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Abstract

:

Density functional theory calculations were carried out to investigate the adsorption behaviors of dopamine (DPM) on the BN nanostructures in gas and solvent phases. Our results revealed that the adsorption of DPM on BN nano-cages was stronger than other BN nanotubes. It was found that the adsorption of two DPM (−1.30 eV) upon B12N12 was weaker than those of a single DPM (−1.41 eV). The Ga-doped B12N12 had better conditions for the detection of DPM than that of the Al-doped B12N12 nano-cage. The solvation effects for the most stable systems were calculated which showed that it had positive impacts upon the adsorption behavior of the applied systems than those studied in gas phase. The available results are expected to provide a useful guidance for the adsorption of DPM and generation of the new hybrid compounds.
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1. Introduction


Based on recent reports, nanotubes, nanowires, fullerenes, and nanoparticles are considered as bioconjugated nanostructure materials that have emerged as a new class of materials for biosensing and medical diagnostics implementation [1,2,3,4,5,6,7,8,9]. Carbon nanostructures (C24, C32, C60, and single-wall carbon nanotubes (SWCNT)) are used as nanovectors for drug delivery of anticancer and antitubercular compounds for tremendous medicinal applications [10,11,12]. Recently, many novel properties in several fields of life science including gas storage devices, biological applications, chemical sensors, and drug delivery systems have been reported [13,14,15]. Moreover, nanotubes containing atoms of groups III and V of the periodic table of elements are considered to be a suitable case as a replacement of CNTs. Boron nitride nanotubes (BNNTs) have been comprehensively investigated owing to their structural similarity with carbon nanotubes, holding promises for development in nano-bio systems. Subsequently, numerous experimental and theoretical investigations have been dedicated to considering the electronic properties and different structures of BNNTs. Besides, the BNNTs are considered to be a polar material due to the slight positive charges of boron (B) atoms and the slight negative charges of nitrogen (N) atoms; while there is no polarity in CNTs, this could be a reason to apply BNNTs in electronic and mechanical devices [16,17,18,19]. Dopamine (DPM) or 3,4-dihydroxyphenyl ethylamine exists in the mammalian central nervous system and is an important neurotransmitter, as it plays a pivotal role in communication with neurons [20,21]. Its electrochemical behavior has prominent impacts on its physiological functions which is an essential factor in the diagnosis of some diseases in clinical medicine [22]. For example, the adsorption of isoniazid drug molecule toward the electronic and structural properties of (5,5) and (10,0) BN nanotubes were studied by Deka et al. [23]. They reported that the interaction of drug molecules with (10,0) BNNT is thermodynamically notable in comparison with (5,5) BNNT. Anota and co-workers have shown the adsorption of the biopolymer chitosan upon (5,0) and (5,5) BN nanotubes [24]. It is found that the chitosan adsorption from its amine head attached to the B atom of the (5,0) BN nanotube is stronger than the (5,5) BN nanotube. Pandey and co-workers have an investigation focusing upon the interaction energies between tryptophan (Trp), aspartic acid (Asp), and arginine (Arg) with BNNTs. They inferred that the stabilization of the bioconjugated complexes are primarily indicated for electrostatic interactions. They also found that BNNTs have better sensitivity toward Asp and Arg in comparison to CNTs [25]. They have also performed another study concentrating upon the adsorption phenomena of adenine (A), guanine (G), cytosine (C), thymine (T), and uracil (U) on single-wall boron nitride nanotubes (SWBNNT), finding that the G-SWBNNT system has better adsorption energy than the other adsorption configurations owing to the hybridization of the molecular orbitals of G and the BNNT [26]. In the previous report, we explored the adsorption of adenine, uracil, and cytosine molecules over AlN and BN nano-cages using density functional theory (DFT) calculations [27]. Also, we studied the structure and electronic properties of B12N12 and Al12N12 nano-cages in reaction with caffeine and nicotine molecules, C6H5OH, SCN−, and OCN− by density functional theory [28,29]. The major goal of this study was to evaluate the most stable adsorption sites between the pure or metal-doped BN nanostructures and the DPM using DFT calculations. We also studied the structural, electronic properties, and vibration spectroscopy of the most stable configurations using the B3LYP method and 6-311G** standard basis set.




2. Materials and Methods


Full optimization, natural bonding orbital (NBO) analysis, density of states (DOS), quantum molecular descriptors (QMDs), and frontier molecular orbital (FMO) calculations were performed on the DPM/BN nanostructures systems applying DFT using the Gaussian 09 suite program [30]. The 6-311G** standard basis set was implemented for optimization through spin-unrestricted B3LYP method augmented with an empirical dispersion term (B3LYP-D) [31]. No symmetry constraint was imposed during the geometry relaxation. Basis set superposition error (BSSE) for the adsorption energies were corrected by using the counterpoise method. The B3LYP density functional has been previously shown to reproduce experimental proprieties and it has been commonly used for nanotube structures [32,33]. The effect of solvent (water) upon the adsorption of DPM interacting with B12N12 and B16N16 nano-cages was studied by using the B3LYP method with 6-311G** basis set. Solvation effects were included by using the polarized continuum model (PCM). A dielectric constant of 78.4 was used corresponding to that for water as the solvent [34]. By definition, a negative value of adsorption energy is referred to exothermic process. All frequency calculations were carried out using a hybrid DFT-B3LYP method with 6-311G** standard basis set. We introduced the adsorption energies (BE) of our systems as below:


BE = E cluster /Molecule − (E Molecule + E cluster) + EBSSE,



(1)




where E cluster/Molecule is the total energy of the complex, E cluster is the energy of pristine clusters, and E Molecule is the total energy of a molecule. The quantum molecular descriptors [35,36] were computed by the following equations:


I = −E HOMO and A = −E LUMO,



(2)






η = (I − A)/2,



(3)






µ = −χ = −(I + A)/2,



(4)






S = 1/2η,



(5)






ω = (µ2/2 η),



(6)




where I (−EHOMO) is the energy of the Fermi level and A (−ELUMO) is the first given value of the conduction band. Electronegativity (χ) is determined as the negative of chemical potential (µ), as follows: χ = −µ. In addition, the chemical hardness (η) can be determined using the Koopmans’ theorem. I (−EHOMO) is the ionization potential and A (−ELUMO) the electron affinity of the molecule.




3. Results and Discussion


3.1. Characteristics of DPM


The relaxed geometry, molecular electrostatic potential surface (MEP), and frontier molecular orbital (FMO) of DPM was studied (see Figure 1). The bond lengths and angles between the constituent atoms of DPM calculated with DFT studies were consistent with previous reports [37]. The highest occupied molecular orbital (HOMO) of DPM was located upon the C–C atoms of ring and the electronegative nitrogen and oxygen atoms of a molecule with the energy of −5.49 eV, while the lowest unoccupied molecular orbital (LUMO) was located on the carbon atoms of the ring and slightly upon the oxygen atoms of DPM with the energy of 0.23 eV. These results were supported by quantum molecular descriptors calculations, as the DPM with high global hardness (2.63 eV) suggests it to be a highly stable drug having low reactivity. The calculated energy gap (Eg) and Fermi level energies (EF) of the pure molecule are 5.72 and −2.63 eV, respectively.




3.2. DPM Adsorption Phenomena upon the BN Nano-Cages


Figure 2 represents the configurations of the relaxed geometries of perfect B12N12 and B16N16 nano-cages at the side of functionalized BN nano-cages with DPM. As shown in Figure 2, the DPM was attached to the B atoms of B12N12 and B16N16 nano-cages from NH2 and OH groups. The chemisorption of DPM (from NH2 group) on the B atoms of B12N12 and B16N16 nano-cages were −1.41 and −1.27 eV with equilibrium distance of 1.63 and 1.64 Å, respectively. The calculated adsorption energies of DPM (from OH group) upon the top of the B atoms of B12N12 and B16N16 nano-cages were −0.32 and −0.41 eV which were less energetically notable than the NH2 group of DPM that interacted with the nano-cages. The binding energy of the adsorbed DPM (from the NH2 group) upon the B12N12 nano-cage was found to be larger than that on the surface of the B16N16 nano-cage. The boron–nitrogen bond lengths of the pristine B12N12 and B16N16 nano-cages were found to be 1.486 and 1.473 Å, respectively. Upon the adsorption of DPM, the boron–nitrogen bond lengths of B12N12 and B16N16 were increased to 1.515 and 1.557 Å, respectively, indicating the covalent interaction of DPM with B12N12 and B16N16 nano-cages that led to a change in hybridization from sp2 to sp3 at the adsorption sites. Our adsorption calculations indicated for a strong chemical interaction in nature.



The values of quantum molecular descriptors for the different configurations of DPM interacting with B12N12 and B16N16 nano-cages are presented in Table 1. We found that the global hardness was reduced from 3.42 eV in the perfect B12N12 to 2.86 eV in the DMP/B12N12 complex. Therefore, a reduction in global hardness led to a reduction in stability and the increment in the reactivity of the system. In addition, the adsorption of DMP by B12N12 dramatically declined the values of global hardness and electrophilicity index during the interaction process. The amount of charge transfer (∆N) between the drug molecule and the nano-cage was calculated. A negative value of ∆N suggests that the drug molecule acts as an electron donor while a positive value of ∆N suggests that the drug molecule acts as an electron acceptor. Upon the interaction of one DMP with B12N12, about 0.11 eV was transferred from the drug molecule to the perfect nano-cage.



The calculated density of states (DOSs) of the investigated structures revealed that the DPM strongly interacted with B12N12 and B16N16 nano-cages, as shown in Figure 3. All the Fermi levels were at zero. Our calculations of these complexes indicated for strong coupling of the π-charge cloud of the BN nano-cage with that of the DPM. The analysis of DOS revealed dramatic changes owing to the drug adsorption upon B12N12 and B16N16 nano-cages in the gap regions of the total density of state (TDOS) spectrum. However, it could be inferred that the DOS near the HOMO level had the largest change compared with that of the BN nano-cages, so that some local energy levels became visible after the DPM interaction, resulting in the reduction of Eg. The energy gaps of the perfect B12N12 and B16N16 nano-cages were about 6.84 and 6.37 eV, respectively. The Fermi levels of the B12N12 and B16N16 nano-cages were significantly increased from −4.29 and −4.20 eV to −3.13 and −3.14 eV after the adsorption process, respectively, resulting in a charge transfer between the drug molecule and the nano-cage.



Figure 4 reveals the electron density distributions of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for orbitals of DPM over the pure and Ga-doped B12N12 nano-cages. In the B12N12 nano-cage, the HOMO was mainly situated on the nitrogen atoms with the energy of −7.71 eV, while the LUMO was located upon the boron atoms of the nano-cage and was partly located on the B–N bonds with the energy of −0.87 eV, respectively. For DPM interacting with the B12N12 nano-cage, the HOMO and LUMO of this system were highly localized upon C–C bonds and the oxygen atoms with the energies of −5.98 and −0.27 eV, respectively (see Table 1). The theoretical studies of the infrared (IR) spectrum for DPM interacted with B12N12 were carried out in the range 4000–400 cm−1. The OH stretching vibrations for DPM/B12N12 system was observed at 3716 and 3773 cm−1, respectively. In the complex, the peak at 1659 cm−1 revealed a medium bond of the stretching vibration of N–H in DPM. The B–N bonds in DPM/B12N12 complex were observed at 857, 882, 902, 905, 910, 912, and 918 cm−1. Adsorption peaks at 1664 and 1676 cm−1 could be assigned to aromatic C–C stretching frequencies of DPM that interacted with the B12N12 nano-cage. The vibrations frequencies corresponding to the C–H bonds appeared at 3038, 3077, 3125, 3155, 3190, and 3220 cm−1 for DPM/B12N12 complex. The above theoretical results were in agreement with the experimental values [38,39]. Finally, the thermodynamic function changes were calculated. The calculations showed that both the enthalpy change (ΔH) and the entropic changes (ΔS) were negative (−30.49 kcal/mol and −48.67 cal/mol·K). The Gibbs free energy change (ΔG) was negative and equaled −15.975 kcal/mol, indicating that this molecule could be spontaneously adsorbed. However, the lower value of ΔG in comparison to that of ΔH was due to the entropic effect.




3.3. Adsorption of the Second DPM upon B12N12


Figure 2 represents the most stable relaxed configuration of the second DPM attached to the B12N12 nano-cage. The calculations revealed that the two DPM molecules (from NH2 group) were strongly loaded with the boron atoms of B12N12 with the interaction distances of 1.643 and 1.648 Å, suggesting strong adsorption. Geometrical parameters of the DPM in the strongly adsorbed system changed the B–N bond lengths to 1.567 Å. The H–N–H bond angles were diminished from 105.89¼ in the pure molecule to 106.4¼ in the two DPM/B12N12 complex while the length of N–H was increased from 1.019 Å in the pure molecule to 1.023 Å at the two DPM/B12N12 complex owing to a change in hybridization. The interaction result exhibited that the adsorption of DPM was comparatively strong. The negative adsorption energy for the second adsorbed DPM was calculated to be −1.30 eV, characterizing an exothermic process. We explored the influence of the second DPM adsorption upon the electronic property of the B12N12 nano-cage in the gas phase. The DOS analysis of this complex is shown in Figure 3. Eg and EF were reduced from 6.84 and −4.29 eV in the pure model to 5.72 and −2.87 eV in the two DPM/B12N12 complex. This result indicated that the energy gap of the second interacted DPM on B12N12 had a considerable change compared to the pure nano-cage. The DOS of this system introduced change owing to the second DPM adsorption in the gap region of the TDOS spectrum.




3.4. DPM Adsorption Phenomena upon the BN Nanotubes


In the present study, we also calculated the adsorption properties of DPM interacting with (6,0), (8,0), and (5,5) BN nanotubes with the B3LYP method, see Figure 5. The binding energies of DPM (from NH2 group) on (6,0), (8,0), and (5,5) BN nanotubes were found to be −0.77, −0.51, and −0.12 eV with the relevant distances of 1.68, 1.71, and 2.88 Å, respectively. The energy and distance of DPM (from OH group) onto the surface of (6,0) BNNT were −0.25 eV and 2.84 Å, respectively. As it can be observed, the DPM adsorption on the BN nano-cages was more stable than those of the BN nanotubes. We found that when the BN nanotube diameter and length increased, the binding energy of the DPM (from NH2 group) at each configuration of the adsorption was different. Our results revealed that the type of BN nanotube plays an important role in determining the interaction between the two species. The influence of the DPM adsorption toward the electronic properties of the BN nanotubes was investigated by using DOS plots. As shown in Table 2, the energy gaps of (6,0), (8,0), and (5,5) BN nanotubes were reduced from 4.70, 5.39, and 6.31 eV in the pure tubes to 4.32, 5.09, and 5.51 eV in the complex configurations, respectively. As a result, the energy gap of the BN nanotube had no significant change in the adsorption of the DPM. Also, the DPM adsorption on the BN nano-cages was more stable than those of the BN nanotubes.




3.5. Adsorption of the DPM on the Al- and Ga-Doped B12N12


All the geometry relaxations of the DPM/Al- and Ga-doped B12N12 systems were performed (Figure 6). In Table 3, the bond length around the doping atom of Al–N and Ga–N of B12N12 expanded to 1.835 and 1.905 Å, respectively, while the bond length of B–N of B12N12 was 1.486 Å. We found that there were significant changes in the structures of Al- and Ga-doped B12N12 nano-cages after the adsorption process, the distances between the Al and Ga dopant atoms of B12N12 and the N atom of the molecule went to 1.99 and 2.05 Å with the adsorption energies of −2.29 and −2.36 eV, respectively. Therefore, the DPM/Ga–B11N12 bond was stronger than that of the DPM/Al–B11N12 system. Upon the adsorption processes, the Al–N and Ga–N bonds were increased to 1.864 and 1.923 Å while the N–Al–N and N–Ga–N bond angles were decreased from 83.2¼ and 79.8¼ in the pure models to 81.1¼ and 78.4¼ after the adsorption processes, respectively, which the NBO analysis showed that it can be attributed to a change in the hybridization of doped sites from sp2 to sp3. This above result reveals that the covalent interaction of DPM with Al- and Ga-doped B11N12 was strong in terms of binding energies. The charge analysis by the ∆N method revealed that in these forms about 0.08 electrons were transferred from the DPM to Al- and Ga-doped B12N12 nano-cages, respectively. The DOS plots of the pure and adsorbed DPM of Al- and Ga-doped B12N12 are shown in Figure 3. It could be found that for both Al- and Ga-doped B11N12 interacting with DPM, Eg was increased from 4.26 and 3.76 eV in the pure states to 5.67 and 5.58 eV in the complexes, respectively, while it did increase much in DPM/Ga–B11N12 in comparison with DPM/Al–B11N12 complex. Consequently, the electrical conductivity of the Al– and Ga–B11N12 significantly changed with the adsorption of DPM. The EF for the DPM added to Al– and Ga–B11N12 were significantly increased from −5.18 and −5.46 eV in clean systems to −3.30 and −3.31 eV after the adsorption processes. These results clearly indicate a charge transfer of DPM to Al– and Ga–B11N12 nano-cages. The electronic property between the DPM and Ga-B11N12 was delineated by the frontier orbital molecule (FMO) (see Table 3). The energy of HOMO for the pure Al- and Ga-doped B11N12 was about −7.31 and −7.34 eV and was calculated for LUMO of −3.05 and −3.58 eV, respectively. Upon the adsorption processes, the energy of HOMO for DPM interacting with Al- and Ga-doped B11N12 were slightly increased to −6.14 and −6.1 eV while the energy of LUMO for these complexes were significantly increased to −0.47 and −0.52 eV, respectively. The DOS plots of DPM attached to Al- and Ga-doped B11N12 revealed dramatic changes near the conduction band compared with that of the pure nano-cages. The HOMO of the DPM/Ga–B11N12 system was localized on the carbon atoms of the ring and from the oxygen and nitrogen atoms of a molecule but the LUMO was localized in the ring region with small distributions of the carbon atoms of a molecule and was localized upon the Ga, B, and N atoms of nano-cage (see Figure 4C,D). The above results showed that the DMP adsorption on the Al- and Ga-doped B12N12 systems were stronger than that of the pure nano-cages. Also, the DMP adsorption on the Ga–B11N12 system was stronger than that of the Al–B11N12 system.




3.6. The Solvent Effect on the Adsorption Phenomenon


We considered the adsorption of DPM from its NH2 group approaching to B12N12 and B16N16 nano-cages in a water solvent. Solvation energy (Esolv) for DPM interacted with B12N12 and B16N16 nano-cages in water were −1.63 and −1.43 eV, showing that they were more soluble in water than the pure nano-cages with energies of −1.41 and −1.27 eV, respectively. From the point of view that the electric dipole moment is one of the properties that are normally applied to discuss and elucidate the structure and reactivity of many chemical models [40,41], acquiring the electronic distribution in a molecule is of great importance. When a single DPM was added to the B atoms of B12N12 and B16N16 surfaces, the dipole moment of the complexes was significantly increased from 9.69 and 9.78 Debye in the gas phase to 12.06 and 13.08 Debye in the water phase. Solvation energy for the DPM attached to the Ga-doped B11N12 nano-cage was investigated. The Esolv for DPM adsorbed on the Ga–B11N12 surface in water phase was found to be −2.62 eV, which was more soluble than the gas phase with the value of −2.36 eV. The dipole moment value of the DPM/GaB11N12 complex in water phase was increased from 12.23 Debye in the gas phase to 16.73 Debye in the complex model. This result could be due to the polarization of the conducting electrons owing to the solvation.





4. Conclusions


The electronic and binding properties of DPM molecules upon BN nanostructures were investigated using DFT calculations and the following results were obtained:




	
The DPM shows different binding characteristics on various BN nanostructures.



	
The adsorption of DPM on BN nano-cages is stronger than other BN nanotubes.



	
The most stable adsorption configuration relates to a single DPM–B12N12 system with adsorption energy of −1.41 eV.



	
The doped BN nano-cages with Al and Ga atoms exhibit dramatic changes in adsorption and electronic properties with respect to their pristine counterparts.



	
The adsorption of DPM on the Ga-doped B12N12 systems is stronger than that of the other studied systems.



	
The adsorption of DPM on the studied systems in water phase is stronger than the gas phase.








We believe that our findings of the adsorption and electronic properties of DPM–BN nanostructures can help drug delivery scientists to perform novel drug delivery vehicles.
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Figure 1. (A) Geometry, (B) molecular electrostatic potential surface (MEP) plot, (C) highest occupied molecular orbital (HOMO), and (D) lowest unoccupied molecular orbital (LUMO) of dopamine (DPM). 
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Figure 2. Single and double DPM adsorbed over the B12N12 and B16N16 nano-cages. 
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Figure 3. Density of states plots of DPM over the pure, Al- and Ga-doped B12N12 and B16N16 nano-cages. 
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Figure 4. HOMO and LUMO orbitals of DPM over the pure (A,B) and Ga-doped (C,D) B12N12 nano-cages. 
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Figure 5. Adsorption of DPM over the (6,0) (A,B), (8,0) (C), and (5,5) (D) BN nanotubes 
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Figure 6. Adsorption of a single DPM over the Al –doped (A) and Ga-doped (B) B12N12 nano-cages. 
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Table 1. Calculated adsorption energy (Ead), charge (e), HOMO and LUMO energies (EHOMO and ELUMO), Fermi level energies (EF), energy gap (Eg), dipole moment (DM), and quantum molecular descriptors for optimized geometries of the DPM with B12N12 and B16N16 nano-cages in the gas phase.






Table 1. Calculated adsorption energy (Ead), charge (e), HOMO and LUMO energies (EHOMO and ELUMO), Fermi level energies (EF), energy gap (Eg), dipole moment (DM), and quantum molecular descriptors for optimized geometries of the DPM with B12N12 and B16N16 nano-cages in the gas phase.





	System
	B12N12
	DPM/B12N12
	B16N16
	DPM/ B16N16
	Two DPM/B12N12





	RB-N/Å
	1.486
	1.569
	1.473
	1.557
	1.567



	RB-N-B/¼
	80.5
	84.0
	78.5
	82.4
	83.78



	RN-B-N/¼
	98.2
	91.7
	99.3
	92.9
	92.0



	D/Å
	-
	1.635
	-
	1.645
	1.643



	Ead/eV
	-
	−1.41
	-
	−1.27
	−1.30



	QB/e
	0.440
	0.619
	0.437
	0.665
	0.630



	QN/e
	−0.440
	−0.512
	−0.437
	−0.514
	−0.511



	ΔN/e
	-
	−0.11
	-
	−0.15
	−0.12



	EHOMO/eV
	−7.71
	−5.98
	−7.38
	−5.98
	−5.73



	ELUMO/eV
	−0.87
	−0.27
	−1.01
	−0.29
	−0.01



	Eg/eV
	6.84
	5.71
	6.37
	5.69
	5.72



	∆Eg (%)
	-
	−19.8
	-
	−10.7
	−16.37



	EFL/eV
	−4.29
	−3.12
	−4.20
	−3.13
	−2.87



	μ/eV
	−4.29
	−3.13
	−4.19
	−3.13
	−2.87



	η/eV
	3.42
	2.86
	3.19
	2.84
	2.86



	ω/eV
	2.69
	1.71
	2.76
	1.73
	1.44



	S/eV
	0.15
	0.18
	0.16
	0.18
	0.17



	DM/Debye
	0.0
	9.69
	0.0
	9.78
	7.58
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Table 2. Calculated adsorption energy (Ead), charge (e), HOMO and LUMO energies (EHOMO and ELUMO), Fermi level energies (EF), energy gap (Eg), dipole moment (DM), and quantum molecular descriptors for optimized geometries of the DPM with BN nanotubes in the gas phase.






Table 2. Calculated adsorption energy (Ead), charge (e), HOMO and LUMO energies (EHOMO and ELUMO), Fermi level energies (EF), energy gap (Eg), dipole moment (DM), and quantum molecular descriptors for optimized geometries of the DPM with BN nanotubes in the gas phase.





	System
	(6,0) BNNT
	(5,5) BNNT
	(8,0) BNNT
	DPM/(6,0) BNNT
	DPM/(5,5) BNNT
	DPM/(8,0) BNNT





	RB-N/Å
	1.488
	1.450
	1.449
	1.511
	1.463
	1.510



	RB-N-B/¼
	117.77
	115.24
	118.79
	117.06
	118.58
	120.62



	RN-B-N/¼
	119.85
	119.62
	119.97
	114.26
	119.23
	114.54



	D/Å
	-
	-
	-
	1.682
	2.890
	1.714



	Ead/eV
	-
	-
	-
	−0.77
	−0.12
	−0.51



	QB/e
	0.490
	0.467
	0.476
	0.793
	0.601
	0.772



	QN/e
	−0.490
	−0.467
	−0.476
	−0.564
	−0.459
	−0.553



	ΔN/e
	-
	-
	-
	−0.23
	−0.14
	−0.22



	EHOMO/eV
	−6.62
	−6.40
	−6.47
	−5.94
	−5.51
	−5.94



	ELUMO/eV
	−1.92
	−0.09
	−1.08
	−1.62
	0.0
	−0.85



	Eg/eV
	4.70
	6.31
	5.39
	4.32
	5.51
	5.09



	∆Eg (%)
	-
	-
	-
	−8.08
	−12.68
	−5.56



	EFL/eV
	−4.27
	−3.25
	−3.78
	−3.78
	−2.76
	−3.40



	μ/eV
	−4.27
	−3.25
	−3.78
	−3.78
	−2.76
	−3.40



	η/eV
	2.35
	3.20
	2.70
	2.16
	2.76
	2.54



	ω/eV
	3.88
	1.67
	2.64
	3.31
	1.38
	2.26



	S/eV
	0.21
	0.16
	0.19
	0.23
	0.18
	0.20



	DM/Debye
	7.96
	0.00
	11.87
	10.06
	3.98
	12.89
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Table 3. Calculated adsorption energy (Ead), charge (e), HOMO and LUMO energies (EHOMO and ELUMO), Fermi level energies (EF), energy gap (Eg), dipole moment (DM), and quantum molecular descriptors for optimized geometries of the DPM with Al- and Ga-doped B12N12 nano-cages in the gas phase.






Table 3. Calculated adsorption energy (Ead), charge (e), HOMO and LUMO energies (EHOMO and ELUMO), Fermi level energies (EF), energy gap (Eg), dipole moment (DM), and quantum molecular descriptors for optimized geometries of the DPM with Al- and Ga-doped B12N12 nano-cages in the gas phase.





	System
	AlB11N12
	DPM/AlB11N12
	GaB11N12
	DPM/GaB11N12





	RAl-N/Å
	1.835
	1.864
	-
	-



	RGa-N/Å
	-
	-
	1.905
	1.923



	RAl-N-B/¼
	83.6
	84.9
	-
	-



	RN-Al-N/¼
	83.2
	81.1
	-
	-



	RGa-N-B/¼
	-
	-
	84.9
	85.9



	RN-Ga-N/¼
	-
	-
	79.8
	78.4



	D/Å
	-
	1.998
	-
	2.05



	Ead/eV
	-
	–2.29
	-
	–2.36



	QAl/e
	0.613
	0.538
	-
	-



	QGa/e
	-
	-
	0.497
	0.417



	QN/e
	−0.548
	−0.575
	−0.613
	−0.592



	ΔN/e
	-
	−0.08
	-
	−0.08



	EHOMO/eV
	–7.31
	–6.14
	–7.34
	–6.10



	ELUMO/eV
	–3.05
	−0.47
	–3.58
	−0.52



	Eg/eV
	4.26
	5.67
	3.76
	5.58



	∆Eg (%)
	-
	33.1
	-
	48.4



	EFL/eV
	–5.18
	–3.30
	–5.46
	–3.31



	μ/eV
	–5.18
	–3.30
	–5.46
	–3.31



	η/eV
	2.13
	2.83
	1.88
	2.79



	ω/eV
	6.30
	1.92
	7.93
	1.96



	S/eV
	0.23
	0.18
	0.26
	0.18



	DM/Debye
	3.24
	12.49
	2.76
	12.23
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