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Abstract 10 

Quaternary CaO-MgO-Al2O3-SiO2 (CMAS) glasses are important constituents of the Earth’s 11 

lower crust and mantle, and they also have important industrial applications such as in 12 

metallurgical processes, concrete production and emerging low-CO2 cement technologies. In 13 

particular, these applications rely heavily on the composition-structure-reactivity relationships 14 

for CMAS glasses, which are not yet well established. In this study, we combined force-field 15 

molecular dynamics (MD) simulations and density functional theory (DFT) calculations to 16 

generate detailed structural representations for a CMAS glass. The generated structures are not 17 

only thermodynamically favorable (according to DFT calculations) but also agree with 18 

experiments (including our X-ray and neutron total scattering data as well as literature data). 19 

Detailed analysis of the final structure (including partial pair distribution functions, coordination 20 

number, and oxygen environment, etc.,) enabled existing discrepancies in the literature to be 21 

reconciled and has revealed new structural information on the CMAS glass, specifically, (i) the 22 

unambiguous assignment of medium-range atomic ordering, (ii) the preferential role of Ca atoms 23 

as charge compensators and Mg atoms as network modifiers, (iii) the proximity of Mg atoms to 24 

free oxygen sites, and (iv) clustering of Mg atoms. Electronic property calculations suggest 25 

higher reactivity for Ca atoms as compared with Mg atoms, and that the reactivity of oxygen 26 
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atoms varies considerably depending on its local bonding environment. Overall, this new 27 

information may enhance our mechanistic understanding on CMAS glass dissolution behavior in 28 

the future, including dissolution-related mechanisms occurring during the formation of low-CO2 29 

cements. 30 

1 Introduction 31 

The structure and properties of silicate glasses are of significant interest to many scientific and 32 

technological fields such as condensed matter physics, geology, glass science, materials 33 

chemistry, energy, medicine and advanced communication systems.1, 2 In particular, CaO-Al2O3-34 

SiO2 (CAS) ternary glasses are one of the most studied glass systems due to their advantageous 35 

optical, mechanical and chemical properties,3-5 rendering them an attractive option for a wide 36 

range of applications such as nuclear waste encapsulation, high performance glasses, ceramics, 37 

metallurgical process, and cements.6 The structure of a CAS glass generally consists of silicate 38 

and aluminate tetrahedra (commonly referred as network formers) connected via their bridging 39 

oxygen (BO) atoms to form a network, which is modified by calcium cations (network 40 

modifiers). The impact of calcium on the aluminosilicate network structure is two-fold: (i) to 41 

charge-balance the negative charge associated with aluminate tetrahedra (i.e., AlO2
−), and (ii) to 42 

break the aluminosilicate network creating non-bridging oxygen (NBO) atoms. The introduction 43 

of network modifiers (e.g., Ca) alters the structural properties of aluminosilicate glasses (e.g., 44 

relative amounts of BO and NBO) and consequently changes their physical, optical, mechanical, 45 

thermo and chemical properties.7-9  Hence, the structural properties of ternary CAS glasses have 46 

been widely studied both from an experimental10-25 and computational7, 26-33 viewpoint. 47 

Magnesium is another common network modifier that has an impact on the aluminosilicate 48 

network structure similar to calcium.34 In fact, quaternary CaO-MgO-Al2O3-SiO2 (CMAS) 49 

glasses are important constituents of the Earth’s lower crust and mantle34, 35 and have industrial 50 

applications including metallurgical processes, concrete production and emerging low-CO2 51 

cement technologies.36-43 For instance, both CMAS (e.g., blast-furnace slag from steel 52 

manufacturing process) and CAS (e.g., coal-derived class C fly ash) glasses are often used to 53 

partially replace ordinary Portland cement (OPC) in concrete production to (i) enhance the 54 
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mechanical properties and long-term durability of concrete and (ii) lower the CO2 emissions 55 

associated with use of OPC.43 In addition, both CMAS slag and CAS fly ash are important 56 

precursor materials for synthesis of alkali-activated materials (AAMs), which constitute a class 57 

of low-CO2 cements with excellent mechanical, thermal and chemical properties when properly 58 

formulated.42 Both applications have great potential to significantly reduce the environmental 59 

impact of the current cement industry, which accounts for 8-9% of global anthropogenic CO2 60 

emissions.44 Furthermore, CMAS glass has been identified as a major source of corrosion and 61 

premature failure for ceramic thermal barrier coatings used to enhance the high-temperature 62 

behavior of alloys in spacecraft and aircraft.45, 46   63 

To fully harness the benefits of CMAS glasses in these applications, it is critical to develop the 64 

composition-structure-property relationships for the CMAS glass systems, and this necessitates 65 

the development of detailed realistic atomic structural representations. Computational tools such 66 

as ab initio and force-field molecular dynamics (MD) simulations have been used to predict glass 67 

structures, uncovering important structural details that are difficult to obtain solely with 68 

experiments. Specifically, force-field MD simulations have been widely used to predict the 69 

structure and properties of various silicate glasses and melts, including CAS7, 27, 28, 30-33, 47 and 70 

CMAS37, 48-52 glass systems. A key advantage of force-field MD simulations compared with 71 

those based on ab initio MD is their relatively high computational efficiency, however, the 72 

accuracy of these simulations is highly dependent on the accuracy of the chosen force-field for 73 

the material in question31, where the force-field is developed typically by refining the force-field 74 

parameters against limited experimental data and/or ab initio calculations.53 Alternatively, a 75 

glass structure can be generated using ab initio MD in a more accurate and less biased manner, 76 

where the electronic structure calculations based on the Schrödinger equation are used instead of 77 

force-fields. However, one major drawback of ab initio MD is its high computational demand 78 

that limits its application to relatively small systems and short simulation time for the modeling 79 

of silicate glasses26, 29, 54-58, as compared to MD simulations. Studies have shown that modeling 80 

of silicate glass structures based on small systems (e.g., ~100 atoms) exhibit strong finite size 81 

effects on the structural properties (e.g., radial distribution functions and bond-angle 82 

distributions).26, 27 83 
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In this study, we have combined force-field MD simulations with ab initio-based density 84 

functional theory (DFT) calculations to generate realistic structural representation for a 85 

quaternary CMAS glass. This protocol involved subjecting five randomly generated structures 86 

(each with 439 atoms) to a melt-quench process using force-field MD simulations (widely used 87 

for modeling of silicate glass structure37, 59, 60) to obtain ten amorphous starting structural 88 

representation for the CMAS glass. The NVT ensemble was used for the melt-quench process 89 

where the density of the cell was adjusted accordingly and cooling rates of 0.57-1 K/ps were 90 

adopted. These structures were subsequently geometry-optimized using DFT calculations to 91 

further improve the accuracy of the structural representations. X-ray and neutron total scattering 92 

data were collected on a blast-furnace slag with the same CMAS composition to ensure that the 93 

DFT-optimized structures capture the short- and medium-range ordering in the CMAS glass. We 94 

then thoroughly analyzed the structural properties of the ten final structural representations and 95 

compared with literature data, where new structural information on the CMAS glass is uncovered. 96 

Specifically, key attributes that are computed and compared include the partial pair distribution 97 

functions, coordination numbers, oxygen environments, and distribution of the network 98 

modifiers around oxygen species, etc. Finally, we calculated the electronic properties of the 99 

CMAS glass based on one DFT-optimized structure to evaluate the potential reactive sites. 100 

Overall, this study highlights the power of combining force-field MD simulations and DFT 101 

calculations to generate realistic structural representations for a CMAS glass. The generation of 102 

realistic structural representations will be particularly helpful for further developing our 103 

understanding of dissolution kinetics and mechanisms of CMAS glasses (and other types glasses) 104 

in aqueous environments when combined with experimental techniques such as in situ pair 105 

distribution function (PDF) analysis. 106 

2 METHODS  107 

2.1 Experimental Details 108 

A quaternary CMAS glass powder with a chemical composition of 42.3 wt. % CaO, 32.3 wt. % 109 

SiO2, 13.3 wt. % Al2O3, and 5.2 wt. % MgO (the Australia slag in reference 36, measured using 110 

X-ray fluorescence) is used in this investigation. This slag sample is a commercial byproduct 111 

from a steel manufacturing plant produced by rapid quenching of molten slag often using jet 112 
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water stream to retain a glassy state. This sample also contains trace amounts of other oxides, 113 

e.g., SO3 (2.86 wt. %), Fe2O3 (0.6 wt. %), TiO2 (0.49 wt. %), K2O (0.33 wt. %). However, these 114 

trace oxides were not included in the simulations because (i) their molar percentages are much 115 

smaller than the four main oxides (i.e., CaO, SiO2, Al2O3, and MgO), and (ii) most sulfur in 116 

blast-furnace slag (CMAS glass powder used here) exist in sulfides,61 meaning that S 117 

incorporation into the glass phase is limited. Hence, only CaO, SiO2, Al2O3, and MgO were 118 

included in the simulation of the glass structure. This CMAS glass has a similar chemical 119 

compositions to a glass structure reported in the literature that was produced using force-field 120 

MD.52 121 

X-ray total scattering data were collected on the sample at room temperature on the 11-ID-B 122 

beam line at the Advanced Photon Source, Argonne National Laboratory, using a wavelength of 123 

0.2114 Å and a Perkin-Elmer amorphous silicon two-dimensional image plate detector.62 The 124 

wavelength was selected to provide a compromise between high flux (statistics), Q-resolution, 125 

and a sufficient maximum momentum transfer. The sample was measured in a 1 mm diameter 126 

polyimide capillary. The program Fit2D63, 64 was used to convert data from 2D to 1D with CeO2 127 

as the calibration material. The pair distribution function (PDF), G(r), is calculated by taking a 128 

sine Fourier transform of the measured total scattering function S(Q), where Q is the momentum 129 

transfer, as outlined by Egami and Billinge.65 The X-ray PDF data were obtained using 130 

PDFgetX2,66 with a Qmax of 20 Å-1. The instrument parameters (Qbroad = 0.016 Å−1 and Qdamp = 131 

0.035 Å−1) were obtained by using nickel (a standard calibration material) and the refinement 132 

program PDFgui.67 133 

Neutron total scattering data were collected on the NPDF instrument at the Lujan Neutron 134 

Scattering Center, Los Alamos National Laboratory.68 The sample was loaded in a vanadium can 135 

and measured for 8 hrs at room temperature. Standard data reduction for generation of the 136 

neutron PDF was performed using the PDFgetN software,69 including a background subtraction 137 

to remove incoherent scattering.70 A Qmax value of 20 Å−1 was used to produce the PDF. The 138 

neutron instrument parameters were produced using a silicon calibration material (Qbroad = 139 

0.00201 Å−1 and Qdamp = 0.00623 Å−1). 140 
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2.2 Computational Methods 141 

To generate detailed structural representations for the CMAS glass measured above, we 142 

performed force-field MD simulations followed by DFT geometry optimization on a periodic 143 

box consisting of 439 atoms. All force-field MD simulations were performed with the ATK-144 

Forcefield module in the Virtual NanoLab (VNL) software package.71, 72 First, five random 145 

structures consisting of 439 atoms each with a chemical composition of 146 

(CaO)82(MgO)14(Al2O3)14(SiO2)59 (similar chemical composition as the experimental sample 147 

discussed above) were generated in cubic unit cells. The size of the cell was selected based on 148 

two competing considerations: (i) a minimum of ~200 atoms are required to limit the artificial 149 

finite size effects on the structural properties of CAS glasses,27 and (ii) the prohibitive 150 

computational demand of a large system size for subsequent DFT calculations. The density of 151 

the unit cell was initially set at 2.40 g/cm3, which is the estimated density for the CMAS glass at 152 

a temperature of 5000 K (detailed calculations for this density estimate and justification of the 153 

approach are given in the Supplemental Material).73 For all force-field MD simulations, the 154 

interatomic potential and parameters developed by Matsui for crystals and melts of the CaO-155 

MgO-Al2O3-SiO2 system were used.74 156 

Each random structure was first subjected to an MD simulation at 5000 K for 1 ns to ensure the 157 

loss of the memory of the initial configuration and to reach an equilibrated melt state. The melt 158 

was then quenched using MD from 5000 to 2000 K in 3 ns followed by equilibration at 2000 K 159 

for 1 ns, before being further quenched from 2000 to 300 K in 3 ns, followed with another 1 ns 160 

equilibration time at 300 K. We have checked to ensure that 1 ns at 2000 K is sufficient for the 161 

equilibration of even the slowest atoms in the system (i.e., Si and Al), with the results (e.g., mean 162 

square displacement) shown in Figs. S1 and S2 of the Supplementary Material. The MD cooling 163 

rates of 1.0 and 0.57 K/ps were used here because it has been shown for silicate glasses that the 164 

structural properties of the resulting glasses (especially short-range structural ordering, such as 165 

the pair distribution functions, bond angles and coordination numbers) are close to convergence 166 

at MD cooling rates lower than 1 K/ps.59, 60 The canonical NVT ensemble (with the Nosé Hoover 167 

thermostat) and a time step of 1 fs were used for all the MD simulation steps above, while the 168 

density of the unit cell volume was adjusted to numerically estimated values at the corresponding 169 
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temperature (calculations shown in the Supplemental Material) at the start of each equilibration 170 

step. NVT ensemble was selected (as opposed to the NPT ensemble, which has been used in 171 

previous MD simulations31) because we found that the NPT ensemble with the Matsui force-172 

field74 overestimates the density of the structure by ~5-7%. This overestimation of density using 173 

NPT has also been reported in a previous investigation using the same Matsui force-field31 and 174 

another commonly used force-field for CMAS systems (e.g., Guillot75). Recently, a study on 175 

alkali aluminosilicate glasses76 has explored the impact of force-field type on glass density and 176 

showed that the estimated densities with NPT ensemble are up to ~10% difference from the 177 

experimental values.  178 

The density of the 300 K final MD structures (2.87 g/cm3) agrees with experimental data on 179 

CMAS glasses that have similar compositions.38, 39 The evolution of ground-state energy of one 180 

300 K MD structure (using single point DFT energy calculation) as a function of cell volume 181 

(Fig. S3 in the Supplemental Material) further confirms that the estimated density is accurate. 182 

Two configurations during the last 500 ps of the MD equilibration step at 300 K (separated by 183 

500 ps) were extracted, leading to a total of ten structures for subsequent DFT calculations. The 184 

final unit-cells have dimensions of ~18×18×18 Å3. 185 

The configurations extracted from the MD simulations were then subjected to DFT geometry 186 

optimizations using the VASP software (version 5.4.1).77 The purpose of the DFT calculations 187 

was to further improve the chemical feasibility of the MD-generated structures. All DFT 188 

calculations were performed with the GGA-PBE exchange-correlation functional (using PAW 189 

potentials) where the Brillouin zone was sampled using a 2 × 2 × 2 Monkhorst-Pack mesh for k-190 

points. Atomic positions were optimized using the conjugate gradient method, where the total 191 

energy was minimized with the cell density fixed at 2.87 g/cm3. For the geometry optimization, a 192 

“low” precision was initially employed, where an energy convergence criterion of 10−2 eV (i.e., 193 

EDIFF in INCAR file) was adopted and a relatively large level of Gaussian smearing (0.2 eV 194 

width of smearing) was employed to aid convergence. The structure was further optimized using 195 

“low” precision without smearing before being subjected to another round of geometry 196 

optimization using the “accurate” setting, where the energy convergence criterion was 10−3 eV. 197 

A cutoff energy of 500 eV was used for the plane-wave basis set for all DFT calculations. 198 
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The simulated PDFs (both X-ray and neutron) of the final structural representations were 199 

produced using the PDFgui software.67 The atomic displacement parameters were set at uii
2 = 200 

0.003 Å2, and the experimentally determined values for the Q-dependent instrument resolution 201 

(Qdamp = 0.035 and 0.00623 for X-ray and neutron data, respectively) and peak broadening 202 

(Qbroad = 0.016 and 0.00201 for X-ray and neutron data, respectively) parameters were used. The 203 

level of agreement between simulated and experimental PDFs was assessed in terms of the Rw 204 

value as defined in the PDFgui software,67 where a smaller Rw value implies better agreement. 205 

More details on the definition of Rw and the calculations of the simulated total and partial PDFs 206 

are given in the Supplementary Material.  207 

3 RESULTS AND DISCUSSION 208 

3.1 Experimental X-ray and Neutron Data  209 

The experimental X-ray total scattering data for the CMAS glass powder are displayed in Fig. 1a, 210 

which shows that this glass sample is predominately amorphous, as evidenced by the absence of 211 

any obvious Bragg peaks. The neutron total scattering data in Fig. 1a, which were collected at a 212 

much higher Q resolution than the X-ray data, do exhibit several small Bragg peaks indicative of 213 

a very small crystalline impurity. However, the contribution of the crystalline phase(s) to the 214 

atom-atom correlations in the PDF data is minimal, as evidenced by the lack of long-range 215 

ordering in both the X-ray and neutron PDFs displayed in Figs. 1b and 1c, respectively. 216 

Furthermore, Figs. 1b and 1c show that the CMAS glass contains obvious short- (< ~3 Å) and 217 

medium-range (~3-10 Å) structural ordering, which is consistent with the structural features of 218 

silicate glasses.10, 19, 24, 78, 79 Note that the peaks below r ≈ ~1.4 Å in Figs. 1b and 1c are artifacts 219 

due to statistical noise, data termination errors and imperfect corrections.65  220 

The nearest neighbor correlations at ~1.62, ~2.00, ~2.35 and ~2.67 Å can be assigned 221 

unambiguously to Si/Al-O, Mg-O, Ca-O and O-O correlations, respectively, based on literature 222 

data on aluminosilicate glasses.75 However, assignment of the atomic correlations above ~3 Å 223 

for an amorphous material is difficult without an appropriate structural model (the structural 224 

representations generated in this investigation will be used to assign these atomic correlations 225 

later in the manuscript). It is noted that the X-ray and neutron data are complementary: the atom-226 
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atom correlations involving heavier elements (e.g., calcium-calcium and calcium-silicon) are 227 

more strongly weighted in the X-ray data than in the neutron data whereas correlations involving 228 

oxygen (e.g., oxygen-oxygen, calcium-oxygen, silicon-oxygen) dominate the neutron data due to 229 

its abundance in the sample (over 50%) along with its large neutron scattering length. 230 

Nevertheless, since the X-ray PDF data show more features compared with the neutron data, 231 

especially between 3 and 10 Å, the X-ray PDF data have been weighted more heavily when 232 

evaluating the level of agreement between the simulated data from the structural representation 233 

and the experimental PDF data.  234 

 235 

 236 
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 237 

Fig. 1 (a) Stacked plot of the X-ray and neutron total scattering functions, (b) X-ray PDF, and (c) 238 

neutron PDF of the CMAS glass. Inset Figs. in (b) and (c) show a zoom of the PDF over an r 239 

range of 1-4 Å.  240 

3.2 Agreement between Experiment and Computation 241 

Figs. 2a and 2b display the comparisons between the experimental X-ray and neutron PDF data 242 

and the simulated X-ray and neutron PDFs obtained from a typical MD-generated initial 243 

structure and the corresponding DFT-optimized structure. The level of agreement achieved here 244 

for the DFT-optimized structure (Rw  0.35) is better than our previous studies on the modeling 245 

of the atomic structure of amorphous magnesium carbonate (Rw  0.48)80 and metakaolin (Rw  246 

0.77)81, and is comparable with several other studies on the modeling of the atomic structure of 247 

nanoparticles (e.g., gold nanoparticles, Rw  0.26)82 and amorphous solids (e.g., silicon83 and 248 

graphene84).    249 

It is clear that the structures generated here have captured the amorphous nature of the CMAS 250 

glass, specifically by the significant decrease in intensity beyond 4 Å for both the X-ray and 251 

neutron simulated PDFs (Fig. 2a-b and Fig. S4 in the Supplementary Material). The structure 252 

also shows improved agreement with the X-ray experimental PDF data after undergoing the DFT 253 

calculation (Fig. 2a). The Rw-value is seen to decrease from 0.48 to 0.35, and the magnitude of 254 

reduction in Rw (i.e., the extent of improvement) is similar for all ten structural representations as 255 
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shown in Figs. S4 and S5 in the Supplemental Material. Fig. 2a and Fig. S4a (averaged over all 256 

the ten structural representations) show that the improved agreement after the DFT geometry 257 

optimization is mainly attributed to (i) an improved fit of the nearest X-X correlations between 3 258 

and 4 Å (X = Si, Al, Mg, and Ca; potential correlations include Si-Si, Si-Al, Al-Al, Ca-Si, Ca-Al, 259 

Ca-Mg, Ca-Ca, and Mg-Mg52), and (ii) a more accurate estimation of the Ca-O bond distance 260 

(i.e., ~2.35 Å as opposed to ~2.42 Å from MD simulations, as seen in Table 1).  261 

As further illustrated by the partial PDFs in Fig. 3 and Figs. S6 and S7 of the Supplementary 262 

Material, the improved agreement with the experimental data at ~3-4 Å is mainly attributed to 263 

the enhanced intensity of Ca-Ca and Ca-Si partial PDFs after DFT optimization. This enhanced 264 

intensity could be the results of the combined effect of the slightly altered (i) Ca-O distance in 265 

the first coordination shell (Table 1), (ii) Ca-O-Si and Ca-O-Ca angular distributions (see Figs. 266 

S8h and S8j), and (iii) coordination number distributions (see Fig. S9 and Table S1). In addition, 267 

DFT optimization is also seen to induce subtle improvement or changes to other local and 268 

medium range structural features including (i) the nearest interatomic X-O distances (Table 1, 269 

Fig. S6, and Table S2) and the second nearest interatomic X-O distances (Table S3), (ii) 270 

proportions of corner-, edge-, and face-sharing X-O-X configurations and interatomic X-X 271 

distances between connected polyhedra (Table S4 and Fig. S10), (iii) inter- and intra-polyhedra 272 

angular distributions (e.g., O-X-O and X-O-X; Fig. S8), and (iv) elimination/reduction of 273 

energetically less favorable coordination configurations (e.g., V-fold Si, VI-fold Al, and IV-fold 274 

Mg, see Table S1). Brief discussions of these detailed structural analysis results are also given in 275 

the Supplementary Material in the context of available literature data. 276 
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    277 

Fig. 2. Calculated (a) X-ray and (b) neutron PDFs from a force-field MD-generated CMAS glass 278 

structure and the subsequent DFT geometry-optimized structure, as compared with the 279 

experimental PDF data. Comparisons based on the average of all the ten structural 280 

representations are given in Fig. S4a-b in the Supplementary Material. 281 

Table 1. Comparison of MD and DFT predicted interatomic distances (averaged over ten 282 

structural configurations) with the experimental values reported for different silicate glasses. The 283 

values in the brackets are one standard deviation, based on the results from the ten structural 284 

representations.  285 

Nearest 

interatomic 

distance (Å) 

MD DFT 

Experimental 

PDF data in 

this study 

Experimental data in 

the literature 

Difference # 

(%) 

Si-O 1.63(0.00) 1.64(0.00) 1.64† ~1.61-1.6410, 18, 19, 27, 75 0 

Al-O 1.75(0.01) 1.77(0.01) N/A ~1.74-1.7710, 18, 19, 27, 75 0.9 

Mg-O 2.03(0.02) 2.02(0.02) 2.00* ~2.0075 1.0 

Ca-O 2.42(0.01) 2.35(0.01) 2.35* ~2.34-2.3610, 18, 19 0 

O-O 2.68(0.01) 2.71(0.01) 2.66† ~2.65-2.67 19, 75 1.9 
† Derived from neutron PDF data 286 

* Derived from X-ray PDF data 287 
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# Refers to the difference between the DFT-derived distance and the experimental data (literature 288 

data were used for the Al-O distance, as this information was not available from the X-ray or 289 

neutron experimental PDF data in this study) 290 

 291 

    292 

Fig. 3. Impact of DFT optimization on the partial X-ray pair distribution function (PDF) for (a) 293 

Ca-Si and (b) Ca-Ca pairs in the same structural representation used to produce the results in Fig. 294 

2. Partial PDFs for a complete list of different atom-atom pairs in the same structural 295 

representations are shown in Fig. S6 in the Supplementary Material. Comparisons of the Ca-Si 296 

and Ca-Ca partial PDFs based on the average of all the ten structural representations are given in 297 

Fig. S7a-b in the Supplementary Material. 298 

Overall, these results show that the DFT calculations lead to a better estimation of both the short- 299 

and medium-range atomic structure (specifically the level of agreement obtained with the X-ray 300 

PDF data) as compared with the MD-generated structure obtained using a commonly used force-301 

field for the CMAS system74. The neutron PDF data in Fig. 2b and Figs. S4b and S5 of the 302 

Supplementary Material, however, show a slight worsening of agreement (Rw increases from 303 

0.31 to 0.36) after the DFT calculation. This is mainly attributed to a slight overestimation of the 304 

O-O distance in the DFT calculation (Table 1), which has been strongly weighted in the neutron 305 

data. This agrees with previous DFT calculations on silica glass in the literature where the PBE 306 

functional has been shown to give a slight overestimation of the O-O distance.57 Nevertheless, all 307 
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the nearest interatomic distances (including O-O distance) are less than 2% different from the 308 

experimental values (Table 1), which is within the accuracy level of DFT calculations.  309 

The differences seen between the experimental PDF and the simulated PDF from DFT-optimized 310 

structure could be attributed to a number of limitations of the current study, which include (i) 311 

finite size of the simulation cell, (ii) the rapid cooling rate adopted in the force-field MD 312 

simulations (~ 1012 K/s) used to prepare the initial amorphous structure as compared with that for 313 

typical experimental condition (1-100 K/s60), (iii) the presence of a small crystalline impurity and 314 

other trace elements (e.g., Fe, Ti, and S) that are not considered in the computation, and (iv) the 315 

limited ability of DFT geometry optimization to dramatically alter the glass structure (as 316 

compared to ab initio MD). The last aspect shows the need for future research using ab initio 317 

MD for further optimization of the structure, although ab initio MD is computational more 318 

demanding and cannot always reproduce all structural features accurately. For example, an ab 319 

initio MD study54 showed that the ab initio method underestimate the Si-O-Si/Al angles 320 

(compared to experimental data and force-field MD simulations) for natural silicate melts, 321 

partially due to the lack of description of long-range electron correlation in the study.  322 

 323 

3.3 Analysis of the Final Structural Representations 324 

Fig. 4a displays a typical final structural representation for the CMAS glass obtained after a 325 

single round of DFT geometry optimization, which clearly shows the amorphous nature of the 326 

structure. In general, the structure can be described largely as a depolymerized chain-like 327 

network structure consisting of corner-sharing SiO4 and AlO4 tetrahedra.85 The aluminosilicate 328 

network in Fig. 4b reveals a considerable amount of Al-O-Al linkages, which will be quantified 329 

along with other structural features in the following subsections. Note that all the structural 330 

features and properties reported below are based on analysis of ten structural representations that 331 

have been geometry-optimized with DFT calculations. 332 
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 333 

Fig. 4. (a) A representative final structure of the CMAS glass obtained after DFT geometry 334 

optimization. (b) The aluminosilicate network of the CMAS glass structure in (a).  335 

3.3.1 Coordination states 336 

The evolution of coordination number (CN) with increasing cutoff distance for the different 337 

atom-atom pairs is illustrated in Figs. 5a and 5b. It is clear from Fig. 5a that the first coordination 338 

shells (involving oxygen atoms) of Si and Al are well defined since a plateau is reached for the 339 

CNs by 1.8 and 1.9 Å, respectively. The Si atoms are 100% tetrahedrally coordinated (see Table 340 

2) while Al atoms are seen to be dominated by tetrahedral coordination with a small proportion 341 

of V-fold coordination (~3 %), as shown in Table 2 (see Fig. S9a and Table S1 of the 342 

Supplemental Material for CN distribution of Si and Al atoms). For the CMAS glass investigated 343 

here, there are excess Ca and Mg atoms in the structure beyond those required to charge-balance 344 

the negative tetrahedral alumina sites, and therefore there should not be any V-fold Al atoms in 345 

the system based on simple stoichiometric considerations.22 A previous NMR (27Al) study on a 346 

CMAS glass with a similar chemical composition also suggested a single IV-fold coordination 347 

state for all Al atoms.85  However, there are many MD simulations and experimental data 348 

(including 27Al NMR) on peralkali/peralkaline-earth aluminosilicate glasses (e.g., Na2O-Al2O3-349 

SiO2,86 CAS,10-12, 15, 28, 34 MgO-Al2O3-SiO2 (MAS),34, 75, 87, 88 and CMAS34, 35), where a small 350 

proportion of Al species with higher coordination states have been identified, in contrast to what 351 

is expected from consideration of the stoichiometry. In addition, it has been shown that cations 352 

with high field-strength (e.g., Ca2+, Mg2+) often lead to an increase in the amount of Al that has a 353 

CN above four (as compared to low field-strength cations, e.g., Na+, K+),34, 35 hence it is possible 354 

for V-fold Al to form in the CMAS glass studied here. It is noted that the limitations associated 355 
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with the MD simulations (as discussed in Section 3.2) may have also contributed to the 356 

formation of V-fold Al. 357 

In contrast with the evident cutoff distances for the average CNs of Si and Al atoms seen in Fig. 358 

5a, the CNs for Mg and Ca atoms (with oxygen) are highly dependent on the selected cutoff 359 

distance, which might contribute to the different oxygen CNs reported in the literature for Mg 360 

(~4-775, 89-91) and Ca (~5-910, 16, 34) atoms in silicate glasses from simulations in comparison with 361 

experimental data. By using cutoff distances corresponding to the first minimum after the main 362 

peak of the partial PDFs, we see in Table 2 that the average CNs of Ca-O and Mg-O in the 363 

current work are approximately 6.73 and 5.15, respectively, which are in agreement with the 364 

previously reported values obtained using simulations and experiments (Table 2). Even at these 365 

fixed cutoff distances (Table 2), both Mg and Ca atoms have a distribution of oxygen CNs, as 366 

illustrated in Fig. S9b and Table S1 in the Supplemental Material. Fig. S9b and Table S1 show 367 

that the Mg environment in the CMAS glass consists of 4-, 5-, 6-, and 7-fold coordinated sites, 368 

with 5-fold dominating as confirmed using XANES,75, 89 X-ray/neutron diffraction coupled with 369 

RMC refinement,75 and MD simulations.51 Nevertheless, previous NMR (25Mg) studies on MAS 370 

and CMAS glasses shows Mg is mainly in 6-coordination.85, 91 The discrepancy between 371 

different experimental results is partially attributed to the sensitivity of different experimental 372 

techniques to specific Mg bonding environments, as has been discussed in reference 92 for 373 

XANES and NMR. 374 

The local coordination environment of the Ca atoms in the CMAS glass is dominated by 6- and 375 

7-fold coordinated Ca, along with the presence of 5-, 8-, and 9-fold coordination states (see Fig. 376 

S9b and Table S1 in the Supplemental Material for details). These results agree with previous 377 

experimental and MD studies where Ca has been shown to mainly reside in distorted sites with 378 

six to seven oxygen neighbors.10, 16, 34, 52, 85 It is noted that literature data on alkaline-earth silicate 379 

glasses generally conclude that Ca atoms have higher CNs than Mg atoms within their first 380 

coordination shell, which is mainly attributed to the lower field-strength (defined as Z/d2, where 381 

Z is the cation charge and d is the cation-oxygen distance) of Ca cation (~0.36) as compared to 382 

Mg cation (~0.46-0.53).91 383 
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To evaluate whether there is a preference for a specific network-modifier (i.e., Ca and Mg) to 384 

charge-balance Al polyhedra, we have calculated the average number of Ca and Mg atoms 385 

around Si and Al atoms as a function of cutoff distance, as shown in Fig. 5b. It is clear that the 386 

Ca (or Mg) CNs around Si and Al atoms are similar, indicating no obvious preference for Ca (or 387 

Mg) to associate with Si or Al atoms. The evolution of the (Ca CN)/(Mg CN) ratio around Si or 388 

Al as a function of the cutoff distance (Fig. 5c) shows that this ratio is slightly higher than the 389 

overall Ca/Mg compositional ratio (~5.9) of the CMAS glass at a cutoff distance of 4-5 Å, where 390 

the first coordination shells between the network-formers and network-modifiers are located. At 391 

the fixed cutoff distances for each of the Ca/Mg-Si/Al pairs (as shown in Table 2), we get a (Ca 392 

CN)/(Mg CN) ratio of ~7.4 and ~7.5 around Si and Al atoms, respectively. At a cutoff distance 393 

larger than 5-6 Å, the (Ca CN)/(Mg CN) ratio approaches the overall Ca/Mg ratio of the sample. 394 

These results indicate that there is a slight preference for Ca cation (over Mg) to associate with 395 

both types of network-formers (i.e., Si and Al) within their first coordination shells, however, the 396 

Ca-Mg mixing around Al and Si atoms becomes completely random outside the first 397 

coordination shells. The same features are also seen around 5-fold Al site (as shown in Fig. 5c), 398 

which also suggest its slight preferential proximity with Ca (over Mg) atom. The cause of this 399 

slight preferential proximity of Ca with Si, Al and 5-fold Al will be touched on in Section 3.3.3. 400 

It is noted that this observation is different from a previous MD investigation,52 which showed 401 

that the (Ca CN)/(Mg CN) ratios around Si (1.6) and Al (3.7) are significantly lower than the 402 

overall Ca/Mg compositional ratio of the CMAS glass in that study (4.4), indicating a 403 

preferential association of Mg with both Si and Al. 404 

   405 
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     406 

Fig. 5. Evolution of coordination number as a function of cutoff distance for (a) Si/Al/Mg/Ca-O 407 

(i.e., number of oxygen atoms surrounding Si, Al, Mg, Ca), (b) Si-Ca, Si-Mg, Al-Ca and Al-Mg 408 

(i.e., number of Ca, Mg atoms surrounding Si, Al), and (c) Ca/Mg CN ratio around Si, Al, and 5-409 

fold Al atoms. The y-axis Ca/Mg ratio in (c) is calculated using the data in (b), for example, the 410 

Ca/Mg ratio around Si is determined by (Ca CN around Si)/(Mg CN around Si) at each given 411 

Ca/Mg-Si cutoff distance. The results are averages based on the ten structural representations 412 

optimized using DFT calculations.  413 

Table 2. Coordination numbers at fixed cutoff distances for different atom-atom pairs. For an X-414 

Y atom-atom pair, the coordination number of X, averaged over the ten DFT-optimized 415 

structural representations, is given, along with one standard variation shown in the brackets. 416 

Literature data on different types of silicate glasses (e.g.,CAS6, 16, MAS,75, 89 MS,91 CAMS,85 and 417 

NCAS47) are also given for comparison.  418 

Atom 
pairs 

Cutoff 
distance 

(Å) 

Current 
study 

Literature data 
Experiments (e.g., NMR85, 

91, XANES16, 47, 89, and 
neutron diffraction6, 10) 

Simulations (e.g., MD6, 52 and 
RMC+X-ray/neutron diffraction75, 

90)  
Si-O 2.2 4.00 (0.00) 4,85 4.0410 46, 52, 75 
Al-O 2.5 4.03 (0.03) 4,85 4.1-4.206, 10 4.0-4.10,6, 52 4.1-4.1675 
Mg-O 2.9 5.15 (0.15) 5,89 6,85, 91 4.5,90 4.75-5.09,75 5.5,52 4.75-5.0975 
Ca-O 3.2 6.73 (0.07) 7,47, 85 6-716 6.00-6.24,6 6.7,52 7-7.547 
Si-Ca 4.5 5.96 (0.10) N/A 5.652 
Si-Mg 4.1 0.81 (0.03) N/A 3.552 
Al-Ca 4.5 5.58 (0.28) N/A 5.252 
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Al-Mg 4.2 0.74 (0.20) N/A 1.452 
 419 

3.3.2 Oxygen environment 420 

The oxygen environment, and in particular, the proportion of NBO species, has a large impact on 421 

glass properties (e.g., hardness,9 chemical reactivity,43 durability,8 and glass transition 422 

temperature7). Hence, we have calculated the proportion of different types of oxygen species 423 

based on the ten DFT-optimized structural representations and the results are shown in Fig. 6. It 424 

is seen that the CMAS glass studied here has an NBO content of ~ 58.9% (percent relative to 425 

total amount of oxygen atoms), which gives an NBO/T (T = Si or Al tetrahedra) of 1.75, a 426 

reflection of the degree of depolymerization of the glass structure. This indicates that this CMAS 427 

glass has, on average, a close to short-chain structure, which is consistent with NMR 428 

measurements on a CMAS glass of similar composition (with an average Qn species of n = 429 

2.2).85 Nevertheless, as shown in Table 3, this percentage is slightly lower than the theoretical 430 

NBO content (~64.6%) estimated using simple stoichiometry arguments27 and assuming that the 431 

glass system consisted of perfect tetrahedra with only two-fold oxygen atoms (i.e., no free 432 

oxygen (FO) that are not connected with any network formers or tri-cluster oxygen (TO) 433 

connected with three network formers). Similar underestimation of the NBO content has been 434 

reported in a force-field MD study for CMAS melts with similar compositional ranges as the 435 

current study,51 nevertheless, studies on CAS glasses21, 28, 29 have often exhibited higher NBO 436 

contents than the theoretical estimation. The discrepancy is mainly attributed to the fact that a 437 

small proportion of FO and TO species are regularly observed in aluminosilicate glasses27, 28, 51, 86, 438 

as also shown in the current study (Fig. 6), and their proportion varies considerably depending on 439 

the glass composition, although the limitations associated with the MD simulations (as discussed 440 

in Section 3.2) may have also contributed. The underestimation of the NBO percent in the 441 

current study is partially due to the relatively high proportion of FO (~2.5 %, as compared to TO 442 

of ~0.2 %), arising from the relatively high modifier content (at ~50 %, amount of Ca and Mg 443 

relative to Ca, Mg, Si and Al). In contrast, the CAS glasses in references 21, 28, 29 have much 444 

higher proportions of TO (~3-7%) due to their relatively lower modifier content (~10-30 %) 445 
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and/or higher Al/Si ratio (>>1), which may have led to the higher observed NBO content 446 

mentioned above (as compared to estimation from simple stoichiometric argument). 447 

The local environment surrounding the NBO sites has also been analyzed and reported in Fig. 6 448 

and Table 3, where it is seen that the proportion of NBO associated with Si atoms is about 4 449 

times higher than that associated with Al atoms, in contrast with the overall Si/Al compositional 450 

ratio in the CMAS glass (i.e., 2.1 Si atoms for every Al atom). This suggests that there is a 451 

preferential formation of NBO around Si atoms and BO around Al atoms, which is consistent 452 

with previous studies on aluminosilicate glasses,14, 16, 17, 28, 35, 75 where Al atoms are shown to 453 

prefer to reside in more polymerized environments than Si atoms. DFT calculations have shown 454 

that these preferential associations are mainly attributed to the higher energy penalty for the 455 

formation of Al-NBO (108 kJ/mol) as compared to Si-NBO (72 kJ/mol).13 456 

With respect to the BO sites, Fig. 6 shows that there is a small proportion of Al-BO-Al linkages, 457 

indicating that the Al-O-Al avoidance principle (Loewenstein’s rule) prevalent in crystals is not 458 

fulfilled in this CMAS glass, as has been previously reported on aluminosilicate glasses, 459 

including simulations27, 28 and experiments.20, 35 Interestingly, the proportion of Al-BO-Al 460 

linkages (5.5 %) is seen to be even higher than that estimated from a complete random 461 

distribution of Si and Al atoms around BO sites (3.6%, as shown in Table 3; detailed calculations 462 

are shown in the Supplemental Material). This result indicates that the Al-O-Al avoidance 463 

principle is violated for this CMAS glass, which is different from several previous studies on 464 

NAS and CAS glasses, where the Al-O-Al avoidance principle is only partially violated.20, 27 The 465 

difference may be attributed to the higher proportions of strong modifier cations (Ca2+, Mg2+) in 466 

the CMAS glass studied here (as compared to the NAS and CAS glasses in references 20, 27), 467 

since the high field strength cations favor the negative charge concentration (e.g., Al-BO-Al) 468 

more than low-strength modifier cations (e.g., Na+) and hence promote the formation of Al-BO-469 

Al linkages.20, 21, 88 This is supported by another force-field MD study on CAS glasses, which 470 

showed that the proportion of Al-BO-Al sites becomes higher than theoretical values (assuming 471 

random distribution of Si and Al atoms around BO) when the Ca content reaches ~50%.28  472 
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Finally, Table 3 shows that there is a preferential intermixing of Si-Al around BO, as evidenced 473 

by the higher proportion of Si-BO-Al (~20.7 %) and lower proportion of Si-BO-Si (~12.3 %) 474 

linkages than the theoretical estimation based on random mixing of Si and Al (~15.9 and 475 

~16.4 %). This preferential Si-Al intermixing is consistent with previous studies on 476 

aluminosilicate glasses where mixing between different network-formers (as opposed to the 477 

same type of network-formers) are preferred.35 This is likely attributed to the often observed 478 

negative enthalpy of mixing between Al-rich and Al-poor glass, as has been shown in a solution 479 

calorimetry study on CMAS glasses.23, 93 Hence, the deviation from the theoretical proportions of 480 

oxygen species (Table 3) are driven by two competing mechanisms: (i) strong modifier cations 481 

(i.e., Ca2+, Mg2+) promote the formation of more negative BO sites (Al-O-Al > Si-O-Al > Si-O-482 

Si) and (ii) negative enthalpy of mixing promote intermixing of Si and Al atoms (Si-O-Al > Si-483 

O-Si, Al-O-Al). The high proportion of Ca+Mg atoms in the CMAS glass (over 50%) renders 484 

mechanism (i) as the dominant mechanism, resulting in the larger proportion of Al-O-Al linkages 485 

than theoretically estimated. Both mechanisms (i) and (ii) favor formation of Si-O-Al over Si-O-486 

Si, leading to the higher proportion of Si-O-Al and lower proportion of Si-O-Si than theoretical 487 

estimations (Table 3).  488 

 489 

 490 

Fig. 6. Proportions of the different types of oxygen species. The total percentages of tri-cluster 491 

oxygen (TO), bridging oxygen (BO), non-bridging oxygen (NBO) and free oxygen (FO) are 492 
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averages based on the ten DFT-optimized structural representations, with the red error bar 493 

indicating one standard deviation. 494 

 495 

Table 3. Comparison of the proportions of different types of oxygen species (bridging oxygen 496 

(BO) and non-bridging oxygen (NBO)) between the structural representation in the current study 497 

and the theoretical estimation based on simple stoichiometric considerations and random mixing 498 

of network-formers and oxygens (refer to the Supplemental Material for the calculations). The 499 

average values obtained for the ten structural representations are given along with one standard 500 

deviation.  501 

  Percentage of different types of oxygen species (%) 
  BO NBO NBO-Si NBO-Al Si-BO-Si Si-BO-Al Al-BO-Al 
Theoretical 
estimation 35.9 64.1 43.4 20.6 16.4 15.9 3.6 

Structural 
representation
s 

38.4(0.5) 58.9(1.3
) 

46.9(2.1
) 

12.0(2.0
) 12.3(1.1) 20.7(1.8) 5.5(1.4) 

 502 

3.3.3 Distribution of modifier cations around different oxygen species 503 

Fig. 7 shows the number of modifier cations (i.e., Ca and Mg) around the different types of 504 

oxygen species within their first coordination shell (based on analysis of the ten DFT-optimized 505 

structural representations), where the local Ca/Mg ratio around each type of oxygen species is 506 

compared with the average Ca/Mg ratio around O atoms (i.e., Ca/Mg of 7.6) and the overall 507 

Ca/Mg compositional ratio in the CMAS glass (i.e., Ca/Mg of 5.9). The difference between the 508 

two Ca/Mg ratios is attributed to the difference in the average oxygen CNs of Ca and Mg as seen 509 

in Table 2 (7.6/5.9 = ~1.3 = 6.73/5.15). Given that O-O distance has been slightly overestimated 510 

(i.e., ~1.9%; Table 1), we have evaluated the impact of lowering Si/Al/Mg/Ca-O cutoff distances 511 

by 2-3% on Fig. 7. The results are presented in Fig. S11 and Table S5 in the Supplementary 512 

Material, which closely resemble Fig. 7, with all the main features remaining the same. 513 
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In general, the average number of modifier cations (both Ca and Mg) increases as the number of 514 

network formers around the oxygen site decreases (i.e., number of modifier cations increases as 515 

transition from TO to BO, NBO and FO sites). This is expected since more cations are required 516 

for charge-balancing as the oxygen sites become increasingly negative (e.g., (FO)2–, (Si1/4-NBO)–517 
1, (Al1/4-NBO)–5/4, (Si1/4-BO-Si1/4)0, (Si1/4-BO-Al1/4)–1/4), and (Al1/4-BO-Al1/4)–1/2). Previous 17O 518 

NMR measurements on CMAS glasses suggested a prevalence of 3Ca-NBO-Si around NBO-Si 519 

sites.23 This suggestion is generally consistent with our results in Fig. 7, where an average of 520 

~2.6 Ca atoms are seen around the NBO-Si sites with 3Ca-NBO-Si as the dominant species (see 521 

Fig. S12 in the Supplemental Material).  522 

Furthermore, the Ca/Mg ratio around the oxygen site is seen to decrease as the oxygen site 523 

becomes increasingly negative (Fig. 7), which is attributed to the higher field-strength of Mg (as 524 

compared to Ca), rendering it more effective in charge-balancing the more negative oxygen site. 525 

It is also seen that the Ca/Mg ratios around the three BO sites (~9.0-15.5) are higher than the 526 

average Ca/Mg ratio around all O atoms (~7.6), while the Ca/Mg ratios around the two NBO 527 

sites (~7.0) are slightly lower than this average value. This result reveals a slight preference for 528 

Ca atoms to compensate charge and for Mg atoms to modify aluminosilicate network (creating 529 

NBO) in the CMAS glass, which is consistent with the observed preference of a high-field 530 

strength cation to associate with NBO for mixed alkali/alkaline earth glasses (e.g., preferential 531 

association of Ca with NBO for Ca-Na47, 94, and Mg with NBO for Mg-K95).  532 

The lowest Ca/Mg ratio (~4.6) is seen around the FO sites (Fig. 7), which are the most negative 533 

oxygen sites in the system (i.e., (FO)2–), indicating a strong preferential association of FO sites 534 

with the Mg atom (as opposed to Ca). Again, this preference is attributed to the higher field 535 

strength of Mg atom which enables it to more effectively charge-balance the highly concentrated 536 

negative charge surrounding FO sites. It has been previously shown that the FO content in CAS 537 

glasses with network-modifier molar contents of ~55-61% is around ~0.5-1.0%28, which is much 538 

lower than the FO content in the current study (i.e., ~2.3%), although the network-modifier 539 

content in the CMAS glass studied here is lower (~50%). Moreover, a recent study on CAS and 540 

MAS melts (at 1773 K) showed that the MAS melt has a much higher FO content than the 541 

corresponding CAS melt for the same amount of modifiers (i.e., Mg or Ca).48 These results 542 
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suggest that the presence of Mg in CMAS glass promotes the formation of FO, which is a 543 

contributing factor to the under-estimation of the NBO content in the simulation as compared to 544 

the simple stoichiometric calculation (as shown in Table 3). This preferential association of Mg 545 

atoms with FO sites also explains the higher Ca/Mg ratios around Si and Al atoms within their 546 

first coordination shell as compared to the average Ca/Mg compositional ratio in the CMAS 547 

glass (Fig. 5 and Table 2).  548 

Furthermore, since FO sites are the most reactive oxygen sites, they are more prone to dissolve in 549 

aqueous solutions, which could be a major reason why CMAS glasses with higher Mg contents 550 

have been shown to exhibit higher reactivity.38, 41, 96 Nevertheless, a carefully designed study is 551 

warranted to further confirm the positive correlation between Mg and FO content for CMAS 552 

glasses at room temperature. It is also noted that CMAS glass reactivity in an alkaline solution is 553 

highly complex and other factors, such as NBO content, particle size distribution and thermal 554 

history of the CMAS glass can also have a large impact on its reactivity.43  555 

 556 

Fig. 7. Average number of Ca or Mg around each type of oxygen species, where TO, BO, NBO 557 

and FO denote tri-cluster oxygen, bridging oxygen, non-bridging oxygen and free oxygen, 558 

respectively.  The cutoff distances for Ca-O and Mg-O are fixed at 3.2 and 2.9 Å, respectively. 559 

Finally, the deviation of the Ca/Mg ratios around the different oxygen sites from the average 560 

ratio indicates a non-random distribution of Ca-Mg around the oxygen sites with a slight degree 561 

of segregation (i.e., separate clustering of Ca and Mg atoms), which has been suggested for Ca-562 

Mg around NBO sites in CMAS glasses according to an 17O NMR study.23 The mild clustering 563 
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of Mg atoms is indicated in Fig. 8a, where a typical CMAS structural representation exhibits 564 

formation of small Mg clusters, with Mg-Mg pairs with distance smaller than 3.5 Å highlighted 565 

using red dashed circles. This is further supported by the Mg-Mg partial correlation averaged 566 

over the ten final structural representation (Fig. 8b), which exhibits two peaks located at ~2.8 and 567 

3.3 Å. These distances are much smaller than the theoretical distance of ~7.5 Å assuming a 568 

random distribution of Mg atoms in the unit cell, which is consistent with clustering of Mg atoms 569 

in the CMAS glass to a certain extent. However, further studies are required to confirm this Mg 570 

clustering in CMAS glasses. 571 

  572 

Fig. 8. (a) Small clusters of Mg atoms in a typical CMAS structural representation (several Mg 573 

atoms from adjecent cell are also shown), and (b) Mg-Mg partial X-ray PDF calculated using the 574 

ten final structural representations. For clarity, only Mg atoms are shown in (a) and Mg-Mg pairs 575 

with distance smaller than 3.5 Å are highlighted using red dashed circles. 576 

In addition to the above structural analysis, we have also performed other detailed structural 577 

analyses for the DFT-optimized structural configurations, including bond angle distributions 578 

within polyhedra (O-X-O, Fig. S8a-d) and between different polyhedra (X-O-X, Fig. S8e-j), 579 

nearest neighbor Si/Al-BO/NBO distances, interatomic distances beyond the first coordination 580 

shell, and the proportions of corner-, edge-, and face-sharing configurations between different 581 

polyhedra (X-X, Table S4). These results along with brief discussions in the context of literature 582 

data are given in the Supplementary Material and further confirm that the final structures 583 

obtained using the MD-DFT method are realistic representations of the CMAS glass structure 584 

studied here. 585 
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 586 

3.3.4 Partial PDFs 587 

The results presented in the previous sections show that the structural representations generated 588 

for the CMAS glass using the MD melt-quench process followed by DFT geometry optimization 589 

not only agree with our X-ray and neutron scattering data but also are generally consistent with 590 

literature data on aluminosilicate glasses, specifically in terms of interatomic distances, 591 

coordination numbers, and oxygen environments, etc. With these realistic structural 592 

representations, it is now possible to unambiguously assign the features seen in the experimental 593 

PDF data (Figs. 1b and 1c), which would otherwise be an extremely challenging task to perform 594 

for the medium-range ordering (~3-8 Å) due to the overlapping nature of many individual atom-595 

atom partials. 596 

Fig. 9 shows the partial X-ray PDFs based on the ten structural representations that have been 597 

subjected to DFT geometry optimization, as opposed to the partial X-ray PDFs in Fig. 3 and Fig. 598 

S6 which are calculated based on one typical structural representation. It is clear that the 599 

medium-range ordering between ~4-5 Å is mainly attributed to the second nearest Si-O and Ca-600 

O correlations in the CMAS glass, whereas the medium-range ordering between ~5-8 Å is 601 

mainly due to the third nearest Ca-O correlation and the second nearest Ca-Ca and Ca-Si 602 

correlations. Previously, the X-ray PDF peak located at ~3 Å for CMAS glasses has been 603 

assigned primarily to the nearest Si-Si/Al correlations based on partial radial distribution 604 

functions,36, 52 however, Fig. 9 shows that this peak is dominated by the nearest Ca-Si/Al 605 

correlations with only minor contributions from the nearest Si/Al-Si/Al correlations. Another 606 

mis-assignment in reference 36 is the shoulder at ~3.3 Å (as seen in the inset Fig. in Fig. 1b), 607 

which was assigned to the nearest Mg-Si/Al correlations. However, Fig. 9 clearly shows that this 608 

shoulder is mainly attributed to the nearest Ca-Ca/Si correlations, with negligible contribution 609 

from Mg-Si/Al correlations. 610 
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 611 

Fig. 9. Simulated partial X-ray PDFs based on the ten structural representation of the CMAS 612 

glass that have been geometry-optimized using DFT calculations. 613 

In addition to the peak at ~3.1 Å, the nearest Ca-Si/Al correlations exhibit a second peak at ~3.6 614 

Å. This double peak feature for the nearest Ca-Si/Al correlations is commonly observed in CAS 615 

glasses,52 and is attributed to the connectivity between Si/Al tetrahedra and Ca polyhedra, where 616 

edge-sharing connectivity leads to the peak at ~2.8-3.1 Å and corner-sharing is responsible for 617 

the peak at ~3.3-3.6 Å. This is illustrated in Fig. S10 and Table S4 in the Supplemental Material, 618 

where it is clearly seen that the corner-sharing Ca-Si/Al distances are ~0.6 Å larger than that of 619 

the edge-sharing Ca-Si/Al distances. A discussion of the proportion of corner-, edge-, and face-620 

sharing X-X (X= Si, Al, Mg, and Ca) configurations and X-X distances (Fig. S10 and Table S4) 621 

in conjunction with bond angle distributions within polyhedra (O-X-O, Fig. S8a-d) and between 622 

different polyhedra (X-O-X, Fig. S8e-j), and calculated partial X-ray PDFs are also given in the 623 

Supplementary Material. The O-O partial PDF shows that the nearest O-O correlation exhibit 624 

two shoulders at ~3.0 and ~3.4 Å, in addition to the main peak at ~2.7 Å. Calculation of the O-O 625 
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distances in all the Si/Al tetrahedra and Mg/Ca polyhedra (see Fig. S13 in the Supplemental 626 

Material) reveals that the main peak at ~2.7 Å is mainly attributed to the O-O distances in Si 627 

tetrahedra whereas the shoulder at ~3.0 Å is dominated by O-O distances from Al tetrahedra and 628 

Ca polyhedra. The shoulder of the O-O partial PDF at ~3.4 Å is primarily attributed to O-O 629 

correlations in the Ca polyhedra. 630 

3.3.5 Electronic properties 631 

The electronic structure of one DFT-optimized structural representation has been analyzed, with 632 

the 3-D electron density plots of selected regions shown in Figs. 10a and 10b. As shown in these 633 

Figs., the electron cloud (denoted by the color yellow) is predominately concentrated around 634 

oxygen atoms while it is not visible around Si, Al, and Mg atoms at the selected threshold (i.e., 635 

0.1 eV/Å3). At this threshold, the electron cloud is clearly visible around the Ca atoms. We 636 

further quantified the electron charges around the different types of atoms using the commonly 637 

adopted Bader population analysis,97 which uses zero flux surfaces between different atoms to 638 

partition the electron density distribution for each atom.98 The results are summarized in Table 639 

S6 of the Supplementary Material, which shows that the Bader effective charge of Ca atoms is 640 

around 6.464 electrons, much higher than those of Mg, Al, and Si atoms (0.338, 0.577, and 0.901 641 

electrons, respectively). This effective charge value of Ca atoms is comparable to what was 642 

obtained in a previous DFT study on calcium aluminates using another analysis method 643 

(Mulliken99), i.e., ~6.7-6.9 electrons. The much higher effective charge around Ca atoms (as 644 

compared to the other network modifier, i.e., Mg atoms) is attributed to the higher activity of the 645 

six 3p electrons in the lower shell of Ca atoms (due to their relatively larger distances from the 646 

nucleus). This higher density of electrons near Ca (as compared to Mg) suggests that Ca sites 647 

have higher reactivity than Mg sites, which is consistent with literature data on Mg2SiO4 and 648 

Ca2SiO4 mineral dissolution, where the dissolution rate of calcium is several orders higher than 649 

magnesium.100  650 

As highlighted with the red dashed circles in Figs. 10a and 10b, the shape of the electron cloud 651 

around the oxygen atom differs depending on the type of atoms bonded to the oxygen. 652 

Comparing the different X-O-X pairs reveals that the electron clouds are attracted toward the 653 
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bonded atoms with a higher electronegativity value, with the following order: O > Si > Al > Mg > 654 

Ca (the corresponding electronegativity values are ~3.44, ~1.90, ~1.61, ~1.31, and ~1.00, 655 

respectively, according to Pauling scale101). Figs. 10c, 10d, and 10e show the charge density 656 

contour plots for three selected atoms each calculated on the plane passing through these atoms 657 

(labeled in each Fig.). In each calculation, the same contour interval (0.1 eV/A2) is used, with a 658 

darker and denser grid implying a higher electron density and stronger bonding, respectively. 659 

Hence, the slightly denser grid between Ca and NBO-Si (similar contour plot for Ca and NBO-660 

Al is shown in Fig. S14) than that between Ca and Si-BO-Si suggests that the Ca atom forms 661 

stronger bonds with NBO than Si-BO-Si. Comparing Figs. 10d and 10e suggest that the Ca atom 662 

forms stronger bonds with Al-BO-Al than Si-BO-Si. These results provide an indication of the 663 

relative strength of the different types of Ca-O bonds. 664 

  665 

Fig. 10. (a) and (b) 3-D view of electron cloud density plots (denoted by the color yellow) 666 

around the different atoms with a threshold of 0.1 eV/Å3 (a density lower than this value is not 667 

shown in the plots). (c), (d), and (e) show electron charge density contour plots on the plane 668 

passing through the selected atoms (as labeled in the plots).  NBO-Si refers to non-bridging 669 

oxygen connected with a Si atom, whereas Si-BO-Si, Si-BO-Al, and Al-BO-Al refer to the three 670 

types of bridging oxygen.  671 
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The total electronic density of states (DOS) of the DFT-optimized CMAS glass structure, along 672 

with the projected contribution from each type of atom, are shown in Fig. 11. The calculated 673 

band gap (difference between the bottom of the conduction band and the top of the valence band) 674 

for this structure is about 3.2 eV, which is close to those obtained for a sodium silicate (~3.2 eV) 675 

and a sodium calcium silicate glass (~3.4 eV) using DFT calculations.56 Although it is known 676 

that DFT calculations performed using PBE functionals often underestimate the band gap, it is 677 

reliable and useful in comparing relative trends of calculated electronic properties.56 Examining 678 

the DOS contribution from each type of atom reveals that the conduction band is dominated by 679 

Ca atoms with noticeable contribution from O atoms, while the valence band is dominated by O 680 

atoms with sizeable contribution from Ca atoms. This observation is consistent with reference 56. 681 

The total DOS peak at ~ –20 eV is mainly attributed to Ca states while the peaks at ~ –15-18 eV 682 

are mainly due to O states. Since the top of the valence band and the bottom of the conduction 683 

band contains information on reactivity,102, 103 the DOS data in Fig. 11 suggest that the reactivity 684 

of the CMAS glass is largely controlled by Ca and O atoms. 685 

 686 

Fig. 11. Total electronic density of states (DOS) in states/eV for the DFT-optimized CMAS 687 

structure, along with the projected DOS contributions from each type of atom in the structure. 688 
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All the energies are relative to the Fermi level set at the energy of 0 eV as shown by the dashed 689 

line. 690 

Since electrons closer to the Fermi level have high potential to get involved in chemical reactions, 691 

the top of the valence band has a large impact on the reactivity of the system. Since several 692 

previous DFT studies on tricalcium silicate and dicalcium silicate minerals102, 104 have shown that 693 

the top of valence band is particularly informative on reactivity, we next focus on the comparison 694 

of the average DOS between different types of atoms near the Fermi level (e.g., ~ –2-0 eV), as 695 

shown in Fig. 12a. For this region, we clearly see the DOS of Ca, Mg, Si, and Al atoms increases 696 

in the order of Si < Al < Mg < Ca, indicating an increase of reactivity in this order. This result is 697 

consistent with the known fact that Si-O bond is harder to break than Al-O bond, which is then 698 

stronger than Mg-O and Ca-O bonds.105 In particular, the DOS of the Ca atom is substantially 699 

higher than the Mg atom in this region, indicating a higher reactivity for the Ca atom (as 700 

compared to Mg atom), which is consistent with the electron density results in Fig. 10a and 10b 701 

and literature data on Mg2SiO4 and Ca2SiO4 mineral dissolution rates.100 702 

The average DOS of the three types of oxygen species (i.e., FO, NBO, and BO) are given in Fig. 703 

12b, where we clearly see that the FO has the highest DOS near the Fermi level (e.g., ~ –2-0 eV), 704 

followed by NBO and then BO. The observation that NBO has a higher DOS than BO close to 705 

the Fermi level is consistent with reference 56 on silicate glasses. This is also consistent with the 706 

DFT calculations in reference 104, where the DOS of the top of the valence band is located more 707 

around the FO sites in tricalcium silicate mineral (as opposed to NBO). This result suggests that 708 

the reactivity of oxygen species increases in the order of BO < NBO < FO, which is consistent 709 

with experimental data in the literature on silicate minerals dissolution,100 where a higher extent 710 

of depolymerization (increasing NBO) is often associated with higher dissolution rates. The DOS 711 

of the two types of NBO species and three types of BO species are compared in Figs. 12c and 712 

10d, respectively. Comparing the intensity of the DOS near the Fermi level suggests that NBO 713 

bonded with a Si atom has lower reactivity than that bonded with an Al atom and the reactivity 714 

of BO increases as the number of Al bonded with it increases. These results are also consistent 715 

with the fact that Al-O bond strength is lower than that of Si-O bond in aluminosilicates (hence 716 

easier to break).105 717 



32 | P a g e  

 

 718 

 719 

Fig. 12. Partial electronic density of states (DOS) in states/eV per atom for (a) each type of atom, 720 

and (b)-(d) different types of oxygen species. (c) shows the two types of NBO bonded with either 721 

a Si or an Al atom, and (d) shows the three types of BO species.  722 

 723 

3.4 Broader Implications and Impact 724 

CMAS glass reactivity is an important area of study, especially for sustainable cements, yet the 725 

exact impact of Ca, Mg and Al content on the structure and properties of these CMAS glasses 726 

remains somewhat elusive. For example, several studies have shown that increasing Mg content 727 

generally leads to a higher reactivity for the CMAS glasses in an alkaline environment96 and a 728 

higher strength for the final product106. However, in silicate mineral dissolution studies,100 it is 729 

generally shown that the dissolution of Ca is much faster than Mg. As discussed above, our 730 

electronic structure calculation results (Figs. 10a and 10b and Fig. 12a) are consistent with the 731 
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latter, where our results suggest that Ca exhibits higher reactivity than Mg. On the other hand, 732 

the structural analysis results in Fig. 7 show that the Mg atom exhibits a higher affinity with FO 733 

sites (as compared to Ca), which is the most reactive oxygen sites in the CMAS glass as 734 

evidenced by the DOS results in Fig. 12b. It is likely that that increasing Mg content (at fixed Si 735 

and Al content) would increase the formation of FO sites in CMAS glasses (as shown to be the 736 

case in a recent force-field based MD simulations on CMAS glasses48) and hence lead to 737 

increase of reactivity. Due to the formation of FO sites in the CMAS glasses (not often formed in 738 

common silicate minerals), it is likely that both mechanisms are contributing to CMAS glass 739 

reactivity. However, it is noted that the reactivity of CMAS glasses is often highly complex in 740 

alkaline solutions, especially considering additional factors such as solution chemistry, particle 741 

size distribution, interaction between different network formers and modifiers, as well as the 742 

presence of minor oxides and crystalline impurities in the case of blast-furnace slags. 743 

This study can be readily extended to cover a wider range of CMAS glass compositions to 744 

establish the important composition-structure-properties relationship for this important class of 745 

amorphous materials with broad scientific and industrial interests. Furthermore, with the 746 

generation of realistic structural representations, it becomes possible to unambiguously assign 747 

the medium-range ordering generally seen in the experimental PDF data of CMAS glasses and 748 

related amorphous materials.  This information will be particularly useful when combined in the 749 

future with in situ PDF analysis to study amorphous-amorphous transformations, such as CMAS 750 

glass dissolution in aqueous environments, where changes to individual PDF peaks during the 751 

dissolution process can be directly related to the disappearance of certain structural features in 752 

the CMAS glass. The combination of glass structure modeling with in situ PDF analysis will be 753 

extremely helpful for studying the kinetics and mechanisms of glass dissolution, which is crucial 754 

for a range of industrially-important processes, including bioglass dissolution, low-CO2 cements 755 

formation and degradation, glass corrosion, and nuclear waste encapsulation.43, 107-109 756 

4 Conclusions 757 

In this study, we combined force-field molecular dynamics (MD) simulations with density 758 

functional theory (DFT) calculations to generate ten structural representations for a quaternary 759 
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CaO-MgO-Al2O3-SiO2 (CMAS) glass. Quantitative analysis of these ten structural 760 

representations showed that the CMAS glass structures generated using the method outlined in 761 

this study not only agree with our X-ray and neutron total scattering data but also are generally 762 

consistent with literature data on aluminosilicates with respect to interatomic distances, 763 

coordination numbers,  oxygen environments, and angular distributions. Specifically, for the 764 

nearest-neighbor bonding environment with oxygen atoms Al is mainly in IV-coordination with 765 

a small proportion of V-fold, whereas Ca and Mg atoms exhibit a much wider distribution of 766 

coordination states, with an average of ~6.73 and ~5.15, respectively. Analysis of the next 767 

nearest neighbors revealed that there is slight preference for Ca atoms (over Mg) to associate 768 

with both network-formers (i.e., Si and Al atoms). Analysis of the oxygen environment revealed 769 

several key features that are consistent with the literature, including violation of the Al-O-Al 770 

avoidance principle, preferential association of NBO with Si atoms (as opposed to Al atoms), 771 

and Si-Al intermixing. Calculation of the modifier environment around the different oxygen 772 

species showed a slight preference for Ca atoms to act as charge compensators and Mg atoms as 773 

network modifiers. 774 

The results also revealed a preferential association of Mg with FO sites and a tendency for Mg to 775 

from small clusters in the CMAS glass. Given that FO sites are the most reactive oxygen sites (as 776 

evidenced by the electronic structure calculations, specifically a high density of states (DOS) 777 

near the Fermi level, this may help explain the higher reactivity of CMAS glass with higher Mg 778 

content when exposed to alkaline aqueous environments that has been observed in the literature. 779 

In contrast, the electronic structure calculations also suggest that the Ca atom exhibits higher 780 

reactivity than the Mg atom. This suggests that the impact of composition on the CMAS glass 781 

reactivity is highly complex. Hence, further studies on a wider compositional range of CMAS 782 

glasses are warranted to establish the important composition-structure and structure-properties 783 

relationships for these quaternary glass systems. 784 

Finally, this investigation has enabled atom-atom correlations responsible for the medium-range 785 

ordering (~3-8 Å) seen in the experimental PDF data of CMAS glass to be explicitly assigned. 786 

Correct assignment of these correlations in this region will not only enable for better 787 

interpretation of existing PDF data but will also lead to advances in our understanding of 788 
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dissolution mechanisms of CMAS glass (and related amorphous materials systems) in aqueous 789 

environments via experimental methods such as in situ PDF analysis. 790 

5 Supplementary Material 791 

Justification of the equilibration time at 2000 K; Estimation of the CMAS glass density at 792 

different temperatures; Evolution of ground-state energy as a function of cell volume; Details on 793 

the calculation of PDFs and partial PDFs; Agreement with X-ray and neutron experimental PDFs: 794 

MD and DFT structural representations; Partial pair distribution functions (PDFs) for the MD-795 

generated and DFT-optimized structural representation; Bond angle distribution for the MD-796 

generated and DFT-optimized structural representations; Coordination number distribution for 797 

the MD-generated and DFT-optimized structural configurations; The nearest neighbor Si/Al-798 

BO/NBO distances; Interatomic distances beyond the first shell of X-O; X-X (X=Si, Al, Mg, and 799 

Ca) in corner-, edge- and face-sharing configurations; Theoretical estimation of the proportions 800 

of different oxygen species; Impact of cutoff distance on distribution of modifier cations around 801 

different oxygen species; Ca distribution around Si-NBO and Al-NBO sites; O-O distances in 802 

different types of polyhedral; Bader charges. 803 
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