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A B S T R A C T   

Calcium aluminosilicate (CAS) glasses are ubiquitous in nature and play an important role in diverse techno
logical applications ranging from structural glasses to sustainable cementitious materials. Understanding the 
relationship between the chemical composition and the structure of CAS glasses is an essential step towards 
optimizing their properties for different uses in the future. Here, we use extensive molecular dynamics (MD) 
simulations to characterize the multiscale structure of CAS glasses over the full compositional range. Analysis of 
the short and medium range order of the glasses reveals that Lowenstein’s rule is widely violated, that silica is 
more susceptible than alumina to the depolymerizing effects of calcium, and that high-silica glasses favor cal
cium in lower oxygen coordination states, while the opposite is true for high-alumina ones. We also find the 
presence of highly coordinated aluminum and tricluster oxygens in high-alumina glasses, which form as a charge 
compensation mechanism. We find that current theoretical models used to predict oxygen species, oxygen bridge 
types, or tetrahedral coordination, while overall qualitatively reasonable, simplify the complex interplay be
tween the different oxides which results in inaccurate predictions, particularly for glasses in intermediate 
compositional regions. Our analysis of the cluster, chain, and ring topological structures in the aluminosilicate 
network reveals a sharp transition from a connected to a disconnected graph which depends not only on the 
calcium content of the glass, but also on the ratio of silica to alumina. Glasses in the compositional region 
corresponding to such transition display the largest ring and longest chain structures of any glass studied.   

1. Introduction 

Calcium aluminosilicate (CAS) glasses, thanks to their excellent 
chemical, thermal, optical, and mechanical properties, find uses in 
diverse technological applications ranging from liquid crystal displays 
[1] to low-carbon alternative materials to Portland cement (the glue in 
concrete) [2]. As such, the structure and properties of CAS glasses have 
been computationally [3–8] and experimentally [9–13] studied in the 
past, and simple theoretical models based on stoichiometry have been 
proposed to predict the short- and mid-range structure of the glasses [7, 
14,15]. However, because most studies have focused on investigating a 
single or a few compositions over a narrow stoichiometric range, a ho
listic perspective of the chemistry-structure relationship of CAS glasses 
over the entire compositional space and at multiple length scales, is still 
lacking. For example, the compositional range over which Lowenstein’s 
rule holds, also known as the aluminum avoidance principle (AAP), 
remains under debate [16–18,3,19]. Understanding the relationship 
between the chemical composition and the structure of CAS glasses is 

not only an essential step towards optimizing their properties for 
different uses in the future [20], but precise understanding of the mo
lecular structure of CAS glasses is also instrumental as input to compu
tational models to predict the glass properties, such as kinetic Monte 
Carlo simulations of glass dissolution [21,22]. 

In recent times, the topology of the aluminosilicate network has been 
recognized as a much more predictive descriptor of the glass properties 
than simple structural features or stoichiometric relationships [23,24]. 
Most studies aimed at characterizing the topology of glasses, however, 
have focused on averaged local quantities based on the statistics of ox
ygen bridges between network forming ions, such as the degree of 
depolymerization given by the NBO/T ratio [13], or the average number 
of topological constraints per atom [23]. Other efforts to characterize 
the topological medium-range order (MRO) of the glasses have focused 
on the ring statistics [3,25,26], which are believed to play an important, 
albeit unclear, role in the properties of the glass. However, the effect of 
glass composition on the ring size distribution is not well understood due 
to the difficulty of obtaining ring statistics using conventional 
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experimental techniques, and the topology of the aluminosilicate 
network beyond local descriptors or ring statistics has not previously 
been investigated. 

Here, we carry out extensive molecular dynamics (MD) simulations 
of CAS glasses over the entire ternary compositional space and charac
terize how the multiscale structure of the glasses depends on their 
chemical composition. Specifically, we quantify: (i) the short-range 
order (SRO), which includes the oxygen coordination of the Si/Al/Ca 
atoms and the populations of different oxygen species in the glass, (ii) 
the medium-range order (MRO), which consists of the analysis of the 
oxygen bridges between Al and/or Si atoms, and (iii) the topological 
features of the aluminosilicate network over length scales that span the 
whole simulated systems, thus offering a new perspective with respect to 
previous studies. 

2. Computational methods 

We carried out molecular dynamics (MD) simulations of bulk CAS 
glasses containing approximately 3000 atoms in a cubic simulation box. 
The exact number of atoms is chosen to guarantee the charge neutrality 
of the system, and therefore depends on the stoichiometry of the glass 
(Table SI-1). We simulated a total of 70 different glass compositions 
distributed approximately evenly over the compositional space (Fig. 1). 
All the results shown here are based on a single independent simulation 
for each glass composition. This decision was made based on our pre
liminary work, which showed the consistency of various structural 
properties across independent runs (Table SI-2). All the simulations 
were performed using the program LAMMPS (Large-scale Atomic/Mo
lecular Massively Parallel Simulator package) [27]. Periodic boundary 
conditions (PBC) were used in all dimensions, effectively simulating 
bulk glasses. The interatomic interactions were described by a 
Born–Mayer–Huggins potential with the parameters developed by Jakse 
et al. [28]. This force field has been shown to reproduce structural, 
vibrational, and mechanical properties of CAS glasses better than those 
developed by Matsui [29] and Delaye [30], and in good agreement with 
experiments [6]. The long-range electrostatic interactions were evalu
ated using the particle-particle particle-mesh (PPPM) solver. Similarly to 
Bauchy [6], the short-range and long-range interaction cutoffs were set 
to 8.0 Å and 12 Å, respectively. 

Following prior computational studies of CAS glasses [4–6,8,31–33], 
we generated bulk glasses at room temperature by simulating the pro
cess of glass solidification from a molten state as follows. First, the atoms 
were placed at random in the simulation box and the melt was equili
brated for 100 ps at 3000 K in the canonical ensemble (NVT), which is 
long enough time to lose the memory of the initial configuration. Sec
ond, the temperature was quenched down to 300 K at a cooling rate of 1 
K/ps in the isothermal-isobaric ensemble (NPT) at zero pressure. 
Table SI-3 shows that the structural properties of the simulated glasses 
are not sensitive to the cooling rate from 0.1 K/ps to 10 K/ps. Addi
tionally, the side length of the cubic simulation box was around 3 nm for 
all cases, and the exact dimensions of each glass are shown in Table SI-1. 
Finally, the equilibrated glass at the end of this cooling process was 
simulated for another 50 ps in the NVT ensemble at 300 K. The results 
shown in this paper correspond to the analysis of the 50 ps trajectories, 
although the relaxation dynamics of the glass at room temperature are 
so slow that the structural changes over the time scale of the simulation 
are negligible (Table SI-4). 

3. Results and discussion 

3.1. Short-range order (SRO) 

3.1.1. Oxygen coordination of Si, Al, and Ca 
We calculate the oxygen coordination number of Si, Al, and Ca atoms 

using cutoff values of 2.00 Å, 2.36 Å and 3 Å, respectively, which 
correspond to the location of the first minima in the radial distribution 

functions (RDFs), shown as black dash lines in Fig. SI-1. The results 
reported here are not sensitive to the exact values of the cutoff distances 
because the positions of the first peak and the first minima of the RDF are 
insensitive to the chemical composition of the glasses (see Table SI-5 for 
a quantitative analysis). As shown in Table SI-6, the coordination 
numbers averaged across all compositions are in good agreement with 
previous theoretical and experimental studies [6,34,35]. While we find 
Si to be always tetrahedrally coordinated, the chemical composition of 
the glasses plays an important role in the coordination number of both 
Al (Fig. 2) and Ca (Fig. 3). 

Fig. 2 shows compositional ternary diagrams where the color rep
resents the percentage of Al coordinated to four (Fig. 2B), five (Fig. 2C) 

Fig. 1. (A) Compositional ternary diagram showing the glass compositions 
simulated in this study as red dots. The lines corresponding to constant fractions 
of the different oxides are shown in different colors: silica in yellow, calcium in 
green, and alumina in purple. The top corner corresponds to high-silica glasses, 
the bottom-left to high-calcium glasses, and the bottom-right to high-alumina 
ones. (B) A snapshot from one of the simulated glasses, illustrating the main 
components of CAS glasses: alumina, silica, and calcium. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.). 
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or six (Fig. 2D) oxygen atoms, which we refer to in what follows as Al 
(IV), Al(V), and Al(VI), respectively. As shown in Fig. 2A, which contains 
snapshots of the typical molecular structures of Al species, Al(IV) is al
ways found tetrahedrally coordinated, Al(V) is found in either a square 
pyramidal or trigonal bipyramidal configuration (a structure that was 
suggested in a previous experimental study [13] but never confirmed), 
and Al(VI) is always found in an octahedral geometry. Al(IV) is, by far, 
the most common aluminum coordination state in CAS glasses across all 
compositions (Fig. 2B). Both high-calcium, and high-alumina glasses 
contain the highest percentages of Al(V) (20–25%), and high-calcium 

glasses contain the highest fraction of Al(VI) (~5%). It is worth noting 
that glasses in the rest of the compositional space also display 
non-negligible percentages of Al(V) (Fig. 3C). The presence of highly 
coordinated aluminum, together with the formation of tricluster oxy
gens (referred to as TO and discussed later in the subsection on oxygen 
species), have been recognized as charge compensation mechanisms 
alternative to the balancing effect of calcium ions on the negatively 
charged alumina tetrahedra [36–38]. 

Fig. 3 shows compositional ternary diagrams showing the pop
ulations of different calcium species, from 4 to 8-fold coordinated in 

Fig. 2. Oxygen coordination of aluminum. (A) Snapshots illustrating the molecular configurations of Al(IV), Al(V), and Al(VI). (B-D) Compositional ternary diagrams 
showing in color the percentage of Al(IV), Al(V), and Al(VI), respectively. The range of the color scale is different for each panel. 

Fig. 3. Oxygen coordination of calcium ions. (A–E) Compositional ternary diagrams showing in color the percentage present in the glass of CaO4 to CaO8, 
respectively. The range of the color scale is different for each panel. (F) Percentage of calcium species in two low-calcium glasses, one high in silica and the other one 
high in alumina. 
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panels (A) to (E), respectively. In our simulations, we find CaO6 to be the 
most common species across almost all compositions (Fig. 3A), with 
CaO5 and CaO7 being in similar proportions to CaO6 in high-silica and 
high-alumina glasses, respectively. Our results are consistent with pre
vious computational and experimental studies on both glasses and melts, 
which have reported a broad range of values for the average calcium 
coordination, from 4 to 12 (a small summary of results is shown in 
Table SI-6) [3–5,28,35,39]. The variability in the previously reported 
measurements is probably due to the fact that the local environment of 
Ca is much more heterogeneous than that of Si or Al due to the different 
nature of its interatomic interactions with oxygen. It is worth noting that 
none of the previous studies have been able to elucidate the effect of 
glass composition on the calcium coordination. We find that the per
centage of CaO6 species monotonically increases with the calcium con
tent, and for high-calcium glasses, it is relatively insensitive to the ratio 
of silica to alumina in the glass (Fig. 3C). In glasses with low to moderate 
calcium content, however, the amount of silica in the glass relative to 
alumina plays a significant role on the Ca coordination (Fig. 3A–E). 
While high-silica glasses favor lower coordination states, CaO5 and even 
CaO4, high-alumina glasses contain highly coordinated calcium species 
such as CaO7 and CaO8. This effect is readily seen in Fig. 3F, which 
shows the calcium coordination of two low-calcium glasses, one high in 
silica and the other one high in alumina. 

3.1.2. Oxygen species 
Depending on the number of covalent bonds formed with network 

former atoms (i.e., Si and Al), which ranges from zero to three, four 
types of oxygen species can be identified in CAS glasses: free oxygens 
(FO), non-bridging oxygens (NBO), bridging oxygens (BO), and triclus
ter oxygens (TO). The relative populations of different oxygen species 
have been widely used in the past to derive metrics, such as the NBO/T 
ratio [1], to characterize the degree of polymerization of the alumino
silicate network. Fig. 4A–D shows the compositional ternary diagrams 
with the percentage of different oxygen species shown in color. 
Consistent with previous studies [40], only low-calcium, high-alumina 
glasses display significant fractions of TO, which are always bonded to 

Al atoms (Fig. 4A). High-silica glasses display the highest percentage of 
BO (Fig. 4B). As the amount of calcium in the glass increases beyond 
~20%, the percentage of NBO starts to increase significantly, which is a 
clear sign of glass depolymerization (Fig. 4C). However, as the content 
of calcium increases further, beyond ~60%, the amount of NBO de
creases and starts to give way to FO, the last step in the depolymerization 
of the glass. The percentage of FO does not seem to strongly depend on 
the ratio of silica to alumina in the glass (Fig. 4D). Previous work [3,17, 
19,41–44] has established that cations, such as Ca2+, Mg2+, Na+, K+, or 
Li+ all have a universal depolymerizing effect of the aluminosilicate 
network. However, whether the critical cation content at which the 
percentage of NBO starts to increase significantly is the same across 
species remains to be shown. 

In Fig. 4E–H, the populations of different oxygen species obtained 
from the simulations are compared to the predictions of the theoretical 
model introduced by Yang et al. [7]. The theoretical predictions depend 
only on excess aluminum, [Al2O3] – [CaO], and not on the amount of 
silica in the glass. Moreover, the model allows only two types of oxygen 
species to coexist for a given glass composition, and it assumes that both 
Si and Al are always tetrahedrally coordinated across the full composi
tional range. In contrast, our simulation results show that multiple ox
ygen species typically coexist in the glass, that the amount of Al(V) and 
Al(VI) is significant, particularly in high-calcium and/or high-alumina 
glasses, and that the ratio of silica to alumina impacts the structure of 
the glasses, particularly those with low to moderate calcium content. 
Therefore, although the theoretical model predicts the overall qualita
tive trends observed in our simulations, as a result of its limitations, it 
cannot capture some important characteristics of CAS glasses. 

The model distinguishes between a fully depolymerized regime 
where [Al2O3] – [CaO] < −2/3, a fully polymerized regime for [Al2O3] – 
[CaO] > 0, and a partially depolymerized regime in between. In the fully 
depolymerized regime, the model predicts the existence of only NBO and 
FO, which is consistent with the simulation results. However, it over
predicts the rate at which NBO increases and FO decreases with 
increasing [Al2O3] – [CaO] in this regime. In the partially depoly
merized regime, the model does not account for the presence of FO, 

Fig. 4. Oxygen species. (A–D) Compositional ternary diagrams showing in color the percentage of the different oxygen species: tricluster oxygens (TO), bridging 
oxygens (BO), non-bridging oxygens (NBO), and free oxygens (FO), respectively. The range of the color scale is the same for all panels. (E–H) Comparison between 
the simulation results and the predictions of the theoretical model of Ref. [7]. The color of the symbols corresponding to the data from simulation indicates the 
relative amount of silica with respect to the total content of silica plus alumina, [SiO2]/([SiO2]+[Al2O3]). 
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which we observe in significant amounts in the simulations. As a result, 
in the partially depolymerized regime, the theoretical model over
predicts BO at the expense of underpredicting both FO and NBO. In other 
words, the glasses depolymerize faster with increasing the calcium 
content in the simulations than what the theoretical model predicts. In 
the fully polymerized regime, the model overpredicts and underpredicts 
the amount of TO and BO, respectively. More importantly, the model 
neglects the presence of NBO, which are particularly abundant in low- 
silica glasses (blue symbols in Fig. 4E–H). It is worth noting that the 
threshold [Al2O3] – [CaO] = 0, while theoretically meaningful due to 
the fact that the glass is supposed to be fully charge compensated when 
[Al2O3] = [CaO], and thus fully polymerized, it does not reflect the 
reality of the simulations. For example, the theoretical model features a 
sharp transition for the formation of TO at [Al2O3] – [CaO] = 0, while, in 
the simulations, we observe that the percentage of TO grows continu
ously and exponentially with [Al2O3] – [CaO] (Fig. SI-2). Decreasing the 
silica content of the glass at fixed [Al2O3] – [CaO] (i.e., going from red to 
blue in the color scale of Fig. 4E–H) leads to a decrease in the percentage 
of BO and an increase in that of NBO. Interestingly, the theory seems to 
capture better the oxygen speciation in high-silica glasses (red symbols 
in Fig. 4E–H) while it fails to reproduce the simulation results for glasses 
with high aluminum content relative to silica (blue symbols in 
Fig. 4E–H). 

3.2. Medium-range order (MRO) 

3.2.1. Angular distribution of oxygen bridges 
Fig. 5A–C presents compositional ternary diagrams displaying the 

average value of the angle of Si–O–Si, Si–O–Al, and Al–O–Al 
bridges in color, respectively. In Fig. 5, we only show compositions 
where the number of angles of the corresponding type is large enough to 
enable the calculation of the sample average with an error of ±2◦. 
Figure SI-3A shows, for each type of bridge angle, how the standard 
deviation of the sample average decreases with the sample size. In 
Fig. SI-3B, we show the angle distribution for three glasses with very 
dissimilar compositions (C13A25S62, C12A63S25, C33A33S33), which reveal 
well-defined but relatively broad distributions. Consistent with previous 

computational work [3,45] and NMR studies on silica glasses [46,47], 
we find θSiOSi > θSiOAl > θAlOAl across all compositions. As the calcium 
content of the glass increases, θSiOSi moderately decreases but θAlOAl 

increases sharply. In regard to θSiOAl, high-alumina glasses display 
smaller angles than high-silica ones, although the trend is less clear. 
Interestingly, as shown quantitatively in Fig. 5D–F, we observe, when 
comparing glasses with the same amount of calcium, and where the 
silica content of one is equal to the alumina content of the other (e.g., 
C5A5S90 vs C5A90S5), that the number of Al–O–Al bridges is much 
higher than that of Si–O–Si ones (e.g., 1630 Si–O–Si bridges in 
C5A5S90 vs. 3852 Al–O–Al bridges for C5A90S5). We interpret this 
result as an indication that calcium preferentially disrupts Si–O–Si 
bridges, rather than Al–O–Al. This is further supported by the fact that 
the number of NBO associated with silicon atoms is always higher than 
that expected from just the glass stoichiometry (Fig. SI-4). 

3.2.2. Oxygen bridge types 
In Fig. 6, we use ternary compositional diagrams to compare the 

fraction of Si–O–Si, Si–O–Al, and Al–O–Al bridges measured from 
the simulations (Fig. 6A–C), to the prediction from a random model [3, 
15] (Fig. 6D–F). In the model, the fraction of bridges between m and n 
network former cations (Si or Al in our case) is: 

fmn =
km−O−n

∑
ijki−O−j

(1)  

where 
∑

ij
ki−O−j is the sum over all types of bridge, which, assuming a 

uniform distribution of bridge types between network former cations 
following the stoichiometry of the glass, km−O−n can be written as: 

km−O−n =

⎧
⎨

⎩

m × (m − 1)

2
m = n

m × n m ∕= n
(2) 

At a qualitative level, we observe similar trends in the simulations 
(Fig. 6A–C) as in the random model (Fig. 6D–F). However, the random 
model overpredicts the fraction of Si–O–Si and underpredicts that of 
Al–O–Al bridges for all compositions, with respect to the simulation 

Fig. 5. Angle distribution of oxygen bridges. (A–C) Compositional ternary diagrams showing the average angles of Si–O–Si, Si–O–Al, and Al–O–Al in color, 
respectively. (D–F) Number of angles of each bridge type for three compositions with (D) low, (E) middle, and (F) high calcium content. Each panel compares two 
glasses with the same amount of calcium, and where the silica content of one is equal to the alumina content of the other. 
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results (Fig. 6G–I). This finding implies that the CAS glasses simulated 
here violate Lowenstein’s rule, also known as the aluminum avoidance 
principle (AAP), which states that, to the point that the stoichiometry 
allows, the formation of Al–O–Al bridges in aluminosilicate glasses is 
forbidden in favor of the formation of Al–O–Si bridges. Although the 
issue remains contentious, widespread violations of Lowenstein’s rule in 
aluminosilicate glasses have often been reported in the literature [6,8, 
17,19,42–44,48–50]. A recent experimental study [42] has even posited 
that current experimental results on aluminosilicate glasses necessitate 
breaching the Al-avoidance principle for their findings to be explained. 
Overall, we believe that more systematic work is necessary, particularly 
in the experimental domain, to validate our findings related to the 
widespread violation of Lowenstein’s rule. 

3.2.3. Silica and alumina tetrahedral coordination 
In this section, we analyze the populations of Si(Qn) and Al(Qm), 

where n and m are the number of oxygen bridges associated with one Si 
or Al atom, where n ∈ [0, 4] and m ∈ [0,5]. Fig. 7 shows, as a function of 
[CaO], the fraction of the different Si(Qn) (blue symbols) and Al(Qn) (red 
symbols) measured from the simulations, as well as the predictions of Si 
(Qn) from the theoretical statistical model first used by Eckert [14], 
which is sometimes also known as the binary model because it only 
allows the coexistence of two different Si(Qn) in the same glass. While 
the theoretical predictions (black dashed line) qualitatively capture the 
trends of the simulation results (blue symbols) for glasses with low and 
moderate calcium content, the model is much less accurate for 
high-calcium glasses, where it assumes the glass is completely depoly
merized into unconnected tetrahedra (fraction of Q0 = 1). The simula
tions suggest a much different picture where glasses with high-calcium 
content still contain significant amounts of tetrahedral dimers, Si(Q1) 
(Fig. 7B). In addition, while the theory predicts an almost linear decay of 
Si(Q4) with calcium content, the simulations display a slightly sigmoidal 

Fig. 6. Oxygen bridge types. (A–C) Compositional ternary diagrams showing in color the results from our MD simulations for the percentage of Si–O–Si, Si–O–Al, 
and Al–O–Al, respectively. (D–F) Predictions of the fractions of each bridge type from the random model described by Eqs. (1) and (2) [3,15]. (G–I) Direct 
comparison between the fraction of bridges of each type calculated in the MD simulations, f sim

xOx, and the predictions from the random model, fRM
xOx. The data points are 

shown in blue or red according to whether the random model overpredicts or underpredicts the fraction of Si–O–Al bridges observed in the simulations. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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curve, where initially, for low calcium content, the decrease in the 
fraction of Si(Q4) species is slow, but as calcium content in the glass 
increases, the decay becomes steeper, more so than what the model 
predicts (Fig. 7E). In Fig. SI-5, we have also compared our results to what 
is known as the random model [51], also finding qualitative agreement 
but important differences consistent with what has been noted above. 

The trends that we observe for Al(Qm), which have been widely 
overlooked in previous studies, are qualitatively similar to those of Si 
(Qn) but with some important differences. First, the changes in Al(Qn) 
with [CaO] are delayed with respect to those of Si(Qn), suggesting that 
Al–O–Al bridges are less sensitive to the depolymerizing effect of Ca 
ions than Si–O–Si ones, which is consistent with other results shown in 
this work. Another important difference is that low-calcium, high- 
alumina glasses, which contain highly coordinated alumina, can form Al 
(Q5) (inset in Fig. 7E). 

3.3. Topology of the aluminosilicate network 

A possible, useful representation of a CAS glass is as an undirected 
graph where the nodes correspond to network-forming ions, and where 
two nodes are connected by an edge if a bridging oxygen is shared (i.e., 
the edges represent oxygen bridges). In this section, we use this graph 
representation to systematically study the effect of chemical composi
tion on the topology of the aluminosilicate network. Specifically, we 
analyze the statistics of connected clusters, chains, and rings, which are 
defined precisely in the following paragraphs. 

We define clusters in the glass as connected graph components where 
two nodes belong to the same cluster if there is a path connecting them. 
The size of a cluster is the number of nodes in the corresponding con
nected graph component. Fig. 8A shows, as a function of chemical 
composition, the fraction of nodes that are part of the largest connected 
cluster in the glass, fmax = Nmax/Ntot. If there is at least one path between 
every pair of nodes in the graph, which is known as a connected graph, 
there is a single cluster and fmax = 1. As the glass depolymerizes all the 
way into single silica or alumina units (Q0 species), fmax→0. In Fig. 8A, 
we observe a sharp transition from a connected to a disconnected graph 
as the content of calcium in the glass increases. Fig. 8B shows the 

Fig. 7. Silica and alumina tetrahedral coordination. Fraction of Si (blue symbols) and Al (red symbols) associated to different numbers of bridges: (A) Q0, (B) Q1, (C) 
Q2, (D) Q3, (E) Q4 and (F) Al(Q5). The blue and red shaded areas are included as a guide for the eye and correspond to the moving average plus/minus the moving 
standard deviation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 

Fig. 8. Cluster analysis of the aluminosilicate network. (A) Fraction of nodes in 
the largest connected component (i.e., cluster) in the aluminosilicate network. 
(B) Fraction of nodes in clusters of size three or smaller. (C and D) Network 
representations of two glasses, namely C33A33S33 and C56A13S31, which are 
shown as white circles in the ternary diagram of panel (A). The alumina and 
silica tetrahedra are shown as yellow and purple nodes, respectively, and an 
edge between two nodes represents a T–O–T’ bridge. The disconnected nature 
of the C56A13S31 glass is evident. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.). 
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fraction of clusters in the system of size three or smaller, which increases 
rapidly as the aluminosilicate network becomes more disconnected. 
Interestingly, the location of this transition depends on the ratio of silica 
to alumina in the glass. For glasses higher in silica than alumina, the 
transition occurs at around 40% of calcium, while for glasses with higher 
alumina than silica it does so at around 60% of calcium. This is again, 
consistent with our previous finding that alumina is less sensitive than 
silica to the depolymerizing effect of calcium. The NBO/T ratio, which is 
broadly used as a measure of the polymerization degree of the alumi
nosilicate network, exhibits a similar dependence on composition albeit 
the transition is much smoother (Fig. SI-6). The network of two glasses, 
each at either side of the transition, are shown in Fig. 8C and D. It is 
worth noting the dramatic effect of calcium content near the transition, 
where a change in the calcium content of the glass of 10% or less results 
in systems with a completely different topological structure. 

We define chains as strings of consecutive nodes with just two 
neighbors (i.e., one-dimensional motifs). We report as the length of the 
chain the number of consecutive edges, where the nodes at the ends of 
the chains can either have one neighbor (a free end) or more than two 
neighbors. In other words, chains, as defined in this work, are not 
necessarily isolated entities. We observe in Fig. 9, which shows the 
fraction of nodes in the graph that are part of chains, a pattern where the 
fraction of nodes in chains initially increases with calcium, reaches a 
maximum, and then decreases as the calcium content increases further. 
Interestingly, the compositional space corresponding to maximum 
fraction of nodes in chains coincides with the location of the transition of 
the aluminosilicate network from a connected to a disconnected graph. 
This result is consistent with the fact that, as the amount of calcium in 
the glass increases, the aluminosilicate network depolymerizes, which 
creates increasingly more open but still connected structures in the glass. 
As the content of calcium increases beyond the threshold at which the 
graph becomes disconnected ([CaO] = 40–60%), the glass network 
rapidly breaks down into small clusters, dimers, and monomers, which 
results in a sharp decrease of the fraction of nodes in chains. 

We also find that, given the same calcium content, glasses higher in 
alumina contain a higher fraction of nodes in chains than glasses that are 
higher in silica, which display a denser connectivity with less chain-like 
structures. Our results highlight the fact that, despite both high-silica 
and high-alumina glasses being fully polymerized, their topological 
structure can be distinctly different. 

We define rings as non-empty paths in the graph in which only one 
node (the first and last) is repeated, and where the same edge cannot be 
traversed twice. Furthermore, we only consider the smallest ring asso
ciated to each pair of consecutive edges. As shown in Fig. SI-7 for pure 
silica glass, the algorithm and criterion we use here to define rings is in 
good agreement with results from a previous study [52]. Overall, we 
observe that the number of rings decreases monotonically with 
increasing the calcium content of the glass (Fig. 10A). We also find that 
glasses with higher alumina content favor 8 and 9 membered rings, 
while glasses higher in silica favor 6 and 7 membered rings (Fig. 10), 
consistent with previous observations [3] and the fact that CAS glasses 
higher in alumina display more open topological structures. We also 
observe that high-alumina glasses favor broader distributions of ring 
sizes, also centered about larger ring sizes, than high-silica ones 
(Fig. SI-8). 

Interestingly, the fraction larger rings (Fig. 10G) display a pattern 
that is consistent with that observed for the fraction of nodes in chains 
shown in Fig. 9A. This association is reasonable as larger rings will tend 
to contain a higher fraction of nodes in chains than smaller ones. This 
result is also consistent with the fact that as the amount of calcium in the 
glass increases, and the glass network is depolymerized, the average ring 
size increases. However, once the graph becomes disconnected, the 
fragmentation of the glass into smaller disconnected clusters breaks the 
rings, leading to a decrease in the average ring size. We show the 
average ring size as a function of calcium in Fig. 11. The rate of increase 
of the average ring size seems to diverge as the aluminosilicate network 

transitions from a connected to a disconnected graph. It is also inter
esting to see that while for very high-silica glasses (red in Fig. 11) the 
effect of increasing the content of calcium is monotonic, for very high- 
alumina ones (blue in Fig. 11), the average ring size initially decreases 
and then it increases fast. We do not find any rings in glasses with more 
than 80% calcium. 

We expect the dramatic changes with composition of the topology of 
the glass to have a profound effect on its macroscopic properties, pri
marily due to the profoundly different nature of the inter- and intra- 
cluster interactions. While the dominant interatomic interactions 
within polymerized clusters are the covalent bonds between oxygen 
atoms and network-forming ions, the inter-cluster interactions are 
governed by electrostatics modulated by the calcium ions. For example, 
we expect glasses with disconnected topologies (i.e., high-calcium) to 
dissolve faster than those forming a connected graph (i.e., low-calcium), 
which has been experimentally observed [53]. Experimental 

Fig. 9. Chain analysis of the aluminosilicate network. (A) Compositional 
ternary diagram showing in color the fraction of nodes of the graph that are 
part of chains. (B) Fraction of nodes in chains as a function of [CaO]. The color 
of the symbols corresponding to the data from simulation indicates the relative 
amount of silica with respect to the total content of silica plus alumina, [SiO2]/ 
([SiO2]+[Al2O3]). 

M. Liu et al.                                                                                                                                                                                                                                      



Journal of Non-Crystalline Solids 618 (2023) 122545

9

measurements of the stiffness, elastic moduli and hardness of CAS 
glasses have revealed that glasses with high-alumina content display 
better mechanical properties [54], which is also consistent with our 
observations here. Of course, further research is needed to establish the 
precise relationship between the molecular structure and the emergent 
properties of the glass, as well as to understand the underlying mecha
nisms responsible for such properties. 

4. Conclusions 

In this work, we have performed extensive MD simulations to study 
the chemistry-structure relationship of calcium aluminosilicate (CAS) 
glasses over the full compositional range. Overall, we found the inter
play between the three oxides to have a nuanced role on the structure of 
the glass, which is missed by current theoretical models which rely on 
oversimplified assumptions. 

We showed that such theoretical models, although qualitatively 
reasonable, render inaccurate predictions particularly for glasses in 

intermediate compositional regions. From our short-range order (SRO) 
analysis, we found that the theoretical model of oxygen species signifi
cantly overpredicts the amount of bridging oxygens (BO) and under
predicts that of non-bridging oxygens (NBO) in partially depolymerized 
glasses. Our results showed that for glasses with low to moderate cal
cium content, the ratio of silica to alumina plays an important role in 
determining the molecular structure of the glass. For example, glasses 
that are higher in silica contain calcium in lower coordination states 
(CaO5 and CaO4), while in glasses higher in alumina calcium is found in 
higher coordination states (CaO7 as CaO8). We also found a significant 
presence of Al(V) and Al(VI), together with tricluster oxygens (TO), in 
high-alumina glasses, which we hypothesize, as others before us, are 
alternative charge compensation mechanisms when calcium is lacking 
in the presence of alumina. 

Our medium-range order (MRO) analysis revealed that, in agreement 
with previous studies, the CAS glasses simulated here violated Low
enstein’s rule, also known as the aluminum avoidance principle. More 
systematic experimental work is necessary to confirm this observation. 

Fig. 10. Rings analysis of the aluminosilicate network. (A–G) Compositional ternary diagrams showing in color the total number of rings of each size. (H) Illustrative 
snapshots of rings of different sizes taken from the simulations. 
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We found the fraction of Al–O–Al bridges to be higher than that pre
dicted by a random model for all compositions. We also found that while 
the dependence of Si(Qn) and Al(Qm) on the calcium content of the glass 
follow similar trends, the changes in Al(Qm) occur at higher calcium 
content, which suggest that alumina is less sensitive than silica to the 
depolymerizing effect of calcium. 

Our study of the topology of the aluminosilicate network revealed a 
sharp transition from a connected to a disconnected graph as the calcium 
content of the glass increased. Interestingly, the transition occurs at 
higher calcium content in glasses that are higher in alumina than those 
higher in silica, which is again consistent with the idea that the depo
lymerizing effect of calcium is less severe in alumina than silica. Our 
statistical analysis of chain and ring structures in the aluminosilicate 
network showed that as the calcium content in the glass increases, and 
the aluminosilicate network depolymerizes, more open structures form 
in the glass that are characterized by larger rings and longer chains. 
However, as the calcium content increases beyond the threshold of the 
aforementioned transition from a connected to a disconnected graph, 
the glass rapidly fragments into small clusters, dimers, and monomers, 
which in turn leads to a sharp decrease the number and size of the rings 
and the fraction of nodes in chains. We believe that this sharp variation 
of the network topology over small changes in composition, will have 
crucial implications on the properties of CAS glasses in ways that simple 
theoretical stoichiometric thresholds (e.g., [CaO] = [Al2O3]) cannot 
capture. 

In summary, our study offers a broad and comprehensive perspective 
of how the chemical composition of CAS glasses determines their mul
tiscale structure, including several aspects that have been previously 
overlooked. Our work constitutes an important step towards optimizing 
the properties of the glasses for different applications. 
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