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Abstract 

The adsorption behavior of the amino acid, glycine (Gly), via the carboxyl, hydroxyl, and 

amino groups onto the surfaces of Al12N12 and Al16N16 fullerene-like cages were 

computationally evaluated by the combination of density functional theory (DFT) and 

molecular docking studies. It was found that Gly can chemically bond with the Al12N12 and 

Al16N16 fullerene-like cages as its amino group being more favorable to interact with the 

aluminum atoms of the adsorbents compared to carboxyl and hydroxyl groups. Oxygen and 

carbon doping were reported to reduce steric hindrance for Glycine interaction at Al site of 

Al12ON11/Gly and Al12CN11/Gly complexes. Interaction was further enhanced by oxygen 

doping due to its greater electron withdrawing effect. Herein, the Al12ON11/Gly complex 

where two carbonyl groups of Gly are bonded to the aluminum atoms of the Al12N12 

fullerene-like cage is the most stable interaction configuration showing ∆adsH and ∆adsG 
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values of -81.74 kcal/mol and -66.21 kcal/mol, respectively. Computational studies also 

revealed the frequency shifts that occurred due to the interaction process. Molecular docking 

analysis revealed that the Al12N12/Gly (-11.7 kcal/mol) and the Al12ON11/Gly (-9.2 kcal/mol) 

complexes have a good binding affinity with protein tumor necrosis factor alpha (TNF-α). 

TNF-α was implicated as a key cytokine in various diseases, and it has been a validated 

therapeutic target for the treatment of rheumatoid arthritis. These results suggest that the 

Al12N12/Gly complex in comparison with the Al16N16/Gly, Al12ON11/Gly, and the 

Al12CN11/Gly complexes could be efficient inhibitors of TNF-α.  

Keywords: Glycine; Al12N12 fullerene-like cage; Adsorption; DFT; Molecular docking; 

Tumor necrosis factor alpha  

1. Introduction  

     Recent studies reported of the critical roles of glycine (Gly) as anti-inflammatory, 

immunomodulatory and cytoprotective agents [1]. It has been experimentally shown that 

glycine could help treat many diseases like ischemia–reperfusion injury [2-4], hepatic fibrosis 

[5], shock [6-9], arthritis [10], transplantation [11-13], tumor [14-18], alcoholic hepatitis [19] 

and drug toxicity [20, 21]. Glycine administration shows reduction of the hypoxic and cold 

ischemic injury to animal samples improving the post-transplantation graft function. Its 

addition to the Carolina rinse solution helps protect stored kidneys against reperfusion injury 

facilitating renal graft function and survival of the organ after transplantation [11, 12]. 

Dietary glycine has also shown critical roles in cancer treatment by inhibiting cell 

proliferation via WY-14, 643 known as a peroxisomal proliferator [18]. It probably blocks 

the activation of kB cells and inhibits tumor growth of the implanted B16 melanoma cells 

where all these results indicate a general anticancer characteristic of glycine [1, 18].   

Furthermore, glycine treatment of subjects with monocytes helps reduce the generation of 

proinflammatory cytokines like tumor necrosis factor (TNF-α) and enhances the generation 

of anti-inflammatory cytokine IL-10 showing the anti-inflammatory property of glycine [1, 

22]. Ikejima et al. indicated TNF-α production in cultured Kupffer cells due to a significant 

decrease of lipopolysaccharide (LPS) by glycine [59]. Based on the 3-D complex structure of 

TNF-α with its neutralizing monoclonal antibody Z12, an antagonistic peptide was rationally 

de novo designed by Qin et al [60]. To obtain a continuous antagonist peptide amenable to 

synthesis, glycine and proline residues were chosen as linkers, where the glycine acted as a 

flexible residue while the proline was used as a turn position. This study highlights the 

potential of computation-aided methods for the design of novel peptides with the ability to 

block the deleterious biological effects of TNF-α. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



     The interactions between amino acids with either organic or inorganic surfaces have been 

the focus of many studies recently due to both heterogenous catalysis implications of these 

surfaces and the biological and pharmaceutical applications of amino acids [23-26]. Glycine 

as the simplest amino acid and a very useful biological molecule in the treatment of several 

diseases and disorders has been recognized as an important molecule for chemisorption on 

different surfaces. Several experimental and theoretical investigations of the interaction of 

glycine with different surfaces were performed using X-ray photoelectron spectroscopy 

(XPS) [27], near-edge X-ray adsorption [27], low-energy electron diffraction [28], X-ray 

emission spectroscopy [29], scanning tunneling microscopy [30], IR spectroscopy [31], 

scanned-energy mode photoelectron diffraction [32, 33] and density functional theory (DFT) 

computational methods [34-38]. 

The interaction behavior of glycine has been studied on the Cu (110) through Monte 

Carlo Simulation [39] supported by experimental investigations showing the formation of 

enantiopure and racemic glycine-adsorbent networks through the self-assembly of anisotropic 

glycine into clusters. Glycine adsorption on the Cu (110) was studied by means of DFT and 

XPS concluding that glycine molecules tend to form a network of intermolecular hydrogen 

bonds arranged as stable heterochiral domains. Moreover, the most stable adsorption 

configuration for diglycine towards the adsorbent happens where both the terminus regions 

and the peptide bond are in touch with the Cu (110). Larijani et al., used a dispersion 

corrected DFT study to determine the trends of amino acid adsorption onto graphene and 

graphene oxide (GO) surfaces. Their results show that the most stable adsorption 

configurations are those happening through the positively charged parts of the amino acids 

and negatively polarized oxygen atoms of the GO due to the electrostatic attractions whereas 

the reverse was true for the delocalized π electrons of aromatic rings and the lone-pair 

electrons of oxygen atoms [40]. Timon and co-authors also published a work [41] on the 

interaction of glycine with the hydrogenated amorphous carbon (HAC) and Si surfaces. The 

results suggest that the adsorption energy of glycine over Si is stronger than that on the HAC 

denoting that it is not feasible interacting with glycine and probably other amino acid 

molecules. Soltani et al. have performed studies of amino acids adsorbed onto the surfaces 

composed of group III and V nanostructures [42-45]. These nanostructures have similar 

physicochemical properties as carbon based nanostructures [46] making them a promising 

class of materials for different applications [47].  

Following on from this series of studies, the interaction of glycine on the surface of 

Al12N12 and Al16N16 fullerene-like cages and their oxygen and carbon substituted counterparts 
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(Al12CN11 and Al12ON11) are studied by means of DFT (dispersion correction) calculations 

for the first time. Various nanomodules of Al12N12 have also been used in diffusion, hydrogen 

storage and molecular interactions [50-57]. AlN nanostructures are not toxic making these 

materials a promising candidate for biological and medical applications [58]. We evaluate the 

nature of glycine interactions with these fullerene-like cages in regards to its geometry, 

thermodynamic, electronic, optical and vibrational properties. Molecular docking study was 

also done to determine if they could be further implemented in experimental bio-inorganic 

material development.  

2. Computational method  

Adsorption of glycine with the Al12N12 and Al16N16 surfaces were investigated using 

density functional theory (DFT). All calculations were carried out using the GAMESS [61] 

program package at the M06 and M06-2X methods and 6-311G(d, p) basis set. Spectroscopic 

studies were performed through computing the first 25 excited states of the complexes and 

the infrared (IR) spectrum of the interaction configurations [62]. Optimization criteria (Max 

Force = 0.00045, RMS Force = 0.0003, Max Displacement = 0.0018 and RMS Displacement 

= 0.0012) were selected to fully relax the selected interaction configurations. Previous study 

indicated that M06 and M06-2X methods are more accurate than the B3LYP method [63] and 

6-311G(d, p) basis set has been known to be more suitable for nanostructure systems [64, 65]. 

The adsorption energies (𝐸𝑎𝑑𝑠) were calculated using the following equation:  

𝐸𝑎𝑑𝑠 = 𝐸𝐺𝑙𝑦/𝐹𝑢𝑙𝑙𝑒𝑟𝑒𝑛𝑒 − 𝐸𝑓𝑢𝑙𝑙𝑒𝑟𝑒𝑛𝑒 − 𝐸𝐺𝑙𝑦 + 𝐸𝐵𝑆𝑆𝐸                      (1) 

where 𝐸𝐺𝑙𝑦/𝐹𝑢𝑙𝑙𝑒𝑟𝑒𝑛𝑒 is the total energy of the adsorption complex, 𝐸𝐹𝑢𝑙𝑙𝑒𝑟𝑒𝑛𝑒 is the total 

energy of Al12N12, Al16N16, Al12CN11 or Al12ON11 fullerene-like cages, 𝐸𝐺𝑙𝑦 is the total 

energy of glycine. The energy of basis set superposition error (𝐸𝐵𝑆𝑆𝐸) correction was applied 

in all adsorption energies [66]. In order to analyze the effects of an aqueous environment, i.e. 

water, the polarized continuum model (conductor-like screening model) was used in concert 

with a dielectric constant of 78.4. To ensure that, all relaxed systems corresponded to the 

global minima on the potential energy surface, the thermodynamic parameters such as Gibbs 

energy (∆𝑎𝑑𝑠𝐺), enthalpy (∆𝑎𝑑𝑠𝐻) and entropy (∆𝑎𝑑𝑠𝑆) were investigated by the B3LYP 

functional at 298.15 K and 1 atm.  

Furthermore, the projected density of states (PDOS) and electron localization function 

(ELF) were computationally investigated using a Multiwfn wave function analysis software 

[67] followed by the calculations of the molecular electrostatic potential (MEP) map and the 
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natural bond orbital (NBO) in order to further disclose the nature of glycine interaction with 

these nanocages. Molecular docking studies were carried out using Auto Dock software (4.2) 

[68]. The crystal structure of TNF receptor Subtype One-selective TNF Mutant with 

Antagonistic Activity (PDB ID: 2E7A) was taken from the Protein Data Bank. The structure 

of the protein was prepared following a process where the cognate ligand was, removed, 

hydrogen atoms were added and non-polar hydrogens were merged and Kollman charge were 

allocated using Auto Dock Tools (ADT). The Lamarckian genetic algorithm was used for 

local search method and a grid map of 60 x 60 x 60 with 0.375 Å grid spacing was designated 

for preparation of the autogrid [69, 70]. 100 GA runs were used for docking (2) and Maestro 

11.0 Schrodinger program applied for creation of 2D and 3D presentation. 

3. Result and discussion   

3.1. Adsorption behavior  

     The most stable structure of the Al12N12 and Al16N16 fullerene-like cages are depicted in 

Figure 1. The calculated bond length of 6-4 and 6-6 membered rings of Al12N12 are (1.84 and 

1.78 Å) and (1.85 and 1.78 Å) were calculated by M06 and M06-2X functionals, 

respectively. This is completely in agreement with the previous report [71-74]. Wang et al. 

reported the length of the Al-N bond in the 6-4 membered ring with a value of 1.855 Å, while 

the Al-N bond in the 6-6 membered ring shows a value of 1.792 Å [75]. NBO charge analysis 

at the M06 method indicates that the charges of the Al and N atoms of Al12N12 fullerene-like 

cage are (1.876 and -1.876 |e|) and (1.883 and -1.883 |e|) using the M06 and the M06-2X 

functionals, respectively. Al-N bond lengths of the Al16N16 for 6-4 and 6-6 membered rings at 

both methods were calculated to be 1.83 and 1.81 Å, respectively. NBO charges of the Al and 

N atoms for the Al16N16 were obtained to be 1.931 and -1.931 |e|, using the M06 and 1.940 

and -1.940 |e| using the M06-2X functional, respectively.  

Both Al-N fullerene-like cages have Al atoms undergone sp
2
-hybridization and have an 

empty 3pz orbital while N atoms undergone sp
3
-hybridization and have a lone pair of 3pz 

electrons. These features enable Al atoms to be the Lewis acid sites for the chemisorption of 

oxygen and nitrogen terminals of glycine via their lone pair of electrons. In similar vein to 

this, N atoms were the Lewis basic sites for the electron-deficient H atoms from C-OH bond 

of glycine. The addition of more Al-N bonds in Al16N16 as compared to Al12N12 showed an 

increase in charge transfer and a slight increase in Al-N bond lengths with a more uniform 

length distribution between 6-4 and 6-6 membered rings. Al atoms (𝜒𝐴𝑙 = 1.61) are 

significantly more electropositive than N atoms (𝜒𝑁 = 3.04). The addition of more Al-N 

bonds in Al16N16 will further increase the total electronegativity difference within the 
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fullerene cage, causing the local charge transfer between each individual Al-N bond to be 

increased. However, even with this higher total electronegativity difference, the 

centrosymmetry of Al16N16 structure enables its overall dipole moment to be marginally 

affected and still having close to zero dipole moment. In Al12N12, the middle Al-N square 

plane is interlinked with four Al-N hexagonal plane. In Al16N16, the addition of Al-N bonds 

on both sides of the Al-N square plane causes it to be changed into a hexagonal plane with an 

addition of square plane on its both sides. The addition of two square planes causes the 

dihedral angles of hexagonal planes to increase, giving more spatial allowance to form 

uniform Al-N bond lengths.    

 

 

Figure 1. Optimized structures of Al16N16, Al12N12, Al12CN11 and Al12ON11 nanocages. 

 

Herein, the interaction of glycine molecule from different functionalities on various sites 

of the Al12N12 and Al16N16 fullerene-like cages were studied by means of DFT calculations. 

Looking into the adsorption energy values after relaxation, several major adsorption 

orientations were found as the most stable adsorption configurations for each adsorption 

complex (Figure 2 and 3). For Gly/Al12N12 complex, three stable adsorption states were 

reported: State A, B and C. State A involves the chemisorbed bond between the lone pair of 

electrons of N in glycine with the empty 3pz orbital of Al in Al12N12. State B involves two 

chemisorbed bonds between the carboxylate ion of glycine and two empty 3pz orbitals of two 
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Al atoms in Al12N12 and an additional bond between electron deficient H atom of glycine and 

the lone pair 3pz electrons of N atom in Al12N12. State C involves the chemisorbed bond 

between the hydroxyl group of glycine and the Al of Al12N12. The state A and B for 

Gly/Al16N16 complex are slightly different, its state A involves the interaction of carboxyl 

group at carbon atom with nitrogen of Al12N12 while its state B involves single chemisorbed 

bond between the carboxylate ion of glycine with an empty 3pz orbitals of Al atom in Al12N12 

and an additional bond between electron deficient H atom of glycine and the lone pair 3pz 

electrons of N atom in Al12N12.     

 

 

Figure 2. Optimized configurations and FMO plots of glycine/Al12N12 in states A, B and C. 
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Figure 3. Optimized configurations and FMO plots of glycine/Al16N16 in states A, B and C. 

 

The respective adsorption energies of glycine with the Al12N12 in the states A, B and C are 

calculated to be -34.94, -67.42 and -19.78 kcal/mol through the M06 functional and -39.13, -

71.76 and -23.24 kcal/mol using the M06-2X functional (Tables 1 and 2). Adsorption of 

glycine zwitterion on Al12N12 has Eads of -33.94 kcal/mol in gas environment by the M06-2X 

functional. State B is the most stable adsorption configuration for Gly/Al12N12 as it has the 

highest adsorption energy as compared with states A and C. For investigating the effects of 

solvent, we calculate solvation energy (Esol) as the energy difference of the optimized 

complexes in aqueous and gas phase. The values of Esol in the states A, B and C are 47.91, -

78.48, and 26.29 kcal/mol which reveal the solvation energy for the state B is larger than 

other states. We also found that the chemisorption of glycine zwitterion on Al12N12, with 
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adsorption energy of about -52.16 kcal/mol in solvent environment (Figure 4), representing 

that the glycine molecule in zwitterionic form (state L) is less stable than that of the neutral 

form (state B). The significant stabilization of state B is attributed to the mesomeric effect of 

carboxylate ion and its adsorption over two chemisorption sites, i.e. two Al atoms in Al12N12. 

The interaction between the electron deficient H atom of glycine with the N atom in Al12N12 

also further stabilized the adsorption complex. The stability of state C was reduced due to the 

electron-withdrawing inductive effect of C=O group on the lone pair electrons of O atom in 

O-H group for adsorption. 

 

 

Figure 4. Optimized configurations, ELF and PDOS plot of glycine/Al12N12 in state L. 

Table 1. Calculated adsorption energy (𝐸𝑎𝑑𝑠), basis set superposition error (𝐸𝐵𝑆𝑆𝐸), bond 

distance between glycine and nanocluster (𝐷), NBO charge on the glycine in complex 
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(𝑄𝑁𝐵𝑂), HOMO energies (𝐸𝐻), Fermi level energy (𝐸𝐹), LUMO energies (𝐸𝐿), energy gap 

(𝐸𝑔) and dipole moment (𝜇) using M06 functional. 

 𝑬𝒂𝒅𝒔  
(𝒌𝒄𝒂𝒍/𝒎𝒐𝒍) 

𝑬𝑩𝑺𝑺𝑬  
(𝒌𝒄𝒂𝒍/𝒎𝒐𝒍) 

𝑫  

(Å) 

𝑸𝑵𝑩𝑶  
(𝒆) 

𝑬𝑯  
(𝒆𝑽) 

𝑬𝑭  
(𝒆𝑽) 

𝑬𝑳  
(𝒆𝑽) 

𝑬𝒈  

(𝒆𝑽) 

𝝁 

(𝑫𝒆𝒃𝒚𝒆) 

Glycine - - - - -7.04 -3.38 0.28 7.33 1.97 

Al16N16 - - - - -6.48 -4.46 -2.44 4.05 0.03 

Gly/Al16N16          

State A -64.41 10.42 1.43 -0.34 -6.22 -4.15 -2.09 4.13 5.53 

State B -46.51 5.53 1.80 -0.24 -6.26 -4.38 -2.49 3.77 2.07 

State C -18.35 3.85 2.00 0.13 -6.31 -4.28 -2.26 4.05 2.47 

Al12N12 - - - - -6.80 -4.51 -2.23 4.57 0.00 

Gly/Al12N12          

State A -34.94 5.40 2.02 0.16 -6.30 -4.06 -1.81 4.49 6.66 

State B -67.42 7.02 1.92 -0.23 -6.29 -4.12 -1.96 4.32 4.73 

State C -19.78 3.56 1.99 0.12 -6.59 -4.30 -2.01 4.58 2.38 

Al12CN11 - - - - -6.76 -4.47 -2.18 4.58 0.58 

Gly/Al12CN11          

State D -32.02 6.70 2.09 0.23 -5.95 -3.91 -1.86 4.08 9.57 

State E -63.03 9.44 1.45 -0.37 -6.38 -4.09 -1.80 4.57 5.64 

State F -31.06 5.61 2.03 0.15 -6.15 -3.99 -1.83 4.32 6.44 

Al12ON11 - - - - -4.01 -3.15 -2.29 1.72 2.50 

Gly/Al12ON11          

State G -54.67 8.50 1.78 -0.58 -3.95 -3.01 -2.06 1.89 3.80 

State H -140.06 7.67 1.89 -0.21 -3.78 -2.88 -1.98 1.80 7.12 

 

Table 2. Calculated adsorption energy (𝐸𝑎𝑑𝑠), basis set superposition error (𝐸𝐵𝑆𝑆𝐸), bond 

distance between glycine and nanocluster (𝐷), NBO charge on the glycine in complex 

(𝑄𝑁𝐵𝑂), HOMO energies (𝐸𝐻), Fermi level energy (𝐸𝐹), LUMO energies (𝐸𝐿), energy gap 

(𝐸𝑔) and dipole moment (𝜇) using M06-2X functional. 

 𝑬𝒂𝒅𝒔 

(𝒌𝒄𝒂𝒍/𝒎𝒐𝒍) 

𝑬𝑩𝑺𝑺𝑬 

(𝒌𝒄𝒂𝒍/𝒎𝒐𝒍) 

𝑫 

(Å) 

𝑸𝑵𝑩𝑶 

(𝒆) 

𝑬𝑯 

(𝒆𝑽) 

𝑬𝑭 

(𝒆𝑽) 

𝑬𝑳 

(𝒆𝑽) 

𝑬𝒈 

(𝒆𝑽) 

𝝁 

(𝑫𝒆𝒃𝒚𝒆) 

Glycine - - - - -8.51 -3.56 1.38 9.89 2.07 

Al16N16 - - - - -7.69 -4.76 -1.83 5.86 0.04 

Gly/Al16N16          

State A -73.00 10.11 1.43 -0.33 -7.39 -4.43 -1.47 5.92 6.11 

State B -48.35 6.01 1.79 -0.24 -7.44 -4.66 -1.88 5.56 1.90 

State C -21.39 3.82 1.96 0.13 -7.49 -4.57 -1.65 5.84 2.62 

Al12N12 - - - - -8.03 -4.87 -1.70 6.33 0.00 

Gly/Al12N12          

State A -39.13 5.55 2.01 0.16 -7.52 -4.40 -1.27 6.25 6.78 

State B -71.76 8.15 1.91 -0.22 -7.50 -4.45 -1.41 6.08 5.11 

State C -23.24 3.62 1.95 0.13 -7.82 -4.65 -1.48 6.34 2.42 

Al12CN11 - - - - -7.79 -4.71 -1.63 6.16 0.65 

Gly/Al12CN11          

State D -37.95 6.76 2.08 0.25 -6.73 -3.91 -1.09 5.64 10.20 

State E -71.61 9.19 1.46 -0.37 -7.52 -4.38 -1.23 6.29 5.89 

State F -35.87 5.70 2.02 0.16 -7.27 -4.25 -1.23 6.04 6.53 

Al12ON11 - - - - -5.05 -3.41 -1.77 3.28 3.82 

Gly/Al12ON11          

State G -62.25 8.09 1.78 -0.57 -5.43 -3.48 -1.53 3.89 4.06 

State H -86.30 8.15 1.88 -0.20 -4.78 -3.11 -1.45 3.33 7.49 
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Yang indicated the interaction of glycine upon the (12, 0) boron nitride nanotube (BNNT) 

with weak adsorption energy of -2.26 kcal/mol at 3.24 Å. This interaction was attributed to 

their high electrostatic repulsive interaction at close proximity [76]. Roman et al. reported the 

adsorption of zwitterionic glycine on carbon nanotube (CNT) at deprotonated carboxyl group 

with an adsorption energy of 12.22 kcal/mol while nonionic glycine was reported to have 

poor adsorption on CNT [77]. The absence of empty orbital in C atom of CNT caused the 

lack of nonionic glycine adsorption while its single unpaired electron promoted the 

adsorption of ionic glycine through its Coulombic attraction with the deprotonated carboxyl 

group. In a study reported by Chen and co-workers [78], the chemical interaction of glycine 

through nitrogen head with the Ti atom of the Ti3C2O2 surface has the highest adsorption 

energy compared to other heads, with a calculated value of -17.28 kcal/mol. The reported 

value was not as high as the value of state A in this study as the former adsorption 

experienced greater steric hindrance by O atoms at Ti adsorption site and the bond 

overlapping area of Ti 3d-orbital with N 2p-orbital is lesser than that of Al 3p-orbital and N 

2p-orbital. These results indicated that the role of Al as Lewis acid site and the interaction of 

lone pair electrons in nitrogen with electron deficient H atom enabled the enhancement in the 

adsorption energies of Gly/Al12N12.  

    The bond distance between glycine and the Al12N12 in the states A, B and C are 2.02, 1.92 

and 1.99 Å, respectively. The corresponding NBO charges on glycine in states A and B were 

calculated to be 0.156 (0.161) and 0.124 (0.131) |e|, respectively, but in state B it was -0.227 

(-0.223) |e| at the M06 (M06-2X) methods, respectively. Negative values of NBO charge 

transfers demonstrate a charge transfer from the Al12N12 fullerene-like cage to glycine while 

positive values indicated charge transfer from glycine to the fullerene-like cage [79]. Dipole 

moment (DM) values of the Al12N12 fullerene-like cage after the adsorption of Gly increases 

from 0.00 Debye to 6.66 Debye for A, 4.73 Debye for B, and 2.38 Debye for C, compared to 

the Al16N16 fullerene-like cage. These results indicate the increase in the solubility of Al12N12 

fullerene-like cage after the adsorption process [80]. Additionally, the solvent effect on the 

nature of interactions, which is the origination of the increase in dipole moment of water 

media, causes the conducting electrons to be polarized [81, 82]. In contrast, DM values of the 

Al12N12 fullerene-like cage after the adsorption of Gly in water media increases from 0.00 

Debye to 9.82 Debye for A, 7.95 Debye for B, and 3.51 Debye for C. Adsorption energy for 

the Al16N16 complexes at the M06 (M06-2X) method were calculated to be -64.41 (-73.00), -

46.51 (-48.35), -18.35 (-21.39) kcal/mol with the bond distance of the glycine-fullerene-like 
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cage being 1.43 (1.43), 1.80 (1.79) and 2.00 (1.96) Å in the states A, B and C, respectively. 

NBO charge on glycine after the adsorption was obtained as -0.334, -0.239 and 0.132 |e| in 

the respective states A, B and C using the M06-2X functional. Therefore, in states A and B, 

the charge transfer is from Al16N16 fullerene-like cage to glycine. After the adsorption 

process, the dipole moment value is raised from 0.03 Debye in the pure Al16N16 to 5.53, 2.07 

and 2.47 Debye in the states A, B and C, respectively. These results indicate more solubility 

of the Al12N12 than the Al16N16 after the adsorption of glycine.  

     Furthermore, the Al12CN11 and Al12ON11 fullerene-like cages were used to interact with 

glycine where individual the C and O atoms were substituted for the N atom of the Al12N12 

fullerene-like cage (Figure 1) [83]. NBO charges on the C and O atoms were -1.623 |e| and -

1.382 |e| calculated using the M06 functional and -1.634 |e| and -1.385 |e| calculated by the 

M06-2X functional, respectively. Therefore, charges on the C and O atoms are smaller than 

N atoms. The bond length in 6-4 and 6-6 membered rings of C and Al atoms in Al12CN11 

were calculated to be 1.91 and 1.96 Å by M06 functional and 1.91 and 1.97 Å by the M06-2X 

functional, respectively, which is close to the obtained results by Azimi and Tazikeh [84]. 

The most stable configurations of the glycine/Al12CN11 complex in three possible states are 

shown in Figure 5 and named states D, E and F where glycine molecule interacts from its 

amino and carbonyl groups to the Al12CN11 nanocage. Adsorption energy of 

glycine/Al12CN11 in the states D, E, and F were -32.02, -63.03 and -31.06 kcal/mol at the 

M06 method and -37.95, -71.61 and -35.87 kcal/mol at the M06-2X functional, respectively. 

NBO charge transfer from the amino acid to the Al12CN11 were calculated to be 0.230, -0.370 

and 0.153 e by the M06 functional and 0.249, -0.368 and 0.157 e in the states D, E, and F by 

the M06-2X functional, respectively. The charge transfer from glycine to Al12CN11 is 

attributed to the sharing of lone pair electrons of O and N atoms of glycine with Al atom of 

Al12CN11. The charge transfer from Al12CN11 to glycine is attributed to the sharing of lone 

pair electrons of N atom of Al12CN11 with C atom of glycine. Similar to the glycine/Al12N12 

complex in state B, the glycine in the state D is an electron acceptor. The dipole moment 

value at the M06 functional increased from 0.58 Debye to 9.57, 5.64 and 6.44 Debye in the 

states D, E and F, respectively.  
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Figure 5. Optimized configurations and FMO plots of glycine/Al12CN11 in states D, E and F. 

  

The most stable configurations of the Gly/Al12ON11 complex in two possible states are 

shown in Figure 6 and named states G and H where a glycine molecule interacts through its 

amino and carbonyl groups to the O atom of the Al12ON11 nanocage. After oxygen atom 

substitution for a nitrogen atom, the length of Al-O bond in 6-4 and 6-6 membered rings of 

the Al12ON11 changed to 1.84 and 1.86 Å by the M06 functional and 1.82 and 1.92 Å by the 

M06-2X functional, respectively. The adsorption energies of glycine on the Al12ON11 were 

calculated to be -54.67 and -140.06 kcal/mol by the M06 functional and -62.25 and -86.30 

kcal/mol based on the M06-2X functional for the states G and H, respectively. These results 

suggest that Al12ON11 can improve the adsorption of glycine compared with the Al12N12 and 

Al12CN11 nanocages. Similar doping effect was also reported in works involving boron doped 
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graphene and carbon doped boron nitride nanosheet. Kumar et al theoretically demonstrated 

that oxygen doping enhances the interaction energy of h-BN and B12N12 systems to capture 

H2 molecules in comparison with the carbon doping [81]. Lei and co-workers experimentally 

showed that oxygen doping greatly enhances H2 adsorption on boron nitride nanosheets [85]. 

Lei and co-workers further reported of normal-to-plane deformation of boron due to oxygen 

doping. Similar trend was also observed in the carbon and oxygen doping in this study which 

reduced the steric hindrance of Al site for adsorption. The oxygen doping effect was more 

significant as oxygen (𝜒𝑂 = 3.44) had greater electron-withdrawing inductive effect than 

nitrogen on the Al atom in the fullerene cage.  

 

 

Figure 6. Optimized configurations and FMO plots of glycine/Al12ON11 in states G and H. 

  

NBO charge transfers were calculated to be -0.576 and -0.209 e at the M06 method and -

0.574 and -0.203 |e| at the M06-2X method for the states G and H, respectively. Therefore, 

there is charge transfer from the Al12ON11 nanocluster to glycine. The dipole moment value 

of the Al12ON11 was 2.50 and 3.82 Debye at the M06 and M06-2X functional, respectively. 
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Therefore, oxygen substitution for a nitrogen atom increases the reactivity of the Al12ON11 

fullerene-like cage with glycine with water as the solvent. In glycine/Al12ON11 complex, the 

dipole moment is also further increased. These calculations indicate an increase in solubility 

of the complex after glycine adsorption.  

     To better simulate the adsorption process in a more realistic environment, the adsorption 

of a second glycine molecule on the applied nanocages was performed through the same 

method. Based on the most stable configurations of Gly with the Al sites of the Al12N12, 

Al12CN11, and Al12ON11 nanocages for the adsorption process, two types of adsorptions were 

considered upon the addition of the second Gly molecule including the configurations at the 

opposite and adjacent sites as opposed to the first adsorbed glycine molecule as shown in 

Figure 7. It is shown that the more stable adsorption configuration corresponds to two glycine 

molecules far from each other on the opposite sides of the fullerene-like cages with  

𝐸𝑎𝑑𝑠 at -1.85 eV and 𝑄 at 0.22 |e| for I, 𝐸𝑎𝑑𝑠 at -2.45 eV and 𝑄 at 0.59 |e| for J, and 𝐸𝑎𝑑𝑠 at -

1.88 eV and 𝑄 at 0.26 |e| for K per glycine molecule adsorbed on the Al12N12, Al12CN11, and 

Al12ON11 nanocages.  
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Figure 7. Optimized configurations and FMO plots of two glycine molecules interacting with 

Al12N12, Al12ON11, and Al12CN11 nanocages.  

  

3.2. Electronic features  

The electronic properties of the pure fullerene-like cages and their complexes were 

calculated and reported in Table 1 and 2. Figure 2, 3, 5, 6, and 7 also show the frontier 

molecular orbital (FMO) plots for the glycine-fullerene-like cage complexes. FMO analysis 

determines the electronic features of a molecule. For instance, the HOMO of the molecule is 

related with the electron-donating ability, whereas the LUMO of the molecule demonstrates 

its tendency to accept electrons. The HOMO in Al12N12, Al12CN11 and Al12ON11 fullerene-

like cage is mostly localized on nitrogen, carbon, and oxygen atoms, whereas the LUMO has 

density uniformly distributed on all atoms (Fig. 1S). In the Al12N12 and Al16N16 complexes, 

the HOMO regions are located on the glycine, while the LUMO regions are located upon the 
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fullerene-like cage. In the FMO plots in Al12CN11 complexes, the HOMO regions are mainly 

located on the C atom and glycine while the LUMO regions are mainly located upon the 

fullerene-like cages (Figure 5). The density in HOMO in state G is located on the Al12ON11 

and glycine with the density in LUMO located on the glycine while the HOMO and LUMO 

regions of the state H are located on the fullerene-like cage (Figure 6). Interaction between 

the adsorbate and adsorbent in FMO plots indicated the hybridization between glycine and 

the fullerene-like cages.  

     The HOMO and LUMO values after the adsorption process are shifted to higher energy 

values at the M06 and M06-2X methods. The 𝐸𝑔 values for the pure Al16N16, Al12N12, 

Al12CN11, and Al12ON11 fullerene-like cages are calculated as 4.05, 4.57, 4.58 and 1.72 eV on 

the M06 functional and 5.86, 6.33, 6.16 and 3.28 eV on the M06-2X functional, respectively. 

This shows that the conductivity of the Al12ON11 fullerene-like cage is higher than the other 

fullerene-like cages which could enhance the adsorption of the fullerene-like cage towards 

the glycine molecule. Yamashita et al. reported an 𝐸𝑔 value of 6.2 eV of aluminum nitride 

using the experimental method [86]. The 𝐸𝑔 of the Al12N12 was calculated to be 6.12 eV 

(B3LYP/6-31+G* level) and 4.51 eV (M06-2X/6-31(d, p) by Niu et al. and Baei et al., 

respectively [87, 88]. Result of the present study shows a major change in the 𝐸𝑔 happened 

for the states D and G. The 𝐸𝑔 at the M06 and M06-2X methods decreased from 4.58 and 

6.16 eV in the Al12CN11 to 4.08 and 5.64 eV in the glycine/Al12CN11 complex (state D) 

whereas it increased from 1.72 and 3.28 eV in the Al12ON11 to 1.89 and 3.89 eV in the 

glycine/Al12ON11 complex (state G), respectively.  

     Figure 8 depicts the color-filled images of electron localization function (ELF) and the 

PDOS of the considered complexes. For Gly chemisorbed on the Al12N12, Al12CN11, and 

Al12ON11 fullerene-like cages, a complex is observed with large energy gap in which each 

fragment (where the nanocages and Gly molecule are defined as frags1 and 2, respectively) 

has the electronic density of state localized around the HOMO and LUMO states. The LUMO 

(𝐸𝐿) and HOMO (𝐸𝐻) states of the Gly/cage complexes were slightly affected by the 

fullerene-like cages electronic structure of the corresponding nanocage used as the adsorbent. 

The HOMO and LUMO orbitals for two Gly molecules adsorbed onto Al12N12, Al12CN11, and 

Al12ON11 fullerene-like cages in Figure 7 represent that consistent with the energy change 

around Fermi level (𝐸𝐹), the shape of these orbitals notably effects the electronic structures. 

These changes are because of the almost identical alteration of the HOMO and LUMO 

orbitals of fullerene-like cages during the Gly adsorption. 
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Figure 8. PDOS and ELF images of Gly/Al12N12, Gly/Al12ON11, and Gly/Al12CN11 

complexes. 

  

3.3. Electron localization function  

     The variance of topology in the electron localization function of the most stable 

interaction configurations were evaluated and compared with results shown in Figure 8. This 

could provide a good picture of the electron space delocalization between the Gly molecule 

and the relevant nanocage adsorbent. The ELF given in Figure 8 refers to the jellium–like 

homogeneous electron gas and renormalizes the value between 0.00 and 1.00 where 1.0 

attributes to the strong localization (red areas), 0.50 corresponds to free electron gas behavior 
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(green areas) and 0.00 refers to zero localization [89, 90]. Figure 8 shows the ELF space 

contour plots for the Gly molecule interacting with the Al12N12, Al12CN11, and Al12ON11 

fullerene-like cages. One can observe a significant localization (red areas) between the 

nitrogen atom of the amino acid molecule and the Al atoms of the fullerene-like cages 

leading to a strong covalent interaction in the states A, E, and G, respectively. Electron 

localizations were also observed at the O and N atoms of glycine and the N atoms of 

fullerene-like cage due to their lone pairs of electrons. 

3.4. Optical properties 

     Ultraviolet–visible (UV-Vis) spectroscopy of the Al12N12 fullerene-like cage shows three 

excited states for the wavelengths (𝜆𝑚𝑎𝑥) of 297, 305, and 295 nm with respective oscillator 

strengths (f) of 0.025, 0.018, and 0.020 by the CAM-B3LYP functional [91]. The UV-Vis 

spectroscopy of the Al16N16 fullerene-like cage shows absorption bands at 300, 328, and 314 

nm with respective oscillator strengths of 0.014, 0.002, and 0.001. The maximum wavelength 

for absorption in the Al12N12 fullerene-like cage after the interaction with Gly was observed at 

399 nm (f: 0.008). The wavelength of the bands in the Al12ON11 fullerene-like cage after the 

interaction with Gly changed from 584 nm (f: 0.062) and 929 nm (f: 0.063) to 335 nm (f: 

0.033) and 494 nm (f: 0.005) for state G, and to 423 nm (f: 0.027) and 589 nm (f: 0.049) for 

states H. It also shows a shift in the bands of the Al12CN11 fullerene-like cage on the 

adsorption of Gly from 335 nm (f: 0.005) and 425 nm (f: 0.018) to 385 nm (f: 0.003) and 691 

nm (f: 0.002) in the state E. Due to the energy absorption of the studied systems, it is possible 

to estimate the excitonic energy in the system. Herein, excitation energy is obtained by 

reducing the energy gap and the first excitation energy obtained from UV calculation which 

is 1.47 eV for the Gly/Al12N12 complex. Accordingly, the excitation energy is 2.47 and 5.02, 

and 3.85 eV for the Al12ON11-G, Al12ON11-H and Al12CN11-E/Gly adsorption configurations, 

respectively. Interestingly, for the Al12ON11-E/Gly system, the energy of excitons is very 

high, meaning a relatively strong adsorption occurred in this system, causing the formation of 

relatively bound states with oxygen. This indicates that oxygen can play an important role in 

strengthening the bond with the Gly molecule in the Al12N12 lattice. These results are in 

agreement with the data in Table 1.     

3.5. Vibrational assignments and thermodynamic parameters 

     Infrared spectra (IR) and thermodynamic parameters were computationally calculated for 

all relaxed structures of Gly interacting with the Al12N12, Al12CN11, and Al12ON11 fullerene-

like cages (Table 3 and Figure 9). The values of Gibbs energies (Δ𝑎𝑑𝑠𝐺) and enthalpy 
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changes (Δ𝑎𝑑𝑠𝐻) in the most stable states for the Gly/Al12N12, Gly/Al12CN11, and 

Gly/Al12ON11 complexes were also evaluated and presented in the Table 3. The Δ𝑎𝑑𝑠𝐻 values 

for the states A, B, C, D, E, F, G and H were -31.27, -67.30, -17.92, -29.86, -61.63, -28.04, -

55.98 and -81.74 kcal/mol, respectively. The negative values of Δ𝑎𝑑𝑠𝐻 in all complexes 

indicated that the reactions are exothermic and these results confirm the 𝐸𝑎𝑑𝑠 results. The 

Δ𝑎𝑑𝑠𝐺 values were -18.43, -52.01, -1.45, -14.14, -45.92, -12.00, -41.45 and -66.21 kcal/mol 

for the states A, B, C, D, E, F, G and H, respectively, The negative Δ𝑎𝑑𝑠𝐺 values indicate that 

all adsorptions were spontaneous and exergonic such that they were thermodynamically 

favored to occur and, in occurring, releases energy from the adsorption complexes to the 

surrounding. However, the larger Δ𝑎𝑑𝑠𝐺 values of state H, B, G and E showed that they are 

more thermodynamically favorable as compared to other interaction states [92]. The 

calculated Δ𝑎𝑑𝑠𝐺 values are less negative compared to the Δ𝑎𝑑𝑠𝐻 values, indicating an 

entropy reduction [93]. The reduced entropies of adsorption complexes indicate that they 

have lesser number of microstates which are attributed to the reduction of the number of 

vibrational modes during adsorption. This reduced entropy also implied the increase in 

entropy of surrounding such that there is an overall increase in the total entropy change [94]. 

Adsorption equilibrium constant, 𝐾𝑎𝑑𝑠 which relates the ratio of adsorption rate constant 

to desorption rate constant can be determined from Δ𝑎𝑑𝑠𝐺 via Gibbs-Helmholtz equation. The 

𝐾𝑎𝑑𝑠 values for all adsorption states were significantly larger than unity, indicating adsorption 

is kinetically favored than desorption and adsorption activation energy is lower than that of 

desorption. Eqn. 2 shows the van ’t Hoff equation which relates 𝐾𝑎𝑑𝑠 with Δ𝑎𝑑𝑠𝐻 and Δ𝑎𝑑𝑠𝑆: 

𝑙𝑛 𝐾𝑎𝑑𝑠 = −
Δ𝑎𝑑𝑠𝐻

𝑅
(

1

𝑇
) +

Δ𝑎𝑑𝑠𝑆

𝑅
                                               (2) 

Figure 8 shows the van’t Hoff plots for the adsorption states of Gly/Al12N12, Gly/Al12CN11 

and Gly/Al12ON11 complexes with 𝑇𝑖
†
 as the respective temperature which gives no change in 

Gibbs free energy during the i
th

 adsorption. At 298 K, all adsorption states are enthalpically 

favored (𝑙𝑛 𝐾𝑎𝑑𝑠 > 0). The values of 𝑇𝑖
†
 show that only state B, E, H and G are able to 

remain thermodynamically favored up to high temperatures well above 1000 K. At 

temperature beyond 𝑇𝑖
†
, the adsorption becomes thermodynamically infeasible as the 

exothermicity of adsorption will favor desorption at high temperatures in an attempt to reduce 

the temperature. The van ’t Hoff plots also show that the most stable adsorption states for 

Gly/Al12N12, Gly/Al12CN11 and Gly/Al12ON11 complexes are State B, E and H respectively. 
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Figure 9. Analyses of van ’t Hoff plots for different adsorption states of: a.) Gly/Al12N12, b.) 

Gly/Al12CN11 and c.) Gly/Al12ON11 complexes 

  

Based on Table 2 and 3, it should also be noted that all 𝐸𝑎𝑑𝑠 were more negative than 

Δ𝑎𝑑𝑠𝐻 except state G. The interaction energy is essentially the change in internal energy of 

the complex during interaction, ∆𝑎𝑑𝑠𝑈: 

𝐸𝑎𝑑𝑠 = ∆𝑎𝑑𝑠𝑈 = (
𝜕𝑈𝜎

𝜕𝑛
)

𝑇
− 𝑈0                                                   (3)                                          
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where (
𝜕𝑈𝜎

𝜕𝑛
)

𝑇
 is the internal energy of the infinitesimal amount of adsorbate-adsorbent 

complex at constant temperature and 𝑈0 is the internal energy of these molecules before 

adsorption. By the same token, ∆𝑎𝑑𝑠𝐻 can be expressed as:  

∆𝑎𝑑𝑠𝐻 = (
𝜕𝐻𝜎

𝜕𝑛
)

𝑇
− 𝐻0                                                               (4) 

where (
𝜕𝐻𝜎

𝜕𝑛
)

𝑇
 is the enthalpy of the infinitesimal amount of adsorbate-adsorbent complex at 

constant temperature and 𝐻0 is the enthalpy of these molecules before adsorption. By using 

the thermodynamic definition of 𝐻 = 𝑈 + 𝑝𝑉, Eqn. 4 becomes: 

∆𝑎𝑑𝑠𝐻 = (
𝜕𝑈𝜎

𝜕𝑛
+

𝜕(𝑝𝑉)𝜎

𝜕𝑛
)

𝑇

− (𝑈0 + 𝑝𝑉)                            (5) 

By subtracting Eqn. 5 from Eqn. 3:  

𝐸𝑎𝑑𝑠 − ∆𝑎𝑑𝑠𝐻 = 𝑝𝑉 − (
𝜕(𝑝𝑉)𝜎

𝜕𝑛
)

𝑇
                                              (6)     

In this study, 𝐸𝑎𝑑𝑠 values were more negative than Δ𝑎𝑑𝑠𝐻 values (𝐸𝑎𝑑𝑠 − ∆𝑎𝑑𝑠𝐻 < 0). Eqn. 6 

would then show the following relation: 

(
𝜕(𝑝𝑉)𝜎

𝜕𝑛
)

𝑇

> 𝑝𝑉 > 0                                                                 (7) 

where absolute pressure and volume of system will always be positive. Under this 

circumstance, Eqn. 7 shows that these adsorptions will cause an increase in volume of the 

adsorption complex at atmospheric pressure as seen in the lengthening of bond lengths of the 

terminal bonds of glycine and fullerene-like cages and the addition of a non-zero value bond 

length of the chemisorbed bond. This trend could also be seen as work done by the adsorption 

complex on the surrounding for its expansion at constant temperature and pressure. State G, 

on the contrary, has its 𝐸𝑎𝑑𝑠 being less negative than Δ𝑎𝑑𝑠𝐻 which implies a decrease in 

volume of adsorption complex. The intuitive explanation is that the chemisorption of both 

glycine terminals onto two opposite Al atoms on an Al-N square plane would certainly 

induce compressive deformation on the O=C—C—N bonds of glycine in conformation with 

the Al-Al bond length.   
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    The stretching vibrational modes of the N-H (asymmetric), N-H (symmetric), C=O and O-

H bonds in glycine show respective bands at 3603, 3515, 1871 and 3791 cm
-1

 (see Figure 10), 

which are close to the previous theoretical and experimental reports [95, 96]. After the 

adsorption process in state A, the N-H asymmetric and N-H symmetric stretching mode in the 

glycine is decreased to 3537 and 3444 cm
-1

, respectively, while the C=O and O-H bonds did 

not change mainly compared to the pure glycine. The decrease in vibration frequency 

indicates the weakening of the covalent character of the bond during chemisorption. 

Therefore, the N-H bond is the main region of the glycine molecule contributing in the 

interaction process in state A. Considering state B, the C=O stretching mode is decreased to 

1592 cm
-1

 and O-H vibration disappeared due to the formation of the C=O bond and 

zwitterionic model after the adsorption of glycine on the Al12N12 fullerene-like cage. In state 

C, the main band change is associated with the O-H bond indicating that this is the 

functionality contributing to the interaction. For state D, the interaction process mainly 

happens through the N-H and C=O bonds as the band for these functionalities changes from 

3603, 3515 and 1871 cm
-1

 to 3528, 3458 and 1750 cm
-1

 in the N-H asymmetric, N-H 

symmetric and C=O stretching modes, respectively. In state E, the values of the N-H 

asymmetric and N-H symmetric stretching modes decreased to 3541 and 3461 cm
-1

, 

respectively, and the C=O vibration disappeared due to the formation of the C-O-Al bond 

after the adsorption of Al12CN11 with glycine. For state F, the main change occurs for the N-

H bond, therefore interaction mainly happens through the N-H bond. After adsorption of 

glycine on the Al12ON11 in state G, the values for the N-H asymmetric and N-H symmetric 

stretching modes decreased to 3508 and 3429 cm
-1

, respectively, and the C=O vibration 

disappeared due to the formation of the C-O-Al bond. The O-H vibration disappeared as a 

new C=O bond is formed through a zwitterionic model in the state H.  
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Table 3. Calculated stretching vibration wavenumber (𝜈), enthalpy change (Δ𝑎𝑑𝑠𝐻), Gibbs free energy change (Δ𝑎𝑑𝑠𝐺), entropy change (Δ𝑎𝑑𝑠𝑆), 

thermodynamic equilibrium constant (𝐾𝑎𝑑𝑠) of adsorption at 298.15 K and 1 atm using B3LYP functional. 

 ∆𝒂𝒅𝒔𝑯 

(𝒌𝒄𝒂𝒍/𝒎𝒐𝒍) 

∆𝒂𝒅𝒔𝑮 

(𝒌𝒄𝒂𝒍/𝒎𝒐𝒍) 

∆𝒂𝒅𝒔𝑺 

(𝒌𝒄𝒂𝒍/𝒎𝒐𝒍. 𝑲) 
𝑲𝒂𝒅𝒔 

𝝂𝒎𝒊𝒏 

(𝒄𝒎−𝟏) 

𝝂𝒎𝒂𝒙 

(𝒄𝒎−𝟏) 

𝝂(𝐂 = 𝐎) 

(𝒄𝒎−𝟏) 

𝝂(𝐎 − 𝐇) 

(𝒄𝒎−𝟏) 

𝝂𝒂(𝐍𝐇𝟐)𝒂 

(𝒄𝒎−𝟏) 

𝝂𝒔(𝐍𝐇𝟐)𝒃 

(𝒄𝒎−𝟏) 

Glycine - - - - 66 3791 1871 

1856
c
 

1703
d 

3791 

3783
c
 

3603 

3563
c
 

3414
d
 

3515 

3469
c
 

 

Al12N12 - - - - 155 965 - - - - 

Gly/Al12N12           

State A -31.27 -18.46 -0.043 3.43 𝑥 10
13 5 3786 1863 3786 3538 3444 

State B -67.30 -52.10 -0.051 1.62 𝑥 10
38 53 3601 1592 - 3601 3516 

State C -17.92 -1.53 -0.055 1.32 𝑥 10
1 87 3732 1905 3732 3603 3518 

Al12CN11 - - - - 145 964 - - - - 

Gly/Al12CN11           

State D -29.86 -14.07 -0.053 2.07 𝑥 10
10

 64 3746 1750 3746 3528 3458 

State E -61.63 -45.84 -0.053 4.12 𝑥 10
33

 42 3824 - 3824 3541 3461 

State F -28.04 -11.95 -0.054 5.79 𝑥 10
8
 45 3793 1877 3793 3532 3456 

Al12ON11 - - - - 138 980 - - - - 

Gly/Al12ON11           

State G -55.98 -41.38 -0.049 2.22 𝑥 10
30

 14 3836 - 3836 3508 3429 

State H -81.74 -66.24 -0.052 3.82 𝑥 10
48

 39 3601 1583 - 3601 3520 
a
 asymmetric stretching vibration 

b
 symmetric stretching vibration 

c
 reported values by [90]  

d
 reported values by [91] 
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Figure 10. Simulated IR spectra for the Al12N12, Al12CN11, Al12ON11 and their complexes. 

 

3.6. Molecular docking     

Molecular docking was performed to evaluate the binding affinity for the studied 

compounds toward the TNF-α receptor target using the AutoDock (4.2) software. To explore 

the inhibition mechanism of the TNF-α receptor, the selected complexes (Gly/Al16N16, 

Gly/Al12N12, Gly/Al12CN11, and Gly/Al12ON11) were docked in the binding pocket of the 

TNF-α receptor protein. It was found that Gly adsorbed on Al12N12 is a more potent inhibitor 

of TNF-α compared to the Gly/Al16N16 complex. The calculated binding energies of the 

Gly/Al12N12, Gly/Al12CN11, Gly/Al12ON11, and Gly/Al16N16, complexes in the binding pocket 

of the protein were -11.7, -9.2, -5.4, and -2.1 kcal/mol, respectively (Table 4). The 
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Gly/Al12N12 complex was stabilized in the binding pocket of the TNF-α receptor by two 

hydrogen bonds with the residues of protein such as Gln61 in chain A and Tyr119 in chain B. 

The hydrogen bond lengths were 2.43 Å and 1.73 Å respectively. Furthermore, the 

Gly/Al12N12 complex was established in the binding pocket of the target via hydrophobic 

interactions by several amino acid residues such as Tyr151, Val62, Tyr119, Ile118, and 

Pro117 in chain A, Ala96, Ile118, Pro117, and Leu120 in chain B; and Tyr119, Ile118, and 

Pro117 in chain C. The previous study proved that the amino acid residues Tyr119, Tyr151 

and Tyr59  were  key amino acids in the active site of the target [97] and the results revealed 

that the Gly/Al12N12 complex was bounded with Tyr119 and Tyr151 in the active site  

resulting in the inhibition of the TNF-α receptor (Figure 11A). As shown in Figure 11B, the 

Gly/Al12ON11 complex is stabilized in the binding pocket of TNF-α receptor by two hydrogen 

bonds with the residues of protein such as Gln61 in chain B and Tyr119 in chain C where the 

hydrogen bond lengths were 2.07 Å and 1.65 Å respectively. Furthermore, the Gly/Al12ON11 

complex was established in the binding pocket of the target via hydrophobic interactions by 

several amino acid residues such as Tyr119, Ile118, and Pro117 in chain A, Tyr119, Ile118, 

Pro117, and Val62 in chain B; and also Leu120, Tyr120, Ile119, Pro117, and Ala96 in chain 

C. The obtained results show that the Gly/Al12ON11 complex interacted with key amino acid 

residue Tyr119 in the active site and resulted in the inhibition of the TNF-α receptor.  

     The 3D model for the binding mode showed that the Gly/Al12CN11 complex was buried in 

the pockets of the TNF-α receptor (Figure 11C). Notably hydroxyl and amino groups bind 

with the TNF-α receptor structure by two hydrogen bonds with the amino acid residue 

Pro117 in chain B of the protein with hydrogen bond lengths of 2.65 Å and 1.91 Å, 

respectively. Several amino acid residues of the TNF-α receptor such as Tyr119, Ile118, and 

Pro117 in chain A; Tyr119, Ile97 and Ile118 in chain B; and also Tyr119, Ile118, and Pro117 

in chain C interacted through a hydrophobic process with the Gly/Al12CN11 complex. A 

comparison of molecular docking results revealed that the Gly/Al12N12 and Gly/Al12ON11 

complexes had lower binding energy to the target structure while showing a strong 

interaction towards the binding pocket of the target, which more effectively inhibits the active 

site of the protein than the Gly/Al12CN11 complex. Overall, the hydrophobic and H-bond 

interactions have an important role in occupation of the binding pocket with results obtained 

by molecular docking showing that the Gly/Al12N12 and Gly/Al12ON11 complexes could be a 

potential inhibitor of the TNF-α receptor at the binding site. The inhibition constant Ki(µM) 

were also calculated and represented in the Table 4. It shows how potent the Gly/Al12N12, 

Gly/Al16N16, Gly/Al12ON11 and Gly/Al12CN11 complexes are as an inhibitor where the lower 
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the value of Ki the higher the inhibiting character of the compound [98]. Herein, the results 

show the inhibiting characteristic of the studied complexes as Gly/Al12N12> Gly/Al12ON11 >  

Gly/Al12CN11 > Gly/Al16N16 towards the TNF receptor (PDB ID: 2E7A). 

 

Table 4. Chemical structure parameters of Gly/Al12N12, Gly/Al16N16, Gly/Al12ON11 and 

Gly/Al12CN11 complexes. 

Compound Binding energy (𝒌𝒄𝒂𝒍/𝒎𝒐𝒍) Inhibition constant, 𝑲𝒊(𝝁𝑴) 

Gly/Al12N12 -11.7 1.3 

Gly/Al16N16 -2.1 14.1 

Gly/Al12ON11 -9.2 3.4 

Gly/Al12CN11 -5.4 8.3 
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Figure 11. Presentation of 2D and 3D models of interactions between Al12N12 (A), Al12ON11 

(B) and Al12CN11 (C) complexes and TNF receptor (PDB ID: 2E7A). 

 

4. Conclusions 

     It has been demonstrated that DFT calculations and molecular docking studies on the 

effects of pure and doped Al12N12 (Al12CN11 and Al12ON11) fullerene-like cages complexes 

with glycine could have an important role in the TNF-α inhibition mechanism. Our 

calculations revealed that the binding energy of glycine from its amino group to the Al12N12 
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surface leads to more changes in the dipole moment and Fermi level values compared to the 

Al16N16 surface. Carbon or oxygen doping on Al12N12 has also improved the stability of the 

adsorption complexes in which the effect of oxygen doping was more significant. The study 

of molecular docking showed that the amino acid group of Gly on the Al12N12 surface has a 

good binding affinity with protein tumor necrosis factor alpha (TNF-α) in comparison with 

the Al16N16 fullerene-like cages.    

Acknowledgements 

Mehrdad Aghaei, Sima Sedighi, and
 
Alireza Soltani gratefully acknowledge the financial 

support provided by the clinical Research Development Unit (CRDU), Sayad Shirazi 

Hospital, Golestan University of Medical Sciences, Gorgan, Iran. Mohammad 

Ramezanitaghartapeh acknowledges a SUPRA scholarship provided by Swinburne 

University of Technology.  

References 

[1] Z. Zhong, M.D. Wheeler, X. Li, M. Froh, P. Schemmer, M. Yin, H. Bunzendaul, B. Bradford, J.J. 

Lemasters, L-Glycine: a novel antiinflammatory, immunomodulatory, and cytoprotective agent, 

Current Opinion in Clinical Nutrition & Metabolic Care 6(2) (2003) 229-240. 

[2] K. Hensley, K.A. Robinson, S.P. Gabbita, S. Salsman, R.A. Floyd, Reactive oxygen species, cell 

signaling, and cell injury, Free Radical Biology and Medicine 28(10) (2000) 1456-1462. 

[3] T.P. Ryan, S.D. Aust, The role of iron in oxygen-mediated toxicities, Critical reviews in 

toxicology 22(2) (1992) 119-141. 

[4] R. Goldman, E. Ferber, U. Zor, Involvement of reactive oxygen species in phospholipase A 2 

activation: inhibition of protein tyrosine phosphatases and activation of protein kinases, Eicosanoids 

and Other Bioactive Lipids in Cancer, Inflammation, and Radiation Injury 2, Springer1997, pp. 25-30. 

[5] C. Rivera, B. Bradford, K. Hunt, Y. Adachi, L. Schrum, D. Koop, E.-R. Burchardt, R. Rippe, R. 

Thurman, Attenuation of CCl4-induced hepatic fibrosis by GdCl3 treatment or dietary glycine, 

American Journal of Physiology-Gastrointestinal and Liver Physiology 281(1) (2001) G200-G207. 

[6] J. Mauriz, B. Matilla, J. Culebras, P. González, J. González-Gallego, Dietary glycine inhibits 

activation of nuclear factor kappa B and prevents liver injury in hemorrhagic shock in the rat, Free 

Radical Biology and Medicine 31(10) (2001) 1236-1244. 

[7] H. Bunzendahl, M. Yin, R. Stachlewitz, Z. Zhong, T. Lehmann, P. Schemmer, M. v Frankenberg, 

R. Thurman, Dietary glycine prolongs graft survival in transplant models, Shock 13(2) (2000) 163-

164. 

[8] P.A. Abello, T.G. Buchman, G.B. Bulkley, Shock and multiple organ failure, Free Radicals in 

Diagnostic Medicine, Springer1994, pp. 253-268. 

[9] X. Li, B.U. Bradford, M.D. Wheeler, S.A. Stimpson, H.M. Pink, T.A. Brodie, J.H. Schwab, R.G. 

Thurman, Dietary glycine prevents peptidoglycan polysaccharide-induced reactive arthritis in the rat: 

role for glycine-gated chloride channel, Infection and immunity 69(9) (2001) 5883-5891. 

[10] M. Yin, R.T. Currin, X.-X. Peng, H.E. Mekeel, R. Schoonhoven, J.J. Lemasters, Carolina rinse 

solution minimizes kidney injury and improves graft function and survival after prolonged cold 

ischemia1, Transplantation 73(9) (2002) 1410-1420. 

[11] S. Bachmann, X. Peng, R. Currin, R. Thurman, J. Lemasters, Glycine in Carolina rinse solution 

reduces reperfusion injury, improves graft function, and increases graft survival after rat liver 

transplantation, Transplantation proceedings, 1995, pp. 741-742. 

[12] S. Lindell, R. Sumimoto, M. Schilling, J. Southard, F. Belzer, Effect of glycine in dog and rat 

liver transplantation, Transplantation 56(4) (1993) 817-822. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



[13] Y.-J. Han, Y.-G. Kwon, H.-T. Chung, S.-K. Lee, R.L. Simmons, T.R. Billiar, Y.-M. Kim, 

Antioxidant enzymes suppress nitric oxide production through the inhibition of NF-κB activation: role 

of H2O2 and nitric oxide in inducible nitric oxide synthase expression in macrophages, Nitric Oxide 

5(5) (2001) 504-513. 

[14] L.J. Torrie, C.J. MacKenzie, A. Paul, R. Plevin, Hydrogen peroxide‐mediated inhibition of 

lipopolysaccharide‐stimulated inhibitory kappa B kinase activity in rat aortic smooth muscle cells, 

British journal of pharmacology 134(2) (2001) 393-401. 

[15] I. Rusyn, M.L. Rose, H.K. Bojes, R.G. Thurman, Novel role of oxidants in the molecular 

mechanism of action of peroxisome proliferators, Antioxidants and Redox Signaling 2(3) (2000) 607-

621. 

[16] I. Rusyn, C.A. Bradham, L. Cohn, R. Schoonhoven, J.A. Swenberg, D.A. Brenner, R.G. 

Thurman, Corn oil rapidly activates nuclear factor-κB in hepatic Kupffer cells by oxidant-dependent 

mechanisms, Carcinogenesis 20(11) (1999) 2095-2100. 

[17] M.L. ROSE, I. RUSYN, H.K. BOJES, D.R. GERMOLEC, M. LUSTER, R.G. THURMAN, Role 

of Kupffer cells in peroxisome proliferator-induced hepatocyte proliferation, Drug metabolism 

reviews 31(1) (1999) 87-116. 

[18] M. Yin, K. Ikejima, G.E. Arteel, V. Seabra, B.U. Bradford, H. Kono, I. Rusyn, R.G. Thurman, 

Glycine accelerates recovery from alcohol-induced liver injury, Journal of Pharmacology and 

Experimental Therapeutics 286(2) (1998) 1014-1019. 

[19] R.F. Stachlewitz, V. Seabra, B. Bradford, C.A. Bradham, I. Rusyn, D. Germolec, R.G. Thurman, 

Glycine and uridine prevent d‐galactosamine hepatotoxicity in the rat: Role of kupffer cells, 

Hepatology 29(3) (1999) 737-745. 

[20] J. Olsson, R. Hahn, Glycine toxicity after high-dose iv infusion of 1.5% glycine in the mouse, 

British journal of anaesthesia 82(2) (1999) 250-254. 

[21] A. SPITTLER, C.M. REISSNER, R. OEHLER, A. GORNIKIEWICZ, T. GRUENBERGER, N. 

MANHART, T. BRODOWICZ, M. MITTLBOECK, G. BOLTZ-NITULESCU, E. ROTH, 

Immunomodulatory effects of glycine on LPS-treated monocytes: reduced TNF-α production and 

accelerated IL-10 expression, The FASEB journal 13(3) (1999) 563-571. 

[22] S.M. Barlow, R. Raval, Complex organic molecules at metal surfaces: bonding, organisation and 

chirality, Surface Science Reports 50(6-8) (2003) 201-341. 

[23] C. Baddeley, Fundamental investigations of enantioselective heterogeneous catalysis, Topics in 

catalysis 25(1-4) (2003) 17-28. 

[24] G. Held, M.J. Gladys, The chemistry of intrinsically chiral surfaces, Topics in Catalysis 48(1-4) 

(2008) 128-136. 

[25] Z. Ma, F. Zaera, Organic chemistry on solid surfaces, Surface science reports 61(5) (2006) 229-

281. 

[26] J. Hasselström, O. Karis, M. Weinelt, N. Wassdahl, A. Nilsson, M. Nyberg, L.G. Pettersson, 

M.G. Samant, J. Stöhr, The adsorption structure of glycine adsorbed on Cu (110); comparison with 

formate and acetateCu (110), Surface science 407(1-3) (1998) 221-236. 

[27] N. Booth, D. Woodruff, O. Schaff, T. Giessel, R. Lindsay, P. Baumgärtel, A. Bradshaw, 

Determination of the local structure of glycine adsorbed on Cu (110), Surface science 397(1-3) (1998) 

258-269. 

[28] J. Hasselström, O. Karis, M. Nyberg, L. Pettersson, M. Weinelt, N. Wassdahl, A. Nilsson, The 

bonding and electronic structure changes upon adsorption of important functional groups: Glycine on 

copper, The Journal of Physical Chemistry B 104(48) (2000) 11480-11483. 

[29] Q. Chen, D. Frankel, N. Richardson, Chemisorption induced chirality: glycine on Cu {110}, 

Surface science 497(1-3) (2002) 37-46. 

[30] S. Barlow, K. Kitching, S. Haq, N. Richardson, A study of glycine adsorption on a Cu {110} 

surface using reflection absorption infrared spectroscopy, Surface science 401(3) (1998) 322-335. 

[31] J.-H. Kang, R.L. Toomes, M. Polcik, M. Kittel, J.-T. Hoeft, V. Efstathiou, D.P. Woodruff, A. 

Bradshaw, Structural investigation of glycine on Cu (100) and comparison to glycine on Cu (110), 

The Journal of chemical physics 118(13) (2003) 6059-6071. 

[32] R.L. Toomes, J.-H. Kang, D.P. Woodruff, M. Polcik, M. Kittel, J.-T. Hoeft, Can glycine form 

homochiral structural domains on low-index copper surfaces?, Surface Science 522(1-3) (2003) L9-

L14. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



[33] A. Shavorskiy, F. Aksoy, M.E. Grass, Z. Liu, H. Bluhm, G. Held, A step toward the wet surface 

chemistry of glycine and alanine on Cu {110}: destabilization and decomposition in the presence of 

near-ambient water vapor, Journal of the American Chemical Society 133(17) (2011) 6659-6667. 

[34] M. Nyberg, J. Hasselström, O. Karis, N. Wassdahl, M. Weinelt, A. Nilsson, L.G. Pettersson, The 

electronic structure and surface chemistry of glycine adsorbed on Cu (110), The Journal of Chemical 

Physics 112(12) (2000) 5420-5427. 

[35] M. Nyberg, M. Odelius, A. Nilsson, L. Pettersson, Hydrogen bonding between adsorbed 

deprotonated glycine molecules on Cu (110), The Journal of chemical physics 119(23) (2003) 12577-

12585. 

[36] R.B. Rankin, D.S. Sholl, Assessment of heterochiral and homochiral glycine adlayers on Cu (1 1 

0) using density functional theory, Surface science 548(1-3) (2004) 301-308. 

[37] R.B. Rankin, D.S. Sholl, Structures of glycine, enantiopure alanine, and racemic alanine adlayers 

on Cu (110) and Cu (100) surfaces, The Journal of Physical Chemistry B 109(35) (2005) 16764-

16773. 

[38] J.B. Rommel, D.J. Wales, Kinetics of Molecular Diffusion and Self-Assembly: Glycine on Cu 

{110} 

, The Journal of Physical Chemistry C 122(1) (2018) 782-797. 

[39] V. Carravetta, S. Monti, C. Li, H. Ågren, Theoretical simulations of structure and X-ray 

photoelectron spectra of glycine and diglycine adsorbed on Cu (110), Langmuir 29(32) (2013) 10194-

10204. 

[40] H.T. Larijani, M.D. Ganji, M. Jahanshahi, Trends of amino acid adsorption onto graphene and 

graphene oxide surfaces: a dispersion corrected DFT study, RSC Advances 5(113) (2015) 92843-

92857. 

[41] V. Timón, Ó. Gálvez, B. Maté, I. Tanarro, V.J. Herrero, R. Escribano, Theoretical model of the 

interaction of glycine with hydrogenated amorphous carbon (HAC), Physical Chemistry Chemical 

Physics 17(43) (2015) 28966-28976. 

[42] M. Bezi Javan, A. Soltani, E. Tazikeh Lemeski, A. Ahmadi, S. Moazen Rad, Interaction of 

B12N12 nano-cage with cysteine through various functionalities: a DFT study, Superlattice 

Microstruct. 100 (2016) 24-37. 

[43] M.T. Baei, M. Ramezani Taghartapeh, E. Tazikeh Lemeski, A. Soltani, A computational study of 

adenine, uracil, and cytosine adsorption upon AlN and BN nano-cages, Physica B 444 (2014) 6–13. 

[44] A. Soltani, M. Ramezani Taghartapeh, V. Erfani-Moghadam, M. Bezi Javan, F. Heidari, M. 

Aghaei, P.J. Mahon, Serine adsorption through different functionalities on the B12N12 and Pt-B12N12 

nanocages, Mater. Sci. Eng. C 92 (2018) 216-227. 

[45] A. Soltani, Z. Azmoodeh,M. Bezi Javan, E. Tazikeh Lemeski, L. Karami, A DFT study of 

adsorption of glycine onto the surface of BC2N nanotube, Appl. Surf. Sci. 384 (2016) 230-236. 

[46] L. Xu, C. Li, F. Li, X. Li, S. Tao, Molecular structure, electronic property and vibrational 

spectroscopy of C24–glycine and Gd@C24–glycine complexes, Spectrochimica Acta Part A: Molecular 

and Biomolecular Spectroscopy 98 (2012) 183-189. 

[47] C. Misra, N. Thotakura, R. Kumar, B. Singh, G. Sharma, O.P. Katare, K. Raza, Improved cellular 

uptake, enhanced efficacy and promising pharmacokinetic profile of docetaxel employing glycine-

tethered C60-fullerenes, Materials Science and Engineering: C 76 (2017) 501-508. 

[48] G. Vissokov, L. Brakalov, Chemical preparation of ultra-fine aluminium nitride by electric-arc 

plasma, Journal of Materials Science 18(7) (1983) 2011-2016. 

[49] L.C. Pathak, A.K. Ray, S. Das, C. Sivaramakrishnan, P. Ramachandrarao, Carbothermal 

synthesis of nanocrystalline aluminum nitride powders, Journal of the American Ceramic Society 

82(1) (1999) 257-260. 

[50] A. Shokuhi Rad, K. Ayub, A comparative density functional Theory study of guanine 

chemisorption on Al12N12, Al12P12, B12N12, and B12P12 nano-cages, Journal of Alloys and 

Compounds, 672 (2016) 161-169. 

[51] A.Shokuhi Rad, K. Ayub, Detailed surface study of adsorbed nickel on Al12N12 nano-cage, 

Thin Solid Films 612 (2016) 179-185. 

[52] A. Shokuhi Rad, K. Ayub, Adsorption of pyrrole on Al12N12, Al12P12, B12N12, and B12P12 

fullerene-like nano-cages; a first principles study, Vacuum 131 (2016)135-141. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



[53] S. Munsif, K. Ayub, Diffusion of alkali metal atoms (Li, Na, K) on aluminum nitride and boron 

nitride nanocages; a density functional theory study, Journal of Molecular Liquids 259 (2018) 249-

259. 

[54] A. Shokuhi Rad, Study on the surface interaction of Furan with X12Y12 (X=B, Al, and Y=N, P) 

semiconductors: DFT calculations, Heteroatom Chemistry 27 (2016) 316-322. 

[55] A. Shokuhi Rad, K. Ayub, Coordination of nickel atoms with Al12X12 (X = N, P) nanocages 

enhances H2 adsorption: A surface study by DFT, Vacuum 133 (2016) 70-80. 

[56] A. Shokuhi Rad, K. Ayub, DFT Study of Boron trichloride adsorption on the surface of Al12N12 

nanocluster, Molecular Physics 115 (2017) 879-884. 

[57] A. S. Rad, K. Ayub, Adsorption of thiophene on the surfaces of X12Y12 ( X=Al, B, and Y=N,P) 

nanoclusters; A DFT study, Journal of Molecular Liquids 238 (2017) 303–309. 

[58] M. Zalazar, P. Gurman, J. Park, D. Kim, S. Hong et al., Integration of piezoelectric aluminum 

nitride and ultrananocrystalline diamond films for implantable biomedical microelectromechanical 

devices, Appl. Phys. Lett. 102 (2013) 104101. 

[59] K. Ikejima, W. Qu, R.F. Stachlewitz, R.G. Thurman, Kupffer cells contain a glycine-gated 

chloride channel, American Journal of Physiology-Gastrointestinal and Liver Physiology 272(6) 

(1997) G1581-G1586. 

[60] W. Qin, J. Feng, Y. Li, Z. Lin, B. Shen, De novo design TNF-α antagonistic peptide based on the 

complex structure of TNF-α with its neutralizing monoclonal antibody Z12, Journal of biotechnology 

125(1) (2006) 57-63. 

[61] M.W. Schmidt, K.K. Baldridge, J.A. Boatz, S.T. Elbert, M.S. Gordon, J.H. Jensen, S. Koseki, N. 

Matsunaga, et al., J. Comput. Chem. (11) (1993) 1347. 

[62] R.D. Dennington, T.A. Keith, J.M. Millam, (2008) GaussView 5.0.8, Gaussian. 

[63] M. Walker, A.J. Harvey, A. Sen, C.E. Dessent, Performance of M06, M06-2X, and M06-HF 

density functionals for conformationally flexible anionic clusters: M06 functionals perform better than 

B3LYP for a model system with dispersion and ionic hydrogen-bonding interactions, The Journal of 

Physical Chemistry A 117(47) (2013) 12590-12600. 

[64] M. Kazemi, A.S. Rad, Sulfur mustard gas adsorption on ZnO fullerene-like nanocage: quantum 

chemical calculations, Superlattices and Microstructures 106 (2017) 122-128. 

[65] W.-Q. Deng, X. Xu, W.A. Goddard, New alkali doped pillared carbon materials designed to 

achieve practical reversible hydrogen storage for transportation, Physical review letters 92(16) (2004) 

166103. 

[66] M. Karelson, T. Tamm, M.C. Zerner, Multicavity reaction field method for the solvent effect 

description in flexible molecular systems, The Journal of Physical Chemistry 97(46) (1993) 11901-

11907. 

[67] T. Lu, F. Chen, Multiwfn: a multifunctional wavefunction analyzer, J. Comput. Chemi. 33 (2012) 

580-592. 

[68] G.M. Morris, R. Huey, W. Lindstrom, M.F. Sanner, R.K. Belew, D.S. Goodsell, A.J. Olson, 

AutoDock4 and AutoDockTools4: Automated docking with selective receptor flexibility, Journal of 

computational chemistry 30(16) (2009) 2785-2791. 

[69] H. Mirzaei, M. Shokrzadeh, S. Emami, Synthesis, cytotoxic activity and docking study of two 

indole-chalcone derivatives, Journal of Mazandaran University of Medical Sciences 27(154) (2017) 

12-25. 

[70] H. Mirzaei, M. Keighobadi, S. Emami, An overview of anticancer chalcones with apoptosis 

inducing activity, Journal of Mazandaran University of Medical Sciences 26(146) (2017) 254-268. 

[71] M.D. Esrafili, R. Nurazar, Efficient dehydrogenation of formic acid using Al12N12 nanocage: A 

DFT study, Superlattices and Microstructures 75 (2014) 17-26. 

[72] J. Beheshtian, A. Ahmadi Peyghan, Z. Bagheri, Selective function of Al12N12 nano-cage towards 

NO and CO molecules, Computational Materials Science 62 (2012) 71-74. 

[73] K. Ayub, Transportation of hydrogen atom and molecule through X12Y12 nano-cages, 

International Journal of Hydrogen Energy 42 (2017) 11439-11451. 

[74] S. Munsif, K. Ayub, Permeability and storage ability of inorganic X12Y12 fullerenes for lithium 

atom and ion, Chemical Physics Letters 698 (2018) 51-59. 

[75] Q. Wang, Q. Sun, P. Jena, Y. Kawazoe, Potential of AlN Nanostructures as Hydrogen Storage 

Materials, ACS Nano 3 (3) (2009) 621-626. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



[76] C.-K. Yang, Exploring the interaction between the boron nitride nanotube and biological 

molecules, Computer Physics Communications 182(1) (2011) 39-42. 

[77] T. Roman, W.A. Diño, H. Nakanishi, H. Kasai, Glycine adsorption on single-walled carbon 

nanotubes, Thin Solid Films 509(1-2) (2006) 218-222. 

[78] C. Chen, B. Muhammad , P. Urbankowski, B. Anasori , L. Miao, J. Jiang and Y. Gogotsi, Effect 

of glycine functionalization of 2D titanium carbide (MXene) on charge storage, J. Mater. Chem. A, 

2018,6, 4617-4622. 

[79] M.S. Hoseininezhad-Namin, P. Pargolghasemi, S. Alimohammadi, A.S. Rad, L. Taqavi, 

Quantum chemical study on the adsorption of metformin drug on the surface of pristine, Si-and Al-

doped (5, 5) SWCNTs, Physica E: Low-dimensional Systems and Nanostructures 90 (2017) 204-213. 

[80] M.K. Hazrati, Z. Javanshir, Z. Bagheri, B24N24 fullerene as a carrier for 5-fluorouracil anti-

cancer drug delivery: DFT studies, Journal of Molecular Graphics and Modelling 77 (2017) 17-24. 

[81] D. Farmanzadeh, M. Keyhanian, Computational assessment on the interaction of amantadine 

drug with B12N12 and Zn12O12 nanocages and improvement in adsorption behaviors by impurity Al 

doping,Theoretical Chemistry Accounts 11 (2019) 138. 

[82] N. Abdolahi, P. Singla, A. Soltani, M. Javan, M. Aghaei, F. Heidari, S. Sedighi, Gold decorated 

B12N12 nanocluster as an effective sulfasalazine drug carrier: A theoretical investigation, Physica E 

124 (2020) 114296. 

[83] E. Mathan Kumar, S. Sinthika, R. Thapa, First principles guide to tune h-BN nanostructures as 

superior light element based hydrogen storage material: Role of bond exchange spillover mechanism, 

J. Mater. Chem. A 3 (2015) 304-313. 

[84] F. Azimi, E. Tazikeh-Lemeski, Effects of Cl2 adsorption over the optical and electronic 

properties of Al12N12 and Al12CN11 fullerenes: Density functional theory study, Physica E 103 (2018) 

35-45. 

[85] W. Lei, H. Zhang, Y. Wu, B. Zhang, D. Liu, S. Qin, Z. Liu, L. Liu, Y. Ma, Y. Chen, Oxygen-

doped boron nitride nanosheets with excellent performance in hydrogen storage, Nano Energy, 2014, 

6, 219-224. 

[86] H. Yamashita, K. Fukui, S. Misawa, S. Yoshida, Optical properties of AlN epitaxial thin films in 

the vacuum ultraviolet region, Journal of Applied Physics 50(2) (1979) 896-898. 

[87] M. Niu, G. Yu, G. Yang, W. Chen, X. Zhao, X. Huang, Doping the alkali atom: an effective 

strategy to improve the electronic and nonlinear optical properties of the inorganic Al12 N12 nanocage, 

Inorganic chemistry 53(1) (2013) 349-358. 

[88] M.T. Baei, E.T. Lemeski, A. Soltani, DFT study of the adsorption of H2O2 inside and outside 

Al12 N12 nano-cage, Russian Journal of Physical Chemistry A 91(8) (2017) 1527-1534. 

[89] N. Abdolahi,M. Aghaei, A. Soltani, Z. Azmoodeh, H. Balakheyli, F. Heidari, Adsorption of 

celecoxib on B12N12 fullerene: spectroscopic and DFT/TD-DFT study, Spectrochim. Acta A Mol. 

Biomol. Spectrosc. 204 (2018) 348-353. 

[90] A. Soltani, M. Bezi Javan, M.T. Baei, Z. Azmoodeh, Adsorption of chemical warfare agents over 

C24 fullerene: effects of decoration of cobalt, J. Alloy. Comp. 735 (2018) 2148-2161. 

[91] Y. Arshad, S. Khan, M. A. Hashmi and K. Ayub, Transition metal doping: a new and effective 

approach for remarkably high nonlinear optical response in aluminum nitride nanocages, New J. 

Chem 42 (2018) 6976-6989 

[92] M.T. Baei, A. Soltani, P. Torabi, S. Hashemian, Al12N12 nanocage as potential adsorbent for 

removal of acetone from environmental systems, Monatsh Chem 146 (2015) 891-896. 

[93] M.T. Baei, A. Soltani, S. Hashemian, H. Mohammadian, Al12N12 nanocage as a potential sensor 

for phosgene detection, Can. J. Chem. 92 (2014) 605-610. 

[94] Y. Arshad, S. Khan, M..A. Hashmi, K. Ayub, Transition metal doping: a new and effective 

approach for remarkably high nonlinear optical response in aluminum nitride nanocages, New J. 

Chem. 42 (2018) 6976-6989. 

[95] Z. Ji, R. Santamaria, I.L. Garzón, Vibrational circular dichroism and IR absorption spectra of 

amino acids: a density functional study, The Journal of Physical Chemistry A 114(10) (2010) 3591-

3601. 

[96] S. Kumar, A.K. Rai, V. Singh, S. Rai, Vibrational spectrum of glycine molecule, Spectrochimica 

Acta Part A: Molecular and Biomolecular Spectroscopy 61(11-12) (2005) 2741-2746. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



[97] M. Zaka, B.H. Abbasi, S. Durdagi, Novel tumor necrosis factor-α (TNF-α) inhibitors from small 

molecule library screening for their therapeutic activity profiles against rheumatoid arthritis using 

target-driven approaches and binary QSAR models, Journal of Biomolecular Structure and Dynamics 

37(9) (2019) 2464-2476. 

[98] E.C. Gong, S. Chea, A. Balupuri, N.S. Kang, Y.W. Chin, Y.H. Choi, Enzyme Kinetics and 

Molecular Docking Studies on Cytochrome 2B6, 2C19, 2E1, and 3A4 Activities by Sauchinone, 

Molecules, 23 (2018) 555-570. 

 

 

  
Jo

ur
na

l P
re

-p
ro

of

Journal Pre-proof



Declaration of Competing Interest Statement 

 

☒ The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be 

considered as potential competing interests:  

 

 

 

 

 

  

Mehrdad Aghaei
a
, Mohammad Ramezani Taghartapeh

b
, Masoud Javan

c
, Mir Saleh 

Hoseininezhad-Namin
d,e

, Hassan Mirzaei
f
, Ali Shokuhi Rad

f
, Alireza Soltani

a,∗,Nafiseh 

Abdolahi
a,
**, Andrew Ng Kay Lup

g
, Vahid Khori

h
, Peter J. Mahon

b
, Fatemeh Heidari

a
,  

 

a
Golestan Rheumatology Research Center, Golestan University of Medical Science, Gorgan, Iran 

b
Department of Chemistry and Biotechnology, Swinburne University of Technology, Hawthorn, 

VIC 3122, Australia 

c
Department of Physics, Faculty of Sciences, Golestan University, Gorgan, Iran 

d
Biotechnology Research Center, Tabriz University of Medical Sciences, Tabriz, Iran 

e
Students Research Committee, Tabriz University of Medical Sciences, Tabriz, Iran 

f
Department of Chemical Engineering, Qaemshahr Branch, Islamic Azad University, Qaemshahr, 

Iran 

g
School of Energy and Chemical Engineering, Xiamen University Malaysia, Jalan Sunsuria, 

Bandar Sunsuria, 43900 Sepang, Selangor Darul Ehsan, Malaysia 

h
Ischemic Disorders Research Center, Golestan University of Medical Sciences, Gorgan, Iran 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Author contributions 

AS designed the study and conceived the calculations with the help of MR and analyzed the 

results and prepared the manuscript with the help of MA, MSHN, ASR, PM, and ANKL. 

HM, FH, and VK helped in molecular docking and their analysis. All authors contributed 

toward data analysis, drafting and critically revising the paper, gave final approval of the 

version to be published, and agree to be accountable for all aspects of the work. 

 

 

 

 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Graphical abstract 

 

 

 

 

 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Highlights 

● Glycine adsorption on Al12N12 and Al16N16 fullerene-like cages are studied using DFT. 

● Al12ON11 displays strong tendency towards the adsorption of carboxyl from the molecule.  

● Glycine adsorption on Al12ON11 increases adsorption energy and dipole moment.  

● Molecular docking analysis showed that the Al12N12/Gly and the Al12ON11/Gly complexes 

have a good binding affinity with protein tumor necrosis factor alpha. 
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