
Letters in Applied NanoBioScience 
Open-Access Journal (ISSN: 2284-6808) 

 https://nanobioletters.com/  1 of 9 

 

Article 

Volume 14, Issue 4, 2025, 241 

https://doi.org/10.33263/LIANBS144.241 

 

Computational Design of [SiO–GeO] and [SiO–SnO] 

Nanoclusters for Alkaline Earth Metal Ion Transport 

Fatemeh Mollaamin 1,*  

1 Department of Biomedical Engineering, Faculty of Engineering and Architecture, Kastamonu University, Kastamonu, 

Turkey 

* Correspondence: fmollaamin@kastamonu.edu.tr; 

Received: 16.06.2025; Accepted: 1.11.2025; Published: 20.12.2025 

Abstract: In this article, the promising alternative alkaline earth metals of beryllium-ion, magnesium-

ion, and calcium-ion are discussed. This paper reports the transport pathway for Mg2+–Be2+ and Mg2+–

Ca2+ hybrid ions. Functionalizing of Mg, Be, Ca atoms can augment the negative atomic charge of O2, 

O3, O7–O12, O14, O15, O17, O18, O22–O27, O29, O30 in Mg2+Be2+[SiO–GeO], Mg2+Ca2+[SiO–

GeO], Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–SnO] nanoclusters. Improving the thermoelectric 

efficiency of such materials is achieved by simultaneously increasing the electrical conductance (G) 

within the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) gap. The electronic states of carbon sites in [SiO–SnO] near the valence band have an electron 

acceptor character, while metal ion sites have an electron donor character. The current study aims to 

delve deeper into several aspects of this molecular entity, including describing its structure and mode 

of operation at the atomic level, understanding its molecular and functional diversity, and examining 

the consequences of its malfunction due to structural alterations. Finally, the future trends of [SiO–

GeO] or [SiO–SnO] in the biological field, along with the challenges encountered in realizing these 

technologies, are illustrated. 

Keywords: bio-interface; electronic states; Mg2+–Be2+ ; Mg2+–Ca2+; ion transport; Si–Ge/Sn oxide; 

density of states. 
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1. Introduction 

While prominently represented in the environment, lithium ions are not essential 

cofactors in biological systems. In contrast, sodium, potassium, calcium, and magnesium are 

essential cofactors in multiple biological systems, while others, such as iron, zinc, and copper, 

play roles in specific systems [1–5]. Thus, lithium ions appear to have been isolated from being 

incorporated as an essential element during the evolution of increasingly complex biological 

systems [6–10]. The targeted delivery of therapeutics to internal organs, for example, promotes 

healing or apoptosis and holds promise in the treatment of numerous diseases. Currently, the 

prevailing delivery modality relies on circulation; however, this modality has substantial 

efficiency, safety, and/or controllability limitations [11–15].  

Nanomaterials with distinctive structures are being investigated for their potential in 

electrocatalysis, fuel cells, and energy-saving applications [16–19].  
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Engineered noble-metal nanomaterials possess tunable optical, electrical, and 

biocompatible properties, making them excellent tools for probing the nanobio interface. 

Understanding their interactions with biomolecules, cells, and tissues at the nanobio interface 

is crucial for designing these nanomaterials for biomedical applications. The related action 

mechanisms include the kinetic and thermodynamic processes of the nano-bio-interface, the 

driving forces for its formation, and the chemical reactions at the nano-bio-interface. Finally, 

the future trends of noble metal nanomaterials in the biological field and the challenges 

encountered in realizing these technologies are discussed [20]. 

This investigation wants to delve into the feasibility of alkaline earth metal cations 

delivery by [SiO–GeO] or [SiO–SnO] nanocluster through formation of Mg2+Be2+[SiO–GeO], 

Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–GeO], or Mg2+Ca2+[SiO–SnO] complexes. Therefore, 

the physico-chemical properties of the mentioned heteroclusters. Regarding this context, [SiO–

GeO] or [SiO–SnO] nanocluster was modeled with hybrid alkaline earth metal cations of 

Mg2+/Be2+/Ca2+ as cathode materials for comparison. Following in-depth characterization, 

samples were measured for their performance correlated with chemical composition variations 

to evaluate their potency for the first time in Mg2+–Be2+ and Mg2+–Ca2+-batteries. This work 

provides the first DFT-based evaluation of mixed SiO–GeO/SnO nanoclusters for the 

coordination of alkaline earth ions and their electronic properties. The objectives of this article 

are to elucidate the intriguing properties associated with the nano-bio-interface of [SiO–GeO] 

or [SiO–SnO], provide a brief overview of these clusters in advancing nanobiomedicine, and 

assess their potential as functional components in biomedical applications. 

2. Materials and Methods 

This study aims to transport alkali metal ions of Mg2+, Be2+, Ca2+ by [SiO–GeO] or 

[SiO–SnO] nanocluster towards formation of Mg2+Be2+[SiO–GeO], Mg2+Be2+[SiO–SnO], 

Mg2+Ca2+[SiO–GeO] or Mg2+Ca2+[SiO–SnO] complexes (Figure1 a,b,c,d) which can increase 

the ion transfer in human cells. Figures 1(a,b,c,d) show alkaline earth metals-based 

nanoclusters of Mg2+Be2+[SiO–GeO], Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–GeO], and 

Mg2+Ca2+ [SiO–SnO], which can enhance the ion delivery in body cells, transistors, or other 

semiconducting devices. In this research article, calculations were performed at the "CAM–

B3LYP–D3" level of theory. Dispersion forces were considered under the "DFT-D3" method 

of Grimme with Becke–Johnson damping with multiplicity of +1 and convergence on RMS 

density matrix=1.00D-08 and convergence on MAX density matrix=1.00D-06 [21–24].  

 
Figure 1. Delivery of Mg2+, Be2+, Ca2+ in the body cell by [SiO–(GeO/SnO)] nanoclusters and formation of (a) 

Mg2+Be2+[SiO–GeO]; (b) Mg2+Ca2+[SiO–GeO]; (c) Mg2+Be2+[SiO–SnO]; (d) Mg2+Ca2+ [SiO–SnO] complexes. 
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The analysis of Bader charge parameter [25] has been illustrated for H2-captured hybrid 

clusters of Mg2+Be2+[SiO–GeO], Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–SnO] and Mg2+Ca2+ 

[SiO–SnO] due to Gaussian 16 revision C.01 [26] and GaussView 6.1 program [27] 

(Figure1a,b,c,d).  

 (Ge/Sn)-containing SiO nanocluster as anodes/cathodes in magnesium batteries 

provides several potential Mg ion storage ways in a stable [SiO–(GeO/SnO)] anode material, 

increased electrical conductivity from Ge/Sn, and surface area from the nanocluster 

morphology.  

3. Results and Discussion 

3.1. Charge density differences analysis. 

In Figures 2(a,b,c,d), charge density differences (CDD) [28] have been shown for 

Mg2+Be2+[SiO–GeO], Mg2+Ca2+[SiO–GeO], Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–SnO] 

nanoclusters with the vibration in the district about –12 to +6/+10 Bohr. Moreover, the 

elements of O2, O3, O7–O12, O14, O15, O17, O18, O22–O27, O29, O30 from Mg-based 

alloys of Mg2+Be2+[SiO–GeO], Mg2+Ca2+[SiO–GeO], Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–

SnO] have displayed the vibration about –12 to +6/+10 Bohr (Figures 2a,b,c,d).  

 
 

  
Figure 2. CDD graphs for (a) Mg2+Be2+[SiO–GeO]; (b) Mg2+Ca2+[SiO–GeO]; (c) Mg2+Be2+[SiO–SnO];  

(d) Mg2+Ca2+ [SiO–SnO], nanoclusters.  

 

The charge distribution has been illustrated by Mg2+Be2+[SiO–GeO], Mg2+Ca2+[SiO–

GeO], Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–SnO] nanoclusters (Tables 1 and 2). 

Functionalizing of Mg, Be, Ca atoms can augment the negative atomic charge of O2, O3, O7–

O12, O14, O15, O17, O18, O22–O27, O29, O30 in Mg2+Be2+[SiO–GeO], Mg2+Ca2+[SiO–

GeO], Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–SnO] nanoclusters.  

Electronic metal–carbon interaction plays a fundamental role in tuning the 

electrocatalytic behavior of the metal active phase. The basis of the metal–nonmetal interaction 
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is the presence of topological and structural defects, as well as the heteroatom functional group 

silicon, which breaks the perfect symmetry of a graphene layer, providing preferential 

nucleation and growth sites for metal nanoparticles and a single metal site. As shown in Figure 

2, the electronic states of carbon sites in [SiO–SnO] near the valence band exhibit an electron-

acceptor character, whereas metal-ion sites exhibit an electron-donor character. 

Table 1. The atomic charge (Q/coulomb) for Mg2+Be2+[SiO–GeO], Mg2+Be2+[SiO–GeO].H2, Mg2+Ca2+[SiO–

GeO], Mg2+Ca2+[SiO–GeO].H2 nanoclusters. 

Mg2+Be2+[SiO–GeO] Mg2+Ca2+[SiO–GeO] 

Atom Q Atom Q 

O2 –0.67 O2 –0.68 

O3 –0.83 O3 –0.83 

O7 –0.67 O7 –0.67 

O8 –0.85 O8 –0.84 

O9 –0.81 O9 –0.82 

O10 –0.96 O10 –1.23 

O11 –0.83 O11 –0.83 

O12 –1.01 O12 –1.02 

O14 –0.75 O14 –0.78 

O15 –0.77 O15 –0.77 

O17 –0.63 O17 –0.63 

O18 –0.80 O18 –0.78 

O22 –0.68 O22 –0.69 

O23 –0.79 O23 –0.79 

O24 –0.91 O24 –1.18 

O25 –0.80 O25 –0.81 

O26 –0.98 O26 –0.98 

O27 –0.83 O27 –0.81 

O29 –0.74 O29 –0.80 

O30 –0.73 O30 –0.72 

Mg31 1.28 Mg31 1.25 

Be32 0.98 Ca32 1.73 

Table 2. The atomic charge (Q/coulomb) for Mg2+Be2+[SiO–SnO], Mg2+Be2+[SiO–SnO].H2, Mg2+Ca2+[SiO–

SnO], Mg2+Ca2+[SiO–SnO].H2 nanoclusters. 

Mg2+Be2+[SiO–SnO] Mg2+Ca2+[SiO–SnO] 

Atom Q Atom Q 

O2 –0.6719 O2 –0.6895 

O3 –0.8351 O3 –0.8320 

O7 –0.6886 O7 –0.6830 

O8 –0.8536 O8 –0.8450 

O9 –0.8227 O9 –0.8304 

O10 –0.9564 O10 –1.2393 

O11 –0.8390 O11 –0.8324 

O12 –1.0083 O12 –1.0091 

O14 –0.7749 O14 –0.8001 

O15 –0.7646 O15 –0.7757 

O17 –0.8062 O17 –0.7944 

O18 –0.8870 O18 –0.8719 

O22 –0.8309 O22 –0.8107 

O23 –0.8919 O23 –0.8810 

O24 –0.9885 O24 –1.2527 

O25 –0.9185 O25 –0.9201 

O26 –1.0596 O26 –1.0678 

O27 –0.9570 O27 –0.9403 

O29 –0.8873 O29 –0.9249 

O30 –0.8926 O30 –0.8887 

Mg31 1.1567 Mg31 1.1344 

Be32 0.9065 Ca32 1.7117 
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3.2. Total density of states. 

In an isolated system, the energy levels are discrete, and the concept of "density of 

states (DOS)" is supposed in this situation through the "Multiwfn" program [29,30]. 

Furthermore, the curve map of "broadened partial DOS (PDOS)" and "overlap DOS (OPDOS)" 

is valuable for visualizing orbital composition analysis. The curve is the "TDOS" simulated 

based on the distribution of "MO" energy levels. Mg2+Be2+[SiO–GeO], Mg2+Ca2+[SiO–GeO], 

Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–SnO] (Figures 3a,b,c,d) have shown the steepest 

maximums TDOS surrounding –0.30, –0.40, and –0.60 a.u. owing to covalent bond between 

Mg2+/Be2+ and Mg2+/Ca2+ with [SiO–(GeO/SnO)] nanocluster with maximum density of state 

of ≈ 22. 

 

 

  
Figure 3. OPDOS/PDOS/TDOS graphs of (a) Mg2+Be2+[SiO–GeO]; (b) Mg2+Ca2+[SiO–GeO];  

(c) Mg2+Be2+[SiO–SnO]; (d) Mg2+Ca2+[SiO–SnO], nanoclusters. 

 

Fragment 1 has been defined for O9 to O12, Si13, O24 to O27 and Ge28, Mg2+31/X32 

(Y=Be2+, Ca2+) in Figure 3 (a–d). Fragment 2 has indicated the fluctuation of Si1, Si4, and Si6 

beside the similar involved atoms of Fragment 1 in Figure 3. Finally, it was considered the 

fluctuation of Ge16/Sn16, Ge19/Sn19 to Ge21/Sn21, O17, O18, O22, O23, O29, O30 in 

Figure3 (a–d) through Fragment 3. 

3.3. Localized orbital locator analysis. 

Localized orbital locator (LOL) [31] has a similar expression compared to "electron 

localization function (ELF)" [32]. In addition, the "Multiwfn" program [29,30] supports the 

approximate version of "LOL" defined by "Tsirelson and Stash" [33]. Delivery of alkaline earth 

metal cations by Mg2+Be2+ [SiO–GeO], Mg2+Ca2+ [SiO–GeO], Mg2+Be2+ [SiO–SnO], 

Mg2+Ca2+ [SiO–SnO] nanoclusters (Figure 4a,b,c,d) might be described by LOL graphs using 

Multiwfn program [29,30] due to the delocalization/localization of electrons and chemical 

bonds (Figure 4a,b,c,d). 

Mg2+Be2+[SiO–GeO] (Figure 4a), Mg2+Ca2+[SiO–GeO] (Figure 4b), Mg2+Be2+[SiO–

SnO] (Figure 4c), Mg2+Ca2+[SiO–SnO] (Figure 4d) have demonstarted the electron 

delocalization through an isosurface map with labeling atoms of O10, O12, Si13, O24, O26, 

Ge28 or Sn28, X(31)(X=Mg2+), Y(32) (Y=Be2+ or Ca2+).  
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Figure 4. The shaded map of LOL graphs for (a) Mg2+Be2+[SiO–GeO]; (b) Mg2+Ca2+[SiO–GeO];  

(c) Mg2+Be2+[SiO–SnO]; (d) Mg2+Ca2+[SiO–SnO], nanoclusters. 

 

Improving the thermoelectric efficiency of such materials is achieved by 

simultaneously increasing the electrical conductance (G) within the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) gap (Table 3).  

Table 3. Stability energy (kcal/mol), dipole moment (debye), LUMO (eV), HOMO(eV), and energy gap (∆E) 

(eV) for Mg2+Be2+[SiO–GeO], Mg2+Ca2+[SiO–GeO], Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–SnO] heteroclusters. 

Heteroclusters 
Es×10-3 

(kcal/mol) 

Dipole moment 

(debye) 

EHOMO 

(eV) 

ELUMO 

(eV) 

∆E=ELUMO –EHOMO 

(eV) 

Mg2+Be2+[SiO–GeO] –976.91 3.45 –5.74 –5.18 0.56 

Mg2+Ca2+[SiO–GeO] –990.58 0.98 –5.52 –4.94 0.58 

Mg2+Be2+[SiO–SnO] –975.28 7.44 –5.24 –4.65 0.59 

Mg2+Ca2+[SiO–SnO] –988.95 6.35 –5.08 –4.43 0.64 

 
Figure 5. The changes of stability energy (Es×10-3/kcal.mol-1) versus dipole moment (D/debye) for Mg2+Be2+ 

[SiO–GeO], Mg2+Ca2+[SiO–GeO], Mg2+Be2+[SiO–SnO]and Mg2+Ca2+[SiO–SnO]nanoclusters (Table 3). 
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Furthermore, the stability energy versus dipole moment for interaction between Mg-, 

Be-, Ca- cations and [SiO–GeO] or [SiO–SnO] heterocluster has been indicated in Figure 5.  

4. Conclusions 

Delivery of alkaline earth metal cations of Mg2+, Be2+, or Ca2+ in the body cells by 

heterocluster of [SiO–GeO] or [SiO–SnO] towards formation of Mg2+Be2+[SiO–GeO], 

Mg2+Ca2+[SiO–GeO], Mg2+Be2+[SiO–SnO], Mg2+Ca2+[SiO–SnO] complexes was studied by 

computational method. Computational design can be used to establish a surface-state model of 

the interaction between [SiO–(GeO/SnO)] clusters and ion transfer in the body, ensuring safety 

and effectiveness. Therefore, future research should pay more attention to theoretical 

simulations to accurately and in-depth study nanobiointeractions, paving the way for safe and 

effective biomedical applications of the bio-interface of [SiO–(GeO/SnO)] clusters. 
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