption sites can be categorized as follows: on top of the X atom 
(T1), on top of the Y atom (T2), on top of the XY66 bond (T3), on top of the H-6 position (T4), on 
top of the XY64 bond (T5), and on top of H-4 position (T6). After the optimization of the pristine 
nanocage structures, we placed the CH2N2 at a vertical distance of approximately 2.5 Å onto the 
outer surface of the nanocages in any of the six possible adsorption sites.  

The optimized geometrical parameters of the CH2N2 molecule obtained by all four 
functionals are in good agreement with experimental results (see Figure S1 in the supplemental 
material). Evidently, the B3LYP-D3 method gives the best results among all four functionals 
compared to the observed fundamental vibrational frequencies (see Table S1 in the supplemental 
material). For example, the B3LYP-D3 C-H stretching frequency was calculated to be 3179 cm-1, 
which is in good agreement with the experimental value of 3073 cm-1. The optimized structural 
parameters of the isolated CH2N2 gas molecule obtained by the B3LYP-D3 method is depicted in 
Figure 2.  

The optimized structures of the bare X12O12 nanocages calculated by the functionals 
considered in this study are provided in the supplementary material. All four methods have good 
correspondence with the previous B3LYP/6-31+G(d) calculations by Omidi et al. [38].  For 
example, the X-O bond lengths calculated in this study lies between 1.58-1.61 Å when X is Be, 
1.93-1.95 Å when X is Mg and 2.18-2.19 Å when X is Ca, having  good agreement with the values 
obtained by obtained by Omidi et al.: i.e., 1.58 Å when X is Be, 1.95 Å when X is Mg and 2.28 Å 
when X is Ca. The final B3LYP-D3 optimized structures of the pristine nanocages together with 



the gas/cage complexes and the corresponding bond lengths are illustrated in Figures 3 and 4 and 
the corresponding atomic co-ordinates are provided in the supplementary material. 

It should be stressed that to find the optimum distance between the nanocage and the 
adsorbed gas molecule, we used rigid scans in the PM7/6-311G(d) level of theory. The logical 
approach is to place the gas molecule in each of these positions and calculate the amount of 
adsorption energy (Eads). Our experience shows that negligible differences exist in the amounts of 
adsorption energies when we place the gas in any of the six possible adsorption sites. As mentioned 
by Foresman et al. [54], when the differences in the adsorption energies are “below the range of 
chemical interest”, placing the gas molecule in different positions on the nanocages provides 
identical results. Next, regarding the amount of Eads values, some structures were chosen for DFT 
calculations at CAM-B3LYP/6-311G(d) level of theory. Finally, structures with the most negative 
energy were selected for the re-optimization process using the M06-2X, ωB97XD, and B3LYP-
D3 functional and the 6-311G(d) basis set. The B3LYP-D3 functional is the basis for decision 
making to study interactions that consider dispersion corrections and are in good agreement with 
the experimental observations, whereas the rest of the functionals are given here for comparison 
only. The Eads values obtained from optimization calculations are provides in Tables 1 and 2.  

The adsorption energies (Eads) calculated by the B3LYP-D3 method at all six adsorption sites 
are reported in Table 1. As discussed previously, the choice of the adsorption site has a negligible 
effect on the corresponding adsorption energies, although the XY64 site releases the largest energy 
compared to others. The maximum difference in Eads among all adsorption sites is found to be 
around 0.03 eV. Table 2 provides the calculated Eads on the X12O12 nanocages at the XY64 site 
obtained using different functionals. From these values, it is clear that as the size of the atoms in 
the nanocages decreases, the intensity of adsorption between the gas molecule and the nanocages 
increases. For example, in the case of CAM-B3LYP/6-311G(d) optimization of CH2N2/Be12O12, 
CH2N2/Mg12O12, and CH2N2/Ca12O12, the adsorption energies are -0.605, -0.546, and -0.446 eV, 
respectively. It should be noted here that the B3LYP-D3 adsorption energy for diazomethane 
obtained in this work (-0.71 eV to -0.79 eV) is comparable to the adsorption of sulfur mustard on 
Be12O12 and Mg12O12 nanocages (-0.47 eV to -0.99 eV) [39]. This is despite the fact that here we 
used a triple zeta basis set, in contrast to a double zeta basis that has been employed for the sulfur 
mustard adsorption study. 

 

 

 

 

 

 

 

 

 



 
Figure 1. The structure of the X12Y12 (where X is Be, Mg, or Ca and Y is O) nanocages, displaying all adsorption 
sites, including the X-site (on top of the X atom), Y-site (on top of the Y atom), H-6 site (on top of the hexagonal 
ring), H-4 site (on top of the tetragonal ring), XY66 site (on top of the atomic bond between two hexagonal rings) and 
XY64 site (on top of the atomic bond between tetragonal and hexagonal rings). 
 
 
 
 
 
 
 

 
 

Figure 4. Optimized structure of CH2N2 gas molecule obtained from B3LYP-D3/6-311G(d) level 
of theory. The unit of the bond lengths are given in Å and the angles in degrees. 
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Figure 3. The bond length (Å) obtained at B3LYP-D3/6-311G(d) level for (a) Be12O12, (b) 
Mg12O12, and (c) Ca12O12.   
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Figure 4. The optimized structures of (a) CH2N2/Be12O12, (b) CH2N2/Mg12O12, and (c) 
CH2N2/Ca12O12 obtained from B3LYP-D3/6-311G(d) level of theory. The units of the bond lengths 
are given in Å. 
 
 
Table 1 

Adsorption energies (Eads) for CH2N2/X12O12 (where X is Be, Mg, or Ca) complexes calculated at 
X, Y, H-4, H-6, XY64 and XY66 adsorption sites. All values are expressed in eV and are obtained 
from geometry optimization calculations using the B3LYP-D3 functional in combination with 6-
311G(d) basis set.  

 

System X Y H-4 H-6 XY64 XY66 
CH2N2/Be12O12 0.012 0.014 0.002 0.030 0.0 0.014 
CH2N2/Mg12O12 0.009 0.001 0.002 0.004 0.0 0.012 
CH2N2/Ca12O12 0.005 0.015 0.003 0.001 0.0 0.008 

 

(a) (b) 

(c) 



Table 2 

Adsorption energies (Eads) for CH2N2/X12O12 (wher X is Be, Mg, or Ca) complexes at the XY64 
adsorption site. All values are expressed in eV and are obtained from geometry optimization 
calculations using the CAM-B3LYP, M06-2X, ωB97XD, and B3LYP-D3 functionals in 
combination with 6-311G(d) basis set.  

Systems B3LYP-D3 CAM-B3LYP M06-2X ωB97XD 
CH2N2/Be12O12 -0.712 -0.605 -0.804 -0.676 
CH2N2/Mg12O12 -0.743 -0.546 -0.748 -0.633 
CH2N2/Ca12O12 -0.699 -0.446 -0.610 -0.521 

 
2.1 Electronic Structure 

The “Conceptual DFT” has been developed to consider the reactivity concept. Various 
properties can be obtained from the HOMO-LUMO energy gap (HLG) [55]. For example, when 
an external potential applied to a system, within the Hohenberg-Kohn context [41,42], the HOMO 
and LUMO energies are related to the ionization potential (IP) and electron affinity (EA). One can 
also easily show that the electronegativity (χ) is equal to the negative chemical potential (μ). 
Furthermore, the electrophilicity index (ω) is inversely related to the chemical hardness (η), which 
in turn is related to the difference between IP and EA. The calculated values of these properties 
are listed in Table 3. 

The HOMO-LUMO energy gap (ΔEg) of Be12O12, Mg12O12, and Ca12O12 have been 
calculated to be 8.43, 4.86, and 3.56 eV, respectively, at the B3LYP-D3/6-311G(d) theory level. 
The adsorption of CH2N2 on its surface will reduce the energy gap to 5.33, 4.20, and 2.60 eV, 
respectively. These results show the sensitivity of the HOMO-LUMO energies with respect to 
adsorption. From the results provided in Table 3, it is also evident that the LUMO values were 
largely stabilized compared to the destabilization of the HOMO orbitals.  

The sensor response (S) is defined as 𝑆𝑆 = 𝑒𝑒𝑒𝑒𝑒𝑒 ��𝛥𝛥𝐸𝐸𝑔𝑔�
𝑘𝑘𝑘𝑘

� − 1, where k is the Boltzmann constant 
and T the temperature expressed in Kelvin. It is clear that the resistivity diminishes when the 
energy gap ΔEg is reduced since the resistivity is proportional to the reciprocal of the conducting 
electron population. Hence, the resistivity of the tube upon adsorption of gas molecules is low, and 
the electric current generated in the circuit will exhibit the lowest resistance. The density of state 
(DOS) map is useful for intuitively revealing the density of distribution of the molecular orbitals 
in different energy regions, and the gap is directly visible from this map (see Figure 5).  

 

 

 

 

 



Table 3 

HOMO energy (ɛH), LUMO energy (ɛL), Fermi energy (EF), HOMO–LUMO energy gap (HLG), 
chemical potential (μ), chemical hardness (η), and electrophilicity (ω) of the pristine X12O12 
nanocages and the CH2N2/X12O12 complexes (where X is Be, Mg, or Ca). All values are in eV and 
were obtained using the B3LYP-D3/6-311G(d) level of theory. 

Systems εH εL EF HLG µ η ω 
Be12O12 -8.672 -0.237 -4.455 8.435 -4.455 4.218 41.848 
Mg12O12 -6.543 -1.680 -4.111 4.864 -4.111 2.432 20.553 
Ca12O12 -4.649 -1.089 -2.869 3.560 -2.869 1.780 7.324 

        
CH2N2/Be12O12 -7.723 -2.393 -5.058 5.330 -5.058 2.665 34.090 
CH2N2/Mg12O12 -6.287 -2.091 -4.189 4.196 -4.189 2.098 18.406 
CH2N2/Ca12O12 -4.527 -1.931 -3.229 2.596 -3.229 1.298 6.766 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure 5. Density of state maps for (a) Be12O12, (b) CH2N2/Be12O12, (c) Mg12O12, (d) 
CH2N2/Mg12O12, (e) Ca12O12, and (f) CH2N2/Ca12O12. Data were obtained from the B3LYP-D3/6-
311G(d) level of theory.  
 

(a) (b) 

(c) (d) 

(e) (f) 

8.435 eV 

4.864 eV 

3.560 eV 
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2.2 Natural Bond Orbital (NBO) Analysis 
 

The NBO method, developed by Weinhold et al. [56], is one of the most robust population 
analysis methods that can determine the electron density distribution within bonds between the 
atoms. The term NBO refers to a bonding orbital with the maximum electron density. A density 
matrix, calculated from the DFT method, and the atomic charge, is used to define the natural 
bonding orbitals. In order to complete the span of the valance space, in addition to the bonding 
NBOs (σ), determination of antibonding NBOs (σ*) is also required. In the present study, the NBO 
calculations have been performed to evaluate various types of bond order, including Mulliken [57] 
and Mayer [58] bond order as well as Wiberg bond index (WBI) in Löwdin orthogonalized basis 
[59]. Mulliken and Mayer's bond orders are sensitive to the chosen basis set, especially for the 
basis set that includes diffuse functions. On the other hand, the Wiberg bond order is less dependent 
on the basis set in comparison to the other two. Additionally, the Fuzzy Bond Order (FBO) was 
proposed by Mayer [60], and the Laplacian bond order proposed by Lu [61] has also been 
calculated from the corresponding overlap and density matrix. In Table 4, we report the calculated 
C-X bond orders based on these different methods. Evidently, there is a correlation between the 
size of the cation in the nanocages and the bond order: i.e., the larger the cation, the lower the bond 
order. The bond order values also signify that the interaction of the gas with the nanocages can be 
classified as strong interactions.  

 
We have also calculated the natural charges and natural electron configuration data through 

natural population analysis combined with NBO (cf. Table 5). Using the NBO analysis, the nature 
of the intermolecular interaction between the gas molecule and nanocages becomes more 
intelligible. As reflected by the calculates reported in Table 5, the existence of charge transfer 
within these complexes is very obvious. The valance shell of each atom in CH2N2 is changed due 
to the interaction with the nanocages. For example, the valence shell of C atom in molecules of 
the gas phase is 2s(1.03) 2p(3.43) 3p(0.01), which is changed to 2s(1.17) 2p(3.53) 3s(0.01) 
3p(0.02) for the Be12O12/gas complex during the adsorption process. This result suggests that a 
strong interaction has occurred. 
 
Table 4 
Values of Mulliken, Mayer, and Wiberg, Fuzzy, and Laplacian bond orders obtained for the 
interactions of the CH2N2 molecule and X12O12 (where X is Be, Mg, or Ca). All calculations were 
performed using the B3LYP-D3/6-311G(d) theory level. 

System Xa....Yb Mulliken Mayer  FBO  WBI Laplacian  
CH2N2/Be12O12 C.....Be 0.204 0.259 0.449 0.528 0.112 
CH2N2/Mg12O12 C.....Mg 0.203 0.214 0.442 0.391 0.084 
CH2N2/Ca12O12   C.....Ca 0.099 0.128 0.252 0.180 0.069 

 
(a) X atoms are belong to CH2N2 
(b) Y atoms are belong to Nanocages 

 
 



 
 
 
Table 5 
Natural charge (in a.u.) and natural electron configurations for the CH2N2 and CH2N2/X12O12 
structures (where X is Be, Mg, or Ca). All values have been obtained from NBO analysis using 
the B3LYP-D3/6-311G(d) level of theory. 

Systems atom Natural Charge Natural Electron Configuration 
CH2N2 C -0.480  [core] 2s(1.03) 2p(3.43) 3p(0.01) 
 H1 0.243 1s(0.76) 
 H2 0.243 1s(0.76) 
 N1 0.021 [core] 2s(1.14) 2p(3.81) 3s(0.01) 3p(0.02) 3d(0.01) 
 N2 -0.026 [core] 2s(1.61) 2p(3.39) 3s(0.01) 3p(0.01) 3d(0.01) 
    

CH2N2/Be12O12 C -0.728 [core] 2s(1.17) 2p(3.53) 3s(0.01) 3p(0.02) 
 H1 0.279 1s(0.72) 
 H2 0.279 1s(0.72) 
 N1 0.107 [core] 2s(1.16) 2p(3.71) 3s(0.01) 3p(0.02) 
 N2 0.117 [core] 2s(1.60) 2p(3.25) 3s(0.01) 3p(0.01) 3d(0.02) 
    
CH2N2/Mg12O12 C -0.661 [core] 2s(1.12) 2p(3.50) 3s(0.01) 3p(0.02) 

 H1 0.271 1s(0.73) 
 H2 0.271 1s(0.73) 
 N1 0.089 [core] 2s(1.15) 2p(3.73) 3s(0.01) 3p(0.02) 3d(0.01) 
 N2 0.064 [core] 2s(1.60) 2p(3.31) 3s(0.01) 3p(0.01) 3d(0.01) 
    

CH2N2/Ca12O12 C -0.557 [core] 2s(1.07) 2p(3.46) 3p(0.02) 
 H1 0.261 1s(0.74) 
 H2 0.261 1s(0.74) 
 N1 0.077 [core] 2s(1.14) 2p(3.75) 3s(0.01) 3p(0.02) 3d(0.01) 
  N2 -0.038 [core] 2s(1.60) 2p(3.41) 3s(0.01) 3p(0.01) 3d(0.01) 

 
 

2.3 Quantum Theory of Atoms In Molecules (QTAIM) Analysis 

QTAIM analysis has been used to study the bond types and intermolecular interactions. A 
critical point of the electron density, including minimum, maximum, or saddle point, can belong 
to: (1) atomic critical point (ACP); (2) bond critical point (BCP); (3) ring critical point (RCP); 
and (4) cage critical point (CCP). The electron density ρ(r) and the Laplacian electron density 
∇2ρ(r) play an essential role in the QTAIM analysis since they determine the segmentation and 
identification of different types of chemical interactions. A bond critical point with negative values 
of the Laplacian electron density and large values of the electron density (ρ(r)>10−1 a.u.) is defined 
as a covalent bond. On the other hand, the positive value of ∇2ρ(r) designates that the interactions 



can be classified as of the non-substrate close-shell type (which include ionic and van der Waals 
interactions) [62].  

The values of Lagrangian kinetic energy G(r) and potential energy density V(r) divulges the 
nature of the intermolecular interaction; therefore, the ratio of G(r)/|V|(r) can be hired as an 
appropriate index in link classification. When G(r)/|V|(r) < 0.5, the nature of the interaction is 
covalent, and if G(r)/|V|(r) > 1.0, the interaction is non-covalent. On the other hand, a large value 
of the elliptical bond (ɛ) represents an unstable structure and is related to the ratio between the 
eigenvalues (λ1, λ2,.. etc.) of the Hessian matrix [63]. 

Table 6 provides the calculated values of these parameters obtained from the QTAIM 
analysis. Since all values for ∇2ρ(r) are positive and the ρ(r) values are always less than 0.1, we 
can safely assume that the stabilities of the adsorbed complexes originate from the non-covalent 
or van der Waals interactions. Moreover, the G(r)/|V|(r) ratios are higher than unity, except for the 
C....Be interaction in the CH2N2/Be12O12 cluster. These results suggest that intermolecular 
interactions can be classified as non-covalent. The calculated values of the elliptical bonds are also 
very small, indicating that the structures are highly stable. Figure 6 provides a schematic 
illustration of the bond critical points between gas and nanocages. 

 

Table 6 

QTAIM topological parameters for electron density ρ(r), Laplacian of electron density ∇2ρ(r), kinetic electron density 
G(r), potential electron density V(r), eigenvalues of Hessian matrix (λ), and bond ellipticity index (ε) at the BCPs of 
the CH2N2 clusters with X12O12 (where X can be Be, Mg, or Ca). All values were calculated using the B3LYP-
D3/6-311G(d) level of theory and NBO analysis. 

Systems Bond ρ ∇2r G(r) V(r) G(r)/|V|(r) λ1 λ2 λ3 ε 

CH2N2/Be12O12 C....Be 0.0462 0.2009 0.0561 -0.0621 0.9045 -0.0640 -0.0682 0.3331 0.0671 

CH2N2/Mg12O12 C....Mg 0.0218 0.1029 0.0228 -0.0200 1.1443 -0.0231 -0.0232 0.1492 0.0013 

CH2N2/Ca12O12 C....Ca 0.0130 0.0468 0.0102 -0.0086 1.1791 -0.0101 -0.0109 0.0679 0.0823 

  N....Ca 0.0119 0.0484 0.0104 -0.0087 1.1963 -0.0101 -0.0103 0.0688 0.0133 
 

 

 



 

Figure 6. The bond critical points graph for the (a) CH2N2/Be12O12, (b) CH2N2/Mg12O12, and (c) 
CH2N2/Ca12O12systems. The orange dots represent the BCPs. 

 

The results of QTAIM analysis discussed in the previous section showed that the interactions 
between CH2N2 and nanotubes are essentially non-covalent; hence, it is useful to re-evaluate the 
interaction with a non-covalent analysis. The reduced density gradient (RDG) and signλ2(r)ρ(r) 
are a pair of functions used in non-covalent interaction (NCI) [64] analysis, which can be 
implemented to visualize the region and the type of weak interactions. Plots of these two functions, 
RDG and signλ2(r)ρ(r), can be used to identify specific areas; in particular, the non-covalent 
interaction area. The points that indicate strong interactions are located in the signλ2(r)ρ(r) < 0 
region. Relatively weak van der Waals interactions are found in the signλ2(r)ρ(r) ≈ 0 region. 
Furthermore, if points are in signλ2(r)ρ(r) > 0 region, suggests that the interactions are repulsive 
[64,65]. As it turns out, bond strength is closely related to the density matrix ρ(r) as well as to 
signλ2. Low RDG and low electron density regions should be further consulted to determine 
whether non-covalent interactions occur between the two components involved in the adsorption 
process. 

 
 From Figure 7, it is evident that non-covalent interaction analysis can adequately describe 

the interactions between gas and nanocages. In the signλ2(r)ρ(r) < 0 region, many points are 
observed, which indicates that there are very strong non-covalent interactions between the two 
fragments. It is also observed that in the signλ2(r)ρ(r) ≈ 0 region, there is no high concentration of 
points. Therefore, it can be concluded that the intermolecular interactions during the adsorption 
process are not van der Waals. 

(a) (b) (c) 



 

Figure 7.  The sign(λ2)ρ(r) (X-axis) vs. RDG (Y-axis)  diagrams for (a) Be12O12, (b) CH2N2/Be12O12, (c) 
Mg12O12, (d) CH2N2/Mg12O12, (e) Ca12O12, and (f) CH2N2/Ca12O12. The diagrams were obtained from 
B3LYP-D3/6-311G(d) level of theory.  
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4. Conclusion 

The intermolecular interactions between the CH2N2 gas molecule and X12O12 (where X can 
be Be, Mg, or Ca) nanocages were studied by DFT. All molecular structures have been optimized 
using the CAM-B3LYP, M06-2X, ωB97XD, and B3LYP-D3 functionals together with a 6-
311G(d) basis set. The optimized structures obtained from B3LYP-D3/6-311G(d) were chosen for 
population analysis calculations because of their good agreement with earlier experimental and 
theoretical results. The calculated values of the adsorption energy indicate that on top of the X-O 
bond connecting the tetragonal and hexagonal rings is the most favourable adsorption site. In 
general, adsorption energy increases with the size of the central metal atom of the X12O12 
nanocages. Several bond order analysis data corroborate the above conclusion. To understand the 
nature of the intermolecular interactions, we further performed NBO, QTAIM, and NCI analyses, 
with the results appearing to correspond well with each other. The NBO calculations show a 
significant charge transfer, whereas the NCI and QTAIM results indicate strong intermolecular 
interactions. To sum up, we conclude that the studied X12O12 nanocages have an active surface in 
favor of the CH2N2 gas adsorption. Our findings indicate that nanomaterials containing X12O12 
nanocages investigated here would be suitable for designing a sensitive CH2N2 sensors. 
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