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Abstract: Positive stranded In this article, it has been investigated the density functional theory (DFT) 

study on single metal atoms of Li, Na, K, Be, Mg, and Ca trapped in B9N9 and B40N40 nanocones as 

biosensors in our body. Boron nitride (BN) is one of the structures similar to different crystals of carbon. 

Those B–N bonds will be replaced in these structures instead of C–C bonds in carbon nanotubes. In this 

investigation, it has been accomplished the B3LYP// EPRII, EPRIII/ 6-311+G(d,p)/ lanl2dz to estimate 

the susceptibility of B9N9 and B40N40 nanocones for trapping metal atoms of Li, Na, K, Be, Mg, Ca 

through charge transfer, NQR, NMR, spectroscopy and HOMO-LUMO molecular orbital analysis. 

Finally, the obtained results have approved that B40LiN40, B40NaN40, B40KN40, B40BeN40, B40MgN40, 

and B40CaN40 with good resistance and the electrical conductivity can be applied as biosensors in 

transferring and releasing the metal atoms in the human body. These results could be generalized to 

other BnNn nanocones and may help their rational design for biosensors that conduct the reactions in the 

biocells.  
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1. Introduction 

Semiconductor nanostructures like fullerenes, nanotubes, and nanocones can be 

provided by trapping the metal atoms, which attract attention in various applications depending 

on the size, geometry, and strength [1-10].  

In this research, a novel design has been proposed, the metal-semiconductor nanocones 

formed with the main group metals of the periodic table, including Li, Na, K, Be, Mg, and Ca. 

Carbon nanotubes' unique physicochemical and mechanical properties through their interaction 

with metals have made these structures a special potential for application. The metal-nanotube 

interactions in most experimental and theoretical investigations have been accomplished for 

carbon nanotubes with transition metal components such as a single atom or a metal cluster 

[11-15]. 

Other nanomaterial cases are boron nitride (BN) nanotubes, nanocages, or nanocones, 

which can be synthesized after exploring carbon nanotubes with high thermal stability, 

chemical inertness, and hardness [16-24]. 
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During this time, it has been done some experimental and theoretical studies to fill BN 

nanotubes with 3d transition metals like Fe–Ni, Co, Mo, Ni, and NiSi2, which have shown half-

metallic behavior in some of these complexes [25-32]. 

Boron nitride nanotube (BNNT) usually exhibits semi-leading behavior, which is 

considered a proper alternative to carbon nanotubes. The properties of boron and nitrogen 

atoms which are the first neighbors of carbon in the periodic table, make BNNT an interesting 

subject of numerous studies [33-35]. 

The stable one-dimensional structure of BNNT was either theoretically recognized or 

experimentally synthesized [36]. Earlier studies have indicated that the ends of BNNTs are 

significant in the determination of their growth and also application properties [37]. BNNTs 

are composite nanotubes that have been synthesized successfully following the synthesis of 

carbon nanotubes (CNTs), but the electronic properties of BNNTs are different from that of 

CNTs [38-41]. 

BNNT is produced by rolling a single layer of sp2 boron into a seamless hollow 

cylindrical tube with nanoscale dimensions. Moreover, nanotubes, their unique physical 

properties, exhibit various electrical properties. The geometrical and electronic structure of 

BNNTs can be described by a chiral vector, the angle between the axis of its hexagonal pattern 

and the axis of the tube which is presented by the (n1; n2) chirality's indices. When the indices 

are (n1, 0) called zigzag, (n1, n1) called armchair, and (n1, n2) where n1≠0 and n2 ≠0 known as 

chiral BNNTs.  

Although scientific efforts focused on the electrostatics properties and commercial 

applications of these materials, there have been no experimental structural data sufficiently 

accurate for the identification of the chirality's indices of BNNTs, especially for the kind of 

smaller diameter nanotubes. In this paper, we study the structural properties of BN rings 

obtained by bending a BN graphitic sheet. We, therefore, here only briefly review the symmetry 

treatment for hexagonal wrappings of tubes. BN nanostructures are polar through the ground 

charge on B and N atoms, producing a graphite form by alternating these two atoms [42]. 

Therefore, these structures are similar to carbon nanotubes with various physical properties and 

electrostatic interactions, which play an important role in distinguishing their elastic properties. 

However, the mechanical properties of both BNNTs and CNTs are approximately identical, 

like metals or semiconductors [43-49]. 

BNNT is produced by rolling a single layer of sp2 boron into a seamless hollow 

cylindrical tube with nanoscale dimensions. The geometrical and electronic structure of 

BNNTs can be described by a chiral vector, the angle between the axis of its hexagonal pattern 

and the axis of the tube presented by the (n1; n2) chirality's indices. When the indices are (n1, 

0) called zigzag, (n1, n1) called armchair, and (n1, n2) where n1≠0 and n2 ≠0 known as chiral 

BNNTs.  

Since 1992 after the discovery of nanocones, it has been observed that these structures 

are more attractive than carbon fullerenes, nanotubes, and nanocones researchers because of 

special mechanical, physical, and electronic properties [50-53]. In 1994, BN nanocones similar 

to carbon nanocones were suggested, and several years later, by rolling nanostructure sheet, 

they were synthesized [54-59]. 

This article has studied the interaction between the BN nanocones and the metal atoms 

of the first and the second groups in the periodic table using the spin-polarized density 

functional theory (DFT) method. In this model, the individual metal atom has been cited in the 

center of two kinds of single-walled B9N9 and B40N40 nanocones (Scheme 1a,b).  
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Scheme 1. Optimized structure of boron nitride nanocones of (a) B9N9 and (b) B40N40. 

In this article, it has been investigated that the BN-metal nanocone can be applied as a 

biosensor for trapping and transferring the metal atoms in the biocells. Therefore, BN 

biosensors have been examined to indicate excellent selectivity and acceptable repeatability 

with a remarkable potential through a good semiconductor for sensing and detecting the metal 

atom in biocells aspect of different applications such as disease diagnosis, drug delivery, or 

cell therapy. 

2. Material and Method 

Hybrid functional is a group of estimations toward the exchange-correlation energy 

functional in DFT (Density Functional Theory), which combines a part of exact exchange from 

HF (Hartree–Fock theory) method with the rest of the exchange-correlation energy from other 

information such as empirical or ab initio methodologies. Therefore, the exact exchange energy 

functional is illustrated by the Kohn–Sham orbitals instead of the density, so it is placed as the 

indirect density functional. This study has applied the influence of the hybrid function of the 

three-parameter basis set of B3LYP (Becke, Lee, Yang, Parr) within the framework of DFT 

upon theoretical calculations [60,61]. In fact, the popular B3LYP (Becke, three-parameter, 

Lee–Yang–Parr) exchange-correlation functional is [62-64]: 

𝐸XC
B3LYP = (1 − 𝛼)𝐸x

LSDA +  𝛼𝐸x
HF  + 𝑏∆𝐸x

B + (1 − 𝑐)𝐸c
LSDA  + 𝑐𝐸c

LYP                 (1)       

where 𝛼 = 0.20, 𝑏 = 0.72, 𝑐 = 0.81 is a generalized gradient approximation: the Becke 

exchange functional [60] and the correlation functional of Lee, Yang, and Parr [61] for B3LYP 

and 𝐸c
LSDA   is the VWN local spin density approximation to the correlation functional [65]. 

In this work, the geometries have been optimized at the framework of DFT using basis 

sets of lnl2dz for transition metal cations of Li, Na, K, Be, Mg, Ca, and 6-311+G(2d,p) for B, 

N atoms of B9N9 and B40N40 nanocones. Then, it has been described the electronic structure of 

BN-metal atoms nanoclusters for measuring physicochemical properties (Scheme 1). 
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DFT theory proves an advantageous method for predicting chemical systems, and in 

order to understand its similarities and differences to other computational methods employed 

[66-68]. 

In this article, the Onsager model has been accomplished that was developed by Frisch, 

Wong, and Wiberg utilizes spherical cavities. Even though this implies a less accurate 

description of the solute-solvent interface, this approximation simplifies the evaluation of 

energy formatives in geometry optimizations and frequency analysis. Moreover, Cramer and 

Truhlar improved this model at the dipole level [69-74]. In fact, a cavity must have a physical 

sense, such as the Onsager model, and has a mathematical ability, as often happened in other 

descriptions of solvent impacts. The cavity has to keep out the solvent and include its frontiers 

as the biggest probability part of the solute charge distribution [75]. 

Then, The gauge consisting of atomic orbitals (GIAO) has been adopted to solve the 

gauge problem in the measurement of NMR shielding for the nanoclusters of B40LiN40, 

B40NaN40, B40KN40, B40BeN40, B40MgN40, and B40CaN40 which have trapped the metal atoms 

of Li, Na, K Be, Mg, Ca using density functional theory (DFT) frameworks. 

A type of linkage of nanocones to metal atoms is Van der Waals forces, which depend 

on the distance between the atoms. In fact, VdW appears when the electron density around the 

nucleus of an atom undergoes a transient shift. In this article, when the electron density 

increases in one side of the nucleus, including N atoms, the resulting transient charge might 

attract or repel a neighboring atom of Li, Na, K, Be, Mg, and Ca. On the other hand, an induced 

formation of a dipole in BN nanocones fluctuates another dipole in trapped metal atoms in the 

center of nanocones. 

Therefore, a group of quantum theoretical methods has been run for exploring the 

optimized structures of [BN-metal atoms] nanoclusters as delivering the metal atoms in the 

biocells through the calculations including charge distribution, NMR, NQR spectroscopy, and 

HOMO, LUMO molecular orbitals analysis using software of Gaussian 16 revision C.01 [76]. 

3. Results and Discussion 

It has been observed that B vacancies, indicating N-terminated triangular holes in the 

lattice, could trap and encapsulate metal atoms of Li, Na, K, Be, Mg, and Ca due to the huge 

stability influence achieved from the Metal–N bond formation. Therefore, it has been 

considered the trapping site for the metal elements according to the most stable stacking 

configuration (Scheme 1).  

3.1. Thermodynamic function analysis. 

The optimized free binding energy resulting from the interaction between trapped metal 

atoms of Li, Na, K; Be, Mg, Ca with B9N9 and B40N40 nanocones has been evaluated via Eq.1 

(Scheme1a,b).  

∆G b =∆Gmetal-BNnanocone - (∆Gmetal + ∆G BN nanocone)                  (2) 

The Gibbs free energy (G) of the nanocone clusters is computed by correcting the 

electronic energies (E) for the zero-point energy (ZPE), heat capacity (∫Cp dT), and the 

vibrational entropic term (Svib) : 

G= E + ZPE +∫Cpdt -TSvib                                                          (3) 
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Table 1. Calculated thermodynamic parameters of ΔG , ΔH, ΔS for B9N9 nanocone using DFT/EPRII,EPRIII 

methods at 296-304 K. 

T(K) 
ΔH  ΔG ΔS 

EPRII EPRIII EPRII EPRIII EPRII EPRIII 

296 0.0979 0.0985 -0.1983 -0.1977 0.333 0.334 

298 0.2046 0.2052 -0.4117 -0.411 0.692 0.692 

300 0.2968 0.2968 -0.5955 -0.5949 1.001 1.001 

302 0.3972 0.3972 -0.7957 -0.7944 1.333 1.334 

304 0.4976 0.4995 -0.9965 -0.9933 1.666 1.665 

Table2. Calculated thermodynamic parameter of ΔG for [B9N9 – (Li, Na, K; Be, Mg, Ca)] nanocluster by 

B1LYP, B3LYP/EPRII, EPRIII, lanl2dz methods at 296-304 K. 

T(K) 
B1LYP B3LYP 

Li Na K Be Mg Ca Li K Be Mg Ca 

296 -0.2045 -0.2083 -0.2491 -0.1945 -0.1964 -0.2278 -0.2052 -0.2497 -0.1907 -0.2064 -0.2390 

298 -0.4254 -0.4330 -0.5177 -0.4041 -0.4078 -0.4737 -0.4267 -0.5189 -0.3966 -0.4298 -0.4963 

300 -0.6156 -0.6269 -0.7492 -0.5854 -0.5911 -0.6858 -0.6181 -0.7517 -0.5741 -0.6225 -0.7185 

302 -0.8220 -0.8371 -1.0008 -0.7818 -0.7894 -0.9161 -0.8251 -1.0034 -0.7668 -0.8320 -0.959 

304 -1.0297 -1.0485 -1.2531 -0.9789 -0.9889 -1.1464 -1.0328 -1.2562 -0.9607 -1.0416 -1.2010 

 

 

Figure 1. Calculated thermodynamic parameters of Gibbs free energy (ΔG) for (a) B9N9 nanocone (b), [B9N9-

metal ions] nanocluster and (c) Thermal enthalpy (ΔH) for [B9N9-metal ions] nanocluster, ΔS for B9N9 

nanocone due to DFT/EPRII, EPRIII, lanl2dz methods at 296-304 K. 
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As a matter of fact, it has been computed the vibrational modes by analyzing a normal 

mode and the whole 3N degree of freedom for the metal atoms trapped in the B9N9 nanocone 

through the harmonic oscillator approximation. 

Therefore, the theoretical studies can identify the free binding energy of a metal atom 

(ΔG) as a simple descriptor of the biosensor performance in semiconductor metal-BN 

nanocone. In fact, according to the interaction between metal atoms and BN nanocone, there is 

an amount of free energy that is neither too intense nor too feeble [77-82].  

If the interaction is too feeble, a high over-potential will be required to trap the metal 

in the center of the BN nanocone. In other words, if the interaction is too strong, the metal 

atoms will destroy the BN nanocone. Therefore, the optimum condition is satisfied when the 

free binding energy is close to zero.  

In this work, we have calculated the thermodynamic parameters (a.u.) such as ΔG, ΔH, 

ΔS of B9N9 nanocone and B9N9 trapping the metal atoms including Li, Na, K; Be, Mg, Ca using 

B1LYP, B3LYP levels of theory and basis sets of EPRII, EPRIII for B, N atoms and lanl2dz 

for metal atoms at different temperature of 296, 298, 300, 302 and 304 K (Tables 1&2 and 

Figure 1a-c). 

Figure 1a,b has illustrated that the variation of Gibbs free energy behaves as a linear 

relationship observed between temperature and ∆S, which decrease with increasing the 

temperature from 296-304K for B9N9 nanocone (R2≈ 0.9998) and [B9N9-metal atoms] (R2= 

0.9996) nanocluster based on the Eqs. 4-10:  

∆GB9N9 nanocone=-0.0992TB9N9 nanocone+29.147      (4) 

∆G (Li) = -0.1027T (Li) + 30.2           (5)        ;      ∆G (Na) = -0.1046T (Na) + 30.754            (6) 

∆G (K) = -0.125T (K) + 36.757           (7)       ;     ∆G (Be) = -0.0977T (Be) + 28.717              (8) 

∆G(Mg) = -0.0987T(Mg)  + 29.007      (9)        ;      ∆G(Ca)  = -0.1144T(Ca) + 33.637             (10) 

Then, it has been evaluated whether there is a thermal enthalpy cost or gains to go from 

a B9N9 nanocone and trap a single metal atom to form the [B9N9-metal atoms] nanocluster, 

which has been plotted in Figure 1c. 

Moreover, the changes of reaction enthalpy of ∆HR among [B40N40- (Li, Na, K; Be, Mg, 

Ca)] nanoclusters have been explored through interaction between B40N40 nanocone and metal 

atoms that illustrates the stability of these complexes through the differences among the thermal 

enthalpy of formation of B40MN40 nanocluster, B40N40 nanocone and metal atoms including Li, 

Na, K; Be, Mg, Ca as Eq.10 as follows (Table 3& Figure 2a,b): 

∆HR = ∆Hf, B40MN40  - (∆Hf, Metal  + ∆Hf, B40N40)                                (11) 

Table3. Calculated the thermal enthalpy (∆Hf /kcal.mol-1) for Metal atom, B40N40, B40MN40 and thermal 

reaction (∆HR /kcal.mol-1)of B40N40- (Li, Na, K; Be, Mg, Ca) nanoclusters due to B3LYP/ 6-311+G (d, p), 

lanl2dz methods. 
Metal-

B40N40 

nanocone 

∆Hf, B40N40 Metal ∆Hf, Metal ×10-3 ∆Hf, B40MN40×10-4 ∆HR×10-4 

B40LiN40 

-4
1
2

.3
5
4

5
×

1
0

-

4
 

Li -4.477 -196.7255 216.0767 

B40NaN40 Na -100.264 -206.3002 216.0807 

B40KN40 K -372.113 -233.4863 216.0795 

B40BeN40 Be -8.433 -197.1434 216.0544 

B40MgN40 Mg -123.311 -208.6127 216.0729 

B40CaN40 Ca -420.069 -238.2902 216.0712 

 

https://doi.org/10.33263/BRIAC136.542
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC136.542  

 https://biointerfaceresearch.com/ 
7 of 19 

 

 

 
Figure 2. (a) Calculated graph of heat reaction (∆HR) for B40MN40 (M=Li, Na, K/Be, Mg, Ca). (b) The 

mechanism for the formation of B40CaN40 from Ca metal atom and B40N40 nanocone due to heat formation of 

each component. 

The highest trapping stability with different metal atoms indicates that B40N40 nanocone 

can produce a variety of nanoclusters, including B40MN40 nanoclusters (M=Li, Na, K; Be, Mg, 

Ca) (Figure 2a,b). 

It is possible to make a correlation between biosensor activity and thermodynamic 

properties, which can be calculated by density functional theory (DFT) and basis sets of EPRII, 

EPRIII, 6-311+G (d, p) for B, N atoms, and lanl2dz for metal atoms of Li, Na, K; Be, Mg, Ca, 

respectively. This calculation has allowed a rationalization of the reactivity trends among 

different metal atoms, which can identify and predict potential novel semiconductors as 

biosensors in the biocells.  

3.2. NMR spectroscopy in B40N40. 

The results of NMR spectroscopy in Figure 3 have shown that nanoclusters of B40MN40 

present chemical shielding between 0-275 ppm for B40LiN40, 0-600 ppm for B40NaN40, 0-1300 
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ppm for B40KN40, 0-275 ppm for B40BeN40, 0-680 ppm for B40MgN40, and 0-1400 ppm for 

B40CaN40. 

 

 

 

 

 

https://doi.org/10.33263/BRIAC136.542
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC136.542  

 https://biointerfaceresearch.com/ 
9 of 19 

 

 
Figure3. NMR spectra of trapped B40LiN40, B40NaN40, B40KN40, B40BeN40, B40MgN40, and B40CaN40 in 

different ranges of chemical shielding in ppm. 

The sharpest peak of the NMR spectrum has been almost observed in 100 ppm for all 

of the B40MN40 nanoclusters, including B40LiN40, B40NaN40, B40KN40, B40BeN40, B40MgN40, 

and B40CaN40. On the other hand, the weakest peaks of the NMR spectrum have approximately 

appeared in 250 ppm for all six B40MN40 nanoclusters (M=Li, Na, K; Be, Mg, Ca) (Figure 3). 

The parameters of isotropic shielding tensor (CSI), anisotropic shielding tensor (CSA), 

and eigenvalues of chemical shielding, including σ11, σ22, σ33 resulted from NMR data 

B40LiN40, B40NaN40, B40KN40, B40BeN40, B40MgN40, and B40CaN40, respectively, have been 

reported in Table4. The calculated results indicated the SCF GIAO magnetic shielding tensor 

in ppm and charge transfer for Li, Na, K; Be, Mg, and Ca trapped into the B40N40 nanocone 

as the transfer target releasing the metal atoms in the biocells. The computations have been 

accomplished based on B3LYP/6-311+G (2d,p), lanl2dz level of theory by software of 

Gaussian 16 revision C.01 (Table 4). 

Table4. Optimized SCF GIAO magnetic shielding tensor and charge transfer of Li, Na, K; Be, Mg, Ca trapped 

into B40N40 nanocone. 
Metal-B40N40 

nanocone 
σ11 σ22 σ 33 CSI CSA 

B40LiN40 93.4294 100.2879 102.2961 98.6712 5.4374 

B40NaN40 601.4262 601.7712 607.604 603.6004 6.0053 

B40KN40 1287.9519 1307.4542 1317.0696 1304.1586 19.3665 

B40BeN40 147.0091 150.4528 154.1357 150.5325 5.4048 

B40MgN40 668.0806 677.7494 694.5027 680.1109 21.5877 

B40CaN40 1396.1215 1414.085 1426.2457 1412.1508 21.1425 

CSI (ppm) = (σ33+ σ22 + σ11)/3    ;    CSA (ppm) = σ33-(σ22 + σ11)/2 

Quantum chemical methods introduce the chemical shift tensors in the principal axes 

system to evaluate the two parameters CSI (isotropic chemical-shielding) and CSA (anisotropic 

chemical-shielding) (Figure4a,b) [83,84]: 
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Figure 4. Calculated NMR parameters of (a) CSI and (b) CSA of metal atoms of Li, Na, K; Be, Mg, Ca trapped 

into the B40N40 nanocone by B3LYP/6-311+G(2d,p), lanl2dz level of theory. 

Figure 4 indicates the fluctuation of chemical shielding tensors of CSI and CSA for 

different metal atoms, which declare the stability of [B40N40- (Li, Na, K; Be, Mg, Ca)] 

nanoclusters. 

3.3. Atomic charge diffusion and nuclear quadrupole resonance. 

The optimized atomic charge (Q) of Li, Na, K, Be, Mg, and Ca atoms using 

B3LYP/LANL2DZ,6-311+G (d, p) of theoretical level in a polar medium of water solution 

indicates the stability of B40LiN40, B40NaN40, B40KN40, B40BeN40, B40MgN40, and B40CaN40, 

respectively (Table 5, Figure 5a). In fact, it has exhibited the region includes the attractive–

repulsive force of a fixed charge at different points in space that are parallel to the molecular 

surface of B40MN40 nanoclusters (Figure 5a).  

Table 5. Calculated atomic charge and electrical potential for B40LiN40, B40NaN40, B40KN40, B40BeN40, 

B40MgN40 nanoclusters using B3LYP/6-311+G (2d,p), lanl2dz. 
Nanocone-Metal ion Q Electrical potential 

B40LiN40 0.4953 -5.3867 

B40NaN40 0.8899 -34.3245 

B40KN40 0.6432 -74.0244 

B40BeN40 -0.1432 -8.3914 

B40MgN40 1.2668 -38.6413 

B40CaN40 1.2292 -79.0276 
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Figure 5. (a) The optimized atomic charge (Q) of Li, Na, K, Be, Mg, Ca atoms using B3LYP/LANL2DZ,6-

311+G (d, p) of theoretical level in a polar medium of water solution. (b)The polynomial graph (order=4) of 

atomic charge versus the electric potential of B40LiN40, B40NaN40, B40KN40, B40BeN40, B40MgN40, and B40CaN40 

encapsulating Li, Na, K, Be, Mg, Ca by B3LYP/6-311+G (2d,p) method. 

It has been recommended the reason for the existing stability of [B40N40- (Li, Na, K; 

Be, Mg, Ca)] nanoclusters which indicate the position of active sites of metal atoms trapped 

into nanocone of B40N40  by moving the charge of electrons in these compounds in polar water 

molecules (Figure 5a). In other words, the electrophilic side chains of metal atoms of Li, Na, 

K; Be, Mg, and Ca conduct us to find the reason for the activity and the stability of these 

nanoclusters as biosensors for transferring and releasing the metal atoms in the biocells.  

Moreover, 14N - NQR or nuclear quadrupole resonance approach has been 

accomplished for achieving the electric potential of metal atoms (Li, Na, K, Be, Mg, Ca) 

trapped in B40N40 nanocone using B3LYP/6-311+G (2d,p) level (Table 5). 

In NMR, nuclei with spin ≥ 1/2 have a magnetic dipole moment so that their energies 

are split by a magnetic field, permitting resonance sorption of energy dependent on the Larmor 

frequency;  𝜔𝐿 =  𝛾𝐵 , where 𝛾 is the gyromagnetic ratio, and 𝐵 is the magnetic field external 

to the nucleus. 

In NQR nuclei with spin ≥ 1, there is an electric quadrupole moment which is 

accompanied by non-spherical nuclear charge distributions. So, the nuclear charge distribution 

deviates from that of a sphere as the oblate or prolate form of the nucleus. NQR is a straight 

frame of the interaction of the quadrupole moment with the local electric field gradient (EFG) 

produced by its ambiance's electronic structure. Therefore, the NQR transition frequencies are 

symmetric to the electric quadrupole moment of the nucleus and a measure of the strength of 

the local EFG:  

𝜔 ~ 
𝑒2 𝑄𝑞

ħ 
 =  𝐶𝑞,          (12) 

where 𝑞 is dependent on the biggest fundamental portion of the EFG tensor at the nucleus, and 

𝐶𝑞 is quadrupole coupling constant parameter [85,86]. 

The NQR method is based on the multipole expansion in Cartesian coordinates as the 

following equations: 

𝑉(𝑟) =  𝑉(0) +  [(
𝜕𝑉

𝜕𝑥𝑖
) |

0
 . 𝑥𝑖)] +  

1

2
  [(

𝜕2𝑉

𝜕𝑥𝑖𝑥𝑗
) |

0
. 𝑥𝑖𝑥𝑗)] + ⋯      (13) 

Then, after simplification of the equation, there are only the second derivatives 

dependent on the same variable for the potential energy [85,86]: 
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𝑈 = − 
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)|

0
. ∫ 𝑑3 𝑟 [𝜌(𝑟). 𝑥𝑖

2]
𝒟

        (14) 

There are two parameters that must be obtained from NQR experiments; the quadrupole 

coupling constant, χ, and the asymmetry parameter of the EFG tensor η:  

 χ =  e2 Qqzz /h ;                                                             (15) 

η = (qxx – qyy)/ qzz                                                       (16) 

where qii are components of the EFG tensor at the quadrupole nucleus determined in the EFG 

principal axes system, Q is the nuclear quadrupole moment, e is the proton charge, and h is 

Planck's constant [87]. 

In Figure 5b, it has been observed the polynomial graph (order=4) of atoms B40LiN40, 

B40NaN40, B40KN40, B40BeN40, B40MgN40, and B40CaN40 encapsulating Li, Na, K, Be, Mg, Ca 

with relation coefficient of R2= 0.9993 due to atomic charge versus electric potential which has 

been achieved by B3LYP/6-311+G (2d,p) method. 

3.4. Frontier molecular orbital of HOMO and LUMO. 

The electron affinity produces LUMO, or the lowest unoccupied molecular orbital 

energy, and the ionization makes HOMO, or the highest occupied molecular orbital energy 

which has been measured and introduced for B40MN40 nanoclusters (Table 6). The HOMO, 

LUMO, and band energy gap (eV) remarked the figurative description of the frontier molecular 

orbital's and their relative positive and negative districts, which are substantial operators for 

recognizing the molecular specifications of B40MN40 nanoclusters (Scheme2). 

 
Scheme 2. The HOMO (a.u.), LUMO (a.u.), and band energy gap (eV) for B40MN40 nanoclusters. 
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The HOMO displays the susceptibility for giving an electron, while the LUMO, an 

electron acceptor, depicts the ability to get an electron. In fact, the energy gap (∆E = E LUMO- 

EHOMO) demonstrates the energy difference between frontier HOMO and LUMO orbital 

representing the structure's resistance and appears the compound's chemical activity. In this 

work, the energy gap assigns how B40N40 traps metal atoms of Li, Na, K, Be, Mg, and Ca. In 

addition, the frontier molecular orbitals operate an important function in the optical and 

electrical properties like in UV-Vis spectra [88]. 

Figure 6 demonstrates the changes of energy gap (E LUMO - EHOMO) versus effective 

biosensors of [B40N40 - metal atoms] clusters containing B40LiN40, B40NaN40, B40KN40, 

B40BeN40, B40MgN40, and B40CaN40 at B3LYP/6-311+G(2d,p),lanl2dz level of theory with The 

polynomial graph (order=3) and relation coefficient of R² = 0.8853. 

 
Figure 6. The band gap (eV) of HOMO-LUMO for [B40N40 - metal atoms] clusters. 

Moreover, to get more conclusive approval in identifying the characteristics of 

B40MN40 nanoclusters, a series of chemical reactivity parameters such as chemical potential 

(µ), electronegativity (χ), hardness (η), softness (ζ), electrophilicity index (ψ) has been carried 

out (Table 6) [89-91]. 

Table 6. The HOMO, LUMO, band energy gap, chemical potential (µ), electronegativity (χ), hardness (η), 

softness (ζ), electrophilicity index (ψ) (eV) have been accomplished using the following equations for B40MN40 

nanoclusters. 
Compound  

quantities (ev) 
B40LiN40 B40NaN40 B40KN40 B40BeN40 B40MgN40 B40CaN40 

EHOMO -6.2863 -6.4387 -6.3163 -9.8682  -8.9392 -8.6154 

ELUMO -1.4460 -0.0990 -0.0049 -7.4793 -6.8749 -5.6240 

∆E 4.8403 6.3397 6.3114 2.3889 2.0643 2.9914 

µ -3.8661 -3.2688 -3.1606 -8.6737 -7.9070 -7.1197 

χ 3.8661 3.2688 3.1606 8.6737 7.9070 7.1197 

η 2.4201 3.1698 3.1557 1.1944 1.0321 1.4957 

ζ 0.2066 0.1577 0.1584 0.4186 0.4844 0.3343 

ψ 3.0880 1.6855 1.5827 31.4931 30.2870 16.9453 

∆E= E LUMO- EHOMO ; µ=(EHOMO+ELUMO)/2; χ= -(EHOMO+ELUMO)/2; η = (ELUMO -EHOMO)/2; ζ =1/(2η); ψ 

= µ2/(2η) 
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The compound quantities parameters in Table 6 have displayed a good resistance for 

B40MN40 nanoclusters consisting of B40LiN40, B40NaN40, B40KN40, B40BeN40, B40MgN40, and 

B40CaN40 through applying as biosensors in transferring and releasing the metal atoms in the 

biocells. 

4. Conclusions 

A selective biosensor of B9N9 and B40N40 trapping the metal atoms of Li, Na, K, Be, 

Mg, and Ca has been recommended, which might be applied for boron nitride, detecting 

different reactions in the biocells. The molecular geometry of the compounds in the ground 

state has been computed using B3LYP// EPRII, EPRIII/ 6-311+G (d, p)/ lanl2dz methods for 

obtaining several physical and chemical parameters.  

Then, charge distribution, NMR, and NQR analysis on [BN-metal atoms] nanoclusters 

have been performed using B3LYP// EPRII, EPRIII/ 6-311+G (d, p)/ lanl2dz methods. Besides, 

the HOMO-LUMO energy gap is supported in analyzing the chemical reactivity of the 

molecule. NMR calculations have indicated a strong effect for the most intense peak predicted 

in the case of the [BN-metal atoms] nanoclusters. 

The Fourth-order perturbation analysis of the NQR spectrum has been performed to 

investigate the effect of the metal atoms' coordination on the different interactions within the 

studied molecules.  

The outcomes of the above perceptions can recommend that the various data gained 

from B40MN40 nanoclusters consisting of B40LiN40, B40NaN40, B40KN40, B40BeN40, B40MgN40, 

and B40CaN40 in the solvent is mainly because of basis set functions which are derived by a 

shift in the polarization of the ambiance. Notably, growth in the dielectric constants raises the 

resistance and turnover of these B40MN40 nanoclusters for application as biosensors in 

transferring and releasing the metal atoms in the biocells. 
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