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Calculation of atomic packing density (Cg) 

In addition to density and chemical composition, the atomic-scale structure of glasses greatly 
affects the calculation of the atomic packing density (Cg). Many studies do not report the required 
structural features, including coordination number and valence state. We have thus made a number 
of assumptions for the calculation of Cg, since Cg is only rarely reported. To calculate Cg, we have 
used the ionic radii of the species reported by Shannon [1] and the following structural assumptions, 
in addition to the reported chemical composition and density (molar volume). 

General assumptions: In all glass systems, alkali, alkaline-earth, and rare-earth modifiers are 
assumed to be in six-fold coordination, unless anything else is stated in the references. We note that 
this is not always the case, but made this assumption for reasons of simplicity and lacking structural 
analyses. However, for some glass systems we have changed the coordination, e.g., to eight-fold, 
when described in the literature. Another common assumption is that silicon is always in four-fold 
coordination. Therefore, all alkali silicate, alkaline earth silicate, and alkali-alkaline earth silicate 
glasses are assumed to contain six-fold coordinated modifiers and four-fold coordinated silicon 
species. 

Borates: In alkali borate glasses, boron changes coordination state from three-fold to four-fold 
with increasing content of modifier. The fraction of four-fold boron (N4) is here calculated as N4 = 
x/(1-x), where x is the molar modifier content [2]. For alkali alkaline earth borates, we used the sum 
of alkali and alkaline earth modifiers to calculate x and thus N4. Zinc borate glasses have been 
synthesized for this study and reported in literature [3,4]. Zinc typically exists in four- or six-fold 
coordination [5], however, in these glass systems, we assume pure four-fold zinc due to its high 
concentration and boron in three-fold coordination [6,7]. However, Gaafar et al. [3] reports N4 values 
up to 35% for a sodium zing aluminoborate system. The boron coordination does not significantly 
affect the calculation of Cg calculations due to the small difference in ionic radii of trigonal and 
tetrahedral boron. Additionally, the samples prepared by Gaafar et al. [3] contain small amounts of 
alumina that are assumed to be in four-fold coordination due to the small alumina content (< 4 mol%) 
and reported structural data on aluminoborates, showing 97% of aluminum in four-fold coordination 
[8]. Lanthanum occur in various coordination states, but the most common seems to be eight-fold [9], 
which is thus used for all compositions. The difference in the value of Cg for lanthanum containing 
zinc borates is less than ± 2% when changing the coordination number of zinc and lanthanum from 
six- to four-fold and six- to eight-fold, respectively. For lead borate glasses, we face the same problem 
with four- and six-fold coordinated lead as for zinc in zinc borates. However, lead is mainly found in 
six-fold coordination, since lead borates with 50% PbO has an average coordination number of 5.1 
[10]. In manganese borates, manganese is assumed to be divalent in six-fold coordination [7]. 

Aluminoborates and -silicates: Aluminoborate glasses are both synthesized in this study and 
reported in literature [8,11–13]. In these glasses, we use the structural date reported by Januchta et al. 



 

[8] to calculate Cg. They report 92% three-fold and 8% four-fold boron, and 97% four-fold, 2% five-
fold, and 1% six-fold aluminum. Additionally, we synthesized aluminoborates with alumina 
substituted by gallia. Gallium is mainly in tetrahedral configuration [14], and we therefore assume 
gallium to act as aluminum in the glasses [15], and thus, use the same distribution of four-, five-, and 
six-fold coordination. In the studied aluminosilicate glasses, aluminum is mainly in four-fold 
coordination (> 99%) [16], and thus, we assume pure four-fold coordination. 

Germanates: Germanium is mainly in four- and/or six-fold coordination. Though, the 
coordination number of germanium is not as easy to predict as for, e.g., boron and in literature 
multiple suggestions are found. For simplicity, we have followed the suggestion by Osaka et al. [17] 
describing the amount of six-fold coordinated germanium to equal the amount of modifier added to 
the glass system, and thus, the remaining part is four-fold. We use this assumption for both 
germanate and germanosilicate glasses. 

Phosphates: We generally assume that phosphorus is in four-fold coordination. We use data for 
titanophosphate glasses containing alumina [18], for which we assume 80% six-fold and 20% four-
fold titanium as Ti4+ is mainly found in octahedral coordination [19]. In addition, aluminum is found 
to be in six-fold coordination [19]. In other cases, titanium is shown to be mainly five-fold (60%), 
while it is 25% four-fold and 15% six-fold coordinated [20,21]. We use this distribution of species in 
silicate glasses with up to 20 mol% TiO2 [12,22,23]. Cobalt phosphate glasses [24] contain a 
combination of CoO and Co2O3, hence, divalent and trivalent cobalt ions. All Co3+ is six-fold 
coordinated, while Co2+ is in a combination of four-fold and six-fold coordination [25]. In the binary 
system, the difference is < 2.5% when the CoO+Co2O3 content is < 20 mol%. At higher CoO+Co2O3 
contents, the difference in coordination state increases due to the incorporation of more oxygen for 
Co2O3 compared to CoO, with the difference reaching 11% at 60 mol% CoO + Co2O3. Therefore, we 
assume an equal distribution of CoO and Co2O3 in the phosphate glasses [19]. 

We have also included literature data for phosphate glasses containing large amounts of 
tungsten oxide or molybdenum oxide [26–28]. As for other phosphates, phosphorus is assumed to be 
four-fold. The structural units of tungsten and molybdenum oxides are reported as hexavalent [26–
28], but they can also occur as pentavalent [29,30]. The higher the melting temperature, the higher 
fraction of pentavalent ions is observed [30]. For the calculation of packing density, the coordination 
numbers of tungsten and molybdenum can potentially be 4 to 6 and 4 to 7, respectively. Tungsten 
and molybdenum are mainly octahedrally coordinated, while high alkali oxide content causes 
tetrahedral units [26]. Therefore, taking into account the high melting temperatures utilized (mainly 
>1200 K), we assume a mixture of 80% penta- and 20% hexavalent tungsten and molybdenum in all 
glasses. The coordination is assumed to be pure six-fold tungsten and molybdenum in binary 
phosphate glasses, while an equal mix of four- and six-fold in ternary tungsten or molybdenum 
phosphates is assumed. The change in valence state has a significant influence on Cg, while the 
coordination number has only a smaller effect (< 1.5%) on Cg for a high-molybdenum phosphate 
(80MoO3-20P2O5). Another reason for assuming some pentavalent tungsten is that a 80WO3-20P2O5 
glass would otherwise exhibit an unrealistic high value of Cg (0.974). With the mentioned 
assumptions, the Cg of that composition is 0.871, which is high, yet more realistic. 

Copper phosphate glasses with different copper valence state are characterized in literature [31]. 
The ratio of Cu+ and Cu2+ is reported, and thus, it is used to calculate the Cg. Cu+ and Cu2+ act 
differently, as Cu+ shows a covalent bonding nature and Cu2+ is ionic acting as modifier [32,33]. 
Therefore, we use Cu+ as two-fold and Cu2+ as four-fold in our calculations [33].  

Tellurites: Tellurite glasses are reported with various compositions. Tellurium exists in four-fold 
coordination in glasses without modifier, but with increasing modifier content, the coordination 
number changes towards three-fold with 50% N3 and 50% N4 for a 80TeO2-20K2O glass [34]. We here 
calculate the fraction of three-fold coordinated tellurium as N3(%) = 200y/(100-y), where y is the 
amount of alkali oxide. The remaining tellurium is assumed to be four-fold [34]. Other tellurite 
glasses contain vanadium or bismuth that are five-fold and three- or six-fold coordinated, 
respectively [35,36]. We assume purely six-fold bismuth in glasses as there are no radii data on three-
fold coordinated bismuth from Shannon [1], while vanadium is assumed to be five-fold. Cerium and 
yttrium are reported as eight- and seven-fold coordinated, respectively [37]. 



 

Vanadates: Vanadate glasses are typically build up by V5+ based networks. However, for 
compositions with 40–50 mol% of MO (M=divalent cation such as Ca2+, Pb2+ etc.), the main oxidation 
state of vanadium is V4+ [38]. The vanadate glasses considered from literature [39,40] contain 50 to 80 
mol% V2O5, and therefore, we assume an equal mix of V4+ and V5+ in all glasses, both as five-fold 
coordinated. 

Dependence of Poisson’s ratio on atomic packing density for all studied glasses 

 
Figure S1. Dependence of Poisson’s ratio (ν) on atomic packing density (Cg) for various glass systems, 
including those from Table 1. References for literature data are given in the main text. Cg is calculated 
according to Eq. (3), building on the structural assumptions described in the Supporting Information. 
The errors associated with ν and Cg are smaller than the size of the symbols (0.01 and 0.002, 
respectively). The empirical Makishima-Mackenzie model (MM-model, solid line) [41] is also 
represented (black line). 

Correlation between Young’s modulus and Poisson’s ratio 

The dependence of Young’s modulus (E) on Poisson’s ratio (ν) for various glass systems is 
investigated. We note that within a relatively narrow range in E (70-100 GPa), a large range of ν values 
(0.15-0.42) is possible. 
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Figure S2. Dependence of Young’s modulus (E) on Poisson’s ratio (ν) for various glass systems. 
References for all data are given in the main text. Errors on E and ν are estimated to be smaller than 2 
GPa and 0.01, respectively. 

Correlation between fracture toughness and fracture energy 

The fracture toughness (KIc) depends on the fracture energy (Gfrac) in the calculation (Eq. 6 in 
main manuscript) under plain strain. Based on KIc values and corresponding Young’s modulus (E) 
and Poisson’s ratio (ν) values from literature, we have calculated Gfrac. As shown in Figure S3, there 
is a linear correlation in a log-log plot of KIc vs. Gfrac. The correlation is expected since Gfrac is partly 
calculated based on KIc (but also E and ν). Therefore, it is of interest to control Gfrac, which is possible 
by obtaining materials with high Poisson’s ratio. 

 

Figure S3. Dependence of measured fracture toughness (KIc) on the calculated fracture energy (Gfrac) 
for various glass systems (references are given in the main text). Note that the axes are logarithmic 
and that KIc (together with E and ν) are used in the calculation of Gfrac based on Eq. 6 from the main 
manuscript. Errors in KIc and Gfrac are estimated to be smaller than 0.05 and 15%, respectively. 
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