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Abstract 

Network glass structures are commonly characterized by the network formers and their 

linkage but modifier can play an important role on various features of glass structures as well. In 

this work, we investigated the effect of cation field strength of common modifier cations with 

large difference of cation field strength on the structures of aluminoborosilicate glasses by 

performing molecular dynamics simulations with recently developed potentials. It was found that 

modifier cations with higher cation field strength such as Mg2+ significantly reduced the fraction 

of four-fold coordinated boron; suggesting cations with higher field strength favor non-bridging 

oxygen (NBO) generation in the silicate network and are less effective for charge compensation. 

The findings from our MD simulations are compared with the results from NMR and Raman 

spectroscopy studies as well as other MD simulations. Insights of the cation field strength effect 

on glass structures and the structural role of Mg2+ ions are gained from these simulations results 

and discussions.  

 

Introduction 

Multicomponent borosilicate and aluminoborosilicate glasses are of great significance in 

industrial and technological applications. First invented by the German glassmaker Otto Schott 

in 19th century, the use of borosilicate glasses started from kitchenware, thermometer but later 

expanded to sealing glasses, insulation fiber, heat and chemical resistant containers 1–7. This 

family of glasses has also gained significant interest because of their applications in 

biomedicine1,8 and nuclear waste immobilization9–16. The chemical durability and mechanical 
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properties of borate-glasses can further be enhanced by the introduction of Al2O3 in the 

borosilicate matrices therefore giving rise to aluminoborosilicate glasses 17–19. The structures of 

oxide glasses consist of network made up of glass former oxides such as SiO2, B2O3, and P2O5 

that form the backbone of the glass, while the modifier oxides such as alkali and alkali earth 

oxides break up the network and form non-bridging oxygen (NBO)20. Depending on the glass 

formation theory, the glass former oxides have higher cation-oxygen single bond strength or 

higher cation field strength than the modifier oxides. Some oxides such as alumina and lead have 

single bond strength or cation field strength between the former or modifier oxides. These oxides 

are called intermediate and these can play the role either as a former or modifier depending on 

the glass compositions. When modifiers are added to silicate glasses, they depolymerize the 

silicon-oxygen network made up of SiO4 tetrahedrons by breaking the Si-O-Si linkages and 

formation of NBOs. The addition of modifier to borate or borosilicate glasses lead to conversion 

of three-fold coordinated boron ([3]B) to four-fold coordinated boron ([4]B) and instead of 

creating NBOs the modifier cations serve as local charge compenstator to negative charged [4]B 

groups21. The non-linear change of boron coordination as a function of modifier addition is 

known as boron anomaly which reflected in several properties such as density, glass transition 

temperature, and elastic moduli and was confirmed to be due to boron coordination change by 

solid state NMR22–25. Addition of modifiers to aluminosilicate glasses have similar effect: 

modifier cations initially serve as charge compensators to negatively charged [4]Al units instead 

of creation of NBOs. The effect of addition of modifiers to aluminoborosilicate glasses becomes 

more complicated as there exist a competition of [4]Al and [4]B for modifier cations for charge 

compensation21,26–30. It is generally believed that modifier cations first charge compensate [4]Al 

then [4]B, but the exact nature is still need to be studied. The simple picture of a modifier cation 

to either serve as a charge compensator or to create NBOs is further complicated by observations 

that cations with different field strength can behave differently in modifying the aluminosilicate 

or boroaluminosilciate network structures. For example, as compared to Na2O and CaO, due to 

the smaller ionic radius and consequently higher field strength Mg2+, some consider MgO plays 

the role of an intermediate, i.e. can be a modifier or former depending on the glass 

composition.31 MgO is also considered to affect the aluminosilicate31 and borosilicate32 network 

structure differently as compared to other modifier cations. Despite these observations, the exact 

nature of these changes is still not clear. The goal of this work is to use a set of well-designed 
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aluminoborosilicate glass compositions with various mixing of the modifiers with different field 

strength to understand their structural role in these network glass structures.  

When multiple glass formers and modifiers are present in a system, each element tends to 

compete for certain preferred site and coordination state to lower the total free energy of the 

system. Cation field strength (CFS) is one of the most important factors which control this 

ordering process in the glass, as shown CFS as a way to classify oxides as formers, intermediate 

or modifiers33. One common definition of CFS is the ratio of the formal charge of the cation to 

the cation-oxygen bond distance squared. It is observed that, cations with higher field strength 

tend to promote the formation of five-fold coordinated Al and three-fold coordinated B21,32–35. By 

performing NMR study on series of Mg, Ca, Sr, Ba, K, Na containing aluminoborosilicate 

glasses, Yamashita et al. 36 reported that, for a given Al/B ratio, cations with higher field strength 

(greater charge to radius ratio) result in rising amount of NBOs and a reduce in the boron N4. As 

a consequence of cation field strength, mixed modifier effect (MME) becomes operational 37,38. 

MME it can be defined as the non-linear variation of glass properties with gradual substitution of 

certain metal ions 39. These glass properties are associated with the ionic mobility of different 

pairs such as alkali/alkali, alkali-alkaline earth or alkaline earth/alkaline earth 38. Wu and 

Stebbins 28,33 linked the rise of NBOs to the conversion of boron coordination through the 

structural reaction: 

[4]B ↔ [3]B + NBO   (1) 

When there is a higher content of the modifier, this equilibrium shifts to the right to avoid 

formation of linkages such as [4]B-O-[4]B which are energetically less favorable. These increased 

NBOs dilute the glass network and stabilize the cation with higher field strength in the melt.  

Magnesium oxide is a common compounds in silicate-melts of magma40,41. It is also used 

in bioactive glass for bone repair owing to its ability to early stage apatite formation and to 

generate contact with living tissue42,43. Glass properties such as viscosity, glass transition 

temperature, mechanical and chemical durability can be altered by the presence of MgO in the 

glass matrix44,45. The role of Mg2+ ions in the glass matrix depends largely on the glass 

composition. It is generally considered as a glass modifier, but there are several studies 

suggesting its role as an intermediate46–49. Along with its complex nature in the glass matrix, it 

interacts with other various cations differently. As a result, these systems are not easily 
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understood. Therefore, studies are yet to be performed to establish link among the different 

phenomena occurring in such systems.  

Atomistic simulation methods such as molecular dynamics (MD) simulations is an 

effective tool in investigating the structures and structure-property relations of multicomponent 

oxide glass systems, given there are well developed interatomic potentials50. Recent active 

developments have led to several available interatomic potentials for the simulations of 

borosilicate and aluminborosilicate glasses 51–55. Some of these potential sets adopted the idea of 

composition dependence boron charges and/or parameters to describe boron coordination change 

with composition while others adopt a fixed charge and parameter approach. Comparative 

studies of number of such potentials to evaluate their effectiveness have been established30,56. In 

this work, a series of aluminoborosilicate glasses with fixed glass former percentage but different 

mixing of modifier cations with different field strength have been studied using MD simulations 

with the recent developed composition dependent partial charge potentials52. The obtained results 

are compared with experimental findings from NMR and Raman spectroscopy32, as well as with 

results from other MD simulations35 to discuss the effect of CFS on the glass structures and the 

structural role of MgO in these glasses.  

 

Methodologies and Simulation Details 

Classical molecular dynamics (MD) simulations are used to study the structures of a series 

of borosilicate glasses designed with mixing of various modifier cations. The interatomic 

interactions among the atoms are described by the Born model of solids. They consist of short-

range interactions in the Buckingham form and long-rage Coulombic interaction term with 

partial atomic charges. The total energy of the system can be expressed in Eq.2.  

V (rij) =
𝑍𝑖𝑍𝑗𝑒2

4𝜋ɛ𝑜𝑟𝑖𝑗
 + Aijexp(-rij/ρij) − Cij/rij

6   (2) 

Where rij stands for the interatomic distance between two ions i and j; e is electric charge, ε0 is 

the permittivity of vacuum, A, ρ, and C are the different parameters for Buckingham term. In the 

Coulombic part of the potential, partial but constant charges of the ions are applied to better 

describe the partial covalent-ionic nature of the chemical bonds present in these systems. Table 1 

lists the partial charges of the ions and the Buckingham term related parameters, where the A 

parameter for the B-O interaction is composition dependent52,57. This set of composition 
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dependent boron potential has shown to be able to reproduce boron coordination change in wide 

composition ranges30. Additionally, there are compatible parameters for all the oxides including 

MgO52,58, which led us to use this set of potential in our MD simulations. To predict correct 

trajectories and melt structure at high temperature, there is a correction term at short interatomic 

distances were included in this potential set 59. This empirical potential has been successfully 

used in diverse multi-component glass systems and efficiently derived the structures and 

properties 30,60–66.  

MD simulations were performed to generate the glass structures with compositions shown 

in Table 2 with a simulated melt and quench process by using the DL_POLY 2.20 software 

package developed by Smith and Forester at Daresbury Laboratory UK67. For short range 

interactions, the cut-off distance remained to be 8 Å. Long-range interactions were calculated 

using Ewald summation method where a relative precision of 1x10-6 and a cut-off distance of 10 

Å were used. The equations of motion were integrated by Verlet Leapfrog algorithm with a time 

step of 1fs. To generate the initial glass structure, atoms were put in a cubic box randomly which 

is called simulation cell. In this work, each simulation cell contains ~10,000 atoms with such an 

initial box dimension to replicate the theoretical densities of the corresponding glass 

compositions. These initial configurations were then subjected to a simulated melt-quench 

process 68. In this process, each randomly generated initial glass structure was energy minimized 

at 0K and relaxed at 300K followed by a heating up to 6000K to obtained fully liquefied uniform 

melt. The molten glass was then cooled down under a combination of constant volume-

temperature (NVT) and constant volume-energy ensemble with a nominal cooling rate of 5K/ps. 

When the glass-melt reaches 300K, simulated glass structures were subjected to isobaric and 

isothermal step (NPT) to release any pressure. At the final temperature (300K) and pressure (1 

atm), for every 50 configurations of the last 40,000 steps the trajectory was recorded and this 

MD simulated final structure was used to do the short- and medium-range structure analysis of 

the glasses. The structural analysis such as the pair distribution functions (PDF), coordination 

number (CN),bond angle distribution (BAD) and Qn distribution were performed adopting the 

method described by Deng and Du29. The cut-off distances for different pairs used in process of 

analysis were determined from the value of the first minima in the plots of partial total 

correlation functions.  
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Results 

Partial total correlation functions and bond distances 

Partial total correlation functions (T(r) = 4𝜋𝑟𝜌(𝑟), 𝜌(𝑟) 𝑖𝑠 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦) of the 

cation-oxygen pairs in the N8M19 glass composition are shown in Figure 1 as characteristic of 

the simulated glass series. The peak position of each of the plot indicates the bond distance of the 

corresponding cation-oxygen pairs. The bond distances of different cation-oxygen pairs are 

presented in Table 3 and these values are quite close to the respective experimental findings for 

most of the cation-oxygen pairs. Si-O peak is narrow and intense designates a well-defined 

silicon tetrahedron with its peak located around 1.61Å. This value is similar to the ones obtained 

by X-ray absorption spectra of silicate glass by Greaves et al.69 and with other MD simulations 

and ab initio findings 30,70. Al-O bond distances is ~1.77Å which is also close to the value 

obtained by EXAFS and XANES study of alkali aluminosilicate glasses by McKeown et al.71 

and MD simulations of aluminoborosilicate and aluminophosphate glasses30,66. B-O peak can be 

deconvoluted to two peaks – the peak at shorter distance (~1.41Å) indicates three-coordinated 

boron, [3]B and the peak at longer distance (~1.52Å) is resulted from four-coordinated boron, 

[4]B. Both of these values for in accordance with the findings from neutron diffraction of alkali 

borate melts72 and simulations of borosilicate and aluminoborosilicate glasses 52. Na-O bond 

distance varies from 2.40Å to 2.47Å depending on the glass compositions and similar results are 

obtained from experimental methods73,74. Mg-O bond distance is around ~1.97Å most of the 

glasses which is lower than the value (~2.00Å) obtained by X-ray diffraction outcome of 

Guignard and Cormier48. On the other hand, Ca-O bond distance is found to be 2.41Å which is 

an overestimation of the experimental results (2.32-2.36Å) from X-ray diffraction of calcium 

aluminosilicate glasses75,76. 

Glass former cations coordination and local environments 

Oxygen coordination state of the glass forming elements captures one of the most 

important short-range structure information of the glass matrix. Coordination number can be 

calculated by integrating the first peak of partial pair distribution function and can be formulated 

as∫ 4𝜋𝑟2𝜌(𝑟)𝑑𝑟
𝑟𝑐

0
. The cut-off value, rc for each pair can be obtained from the first minima of 

the corresponding T(r) curve. The average coordination numbers of the glass formers (Si, Al, and 

B) are listed in Table 4. For Si, Al, B, the cut-off values were taken to be 2.25 Å, 2.35 Å, and 
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1.85 Å respectively. Throughout the entire series, silicon is observed to be four-fold coordinated 

which indicates the tetrahedral glass forming units of silicon. This is similar to the finding from 

X-ray absorption and X-ray diffraction spectra of silicate rich glasses 64,69. Average coordination 

of aluminum is ~4 similar to the observation from NMR and EXAFS studies21,73 but there are 

five- and six-fold aluminum as listed in Table 5. However, the amount of five-fold coordinated 

aluminum does not follow any particular trend. In contrast to N19M8, N19C8 produces more 

amount of [5]Al+[6]Al species. NMR studies show that Al3+ in glasses of this series is mostly 4-

fold coordinated except N0M12 which has 16% 5-fold and 6% 6-fold coordination.32 MD 

simulations in this work thus were able to reproduce aluminum coordination in most 

compositions except N0M12, which has no Na2O but 12 mol% MgO. Higher field strength of 

Mg2+ cations forces both Al3+ to higher coordination numbers.32 Although boron coordination 

can be well reproduced in our simulations as shown below, the discrepancy between MD and 

experiment of aluminum coordination for N0M12 suggest the potential need improvement, 

especially in describing compositions without alkali oxides.  

The average coordination of boron varies from 3.45 to 3.00 decreasing systematically with 

increasing Mg concentration in the glasses (from N26M0 to N0M12) (Table 4). Hence, there is a 

decrease in the four-coordinated boron with increasing Mg to Na substitution. Again, when 

compared between N19M8 and N19C8 glass compositions (Table 6), decrease in the four-

coordinated boron is greater in Mg containing glass (~29.11%) than the Ca containing glass 

(~38.72%). These findings are similar to the previously conducted NMR studies by Wu and 

Stebbins 34, Bisbrouck et al.32 and also by Backhouse et al.78. Therefore, with higher field 

strength of the modifier cation, boron N4 is decreasing (Na>Ca>Mg). 

A comparison of the boron N4 obtained by MD simulations using two different potential 

sets developed by Deng and Du52and Wang et al.53, Yun, Dell and Bray (YDB) model22,23, and 

NMR study by Bisbrouck et al.32 are summarized in Table 7. It can be observed that, there are 

fairly large differences between to two sets of potentials in terms of boron N4 values. It is worth 

mentioning, Deng and Du’s potential was developed with composition dependent boron related 

parameter whereas Wang et al.’s potential has fixed parameters. When plotted against 

MgO/[MgO+Na2O] ratio (Figure 2) along with the NMR results, boron N4 obtained from the 

simulations using Deng and Du’s potential better agreement with experimental data. On the other 

hand, MD simulations with Wang et al. potential set35 significantly overestimate boron N4 in all 
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 pg. 8                                                  M.I. Tuheen, J. Du, Int. J. Appl. Glass Sci.  (2022). https://doi.org/10.1111/ijag.16599    

the glass compositions by 20-30% as compared to NMR results. Furthermore, it is worth noting 

that modified YDB model for aluminoborosilicate glasses29,79 predicts constant boron N4 values 

for several of the compositions (Table 7) as the model assumes all alkali earth or alkali oxide 

modifier have the same effect of charge compensation and to convert [3]B to [4]B. (The boron N4 

value from YDB model calculated in ref.35 show large variations, which might be due to wrong 

assumptions for compositions with alumina). This assumption is incorrect as found in recent 

NMR studies21,32. However, although the composition dependent potential change B-O potential 

parameter based on YDB model, the potential was able to distinguish the effect of cations with 

different cation field strength. For example, for compositions with MgO to Na2O substitution, the 

boron N4 from simulations of this work show continuous decreases, consistent with NMR 

results32.  

Bond angle distribution (BAD) is important short-range structure information. Figure 3 

shows the bond angle formed inside glass forming polyhedrons. The peak position of O-Si-O 

BAD is around 108.7º which is similar to the value obtained by X-ray diffraction of amorphous 

and vitreous silica 23,80. The BAD of O-Al-O shows peak at around 107.1º which is in accordance 

with the experimental findings from aluminosilicate and gallosilicate solidates81. Both of the 

values of O-Si-O and O-Al-O bond angle are close to optimal tetrahedral angle and indicate 

tetrahedral sites. BAD of O-Si-O is narrower and sharper than O-Al-O due to the higher field 

strength of Si4+ than Al3+ ion. In case of O-Al-O BAD, there is a shoulder around 90º for the 

N0M12 glass compositions. For O-B-O BAD, it consists of two peaks. The smaller angle peak is 

around 109.9º which results from the tetrahedrally connected four-fold coordinated boron ([4]B) 

and the larger angle at around 120º occurs for triangular three-fold coordination ([3]B).With 

increasing Mg in the glass composition (from N26M0 to N0M12), the peak intensity of 

tetrahedral boron ([4]B) lessens consistently indicating the decline in boron N4. When compared 

between N19M8 and N19C8, M19C8 has higher intensity of tetrahedral boron than N19M8 

which is also consistent with the trend of boron N4 reported in Table 6. 

 

Local environment around the glass modifier cations  

Figure 4 shows the bond angle distribution (BAD) of the glass modifiers with neighboring 

oxygen. The BAD of O-Na-O, O-Mg-O, O-Ca-O all have two peaks each– the smaller angle 

peak is resulted from the sharing of oxygen atoms within the same polyhedron, on the other hand 

https://doi.org/10.1111/ijag.16599
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the larger angle occurs due to the sharing of non-bridging oxygen (NBO) atoms from two 

different polyhedrons82. Table 8 lists the average oxygen coordination of the glass modifiers. The 

average coordination number of Na is ~6.72. The average coordination number of Mg is ~ 4.21 

and it increases with increasing Mg in the structure but least value is obtained in the simple 

ternary glass, A0B0. Figure 5 shows the distribution of the oxygen coordination around Mg ions 

in the simulated glass series. It can be observed that, more than half of the Mg is four-fold 

coordinated and rest of these ions are of three-, five-, and six-fold coordination. Tetrahedral Mg 

is in highest amount in ternary A0B0 glass composition whereas from N19M8 to N0M12, 

percentage of tetrahedral Mg decreases regularly with increasing amount of MgO in the 

structure. The coordination number of Ca is around 6.67 in the glass composition N19C8. 

 

Oxygen speciation and glass former Qn distribution 

Non-bridging oxygen is the dangling oxygen which does not link two glass forming 

polyhedrons and it forms a weak bond between the glass former and modifier. On the contrary, 

bridging oxygen atoms make connection between two glass forming polyhedrons such as [SiO4] 

or [AlO4] etc. Percentages of non-bridging (NBO), bridging (BO), and tri-bridging oxygen 

(TBO) are listed in Table 9. The obtained values from this work are also compared to the NMR 

results reported by Bisbrouck et al.32. Percentage of NBO is in very much well accordance with 

the NMR result. In case of both of the methods, NBO increased with increasing Mg in the glass 

composition from N26M0 to N0M12.  

Table 10 shows the Qn distribution of the silicon network structure of the simulated glass 

compositions. It can be used to analyze the glass network structure. By the notation Qn, it is the 

average number of bridging oxygen to a glass forming polyhedron that is referred. From N26M0 

to N8M19 glass composition, a broader distribution of silicon Qn can be observed with majority 

of Q4 species and rest of these to be Q2 and Q3 species. In these compositions, percentage of Q4 

is not highly altered by the change in MgO or with MgO/[SiO2+Al2O3+B2O3] ratio (Figure 6a). 

In N0M12 glass composition, there is a dramatic increase in the Q4 species which is also evident 

from the oxygen speciation in Table 9. There is a higher amount of Q4 in N19C8 than in N19M8 

but overall Qn species are not significantly affected by substitution of Mg to Ca (Figure 6b). 

Highest extent of depolymerization can be observed in the simple ternary glass A0B0. The high 
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amount of Si Q4 in N0M12 is mainly due to the composition difference as it has higher alumina 

and boron oxide content as compared to other glass compositions (Table 2). 

 

Discussions 

1. General structure features of multicomponent borosilicate glasses 

Molecular dynamics simulation is an effective tool to model and analyze the structures of 

multicomponent glasses. Success of any simulation methods is dependent on the choice of 

appropriate potential set. Thanks to recent active development from several groups around the 

world, there are several potential sets available to make the simulations of borosilicate and 

aluminoborosilicate glasses possible29,53,70,83–85. In this work, we have simulated seven glass 

compositions with varying Na+, Mg2+, and one with Ca2+, while the aluminoborosilicate glass 

network components remain fixed to investigated the effect of the modifier field strength on the 

network and other structure features. The recently developed partial charge composition 

dependent boron potential52 was used for the simulations of this work due to the fact that 

compatible potential parameters for all the oxides including MgO have been developed and the 

potential set has shown good accuracy to reproduce the boron coordination change in wide 

composition ranges30,70. It is worth noting that our earlier study has shown the structural features 

and properties of borosilicate are indeed system size and cooling rate dependent86. In this study, 

a relatively large system size of around 10,000 atoms and a typical cooling rate of 5K/ps were 

chosen for MD simulations of the glass compositions. The effect of the cation field strength was 

studied in terms of the change in coordination of the glass formers specially boron N4 and also 

on different short- and medium-range structure features. The results from our simulations are 

compared with those from recent experimental (NMR)32 and simulations35. The results show that 

the oxygen coordination of Si4+ remained four-fold coordinated, not affected by the composition 

change. The average coordination number of Al3+ is close to four for all composition. There are 

small amount of five- and six-fold coordinated aluminum as well but, when compared to 

experimental data32, especially for the compositions with high amount of MgO, MD simulations 

showed less five- and six-fold coordinated Al3+. The average coordination of boron varied with 

glass composition and with increasing CFS, the fraction of boron N4 decreased. MD simulation 

results of this work are in good agreement with experiments for boron N4 (Figure 2 and Table 

7)32. Another recent work used fixed parameter potentials which significantly overestimate the 
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boron N4 as compared to the experiments (shown in Figure 2), confirming our choice of the 

potential for this study. The effect of CFS on boron coordination can also be observed from the 

change in peak intensity of O-[3]B-O, O-[4]B-O in Figure 3. Among the glass network modifiers, 

we had Na, Mg and Ca in the studied glass. Na-O and Ca-O bond distances are quite close but 

Mg-O has a shorter bond distance than these two due to the lower coordination number of Mg2+ 

ions.  

 

2. Effect of cation field strength on boron coordination 

Cation field strength can be calculated from the cation-oxygen bond distance from MD 

simulations or Shannon effective ionic radii based on the coordination from MD. Two definition 

of cation field strength (CFS) are frequently used in the literature: one is based on the cation 

formal charge to cation-oxygen bond distance squared (Eq. 3) and named as CFS. The other one 

is based on the ratio of cation formal charge and the ionic radius of the cation, which is named as 

CFS1 (Eq. 4).  

CFS = 
𝑍𝑀

(𝑟𝑀−𝑂 )2  (3) 

CFS1 =  
𝑍𝑀

𝑟𝑀
 (4) 

In which 𝑍𝑀 is the formal charge of the cation, rM-O is the bond distance between cation and 

oxygen, and rM is the cation ionic radius. 

The cation field strength of common alkali and alkali earth glass modifier are calculated 

based MD simulation results of this work and those from earlier works, as well as those from the 

Shannon’s radii (shown in Table 9). The CFS calculated based on cation-oxygen bond length 

from MD and those based on Shannon’s radii (according to coordination number from MD) are 

very similar. It can be seen that despite the difference of the values of the methods, cation field 

strength essentially follows the same sequence: Mg2+> Ca2+> Li+≈ Ba2+> Na+> K+. Here, Mg2+ 

has by far the highest field strength among the common modifier cations calculated. This 

explains its strong effect on modifying the glass network structures. Ca2+ field strength is also 

fairly high, but lower than Mg2+ and higher than Na+. There is an overall decrease in the boron 

N4 with increasing CFS. As discussed above, for the studied glass compositions, CFS follows the 

sequence: Mg2+> Ca2+> Na+. CFS significantly impacted boron N4 as can be observed in Table 6. 

With increasing amount of Mg2+ in the structure, fraction of four-coordinated boron decreased. It 
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can be explained by taken into consideration of the reaction equilibria present in boron 

containing glass as shown in Eq. 1. Modifiers with higher CFS shifts this equilibria toward the 

right hand side and produces more NBOs which in turns helps the stabilization of the high field 

strength of the cations 21,34. This phenomenon can also be explained by the poorer charge 

compensating ability of the modifiers by higher CFS 32,88. Also, in these systems, modifiers with 

higher CFS tends to create more NBOs instead of low poorly charged BO which promotes the 

unfavorable linkages such as [4]B-O-[4]B, hence shift the above mention reaction toward the right 

hand side.  

The empirical potential used in this MD simulation was developed with composition 

dependent boron related parameter such as AB-O in Eq. 2 52. When compared to the fixed charge 

empirical potential, it can better reproduce the boron coordination changes with composition30. 

As shown in Table 7, calculated boron N4 values in this work are quite consistent with the NMR 

study 32 but the fixed parameter potential set by Wang et al.53overestimates the fraction of boron 

N4 quite significantly. Therefore, the composition dependent potential set52 we used can 

successfully capture the effect of CFS on the structure of these glasses. It is worth to point out 

that the current potential show some discrepancy on Al3+ coordination .  

 

3.  Mg2+ local environment and structural role of MgO 

As an alkali earth oxide, MgO is commonly considered to be a glass modifier in silicate 

glasses but for some compositions it is considered to be an intermediate therefore it behaves 

quite differently as compared to other typical modifier oxides. This in large extend is due to the 

significantly higher CFS of Mg2+as compared to other typical modifier cations such as Na+ and 

Ca2+. In aluminosilicate glasses, it was considered that MgO promote the formation of higher 

coordinated Al and change the Al and Si network mixing31. In the aluminoborosilicate glasses 

studied in this work, Mg2+ has an average coordination of around 4.2, much lower than the 

coordination number of Na+ and Ca2+ which ranges from 6 to 7 in this glass series (Table 8). The 

distribution of the coordination number in Figure 5 shows that majority (60-90% depending on 

the composition) of Mg2+ions are in four-fold coordination. The Mg-O distance is around 1.98Å 

which is also lower than the 2.3-2.4 Å of Na-O and Ca-O bond distances. As a result of this, 

MgO behaves quite differently in terms of converting [3]B to [4]B and the formation of NBOs in 

the system. It is generally believed that Mg2+ is not as good a charge compensator for 

https://doi.org/10.1111/ijag.16599
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tetrahedrally coordinated charged units such as [4]B or [4]Al, due to its high CFS. It instead 

prefers to break the Si-O-Si bond and form NBOs. Both effects led to a decrease of boron N4 in 

glasses with increasing amount of MgO to Na2O substitution as shown in Figure 2. Although the 

R and K values do not change in these glass systems, boron N4 value decreases.  The trend from 

our simulation results is good agreement with experimental results based on NMR32. Comparing 

MgO and CaO, Mg2+ is responsible for the increase in the NBOs in the glass composition from 

N19M8 to N19C8 (Table 9). The work by Backhouse et al.78 also showed that the presence of 

[4]Mg can reduce [4]B as compared to Ca2+ containing counterpart. The association of NBOs with 

Mg2+ ions is also confirmed by earlier experimental studiy32. It can be explained by the fact that, 

higher CFS of Mg2+ than Na+ or Ca2+ favors the creation of NBOs. So the results from MD 

simulations of this work suggest that Mg2+ ions have quite different local structures as compared 

to other typical modifier cations and they play different structural role, hence support the idea 

that it is an intermediate, between a modifier and a former.  

 

Conclusions 

In this work, a series of seven aluminoborosilicate glasses with varying amount of Na2O, 

MgO and CaO have been studied to understand the effect of modifier cation field strength on the 

structures of these glasses using MD simulations. A partial charge pair-wise potential set with 

composition dependent boron related parameter was successfully used to generate the glass 

structures, with results consistent with recent experimental findings. It was found that, with 

increasing CFS of the modifier cations, the average boron coordination decreases. This can be 

explained by the preference of NBOs generation by high CFS modifier cations and, at the same 

time, a lesser capability of the higher CFS cations to play the role of charge compensators of the  

tetrahedrally coordinated charged groups (e.g. [BO4]- and [AlO4]-). The results show that 

modifier CFS is an important consideration in designing glass compositions and understanding 

structure-property relations of glasses. The results also show the importance of using the suitable 

interatomic potentials to generate structures that are consistent with experiments for complex 

borosilicate and aluminoborosilicate glasses. 
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Tables: 

Table 1 Atomic charges and Buckingham potential parameters52,58 

Pairs Aij (eV) ρij (Å) Cij (eV.Å6) Bij (eV.Å6) Dij n 

O-1.2-O-1.2 2029.2204 0.343645 192.58 46.462 -0.32605 3.430 

Si2.4-O-1.2 13702.905 0.193817 54.681 28.942 -3.0250 3.949 
B1.8-O-1.2 Comp.dependent 0.171281 28.5 18.980 -4.1189 3.960 

Al1.8-O-1.2 12201.417 0.195628 31.997 51.605 -10.073 3.193 

Na0.6-O-1.2 4383.7555 0.243838 30.70 48.251 -4.7037 2.898 

Mg1.2-O-1.2 

Ca1.2-O-1.2 

7063.4907 

7747.1834 

0.2109 

0.252623 

19.210 

93.109 

54.077 

74.737 

-11.658 

-3.991 

2.842 

3.166 

 

Table 2 Glass compositions, simulation cell size, experimental32and simulated densities of the 

simulated glasses (simulation cell ~10,000 atoms) 

Glass Composition (mol %) Cell 

size 

(Å) 

Density 

Exp33 

(g/cm3) 

Density 

MD 

(g/cm3) 
  

SiO2 

 

B2O3 

 

Al2O3 

 

Na2O 

 

MgO 

 

CaO 

N26M0 51.3 14.9 7.7 26.1 - - 50.03 2.51 2.51 

N19M8 51.2 14.9 7.7 18.7 7.5 - 50.35 2.45 2.46 

N13M13 51.2 14.9 7.7 13.1 13.1 - 50.51 2.42 2.45 

N8M19 51.2 14.9 7.7 7.5 18.7 - 50.53 2.41 2.45 

N0M12 51.3 24.2 12.4 - 12.1 - 50.63 2.31 2.36 

N19C8 51.2 14.9 7.7 18.7 - 7.5 50.25 2.51 2.52 

A0B0 66.1 - - 24.2 9.7 - 51.29 2.49 2.51 

 

 

Table 3 Cation-oxygen bond distances in the simulated glass compositions and corresponding 

values from experimental methods 

Glass N26M0 N19M8 N13M13 N8M19 N0M12 N19C8 A0B0 Exp. 

Si-O 1.61 1.61 1.61 1.61 1.61 1.61 1.61 1.60-1.6169 

Al-O 1.77 1.77 1.77 1.77 1.76 1.77 - 1.7673 
[3]B-O 1.42 1.41 1.41 1.41 1.36 1.41 - 1.37-1.3872,77 
[4]B-O 1.52 1.52 1.51 1.50 - 1.51 - 1.48-1.4972,77 

Na-O 2.43 2.46 2.47 2.47 - 2.45 2.40 2.30-2.3274, 

2.56-2.6273 

Mg-O - 1.96 1.97 1.97 2.01 - 1.98 2.0048 

Ca-O - - - - - 2.41 - 2.32-2.3675,76 
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Table 4 Average oxygen coordination number of the glass formers (Si, Al, and B) 

Glass Si Al B 

N26M0 4.00 4.00 3.45 

N19M8 4.00 4.00 3.29 

N13M13 4.00 4.01 3.23 

N8M19 4.00 4.02 3.17 

N0M12 4.00 3.99 3.00 

N19C8 4.00 4.03 3.39 

A0B0 4.00 N/A N/A 

 

 

Table 5 Percentage of [4]Al, [5]Al, and [6]Al in the simulated glass series 

Glass [4]Al [5]Al [6]Al 

N26M0 99.53 0.47 0.000 

N19M8 98.89 1.07 0.001 

N13M13 99.29 0.66 0.050 

N8M19 98.69 1.31 0.000 

N0M12 96.78 1.19 0.003 

N19C8 97.67 2.17 0.159 

A0B0 N/A N/A N/A 

 

 

Table 6 Percentage of [3]B and [4]B  in the simulated glass series 

Glass [3]B [4]B 

N26M0 54.97 45.03 

N19M8 70.89 29.11 

N13M13 77.59 22.41 

N8M19 83.26 16.74 

N0M12 99.98 0.02 

N19C8 61.28 38.72 

A0B0 N/A N/A 
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Table 7 Comparison of boron N4 from this work (MD simulation and YDB), NMR study32, YDB 

from Bisbrouck et al.35 and MD simulations using fixed parameter potential35. 

Glass MD  

(This work) 

YDB 

(This work) 

NMR32 YDB35 MD - Fixed 

parameter 

potential35 

N26M0 45.0 43.1 57 72 71.6 

N19M8 29.1 42.8 37 71 64.6 

N13M13 22.4 42.8 24 36 55.6 

N8M19 16.7 42.8 7 0 48.1 

N0M12 0.0 0.0 2 0 18.8 

N19C8 38.7 42.8 46 71 69.9 

A0B0 N/A N/A N/A N/A N/A 

 

 

Table 8 Average coordination number of Na+, Mg2+, Ca2+ 

Glass 

(cut-off, Å) 

Na+ 

(3.23) 

Mg2+ 

(2.62) 

Ca2+ 

(3.16) 

N26M0 6.83 - - 

N19M8 6.78 4.17 - 

N13M13 6.91 4.22 - 

N8M19 6.92 4.24 - 

N0M12 N/A 4.33 - 

N19C8 6.87 - 6.67 

A0B0 6.10 4.11 - 

 

 

Table 9 Oxygen speciation in the simulated glass series 

Glass %NBO %BO %TBO %NBO (NMR) 32 

N26M0 12.20 87.47 0.32 10 

N19M8 14.87 84.55 0.56 13 

N13M13 16.02 83.12 0.79 15 

N8M19 17.03 81.59 1.20 18 

N0M12 5.51 88.76 5.71 5 

N19C8 13.41 85.97 0.63 12 

A0B0 40.35 59.42 0.00 41 
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Table 10 Qn distribution of the silicon glass network 

Glass Q1 Q2 Q3 Q4 

N26M0 0.14 2.57 29.90 67.40 

N19M8 0.51 4.06 32.00 63.43 

N13M13 0.58 4.68 30.57 64.17 

N8M19 0.51 5.30 28.82 65.37 

N0M12 0.14 0.50 11.67 87.69 

N19C8 0.20 3.15 29.75 66.90 

A0B0 4.44 21.48 44.62 29.29 

 

 

 

Table 11 Cation field strengths calculated from different formulations and cation radius and 

cation-oxygen bond distance from MD simulations 

Cation Li+,* Na+ K+,* Mg2+ Ca2+ Ba2+,* 

rM-O (Å, MD) 1.95 2.39 2.77 1.97 2.41 2.73 

CFS (MD) 0.263 0.175 0.130 0.515 0.344 0.268 

       

CN (MD) 3.5 7.0 7.8 4.2 6.7 7.5 

rM(Å, Shannon)+ 0.59 1.00 1.51 0.57 1.00 1.42 

CFS1 (Shannon) 1.69 1.00 0.66 3.51 2.00 1.41 

       

rM-O (Å, Shannon)+ 1.99 2.40 2.91 1.97 2.40 2.82 

CFS (Shannon) 0.253 0.174 0.118 0.515 0.347 0.251 

* cation oxygen bond distance from earlier MD simulations59,87 

+ Shannon effective ionic radii based on the coordination number close to MD results, O2- 

radius is assumed to be 1.40 Å.  
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Figure Captions: 

 

Figure 1 Partial total correlation function (T(r)) of the cation -oxygen pairs in simulated N8M19 

glass composition 

Figure 2 Comparison of born N4 from (this work), fixed parameter potential35 and NMR study32 

Figure 3 Bond angle distribution (BAD) of the glass formers with neighboring oxygen, a) O-Si-

O, b) O-Al-O, c) O-B-O 

Figure 4 Bond angle distribution of the glass modifier cations with neighboring oxygen. a) O-

Na-O, b) O-Mg-O, c) O-Ca-O 

Figure 5 Distribution of Mg coordination number in the simulated glass series 

Figure 6 Qn distribution of silicon glass network in the simulated glass series (a) MgO to Na2O 

substitution and (b) MgO versus CaO 
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Figure 5 
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