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      The adsorption of cyanogen halide gases (CNX) onto the surface of B36 nanocluster was investigated using density functional theory 
(DFT). The results show that the N-head of CNX molecules interacts strongly with the B36 nanocluster and adsorption sites on the edge of 
B36 nanocluster are more reactive than those on other sites. The nature of the interaction and binding properties of CNX and B36 
nanocluster are calculated by molecular orbitals (HOMO and LUMO), topological analysis, global reactivity parameters, density of states, 
analysis of bond length and bond order. Based on the results, the electrical conductivity of B36 nanocluster significantly increases in the 
presence of CNX molecules. These results suggest that the B36 nanocluster could be a promising material in designing CNX sensors. 
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INTRODUCTION 
 
      Cyanogen halides CNX (X = F, Cl, Br) are colorless, 
reactive and volatile gasses with a linear structure [1]. 
Cyanide gases, used as chemical gases in modern wars, are 
highly toxic, especially CNCl and CNBr. So that exposure 
to these gases can cause vomiting, drowsiness, coughing, 
seizures, headaches, sore throats, swelling and death [2].              
It is important to find a quick and easy way to detect           
these gases in the environment. Detection methods             
such as spectrophotometry, electrochemistry, and gas 
chromatography require complex and very expensive 
devices [3,4]. Hence, finding a simple, inexpensive, fast, 
reliable sensor helps us to detect cyanogen halides easily. 
Nanostructured materials have been considered as special 
materials due to their high surface-to-volume ratio and their 
unique electrical properties [5,6]. The B36 nanocluster is one 
of these nanostructures. Boron is carbon’s neighbor in           
the periodic table and its valance orbitals are similar to            
carbon.  It  cannot   have  a  graphene-like  structure  with  a  
 
*Corresponding author. E-mail: f.shojaie@kgut.ac.ir 

 
hexagonal honeycomb framework, due to electron 
deficiency [7-13]. The synthesis of a quasi-planer born   
(B36 nanocluster) with a hexagonal hole in the center has 
been reported [13]. It has a perfect hexagonal symmetry 
(C6v) with a highly stable sheet. Several studies have been 
performed on the electrical, magnetic, thermodynamic, and 
optical properties of B36 nanocluster [14-16]. Using first-
principle calculations, thermal properties of B36 nanocluster 
has been studied [17]. Due to the special properties of B36 
nanocluster, research has been done on its use in 
biochemistry [18] and hydrogen storage [19]. The sensing 
properties of B36 nanocluster to detect gas molecules, 
including CO, N2, H2O, O2, NO and H2 have been                 
studied by Valadbeigi et al. [20]. They demonstrated that                 
B36 nanocluster may be employed as a good sensor for 
detection of CO, O2 and NO molecules. The adsorption of 
formaldehyde molecule on B36 sheet has been investigated 
using B97D density functional [21]. The dissociative 
adsorption of ammonia onto the surface of a B36 sheet has 
been investigated by density functional theory calculations 
[22]. Theoretical investigation of reactivity and electronic 
sensitivity  of   B36   toward   four   nucleobases  of  adenine,  
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guanine, thymine, and cytosine has been carried out [18]. 
The adsorption of HCN on the B36 have been studied using 
B97D level of theory [23]. Also, characteristics of the ring 
and linear structures of the boron cluster B36 and its doped 
clusters have been investigated using DFT calculations [24].  
In this work, we studied the interaction and adsorption of 
cyanogen halide molecules, CNX (X = F, Cl, Br), on the 
neutral B36 nanocluster. The results may help us to show B36 
nanocluster is a good sensor for detection of cyanogen 
halide gases.  
 
COMPUTATIONAL MODELLING 
 
      All geometrical optimizations and quantum chemical 
calculations of B36 cluster and its CNX complexes were 
performed using Gaussian09 [25].The B97D level [26] of 
theory with 6-31G+(d) basis set was selected for the 
calculations. Many research groups have shown the 
accuracy of B97D for B36 borophene [18,21-23]. The use of 
6-31G+(d) for B36 in theoretical calculations has been 
observed in several papers [21,22,27].To determine the 
nature of interaction between cyanogen halides atoms and 
B36 atoms, the topological analysis of the electron densities 
was performed with the help of a multifunctional 
wavefunction (Multiwfn) analyzer [28] and the quantum 
theory of atoms in molecules (QTAIM). The fuzzy bond 
order (FBO) [29] of B36-CNX complex was calculated by 
Multiwfn code. In addition, the electron localization 
function (ELF) [30] was also calculated by Multiwfn code. 
The atomic charges were calculated by Hirshfeld method 
using Multiwfn code. The atomic charges provide sufficient 
information regarding the charge transfer (Q) between the 
cyanogen halides and B36. In order to predict the most stable 
structure among six B36-CNX complexes, quantum 
chemical parameters were investigated. The quantum 
chemical parameters can be used to obtain information 
about the chemical reactivity of molecules. The most 
important of these descriptors are energy gap (Eg), and 
electronegativity (χ). The energy gap between the HOMO 
and LUMO levels is an important function of reactivity of a 
molecule and is calculated using Eq. (1). 
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The electronegativity is calculated by Eq. (2). 
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An index for electronic sensitivity of B36 and CNX is the 
shift of the HOMO-LUMO energy gap and is obtained by 
Eq. (3), 
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where Eg1 and  Eg2 are energy gaps of B36 nanocluster and its 
complexes, respectively. 
The adsorption energies resulting from interaction between 
the CNX molecules and the B36 can be obtained from                  
Eq. (4), 
 
      )( 3636 CNXBnCNXBads nEEEE  

                                 (4) 

 
where B36-nCNX corresponds to the electronic energy of the 
B36-CNX complex, EB36 is the energy of the isolated 
borophene, ECNX is the energy of cyanogen halide and n is          
1 or 2.  
 
RESULTS AND DISCUSSION 
 
      The optimized geometry of B36 nanocluster is shown in 
Fig. 1. The structural surface is not completely planar and 
has a curvature with a central hexagonal hole. This 
characteristic of B36 surface is in agreement with previous 
experimental and theoretical studies [13]. Figure 1 shows 
there are five categories of boron atom that can be 
recognized in B36 structure (1, 2, 3, 4 and 5) plus a central 
hexagonal hole (6). Six interactions sites of B36 cluster with 
cyanogen halides were studied. The optimized structures of 
these complexes are shown in Figs. 2, 3 and 4. It should be 
noted that B36 nanocluster can interact with cyanogen 
halides through F, Cl and Br atoms, but these interactions 
do not form stable optimized structures. Optimized 
structures related to the interaction of cyanogen halides (via 
F, Cl and Br atoms) with B36 nanocluster on absorption site 
1 are shown in Fig. 5. The head of X or N was located near 
the  electrophile  sites  (B atoms)  of  the B36  cluster  for  all  
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configurations, and then all structures were optimized. The 
frequency calculations were performed in order to verify 
and confirm the minima of all obtained stationary points. 
Therefore, several initial configurations were optimized by 
placing the N, F, Cl or Br atom of cyanogen halide 
molecules on different B36 boron atoms. The most favorable  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
adsorption configurations show that N atom of CNX attacks 
to the electron deficient boron atoms of B36. The most stable 
structures resulting from interactions between CNX and B36 

are configurations where the N head of CNX axis aligns 
perpendicular to the B atoms in sites 1, 2, 3, 4 and 5 and        
is parallel to 6-membered ring  of  the  B36  surface. In  order              

 

Fig. 1. The structures of optimized geometry of B36 cluster. 

 

 

 

B36-CNF1 B36-CNF2 B36-CNF3 

B36-CNF4 B36-CNF5 B36-CNF6 
 

Fig. 2. The most stable structures of B36-CNF complexes. Distances are in Å. 
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to study the adsorption characteristics, we name six              
B36-CNX complexes as B36-NCX1, B36-NCX2, B36-NCX3,                 
B36-NCX4, B36-NCX5 and B36-NCX6 where 1, 2, 3, 4, 5 
and 6 refer to adsorption sites on the B atoms of B36. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Adsorption of CNX on B36 
      Table 1 shows the quantum chemical parameters of 
CNX, B36 nanocluster and six types of B36-CNX complexes. 
The CNBr molecule in the free state has less energy gap 
than other two molecules, CNF and CNCl. After  adsorption  

 

 

B36-CNCl1 B36-CNCl2 B36-CNCl3 

 

B36-CNCl4 B36-CNCl5 B36-CNCl6 
 

Fig. 3. The most stable structures of B36-CNCl complexes. Distances are in Å. 
 
 
 

    
B36-CNBr1 B36-CNBr2 B36-CNBr3  

  
 

 

B36-CNBr4 B36-CNBr5 B36-CNBr6  
 

Fig. 4. The most stable structures of B36-CNBr complexes. Distances are in Å. 
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B36-CNF1 B36-CNCl1 B36-CNBr1 
Fig. 5. The most stable structures of B36-CNF1, B36-CNCl1 and B36-CNBr1 complexes (via F, Cl and Br atoms).  

                  Distances are in Å. 
 

Table 1. The  Energy Gap, Electronegativity and  the Absolute Value of  
             the Change in Energy Gap for the Complexes Being Studied 

 

Complex Eg 

(eV) 

Χ 

(eV) 

|ΔEg| 

(%) 

CNF 6.854 5.692 - 

CNCl 5.942 5.500 - 

CNBr 5.343 5.391  

B36 1.083 4.788 - 

B36-CNF1 0.557 5.005 48.569 

B36CNF2 0.816 4.827 24.654 

B36-CNF3 1.055 4.581 2.585 

B36-CNF4 0.575 4.859 46.907 

B36-CNF5 0.981 4.695 9.418 

B36-CNF6 1.037 4.731 4.247 

B36-CNCl1 0.627 4.739 42.105 

B36-CNCl2 1.037 4.612 4.247 

B36-CNCl3 1.078 4.786 0.462 

B36-CNCl4 0.678 4.647 37.396 

B36-CNCl5 1.052 4.579 2.862 

B36-CNCl6 1.066 4.596 1.570 

B36-CNBr1 0.867 4.435 19.945 

B36-CNBr2 1.065 4.824 1.662 

B36-CNBr3 1.082 4.752 0.092 

B36-CNBr4 0.895 4.265 17.359 

B36-CNBr5 1.059 4.715 2.216 

B36-CNBr6 1.072 4.695 1.016 
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via the N-head, energy gap of the B36-CNX complex 
decreased in comparison to free state CNX. Table 1 
indicates that B36-CNX type-1 and type-4 complexes have 
low energy gap when compared to other B36-CNX 
complexes. Also, the energy gap of type-1 and type-4 
complexes is significantly smaller than B36 cluster. This 
indicates that the reactivity of the complex systems is higher 
than the reactivity of B36 cluster. It can be concluded that 
B36-CNF complex tends to absorb more electrons than            
B36-CNCl and also B36-CNCl absorbs more electrons than 
B36-CNBr, by comparing electronegativity in all types               
of B36 complex systems. Therefore, the interaction of 
cyanogen halides with B36 cluster causes an increase in 
electronegativity of B36-CNX complex systems, but 
decreases their energy gap. These changes are more 
noticeable in B36-CNX type-1 and type-4 complexes. It 
implies stronger interactions have been performed on 
absorption sites 1 and 4 of B36-CNX complexes. Table 1 
shows |ΔEg| values for these configurations vary in the 
range 0.092% and 48.569%. Table 1 shows the maximum 
change of ΔEg is for absorption sites 1 and 4 of B36-CNX 
complexes. The results show B36-CNBr complex is more 
stable than B36-CNCl complex and B36-CNCl complex is 
more stable than B36-CNF complex (especially in type-1 and 
type-4).  Also,  the  results of the energy gap and energies of  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HOMO and LUMO for this work and the others’ work for 
B36 nanocluster are shown in Table 2. This Table shows that 
the results of this work are almost the same as the results of 
the DFT-D methodology. Density of states (DOS) spectra 
may help to gain a deeper understanding of the effect of 
interaction between cyanogen gases and B36 on sites 1 to 6. 
In order to study this effect, DOS were calculated and 
plotted in Fig. 6 (for the two absorption sites 1 and 4), 
indicating that the trend of DOS spectra is similar to the 
trend of energy gap. The differences between energy gaps in 
the two absorption sites 1 and 4 are 0.018, 0.051 and            
0.028 eV, and this small difference is also seen in the DOS 
spectra for B36-CNF, B36-CNCl, B36-CNBr, respectively. 
Also, the DOS plots indicate that after the CNX adsorption 
on B36, new states appeared within the Eg that significantly 
reduce it. Overall, LUMO levels are largely stabilized, and 
HOMO levels are destabilized slightly, thus Eg is decreased. 
The HOMOs of B36-CNF, B36-CNCl and B36-CNBr are in 
the ranges -5.146 to -5.283 eV, -4.986 to -5.325 eV and             
-4.712 to -5.356 eV and their LUMOs are in the ranges            
-4.053 to -4.726 eV, -4.053to -4.425 and -3.817 to                                                       
-4.291 eV, respectively. The HOMO and LUMO of B36-
CNX complexes for sites of 1 and 4 have changed 
significantly compared with HOMO and LUMO of B36. 
These   results   show    that    B36-CNX type-1   and   type-4  

                              Table 2. The Energy Gap and the HOMO and LUMO Energies Obtained in this 
                                             Study and other Studies  
 

ELUMO 

(eV) 

EHOMO 

(eV) 

Eg 

(eV) 

Method/basis set Ref. 

-3.97 -5.51 1.54 TPSSH/6-311+G(d) [27] 

-4.01 -5.05 1.04 B97D/6-31G(d) [21] 

-4.25 -5.35 1.10 B97D/6-31+G(d) [21] 

-4.30 -5.39 1.09 B97D/6-311+G(d,p) [21] 

-3.85 -5.73 1.88 B3LYP-D3(BJ)/6-311+G(d,p) [31] 

-4.30 -5.39 1.09 B97-D3(BJ)/6-311+G(d,p) [31] 

-4.01 -5.1 1.09 B97D/6-31+G(d)  [18] 

-4.247 -5.330 1.083 B97D/6-31+G(d) This work 
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Fig. 6. DOS of the optimized B36-CNX1 and B36-CNX4 geometries. 
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complexes have been formed as a result of stronger 
interactions than other types. The boron atoms at the edge of 
B36 are more reactive and these results are in agreement 
with theoretical studies reported in references 
[18,20,21,27,31].  
      In order to characterize the B36-CNX bonds, bond 
lengths and bond orders were calculated. The lengths and 
orders of the bonds are shown in Table 3 for the two 
absorption sites 1 and 4. Table 3 shows that an increase in 
the B-B bond length complex is similar to that in B36 
nanocluster B-B bond length, and as a result the bond order 
decreases. Differences between the bond lengths of               
B36-CNX complexes are insignificant. The bond orders of 
C-N bonds are 2.822, 2.787 and 2.780 for CNF, CNCl and 
CNBr, respectively, which are close to theirs triple bonds. 
These bond orders decrease after the interaction between 
CNX and B36 for all absorption sites. The structures of             
B36-CNX1 and B36-CNX4 are presented in Fig. 7. 
      Table 4 shows that B36-CNF1 is the most stable 
complex. The calculated interaction energy is -2.186 eV and 
the length of the newly formed bond is about 1.435 Å. The 
second most stable complex is B36-CNF4 with interaction 
energy of about -1.462 eV. The adsorption energies of                    
B36-CNF3, B36-CNF5 and B36-CNF6 are in the range of               
-0.500 to -0.578 eV and they are negligible. The most stable 
complex of B36-CNCl structures is B36-CNCl1 with the 
interaction energy of about -2.128 eV. The newly 
adsorption N-B bond is strong and its length is about             
1.457 Å. The energy released by complex B36-CNCl4 is 
about 1.573 eV. It seems B36-CNCl4 is less stable than            
B36-CNCl1. The B36-CNCl2, B36-CNCl3, B36-CNCl5 and 
B36-CNCl6 are the most unstable complexes which are the 
products of weak interactions. Thus, the inner boron atoms 
are not favorable adsorption sites in comparison to the                
edge atoms. The CNBr attaches to the B atom of B36 in                   
order to form B36-CNBr. The B36-CNBr1 and B36-CNBr4 
configurations correspond to the adsorptions of the CNBr 
molecule at the B36 edge with adsorptions energies of              
-5.201 and -4.429 eV, respectively. These structures are 
stable and the most stable complex is B36-CNBr1. Tables 1 
and 4 indicate that after the adsorption process, the trend of 
charge transfer from CNX to B36 is in agreement with the 
trend of electronegativity reduction. The electronegativity of                 
B36-CNX type-1  complex  is  more  than  that  of  B36-CNX  

 
 
type-4 and charge transfer of B36-CNX type-4 complex is 
more than that of B36-CNX type-1. As electronegativity of 
B36-CNF complexes are more than that of B36-CNCl and 
B36-CNBr, charge transfer of B36-CNBr is increased 
significantly in comparison with B36-CNCl and B36-CNF. 
Increasing the atomic number of the halogen in the CNX 
causes more increase in charge transfer. In addition, the 
dipole moments play an important role in the charge 
transfer. 
Electrical conductivity is exponentially related to energy 
gap according to the following relation:  
 
      σ = AT3/2 exp(-Eg/2kT)                                                 (5) 
 
where k is Boltzmann’s constant and A is a constant 
(electrons/m3 K3/2). It has been shown that this equation is in 
agreement with the experimental results and calculated 
change of energy gap. After the adsorption process, B36 can 
generate an electrical signal (used as a portion of an electric 
circuit) which depends on the amount of energy gap. Based 
on this equation large, reduction of energy gap will 
significantly increase the electrical conductance of B36. It 
means that a gas sensor operates based on the change of its 
electrical conductivity upon the gas adsorption and charge 
transfer. Thus, B36 can selectively detect the gases of CNX, 
because of their different effect on the electrical 
conductivity. Therefore, B36 may be a promising gas sensor 
for detection of CNX gases because of a charge transfer and 
the reduction of Eg in adsorption process. 
      In order to study the adsorption effect of CNX 
molecules on B36, the adsorption of 2CNX molecules on the 
B36 cluster was examined. To this effect, the most stable 
configuration (site 1) was selected and CNX molecules 
were added to interaction process. Figure 8 shows the 
optimized structures of these configurations. Tables 4 and 5 
show that the adsorption energy is not significantly affected 
by the number of CNX molecule. However, the energy gap 
is more decreased by increasing the number of CNX 
molecules. Therefore, the electrical conductance of B36 is 
sensitive to the concentration (or pressure) of CNX gas.  
      The bond critical point (BCP) is a saddle point in        
the distribution of the electron density (ρ(r)), where the    
electron density gradient (ρ(r)) is zero. The BCP is               
distinguished  by λ1,   λ2  and   λ3  (three   local   curvatures),  
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     Table 3. Fuzzy Bond  Order (FBO)  and  Bond  Distance (Å) of Complexes B36-CNX. The Numbers in Parentheses are  
                   Values for the Free Molecules 
 

FBO Bond length Complexes 

C37-N38 B32-B3 B32-B11 B32-B12 C37-N38 C37-X B32-B3 B32-B11 B32-B12 

B36-CNF1 

 

2.210 

(2.822) 

0.848 

(1.115) 

0.848 

(1.115) 

0.509 

(0.716) 

1.209 

(1.184) 

1.336 

(1.324) 

1.693 

(1.597) 

1.693 

(1.597) 

1.784 

(1.649) 

B36-CNCl1 2.311 

(2.787) 

0.866 

(1.115) 

0.866 

(1.115) 

0.546 

(0.716) 

1.189 

(1.185) 

1.679 

(1.711) 

1.680 

(1.597) 

1.680 

(1.597) 

1.757 

(1.649) 

B36-CNBr1 2.317 

(2.780) 

0.870 

(1.115) 

0.870 

(1.115) 

0.571 

(0.716) 

1.174 

(1.185) 

1.763 

(1.829) 

1.669 

(1.597) 

1.669 

(1.597) 

1.722 

(1.649) 

 C37-N38 B17-B18 B17-B24 B17-B26 C37-N38 C37-X B17-B18 B17-B24 B17-B26 

B36-CNF4 2.292 

(2.822) 

0.461 

(0.638) 

0.749 

(0.870) 

0.431 

(0.584) 

1.200 

(1.184) 

1.329 

(1.324) 

1.833 

(1.711) 

1.724 

(1.677) 

1.869 

(1.746) 

B36-CNCl4 2.459 

(2.787) 

0.482 

(0.638) 

0.747 

(0.870) 

0.449 

(0.584) 

1.172 

(1.185) 

1.633 

(1.711) 

1.811 

(1.711) 

1.745 

(1.677) 

1.847 

(1.746) 

B36-CNBr4 2.465 

(2.780) 

0.487 

(0.638) 

0.742 

(0.870) 

0.452 

(0.584) 

1.170 

(1.185) 

1.771 

(1.829) 

1.805 

(1.711) 

1.745 

(1.677) 

1.844 

(1.746) 
 
 
 

   
 

B36-CNX1 B36-CNX4 

Fig. 7. The structures of B36-CNX1 and B36-CNX4. 
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Table 4. Adsorption Energies, C-X Distances, Dipole Moments and  
                                                       Charge Transfers for B36-CNX1 and B36-CNX4 
 

Complex Ead 

(eV) 

D 

(Å) 

Dipole moment  

(D) 

QT 

 (e) 

B36-CNF1 -2.186 1.435 2.729 0.003 

B36-CNF4 -1.462 1.517 2.867 0.039 

B36-CNCl1 -2.128 1.457 6.035 0.158 

B36-CNCl4 -1.573 1.544 6.241 0.239 

B36-CNBr1 -5.201 1.481 12.635 0.345 

B36-CNBr4 -4.429 1.558 12.808 0.353 
 
 
 
                               Table 5. HOMO  and  LUMO  Energies,  Energy  Gap,  Electronegativity  and 

              the Absolute Value of  the change in Energy Gap, Adsorption Energy 
                                              and Charge Transfers for B36-2CNX1 

 

Complex EHOMO 

(eV) 

ELUMO 

(eV) 

Eg 

(eV) 

χ 

(eV) 

|ΔEg| 

(%) 

Ead 

(eV) 

QT 

(e) 

B36-2CNF1 -5.206 -4.906 0.300 5.056 72.299 -2.153 0.039 

B36-2CNCl1 -4.800 -4.392 0.408 4.596 62.327 -2.105 0.299 

B36-2CNBr1 -4.243 -3.475 0.768 3.859 29.086 -5.167 0.661 
 

 

   
B36-2CNF1 B36-2CNCl1 B36-2CNBr1 

 

Fig. 8. Adsorption of 2 numbers of HCN molecules at the edge of a B36 complex. Distances are in Å. 
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which are the main diameter elements of the Hessian matrix 
of electron density [32]. The electron density distribution             
is  maximum   which   means  λ1  and  λ2  are   negative  and 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
perpendicular to the bond path. Also, the electron density is 
minimum which means λ3 is positive and tangential to the 
bond path. The  sum of  three  curvatures or  eigenvalues of 

                                Table 6. Electron Density Descriptors (a.u.) at the Bond Critical Points (BCP) 
                                               between Atoms of B36-CNX1and B36-CNX4  

 

Complex BCP ρ(r) 2ρ(r) E(r) )(
)(

rV
rG

  
)(
)(

r
rG


 

C37-N38 0.404 0.107 -0.697 5.091 1.789 

N38-B32 0.171 0.749 -0.118 0.714 1.783 

B32-B3 0.143 -0.272 -0.100 2.458 2.286 

 

B36-CNF1 

B32-B11 0.139 -0.219 -0.924 2.904 2.697 

C37-N38 0.416 0.365 -0.715 5.302 1.937 

N38-B32 0.159 0.725 -0.104 0.733 1.798 

B32-B3 0.145 -0.269 -0.101 2.533 2.358 

 

B36-CNCl1 

B32-B11 0.145 -0.269 -0.101 2.533 2.358 

C37-N38 0.428 0.561 -0.736 4.894 2.049 

N38-B32 0.147 0.697 -0.907 0.477 1.802 

B32-B3 0.146 -0.262 -0.102 2.623 2.479 

 

B36-CNBr1 

B32-B11 0.146 -0.262 -0.102 2.623 2.479 

C37-N38 0.411 0.139 -0.712 5.151 1.817 

N38-B17 0.139 0.533 -0.934 0.706 1.625 

B17-B24 0.134 -0.250 -0.869 2.189 1.699 

 

B36-CNF4 

B17-B31 0.147 -0.271 -0.104 2.605 2.517 

C37-N38 0.430 0.527 -0.742 5.428 2.030 

N38-B17 0.120 0.498 -0.734 0.730 1.650 

B17-B24 0.134 0.240 -0.847 2.247 1.828 

 

B36-CNCl4 

B17-B31 0.147 0.264 -0.102 2.630 2.469 

C37-N38 0.432 0.548 -0.746 5.417 2.043 

N38-B17 0.122 0.515 -0.747 0.703 1.663 

B17-B24 0.133 -0.239 -0.845 2.226 1.857 

 

B36-CNBr4 

B17-B31 0.174 -0.261 -0.101 2.637 2.476 
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the density at a point is the Laplacian of the electron density 
at that point (2ρ(r)). The negative Laplacian is associated 
with electron concentration, and positive Laplacian shows 
electron depletion. Equation (6) shows the relationship 
between the local energy density (E(r)) and the Laplacian of 
the electron density. 
      )()()()(

4
1)( 2 rGrVrGrrE                                (6) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                         
G(r) is the kinetic energy density, which is always a positive 
quantity, and V(r) is the potential energy density. These 
quantities can be evaluated at BCP.  
      The numerical values of kinetic and potential energy 
densities at BCP determine the nature of chemical bonds. 
The interaction is of covalent type if 2ρ(r) < 0, E(r) < 0, 
ρ(r) > 0.02, 1

)(
)(


rV
rG  and 1

)(
)(


r
rG


. If 2ρ(r) > 0,  E(r) > 0,  

 

Fig. 9. ELF plots of the optimized B36-CNX complex. 
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ρ(r) < 0.10, 1

)(
)(


rV
rG  and 1

)(
)(


r
rG


, then the observed 

interaction is of ionic type [33,34]. Topological analysis of 
electron density has been performed by researchers to 
characterize the nature of different chemical bonds. Electron 
density descriptors at BCP for the key atoms of cyanogen 
gases and B36 nanocluster, and the interaction between 
cyanogen gases and B36 nanocluster are given in Table 6. 
The topological analyses have been performed for all sites 
of absorption. Table 6 shows the results of the two 
absorption sites (1 and 4). Local energy densities are all 
negative for B36-CNX complexes in sites 1 and 4. The ρ(r) 
values are bigger than 0.02 for all complexes. Table 6 
shows N38-B32 and N38-B17 of B36-CNX type-1 and type-
4 complexes. The , E(r) and -G(r)/V(r) indicate the 
nature of the interaction is not purely covalent or ionic. 
These bonds may be described as covalent-ionic type. All 
B36 nanocluster bonds are covalent-ionic type, but more 
covalent than ionic.  
      The electron localization function (ELF) analysis was 
performed to get further insight into the properties of the 
bonding interactions. This analysis can provide useful 
information on chemical bonds of the systems. The ELF 
value is between zero and one. As ELF increases, the 
electrons become more localized and concentrated, the ionic 
nature of the atomic bond between two atoms transform 
gradually into covalent type. Figure 9 shows ELF images 
for all compounds. ELF for the bond between interaction 
cyanogen gases and B36 is between 0.5 and 0.55. The ELF 
analysis reveals those bonds are relatively more covalent, 
which is in agreement with the electron density analysis. 
 
CONCLUSIONS 
 
      Interaction of CNX molecules with the B36 nanocluster 
is investigated by the DFT modelling method. It is found 
that the CNX molecules interact somewhat strongly with the 
boron atoms of the B36 nanocluster via the N-head with 
appreciable adsorption energy. Also, the adsorption of CNX 
molecules on the B36 nanocluster is studied by six different 
configurations. In these configurations the edge B atoms of 
B36 nanocluster are more reactive to CNX molecules than 
the inner atoms. The results suggest that the presence of 
CNX molecules can be  detected  by B36  nanocluster due to  

 
 
changing the electronic properties. Furthermore, it is found 
that B36 nanocluster is sensitive to the concentration of CNX 
molecules so that increasing the number of CNX molecules 
will alter the B36 conductance. In addition, adsorption 
energies show that B36-CNBr complex is more stable than 
B36-CNCl complex and in turn B36-CNCl complex is more 
stable than B36-CNF complex. 
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