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Abstract

:

Glycine (Gly), as one of the fundamental components of biomolecules, plays a crucial role in functional biomolecular coatings. The presence of structural defects and hydroxyl-containing functional groups in magnesium (Mg) materials, which are commonly used as biomedical materials, significantly affects their biocompatibility and corrosion resistance performance. This study computationally investigates the influence of vacancy defects and hydroxyl groups on the adsorption behavior of Gly on Mg(0001) surfaces. All potential adsorption configurations are considered through first-principles calculations. The findings indicate that stronger chemisorption occurs when Gly is positioned at the edge of the groove, where the surface has a vacancy defect concentration of 1/3. Among the four adsorption locations, the fcc-hollow site is determined to be the most favorable adsorption site for hydroxyl. The adsorption energy of Gly on the Mg(0001) surface containing the hydroxyl (−1.11 eV) is 0.05 eV more than that of on the Mg(0001) surface (−1.16 eV). The adsorption energies, electronic properties, charge transfer, and stable configurations are calculated to evaluate the interaction mechanism between Gly and defective surfaces. Calculated results provide a comprehensive understanding of the interaction mechanism of biomolecules on defective Mg surfaces and also indicate the directions for future experimental research.
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1. Introduction


The initial reactions of biological magnesium (Mg) alloy materials in the physiological environment of the human body depend on their surface properties [1,2,3,4,5]. Surface modification is one of the most commonly used methods to regulate the interaction between biomaterials and internal tissues, improving the biocompatibility and corrosion resistance of Mg alloys [6,7,8,9,10,11,12]. The optimal treatment and disease diagnosis are achieved through this method to better adapt to physiological environments and provide required clinical performance requirements.



Investigating the interaction between material surfaces with different microstructures and biomolecules has important clinical applications. It is difficult to obtain the perfect crystal surface with atoms arranged regularly and completely due to the influence of atoms (or ions and molecules), the formation conditions of crystals, cold or hot processing, and some crystal defects [13,14,15]. Crystal defects are mainly divided into vacancy defects, line defects, and surface defects according to the geometric characteristics, and common vacancy defects mainly include vacancy, interstitial particles, and foreign particles. Han et al. used the first-principles calculation method based on density functional theory and found that the presence of vacancy defects enhances the reaction activity of the Mg(0001) surface and reduces the diffusion barrier of hydrogen on the surface [16]. The calculated results by Zhou et al. through the first-principles calculation indicate that the addition of transition metals on the Mg surface makes a strong interaction between the transition metals and Mg atoms, and the diffusion process of the transition metal atoms is difficult to produce due to the higher potential barrier [17].



For the study of the adsorption of hydroxyl on the surface of Mg, the results of Williams et al. reported that the adsorption of hydroxyl on the surface of Mg is relatively stable in a neutral environment with a pH value of 7. The stable adsorption of hydroxyl reduced the work function of the Mg surface, which will be beneficial for the hydrogen release process [18]. Yuwono et al. found that the stability of the Mg surface is related to the concentration of hydroxyl adsorbed. A certain concentration of hydroxyl adsorbed on the Mg surface decreases the surface work function, which is conducive to the progress of chemical reactions [19]. Zhou et al. calculated the different bromine coverage on the Mg(0001) surface and found that the adsorption is most stable at the fcc-hollow site with the bromine coverage being 0.25–1.00 ML, and the adsorption energy decreases, and the work function increases with the increase of the coverage [20]. Li et al. modified the metal surface state by doping, introducing defects, or adsorbing other radicals to prompt the hydride formation and revealed the nature of this phenomenon in the Mg corrosion via the first-principles calculation [21].



Amino acids, as the fundamental units of proteins, are interesting adsorbents for studying the interaction between biomolecules and solid surfaces [22]. These organic molecules exhibit various charges, polarities, water interactions, and proton exchanges. A common feature is that they are composed of an amino group and a carboxyl group, but there is a unique functional group in the side chain. They are the fundamental units of complex biological molecules containing peptides and proteins. Gly is one of the basic components of biological molecules and a nonessential amino acid that exists in neutral and zwitterionic forms. A single carbon molecule is linked to an amino and a carboxyl group, making it the simplest amino acid among all amino acids [23,24]. The investigation of the surface structure and properties of Gly and biomaterials is not only a significant subject in the fields of life sciences and medicine but also a crucial scientific matter in the domains of chemistry, materials science, and the pharmaceutical industry [25,26,27,28,29,30]. Kumar et al. optimized the adsorption geometries of Gly and suggested covalent bonding between N and O atoms of the molecules and the surface Cu-atoms [24]. Madden et al. [31] carried out both experimental and computational investigations to shed light on the adsorption behavior of glycine on this specific Cu(311) surface and found that Gly adsorbs onto Cu(311) with the nitrogen atom and one or two oxygen atoms of the carboxylic acid group bonding to copper atoms in an adjacent row. These simulations helped explain the specific bonding arrangements observed in the experimental results.



The adsorption and reactivity of Gly on Mg and Mg-based alloy surfaces, as well as the interaction mechanism between biomolecules and different Mg surfaces, were investigated in our previous work [32,33,34,35]. In the present work, the influence of surface vacancy defects concentration (1/36, 1/6, 1/3, and 1/2) and hydroxyl on the adsorption characteristics of Gly on the Mg(0001) surface was systematically investigated and discussed based on the density functional theory (DFT). Our theoretical studies help us propose scenarios for the adsorption mechanism of Gly/Mg(0001) and elucidate their dependence on different surface vacancy concentrations. The anticipated computational results will provide a better understanding of the reactivity of Mg-defected crystal surfaces and hydroxyl groups during the adsorption process of glycine. This understanding will facilitate the design of Mg surfaces with enhanced performance.




2. Computational Methods


All DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) with the projector-augmented wave (PAW) method to characterize the interaction between ions and valence electrons [36,37,38]. The exchange-correlation function was dealing with GGA-PBE [39]. Dion et al. [40] and Klimeŝ et al. [41,42,43] have proposed the local van der Waals density functional scheme for the van der Waals contributions. Calculations of the present work were performed by the optB86b-vdW method [44]. The plane wave cut-off energy was set to 400 eV to describe the valance electrons. Six atomic layer thicknesses with four vacancy defect concentrations of 1/36, 1/6, 1/3, and 1/2 were chosen as the surface model, and the bottom two layers of Mg atoms were fixed throughout the optimization. The concentration of four vacancy defects is primarily distributed in the topmost atomic layer of the surface model. The bottom two layers of Mg atoms were fixed throughout the optimization with the vacuum of 20 Å, and the optimized glycine molecule was placed above the Mg(0001) surface. The ground state convergence criterion was set to 10−5 eV, and all atoms were allowed to fully relax until the Hellmann-Feynman forces were smaller than 0.02 eV/Å during the geometry optimization process.



The calculation of the adsorption energy (Eads) of Gly on different substrates is as follows:


    E   a d s   =   E   m o l   +   E   s u b   −   E   m o l + s u b    



(1)




where Emol, Esub, and Emol+sub represent the total energy of the optimized Gly, the energy of different substrates, and the energy of the stable adsorption systems, respectively.




3. Results and Discussion


Gly is primarily composed of an amino group and a carboxyl group, making it the simplest structure in the amino acid sequence. The interaction between amino acids and the surface mainly includes van der Waals and electrostatic interactions, and surface charges significantly affect the adsorption of amino acids [7]. The optimized structure of Gly is shown in Figure 1a, and the bond lengths of C1-N1, C2-O1, and C2-O2 are 1.45 Å, 1.21 Å, and 1.36 Å, respectively. The hexagonal close-packed crystal structure of Mg is depicted in Figure 1b, and the optimized lattice parameters of the bulk hcp Mg are a = b = 3.188 Å and c = 5.193 Å, which are in good agreement with the experimental results (a = b = 3.210 Å, c = 5.213 Å) [45] as well as the previously calculated results (a = b = 3.193 Å, c = 5.185 Å) [46]. For the adsorption of the isolated hydroxyl, four adsorption sites (bridge, top, fcc-hollow, and hcp-hollow sites) on the Mg(0001) surface are shown in Figure 1c.



3.1. Adsorption of Gly on the Mg(0001) Surfaces with Different Defect Concentrations


The isolated adsorption behavior of Gly on the Mg(0001) surface was reported earlier, and the strongest interaction occurs when the amino and carboxyl groups in glycine adsorbed on the Mg(0001) surface simultaneously, according to the calculated results [32]. The electronic structural properties of the Mg surface are altered by the presence of a vacancy defect in the optimized defect-free cleaved Mg(0001) surface. In this study, the adsorption behavior of Gly on the Mg(0001) surface with four different surface vacancy defect concentrations (1/36, 1/6, 1/3, and 1/2) was investigated to establish a correlation between the electronic properties of Gly and the surfaces. The optimized surfaces of four energetically significant configurations with varying vacancy defect concentrations (1/36, 1/6, 1/3, and 1/2) are illustrated in Figure 2.



As reported in Ref. [32] regarding the adsorption of Gly on the Mg(0001) surface, it is important to note that the N atom in the amino group and the O atom in the carboxyl group primarily interact with the surface Mg atoms. The coordination covalent bonds formed between N-Mg and O-Mg contribute to stronger interactions. To investigate the adsorption behavior of Gly on surfaces with vacancy defects, the adsorption energies of Gly on the Mg surface were calculated at the four different vacancy defect concentrations mentioned above. The adsorption energies of Gly on the Mg surface after reaching a stable adsorption state are listed in Table 1, and the adsorption configurations of Gly on the Mg(0001) surface are depicted in Figure 3.



The presence of defects has an impact on the electronic structure properties of the surface, which in turn affects the adsorption process of Gly. According to the calculated adsorption energy using Equation (1) in Table 1, it is observed that the presence of a single atomic vacancy defect on the Mg(0001) surface, as indicated by the arrow in Figure 3a, results in an adsorption energy of −1.17 eV for Gly on this surface. In comparison to the adsorption energy of Gly on the defect-free Mg(0001) surface (−1.16 eV), the presence of a vacancy defect with a concentration of 1/36 slightly influences the adsorption energy of Gly, resulting in an adsorption energy of −1.17 eV. Figure 3b illustrates the optimized adsorption configuration of Gly on the Mg(0001) surface with a vacancy defect concentration of 1/6. In this configuration, the adsorption energy is −1.26 eV, indicating a higher stability compared to the adsorption on the Mg(0001) surface with a vacancy defect concentration of 1/36.



For the adsorption of Gly on the Mg(0001) surface with a defect concentration of 1/3, the optimized adsorption configurations are shown in Figure 3c,d. Considering the adsorption near and at the edge of the groove, the calculated Eads are −1.27 eV and −1.40 eV, respectively. In comparison to the other cases shown in Figure 3, the configurations presented in Figure 3c,d exhibit higher Eads. Among the six different adsorption configurations, the most stable configuration is observed when Gly is adsorbed at the edge of the groove. Considering defect surfaces with a vacancy defect concentration of 1/2, the adsorption of Gly near the edge and at the bottom of grooves was investigated. The optimized results for these adsorption configurations are depicted in Figure 3e,f, and the calculated Eads are −1.25 and −1.15 eV, respectively. When Gly was adsorbed at the bottom of the vacancy defect groove, its adsorption energy was nearly equivalent to that on the surface of a defect-free Mg(0001) surface.



From the calculated results, the adsorption configuration of Gly at the edge of the grooved Mg(0001) surface with the vacancy defect is the most stable adsorption structure. The sharing of electrons from the adsorbent to the surface of Mg(0001) leads to a decrease in the length of the interaction bond to its optimal distance, resulting in an increase in the adsorption interaction energy. The optimized bond lengths of N1-Mg, O1-Mg, and O2-Mg in the adsorption systems shown in Figure 3 are approximately 2.19–2.23 Å, 1.94–1.95 Å, and 2.04–2.07 Å, respectively. These optimized bond lengths in Figure 3 are in close agreement with the sum of the covalent radii (2.11 and 2.09 Å) of nitrogen (0.75 Å) and oxygen (0.73 Å) atoms with the Mg (1.36 Å) atom, as reported in Ref. [47]. This agreement between the calculated bond lengths and the expected values is consistent with the results presented in Ref. [48].




3.2. Effect of Hydroxyl on the Adsorption of Gly on the Mg(0001) Surfaces


Under physiological conditions, the surfaces of Mg and Mg alloys are susceptible to hydroxylation, resulting in the formation of hydroxyl (hydroxide anion) on their surfaces. This hydroxyl presence has an impact on the binding properties of biomolecular coatings to these surfaces. To investigate the adsorption behavior of Gly on the Mg(0001) surface with hydroxyl, it is essential to determine the most stable position of the hydroxyl on the Mg(0001) surface. The optimized adsorption configurations of the hydroxyl at the four adsorption sites’ (bridge, top, fcc-hollow, and hcp-hollow sites, as shown in Figure 1c) on the Mg(0001) surfaces are displayed in Figure 4. The calculated Eads of the four adsorption cases by Equation (1) are depicted in Table 2.



According to the optimized adsorption configurations of hydroxyl on the Mg(0001) surface in Figure 4 and the calculated Eads by Equation (1) in Table 2, it can be seen that the Eads of hydroxyl on the Mg(0001) surface for the four adsorption sites (bridge, top, fcc-hollow, and hcp-hollow sites) are −5.4581, −5.4569, −5.5010, and −5.5004 eV, respectively. The fcc-hollow site is the most favorable adsorption site among the four adsorption locations. Therefore, a Mg surface model with the hydroxyl adsorbed on the fcc-hollow site was selected as the surface for the adsorption of Gly. A hydroxylated Mg(0001) surface differs from the defect-free surface by the presence of a hydroxyl group (OH) that obtains some electrons from the surface. The optimized stable adsorption structure of Gly on the hydroxylated Mg(0001) surface, along with the selected bond lengths, is shown in Figure 5. The calculated Eads of Gly on the Mg(0001) surface containing the hydroxyl is −1.11 eV, which is 0.05 eV more than the adsorption energy of Gly on the defect-free Mg(0001) surface (−1.16 eV) [32]. The presence of an additional OH group on the Mg(0001) surface leads to a slight decrease in the adsorption energy of Gly adsorption configurations. The sharing of electrons from the hydroxyl group to the Mg surface affects the overall binding energy between Gly and the Mg(0001) surface. This electron sharing leads to a decrease in the adsorption energy of Gly adsorption configurations.



Based on the calculated results, it is observed that the adsorption of Gly on the hydroxylated Mg(0001) surface is accompanied by the release of a considerable amount of charge and energy. In the process of hydroxyl adsorption, some electrons are obtained from Mg atoms on the surface, resulting in corresponding changes in the electronic structure properties of the surface. After stable adsorption, the interaction between the Mg(0001) surface containing hydroxyl and Gly is weakened. The bond lengths of O1-Mg, O2-Mg, and N-Mg are 1.95, 2.05, and 2.23 Å, respectively, which are close to the theoretical bond lengths for forming covalent bonds [47], and this result is also in good agreement with the results in Ref. [48].




3.3. Electronic Properties of Gly on Different Mg(0001) Surfaces


In this section, the interaction mechanism between orbitals during the formation of Gly and the defected/hydroxylated Mg(0001) surfaces was explored. As the results of previous sections suggest, the favorable adsorption structure of Gly at the edge of the groove in the defected adsorption system was focused. To analyze the electronic properties, the projected density of states (PDOS) of the Gly adsorption configurations on the mentioned substrates was examined. Specifically, the orbitals of the covalently bonded atoms before and after the adsorption were analyzed, as depicted in Figure 6.



The calculated results in Figure 6 reveal that the electron localization of the binding atoms in isolated Gly decreases, and new peaks of the binding Mg atoms emerge after adsorption, in contrast to the results obtained before adsorption. A new peak overlap was observed between the N and Mg atoms at −4.30 eV in Figure 6e,f, which suggests the formation of a covalent bond between these atoms. This is evident from the shaded areas in the figure, where the PDOS curves of N and Mg atoms overlap, indicating the sharing of electrons and the formation of a chemical bond. The O1 atom that binds to the Mg atom on the surface exhibits overlapping peaks at −5.20 eV and −8.22 eV in Figure 6e,g. This indicates the formation of new covalent bonds between O1 and Mg. The shaded regions in the figure demonstrate this overlap, suggesting the sharing of electrons and the formation of chemical bonds between the O1 and Mg atoms. Indeed, it can be observed that the p-state electron localization of O1 is weakened after the surface adsorption of Gly, as compared to the results of Gly on the vacancy defect surface before adsorption. This can be seen in the PDOS curves of O1 in Figure 6g,h, where the peaks corresponding to the p-states of O1 become less pronounced after the adsorption of Gly on the Mg(0001) surface. This suggests a redistribution of electron density and a weakening of the electron localization of O1 upon adsorption. Overlapping peaks of O2 and Mg atoms appear at the positions of −3.00 and −5.00 eV, indicating that O2 forms a new bond with surface Mg atoms, as depicted in the shaded areas in Figure 6e,h. According to the bond length values of each stable adsorption configuration in Figure 3, the bond lengths of N-Mg and O-Mg are close to the theoretical bond length of the covalent bond formed by them. The binding reason is mainly that the N in the amino group and the O in the carboxyl group share the lone pair electrons with the surface Mg atoms. Therefore, a coordination covalent bond is also formed between them when the defective Mg surface adsorbs Gly.



Further, the PDOS of Gly on the Mg(0001) surface with the hydroxyl adsorbed is plotted, as shown in Figure 4. This is an important process as hydroxylated Mg surfaces are very common on biomimetic coating surfaces.



One significant observation is the distinct downward displacement of the sp states of N and O in Figure 7. This indicates that the adsorption of Gly onto the hydroxylated Mg(0001) surface leads to a substantial reduction in electron localization within Gly. This considerable weakening of electron localization arises from the strong interaction that occurs between the N and O atoms of Gly and the surface. New peaks of N1-Mg atoms appear at the positions of −4.02, −6.21, and −8.10 eV in Figure 7e,f. At the same time, the O1 and Mg atoms exhibit new overlapping peaks at the positions of −3.80 and −4.10 eV, and the broadening range of O1 increases. This is mainly caused by the strong interaction between the p-orbital electrons of O1 and the s- and p-orbital electrons of the Mg surface atoms, as shown in the shaded regions in Figure 7e,g. The overlapping peaks of O2-Mg in Figure 7e,h appear at −3.80 and −4.20 eV, respectively.



The presence of overlapping peaks in the observed regions implies the formation of a novel chemical bond between Gly and the Mg surface atoms. The bonding process is mainly caused by the sharing of electrons between N and O atoms and Mg surface atoms. The bond lengths of N1-Mg, O1-Mg, and O2-Mg are close to the theoretical bond lengths for N/O and Mg to form a covalent bond. Therefore, Gly binds to the Mg surface containing defect/hydroxyl through coordinating covalent bonds.





4. Conclusions


In conclusion, the DFT calculations with the optb86b-vdw dispersion correction were utilized to investigate the impact of surface vacancy defects and hydroxyl on the adsorption characteristics of Gly on the Mg(0001) surface. All the possible adsorption configurations have been taken into account, and the interaction mechanism of Gly on different surface vacancy defect concentrations was also analyzed. Based on our analysis, the conclusions can be drawn as follows:




	
In the case of vacancy defects with varying concentrations, the most favorable adsorption mode of Gly on the Mg(0001) surface was found to involve the formation of coordination covalent bonds between the amino and carboxyl groups of Gly and the surface Mg atoms. Computational analysis revealed that the presence of defects facilitated a stronger adhesion of Gly to the surface compared to the defect-free surface. Specifically, the most stable configuration was observed when Gly was adsorbed at the edge of the grooved vacancy defect surface, with a defect concentration of 1/3.



	
Among the four adsorption sites, the fcc site is the most favorable adsorption site for the hydroxyl group. The adsorption of the hydroxyl group alters the electronic structure properties of the Mg(0001) surface, causing some electrons to transfer from the Mg(001) surface to the hydroxyl group, resulting in a slight decrease in the adsorption energy of Gly.



	
Different concentrations of vacancy defects can improve the adsorption of glycine on the Mg(0001) surface. The presence of the hydroxyl functional group weakens the adsorption of glycine on the Mg(0001) surface. These findings offer a theoretical foundation for the development of amino acid-based bio-coatings on material surfaces.
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Figure 1. (a) Optimized structure of Gly. (b) The crystal structure of Mg. (c) Four adsorption sites (bridge, top, fcc-hollow, and hcp-hollow sites) on the surface of Mg(0001). 
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Figure 2. (a–d) provide side views, and (e–h) show top views of four different Mg(0001) surfaces with varying vacancy defect concentrations of (a) 1/36, (b) 1/6, (c) 1/3, and (d) 1/2. The Mg-S notation indicates the Mg atoms in the second layer. 
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Figure 3. (a–f) are stable adsorption configurations of Gly on the Mg(0001) surfaces with the defect concentration of 1/36, 1/6, 1/3, 1/3, 1/2, and 1/2, respectively. Mg-F and Mg-S represent Mg atoms in the first and second layers, respectively. 
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Figure 4. (a–d) correspond to the structures of hydroxyl adsorbed on the top, bridge, fcc, and hcp sites of Mg(0001) surface, respectively. The Mg-F and Mg-S labels indicate the Mg atoms in the first and second layers, respectively. 
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Figure 5. The optimized adsorption configuration of Gly on the hydroxylated Mg(0001) surface. The bond lengths (in Å) are also listed, and Mg-F and Mg-S represent Mg atoms in the first and second layers, respectively. 
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Figure 6. (a–d) are the PDOS of binding Mg atoms of the Mg(0001) surface, N1, O1, and O2 atoms of Gly before the adsorption; (e–h) are the PDOS of the corresponding atoms after adsorption, respectively. The Fermi level is set at 0 eV. 
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Figure 7. The PDOS of Gly on the hydroxylated Mg(0001) surface. (a–d) are the PDOS of Mg, N1, O1, and O2 atoms before adsorption, respectively; (e–h) are the PDOS of the corresponding atoms after adsorption, respectively. 
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Table 1. Adsorption energies of Gly on different vacancy defect concentrations of Mg(0001) surfaces.
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Adsorption Energy

	
Vacancy Defect Concentrations




	
1/36

	
1/6

	
1/3

	
1/2






	
Eads (eV)

	
−1.17

	
−1.26

	
−1.27; −1.40

	
−1.25; −1.15











 





Table 2. Adsorption energies of hydroxyl on the Mg(0001) surfaces.
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Adsorption Energy

	
Adsorption Site of Hydroxyl




	
Bridge

	
Top

	
Fcc-Hollow

	
Hcp-Hollow






	
Eads (eV)

	
−5.4581

	
−5.4569

	
−5.5010

	
−5.5004
















