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Field Strength of Network-Modifying Cation Dictates the Structure of (Na-Mg) Aluminosilicate Glasses
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Aluminosilicate glasses are materials with a wide range of technological applications. The field strength of network-modifying cations strongly influences the structure of aluminosilicate glasses and their suitability for various applications. In this work, we study the influence of the field strength of network-modifying cations on the structure of [(Na2O)1–x(MgO)x(Al2O3)0.25(SiO2)1.25] glasses. Due to the higher cation field strength of magnesium than sodium, magnesium prefers the role of network modifier, while sodium preferentially acts as a charge compensator. When magnesium replaces sodium as network modifier, Q3 silicon species are converted into Q2 species. The replacement of sodium with magnesium as charge compensator leads to the following changes: (1) the proportion of aluminum-rich Q4 species [Q4(4Al) and Q4(3Al)] decreases, while the proportion of aluminum-deficient Q4 species [Q4(2Al) and Q4(1Al)] increases; and (2) there is an increased tendency for phase separation between silica-rich and alumina-rich glasses.
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GRAPHICAL ABSTRACT | Field strength of network-modifying cation dictates the structure of (Na-Mg) aluminosilicate glasses.




INTRODUCTION

Aluminosilicate glasses are important materials with a wide range of technological applications, and the study of their structure holds significant scientific interest. Due to their desirable refractory, mechanical, dielectric, chemical, and optical properties, they are commercially used as refractory glass-ceramics (Baker et al., 2006; Beall, 2009; Wu et al., 2018), bioactive glass-ceramics (Verné et al., 2000; Duminis et al., 2017; Nakane and Kawamoto, 2017), container glasses (Mallick and Holland, 2005), liquid crystal display (LCD) substrates (Lamberson, 2016), optical and laser materials (Gorni et al., 2017; Peng et al., 2019), and as host matrices for nuclear wastes (Frankel et al., 2018; Piovesan et al., 2018). In the field of geo-chemistry, they can be considered as frozen model systems for mantle melts and thus, their study can provide significant insights into magmatic processes and the thermal evolution of the earth’s mantle (Lee et al., 2016; Genova et al., 2017; Losq et al., 2017; Nakane and Kawamoto, 2017). Recently, there has been a growing interest in the use of aluminosilicate glass materials as supplementary cementitious materials with the advantage that they result in lower CO2 emissions when compared to the use of ordinary Portland cement (OPC) (Moesgaard et al., 2012; Tashima et al., 2016; Newlands and Macphee, 2017; Kinnunen et al., 2019). However, to ensure enough level of strength development of these blended cements to achieve performance characteristics comparable with OPC, there is a need to focus on the assessment and enhancement of reactivity (particularly the tendency toward aqueous dissolution) of aluminosilicate glasses. One of the important parameters affecting the dissolution of aluminosilicate glasses is the type of network-modifying cations present in the glass (Snellings, 2013; Newlands and Macphee, 2017; Schöler et al., 2017; Kucharczyk et al., 2018).

In most practical cases, aluminosilicate glasses contain more than one type of network-modifying cation. In those glasses, the cation field of the network-modifying cation can dictate the structure of the glass (cation field strength = Z/r2, where Z = cation charge, r = cation radius in Å). Hence, there is a need to understand how the cation field strength of network-modifying cations influence the structure of aluminosilicate glasses. Quaternary aluminosilicate glasses (such as Mg-Na aluminosilicate glass with two types of network-modifying cations) form a useful starting point for this kind of studies.

The structure of a quaternary aluminosilicate glass, for the sake of simplicity, may be visualized to have evolved from that of an amorphous silica melt in a progressive manner, as shown in Figure 1. An amorphous silica melt has a three-dimensional network structure consisting of fully polymerized silicate (SiO4) tetrahedral units with all oxygen atoms performing the bridging role. Here, all the silicon species are depicted in Q4 form; in Qn notation, n (0 ≤ n ≤ 4) represents the number of bridging oxygen atoms around the silicon atom as the nearest neighbor. With the addition of a network modifying cation such as sodium, the bond between silicon and bridging oxygen (BO) is broken with the creation of non-bridging oxygen (NBO) sites, thereby causing network depolymerization that leads to the creation of depolymerized silicon species Q3, Q2, Q1, and Q0. When the amount of modifier added is high, a portion of the cation can exist as a free oxide (Mysen et al., 1982).
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FIGURE 1. Simplified schematic representation of evolution of a quaternary aluminosilicate glass from silica melt. Roles of network-modifying cations (sodium and magnesium) are as follows: those acting as charge compensator are labeled “C”; those in the immediate vicinity of non-bridging oxygen atoms act as network modifier; those in the immediate vicinity of free oxygen exist as free oxide.


The addition of aluminum introduces another level of complexity. Aluminum forms tetrahedral aluminate (AlO4) units with apical oxygen atoms (which are preferentially BO rather than NBO; Thompson and Stebbins, 2012) possessing electrical charge deficit. As a result, a portion of the sodium ions originally present in the system as network modifiers, must now act as charge compensators for the electrical charge deficit. The introduction of tetrahedral aluminate units, along with the depletion of network modifier cations, will promote polymerization of the network. Between the dual roles of sodium, the charge compensation role is always given preference over the network modifying role in the presence of aluminum (Le Losq and Neuville, 2013). The addition of magnesium brings the next level of complexity in structure. Like sodium, magnesium can also perform as either a charge compensator or network modifier. The question now is how the charge compensator and network modifying roles are distributed among co-existing sodium and magnesium cations. This distribution will have a decisive role in the glass structure, and will be dictated by the respective cation field strengths of sodium and magnesium (0.46 Å–2 for Mg, compared to 0.18 Å–2 for Na; Quintas et al., 2009).

In this work, the structure of a series of quaternary aluminosilicate glasses [(Na2O)1–x(MgO)x (Al2O3)0.5(SiO2)1.25; 1 ≥ x ≥ 0] are studied. The objective is to understand how the structure of aluminosilicate glass is influenced by the cation field strength of the network-modifying cation. The characterization techniques used for studying the glasses include X-ray diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), 29Si Magic Angle Spinning Nuclear Magnetic Resonance spectroscopy (29Si MAS NMR) and scanning electron microscopy (SEM).



MATERIALS AND METHODS


Materials

Precursors used for the synthesis of glasses (original glasses and reference glasses) included silicon oxide (Alfa Aesar; purity 99.5%), aluminum oxide (Sigma-Aldrich; purity 99.5%), sodium carbonate (Sigma-Aldrich; purity 99.0%), and magnesium oxide (Sigma-Aldrich: purity 99.0%). Reference compounds for XPS analysis included magnesium carbonate (Sigma-Aldrich; 40.0–43.5% as MgO), magnesium hydroxide (Sigma-Aldrich: purity 99.0%), sodium carbonate (Sigma-Aldrich; purity 99.0%), and magnesium oxide (Sigma-Aldrich: purity 99.0%).



Glass Preparation

A series of 10 aluminosilicate glasses with fixed compositions [(Na2O)1–x(MgO)x(Al2O3)0.25 (SiO2)1.25; 1 ≥ x ≥ 0] were prepared. The nominal compositions and NBO/Si values of the glasses are shown in Table 1. For the sake of simplicity, glasses are represented as Gx. The precursors were mixed in the required proportions and milled in a vibratory disc mill (Retsch RS 200) at 1500 rpm for 3 min. The mixture (50 g batch size) was transferred to a platinum crucible which was subsequently placed in a Nabertherm high temperature furnace (HT 08/18). The mixture was heated at 20°C/min to 1600°C, then held for 90 min. The melt was rapidly quenched by pouring it into water at room temperature. The glass pieces were collected and dried at 60°C for 2 days. The dried glass pieces were subjected to a second melting process to ensure homogeneity. The dried glass pieces were milled in a vibratory disc mill (1–5 min, 1000 rpm) to obtain an average particle size between 1 and 10 μm before further characterization.


TABLE 1. Nominal compositions and NBO/Si values of synthetic glasses.

[image: Table 1]
Reference glasses for XPS and NMR analysis were also prepared in a similar manner as those stated above. The compositions of reference glasses included Na0.75Si2.50Al0.75O6.50, Na1.00Si2.50Al1.00O7.00, Na1.00Si1.00O2.50, Na2.00Si1.00O3.00, Mg0.25Si2.50Al0.50O6.00, Mg0.50Si2.50Al1.00O7.00, Mg0.50Si1.00O2.50, Mg1.00Si1.00O3.00, Na2.00Si1.00O3.00, Na1.00Al1.00Si2.50O7.00, Mg1.00Si1.00O3.00, and Mg0.50Al1.00Si2.50O7.00.



Characterization Techniques

X-ray diffraction (XRD) patterns were recorded with a Rigaku SmartLab 9 kW XRD machine. The following parameters were used during the analysis: Co Kα radiation (Kα1 = 1.78892 Å; Kα2 = 1.79278 Å; Kα1/Kα2 = 0.5), a scan rate of 3°/min between 5°and 85° 2θ, and 0.02°/step. Phase identification was performed with the help of “X’pert HighScore Plus” (PANalytical software). The 29Si MAS NMR spectra were also recorded on a Bruker Avance III 300 spectrometer, operating at 59.65 MHz. The samples were packed inside 7 mm zirconia rotors, a rotation frequency of 7 kHz was employed, and 8192 scans were performed with a repetition rate of 3 s. Chemical shifts were referenced to tetramethylsilane as an external standard, at 0 ppm. The 29Si MAS-NMR spectra were deconvoluted into Gaussian components using Origin software. During deconvolution, peak position, intensity, and FWHM were varied independently while χ2 minimization principal was followed. X-ray photoelectron spectroscopy (XPS) analysis was conducted using a Thermo Fisher Scientific XPS System (ESCALAB 250Xi). The binding energies of various elements were referenced to the binding energy of adventitious carbon (C1s, 284.6 eV). For scanning electron microscopic (SEM) imaging, a Zeiss Ultra Plus field emission scanning electron microscope (FESEM) equipped with an Oxford energy-dispersive X-ray spectroscopy (EDS) detector was used. Elemental mapping was carried out employing the Aztec software. During the preparation of samples, glass powder was impregnated in epoxy resin. After the hardening of the resin, the surface of the sample was polished with diamond (0.25 μm) paste to obtain a smooth surface. The polished surface of the sample was then sputter coated with carbon to create a conductive layer.



RESULTS AND DISCUSSION


XRD Analysis of the Glasses

The sodium endmember of the glass systems (G0.00) shows two distinct amorphous regions along with a crystalline component (Figure 2). The first amorphous region (Am1) extends from 17.0° to 32.0°, while the second amorphous region (Am2) starts at 32.0° and ends at 45.0°. The crystalline component corresponds to sodium carbonate. This indicates that a portion of the sodium in the glass systems exist in the free oxide form, which is rapidly carbonated by atmospheric CO2 and forms sodium carbonate. The free oxide form of network-modifying cation can occur in glasses when the NBO/Si ratio is high (Mysen et al., 1982).
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FIGURE 2. Results of the XRD analysis of [(Na2O)1–x(MgO)x(Al2O3)0.25(SiO2)1.25] glasses. Note that in G0.77, G0.88, and G1.00, a small XRD signal is visible at around 52.30°. This corresponds to iron metal which originates from the steel grinding equipment used for pulverizing the glass samples.


With the introduction of magnesium in the sodium endmember (starting from G0.11), Am1 remains intact in the beginning. There is no noticeable change in Am1 in glass samples from G0.00 to G0.77. However, on moving from G0.77 to G1.00, there is a slight shift of Am1 to the higher angle side by around 2° (refer Supplementary Material S1 for better details). In the case of Am2, as magnesium is introduced in the sodium endmember, there is a clear decrease in intensity. Growth of a new amorphous region is slowly underway. Finally, Am2 merges with Am1 and forms a new amorphous region (Am3) toward the magnesium endmember.

With the addition of magnesium in the sodium endmember, there is a gradual reduction in the intensity of sodium carbonate. The crystalline peaks of sodium carbonate disappear from glass samples starting from G0.44. Toward the magnesium endmember, one of the glasses (G0.88) shows the precipitation of crystalline forsterite (Mg2SiO4). It has been reported that the forsterite composition is difficult to vitrify (Nasikas et al., 2011). The existence of forsterite also indicates the presence of Q0 species. Both free network-modifying cations and highly depolymerized species such as Q0 can occur in glasses when the NBO/Si ratio is high (Mysen et al., 1982).



Understanding Phase Separation in Glasses Through SEM

Phase separation is a chemical disorder in glasses, which occurs when framework/network-modifying cations are not distributed in the glass network in a completely random order. This phenomenon stems from the occurrence of liquid immiscibility and positive mixing enthalpy among various oxide components of glasses (Hervig and Navrotsky, 1985; Lee, 2005). An important factor known to cause phase separation in silicate glasses is the nature of network-modifying cations. One of the earliest works in this direction was performed by Kracek (1930) who investigated the influence of network-modifying cations on liquid immiscibility of binary silicate systems by analyzing the shape of their liquidus curves. One group of cations (Cs, Rb, and K) formed binary silicates in which the shape of liquidus curve is linear. The liquidus curve of binary silicates of another group of cations (Na, Li, and Ba) followed S-shape. In the case of the binary silicates of the third group of cations (Sr, Ca, Mg), the liquidus curve is characterized by plateau. Another study by Warren and Pincus (1940) concluded that miscibility in glasses is favored by the tendency of framework cations to form bond with all available oxygens in the glass system, while immiscibility is favored when network-modifying cations are not properly surrounded by unsaturated oxygens. They suggested that ionic potential (Z/r, where Z and r represents cation charge and radius, respectively) has a critical influence on the immiscibility. Higher ionic potential of the network-modifying cations leads to greater immiscibility. Block and Levin (1957) studied the immiscibility of binary silicate systems with a focus on geometrical considerations. They suggested that the electrostatic bond strength (Z/Cn, where Z and Cn represent cation charge and coordination number respectively) of the network-modifying cations influences the shape of liquidus curve and the immiscibility. Galakhov and Varshal (1973) proposed that cationic field strength (Z/r2) is the significant factor controlling phase separation in simple silicate systems. The network-modifying cations with higher field strength produces greater phase separation. McGahay and Tomozawa (1989) used the concept of ionic interaction to study the phase separation in binary silicate systems. They found that the application of Debye–Hückel electrolyte theory in binary alkali and alkaline earth silicate systems can produce accurate predictions of critical temperatures. The study also found that immiscibility gap size is inversely proportional to the cube of the distance between cation and anion. Hess (1995) proposed that phase separation arises when non-framework cations are not sufficiently shielded from one another’s influence by the surrounding Si-O medium. Hence, strong coulombic repulsion between network-modifying cations can drive phase separation. Hudon and Baker (2002) made an exhaustive review focusing on the phase separate tendencies of 41 binary silicate glasses. Based on ionic radius (r) and coordination number (Cn), they grouped network-modifying cations into three categories. In the case of the first category (r > 87.2 pm; Cn ≥ 5) of network-modifying cations, the immiscibility gap size of the binary silicates is linearly proportional to the ionic potential (Z/r) of the network-modifying cations. For the second category (26 pm < r < 87.2 pm; Cn = 4 or 5) of cations, the immiscibility gap size has a non-linear (curve) correlation with ionic potential. The third category (r = variable; Cn = variable) formed silicates where the immiscibility gape size is larger than what is expected with network-modifying cations with similar ionic radii. They concluded that phase separation in silicate systems originates from coulombic repulsions between poorly screened network-modifying cation bounded by BO (which is strongly polarized toward Si) and by NBO. Most of the studies focusing on the influence of network-modifying cations on phase separation are performed on binary silicate systems investigates the phase separation between framework cations and network-modifying cations. Hence, it is interesting to see how network-modifying cations (like Na and Mg) can influence phase separation among framework cations (like Si and Al) in complex quaternary glass systems like Na-Mg aluminosilicate systems.

Scanning electron microscopy (SEM) along with energy dispersive X-ray analysis (EDX) allowing elemental mapping can be used to understand how the nature of network-modifying cations (Na/Mg) can cause phase separation (of Si and Al) in glasses at microstructural level. The microscopic images of glasses (Figure 3) indicates that G0.00 and G0.55 have uniform distributions of both Si and Al, although G0.00 shows some segregation of Na, which indicates the presence of the free form of Na as sodium carbonate. The last two glasses toward Mg endmember show some extent of phase separation (refer Supplementary Material S2 for some area-specific analysis). There is slight Si phase separation evident in G0.88. In G1.00, both Si and Al phase separation are observable to greater extent. It has been reported that Mg shows higher phase separation tendencies than Na in silicate systems (Galakhov and Varshal, 1973; Kreidl, 1991; Hudon and Baker, 2002). This can explain the phase separation observed in compositions close to magnesium endmember.


[image: image]

FIGURE 3. Scanning electron microscope images along with overlay of EDX elemental mapping for G0.00, G0.55, G0.88, and G1.00.


An idea about excitation volume in case of the SEM analysis can be obtained by calculating the depth of X-ray generation (Friel and Lyman, 2006). [image: image], where Eo refers to accelerating voltage (keV), Ec represents critical excitation voltage (keV), and ρ is the mean specimen density (g/cm3). The average spatial resolution for the SEM analysis is around 2.27 μm



Insights From XPS Into the Role of Network-Modifying Cations

For the purpose of understanding the role of sodium in aluminosilicate glasses, Na 1s binding energies in original glasses as well as some reference compounds have been analyzed (Figure 4A). The reference compounds chosen included compounds in which sodium exists solely as charge compensator or network modifier or in free-oxide form. The following trend in binding energy has been observed in case of reference compounds: charge compensator > network modifier > free form. In the case of the original glasses, the binding energy in sodium endmember lies in the region between network modifier and free form. As the MgO/(MgO + Na2O) ratio increases, there is a progressive increase in binding energy, and it reaches close to the charge compensator regime toward the magnesium endmember. This trend in the binding energy of sodium indicates that as magnesium is introduced into the system, it initially replaces sodium in the network modifier regime and, finally, replaces sodium in the charge compensator regime toward the magnesium endmember.
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FIGURE 4. Results of XPS analysis of glasses. (A) Binding energy plot for sodium. (B) Binding energy plot for magnesium. (C) Role of network-modifying cations (sodium and magnesium) as indicated by XPS analysis. (D) Binding energy plots for oxygen, silicon, and aluminum.


The binding energy of magnesium (Mg 2p) in original glasses as well as some reference compounds (where magnesium exists solely as charge compensator or network modifier or in free-oxide form) has been analyzed (Figure 4B). In the case of reference compounds, it has been observed that the binding energy of magnesium is higher when it acts as charge compensator rather than network modifier [the free form of magnesium may occur as MgO, Mg(OH)2, and/or MgCO3, in which magnesium has different binding energies]. As the MgO/(MgO + Na2O) ratio increases, there is a progressive increase in magnesium binding energy, and it reaches close to the charge compensator regime toward the magnesium endmember. This trend in the binding energy of magnesium indicates that as magnesium is introduced in the system, it initially performs the network modifier role and finally, performs the role of charge compensator toward the magnesium endmember.

Combining the results from the analysis of sodium and magnesium binding energies, it can be deduced that when both magnesium and sodium coexist in a glass system, sodium is preferred for charge compensation while magnesium is preferred for network modification. Figure 4C shows the role of network-modifying cations as indicated by XPS analysis.

Cation field strength can be used to explain the role preference among network-modifying cations as concluded from XPS analysis. Mg with high cation strength will have a higher concentration of positive charge than sodium with low field strength. So, magnesium needs to be surrounded by a higher concentration of negative charge to ensure neutrality of the structure. An NBO atom carries more negative charge than the apical oxygen atom (BO) of the negatively aluminum tetrahedral unit. Hence, magnesium prefers to be associated with NBO as network modifier. Similarly, preference of sodium for charge compensation (association with BO) can be explained.

The results of the XPS analysis indicate that the O 1s binding energy increases as sodium is replaced by magnesium in the aluminosilicate glasses (Figure 4D). This is because the Na-O bond has a more ionic nature than the Mg-O bond (Gibbs et al., 2006) and hence, the O 1s binding energy is higher in Mg-O bonds than Na-O bonds (refer Supplementary Material S4.4 for better details). The binding energy of the electrons of silicon increases gradually with the replacement of sodium by magnesium (Figure 4D), and steeply when approaching the magnesium endmember. As the Si-O bond is brought into closer proximity to a less-ionic Mg-O bond, according to the interjection rule (Barr, 1990), the binding energy of silicon should increase. The aluminum binding energy increases also gradually with the replacement of sodium by magnesium (Figure 4D), and the explanation given for the silicon binding energy increase holds here also.



Understanding Silicon Speciation Through 29Si MAS NMR

Under normal conditions of pressure and temperature, silicon exists almost exclusively in tetrahedral form in aluminosilicate glasses (Kelsey et al., 2009). Thus, the local environments of silicon in glasses can be conveniently represented by Qn (mAl), where n (4 ≥ n ≥ 0) represents the number of BO atoms surrounding the silicon atom, and m (n ≥ m ≥ 0) represents the number of the next-nearest neighbor sites, connected through these BO atoms, that are occupied by aluminum. Theoretically, this means that there can be up to 15 different local environments for silicon in aluminosilicate glasses. The quantification of these environments may be possible through credible deconvolution of spectra obtained through 29Si NMR (Mysen et al., 2003; Walkley and Provis, 2019).

Much of the work in the literature on quantification of Qn species in aluminosilicate glasses through 29Si NMR spectral deconvolution has been focused on fully polymerized systems. In fully polymerized systems, the quantity of network-modifying cations present is just enough to balance the electrical charge deficit introduced by tetrahedral aluminum species and hence, there is no depolymerization of the network structure. In such cases, silicon can exist in only five states-Q4(0Al), Q4(1Al), Q4(2Al), Q4(3Al), and Q4(4Al). The spectral deconvolution is possible in a satisfactory manner as there are less overlapping among components. However, in depolymerized aluminosilicate systems (when network-modifying cations are present in a higher quantity than what is needed for charge compensation), credible deconvolution of spectra is a challenge due to overlapping among up to 15 components. Thus, there has been less work done in this area. One of the note-worthy attempts in this area had been made by Mysen et al. (2003) who deconvoluted the 29Si NMR spectrum in a meaningful manner up to 10 components, excluding highly depolymerized components (Q0, Q1). However, in our work, we have accounted for contributions from highly depolymerized components as our systems have higher proportions of network-modifying cations and XRD analysis indicates direct evidence of the presence of Q0 species.

For the purpose of determining the chemical shifts to apply for sub-peaks in the 29Si MAS NMR spectra of the main series of glass samples, deconvolutions of the spectra of some simplified reference glasses were performed (refer Supplementary Material S3 for more details). Na2.00Si1.00O3.00 and Mg1.00Si1.00 O3.00 were chosen to obtain information about the chemical shifts of Q0–Q3 species in sodium silicate and magnesium silicate respectively. Na1.00Al1.00Si2.50O7.00 and Mg0.50Al1.00Si2.50O7.00 were chosen for obtaining information about the chemical shifts of Q4(mAl) species in sodium aluminosilicate and magnesium aluminosilicate, respectively.

Considering the complexity of the deconvolution procedure, we ensured the credibility of the deconvolution procedure (for the main series of glass samples) by the following three ways: (1) Choosing meaningful values for chemical shifts, and width for each spectral component, by consulting literature (Mahler and Sebald, 1995; Lee and Stebbins, 1999; Schneider et al., 2000; Mysen et al., 2003) as well as by performing spectral deconvolution for some simplified reference glasses as stated before (refer Supplementary Material S3 for better details); (2) comparing the overall Si: Al ratio obtained through spectral deconvolution (experimental) to the bulk (theoretical) value; and (3) comparing the experimental NBO/Si ratio to the theoretical ratio. The full details of the spectral deconvolutions are provided in Supplementary Material S2. In spite of the rigorous method followed, there can be major uncertainties associated with the deconvolution procedure. This uncertainty originates mainly from two sources: (1) uncertainty arising due to chemical shift variation; (2) uncertainty arising from FWHM variation. Hence, these two uncertainties were assed independently. The total uncertainty was obtained by the addition of these two uncertainties. Detailed procedure followed for uncertainty calculation has been provided in Supplementary Material S3.

Each of the spectra obtained through 29Si NMR measurement of the glasses was deconvoluted into 11 components, representing the known site environments in these glasses. Deconvolution for the case of G0.00 is shown in Figures 5A,B, while those of the remaining glasses are provided in Supplementary Material S3. The experimental and theoretical values for the Si:Al ratio are close to each other in all glasses, except in those close to the magnesium endmember where experimental values are higher than theoretical values (Figure 5C). This may be due to the phase separation toward the magnesium endmember (as observed in SEM analysis). Experimental values for the NBO:Si ratio are lower than the theoretical values for glasses close to the sodium endmember, while toward the magnesium endmember the values are in good agreement (Figure 5D). According to the XRD analysis of the glasses, in glasses close to the sodium endmember, a portion of sodium exist as free form (observable as sodium carbonate). This means that the total amount of sodium available to act as network modifier or charge compensator is lower than the bulk value. This explains the lower experimental values for NBO:Si in glasses close to the sodium endmember.


[image: image]

FIGURE 5. Results of deconvolution of 29Si MAS NMR spectra of glasses. (A,B) Deconvolution of the 29Si MAS NMR spectrum of G0.00. (C) Comparison of theoretical (based on bulk composition) and experimental (based on deconvolution of 29Si spectra) values of Si/Al. (D) Comparison of theoretical and experimental values for NBO/Si ratio.


The results of the deconvolution (Figure 6A) indicate that sodium endmember (G0.00) is dominated by Q3 (45%) and Q4 (35%) species, followed by Q2 (15%) species. Highly depolymerized species such as Q1 and Q0 are present in relatively smaller proportions (2 and 4%, respectively). With the introduction of magnesium into the sodium endmember, as the MgO/(MgO + Na2O) ratio increases from 0 to 0.75, there are changes in the proportions of Q3 and Q2 species (associated with network modifier cations), while Q4 remains nearly the same, and the small fractions of Q1 and Q0 also do not change significantly. This agrees with the observation above that magnesium added to the sodium endmember prefers to take on the role of network modifier rather than charge compensator (according to XPS analysis). Regarding the changes in Q3 and Q2 species, there is a decrease in the proportions of Q3(0Al), Q3(1Al), and Q3(2Al) species, while the proportions of Q2(0Al) and Q2(1Al) increases (Figure 6B). The observed trends in Qn speciation remain the same as the MgO/(MgO + Na2O) ratio increases from 0 to 0.75. However, as this ratio increases beyond 0.75, there are major changes in the Q4 species. While the overall proportion of Q4 species remains nearly the same (Figure 6C), there is a decrease in the proportion of the aluminum-rich Q4 species [Q4(4Al) and Q4(3Al)], and a corresponding increase in aluminum-deficient Q4 species [Q4(2Al) and Q4(1Al)]. There is also a slight increase in the proportions of depolymerized Q1 and Q0 species (This agrees with the XRD analysis, which indicated presence of forsterite (MgSiO4), with Q0 silicate sites, in compositions close to the magnesium endmember).


[image: image]

FIGURE 6. Results of Qn speciation from 29Si MAS NMR analysis of glasses. (A) Overall Qn speciation in glasses. (B) Detailed Q2 and Q3 speciation in glasses. (C) Detailed Q4 speciation in glasses.


The analysis of the Qn speciation of glasses agree with the previous studies. One of the major trends in Qn speciation is the reduction in Q3 species and increase in Q2 species as Na is replaced by Mg in Na-Mg aluminosilicate glasses. Jones et al. (2001) investigated the structure of Ca/Na silicate glasses by 29Si MAS NMR spectroscopy and observed that Ca preferably associates with Q2 species, while Na associates with Q3 species (Ca has cation field strength of 0.36 Å–2, while Na has 0.18 Å–2 (Quintas et al., 2009). Hence, the behavior of Mg in Na-Mg silicate glasses can be compared to that of Ca in Na-Ca silicate glasses). Structural investigation of Na/Ca silicate glasses by Raman spectroscopy found that as Na is replaced with Ca, the Q3/Q2 ratio decreases (Neuville, 2006). Schneider et al. (2000) studied the structure of Na/Ca silicate glasses with the help of 29Si MAS NMR spectroscopy and observed that Q3 species decreases, while Q2 species increases as Na content of glasses decreases. A structural investigation of Na/Ca silicaphosphate glasses by 29Si MAS NMR spectroscopy concluded that Ca preferentially associates with Q2 species, while Na shows more affinity for with Q3 species (Lockyer et al., 1995). Structural studies of Na/Ca aluminosilicate glasses by 27Al and 29Si MAS and MQMAS spectroscopies indicated that Ca occurs more near Q1 and Q2 species, while Na is more localized around Q3 and Q4 species (Gambuzzi et al., 2014). The other major trend in Qn speciation observed in our study is that there is a reduction in the proportion of the aluminum-rich Q4 species [Q4(4Al) and Q4(3Al)], and a corresponding increase in aluminum-deficient Q4 species [Q4(2Al) and Q4(1Al)] as Na is replaced by Mg in the charge compensator regime. This is in agreement with the previous studies on aluminosilicate glasses with a similar Si:Al ratio. A structural study of Na aluminosilicate glasses using 29Si MAS NMR spectroscopy revealed that Q4 species are mostly dominated by Q4(4Al) and Q4(3Al) species when compared to Q4(2Al), Q4(1Al), and Q4(0Al) species (Mysen et al., 2003). Another structural investigation of Ca aluminosilicate glasses using 29Si MAS NMR spectroscopy indicated that Q4(2Al) and Q4(1Al) species dominates among Q4 species (Lee and Stebbins, 1999).

One important structural aspect of aluminosilicate glasses is the connectivity of framework units. It is related to the extent of mixing among framework cations and is known to have significant influence on many properties of the aluminosilicate glasses (Lee, 2005). An insight into the framework connectivity in the aluminosilicate glasses is possible through the estimation of Al distribution in various Qn species (this can indicate if a particular Qn species exhibit preference to form Si-O-Al bridges than Si-O-Si bridges).

It has been found that Al preferably associates with Q4 species when compared to other Qn species (Figure 7). Irrespective of the nature of network-modifying cations present, all the glasses exhibit around 60% of total aluminum in Q4 species (There is a slight drop toward the Mg endmember, which is due the reduction in aluminum-rich Q4 species as discussed before). Significant Al reside in Q3 and Q2 species also. In the sodium endmember, roughly 32% of the Al is associated with Q3 species, while 8% of the Al is confined to Q2 species. Unlike the case of Q4 species, Al distribution in Q2 and Q3 species is influenced by the type of network-modifying cation present. As Mg is introduced into the Na endmember, Al association with Q3 species decreases, while Al association with Q2 species increases. The Mg endmember has roughly 13% of the Al associated with Q3 species, while 28% of the Al is confined to Q2 species.


[image: image]

FIGURE 7. Aluminum distribution in various Qn species.


The preference of Al for Q4 species (as discussed above) has been reported in previous studies of aluminosilicate glasses. Structural investigation of Ca/Na aluminosilicate glasses by 27Al and 29Si MAS and MQMAS spectroscopies revealed that Al prefers association with Q4 species, followed by Q3 and Q2 species (Gambuzzi et al., 2014). Neuville et al. (2004) studied the structure of Ca aluminosilicate glasses by 27Al MQ-MAS NMR and XANES spectroscopies and observed that Al is mainly associated with Q4 species. The 29Si MAS NMR spectroscopic analysis of Na aluminosilicate glasses revealed that as much as 70% of the total Al is associated with Q4 species (Mysen et al., 2003). Raman spectroscopic studies on Na/Ca aluminosilicate glasses concluded the preference of Al for Q4 species (Mysen et al., 1981; Mysen, 1999). Maekawa et al. (1991) studied the structure of Na aluminosilicate glasses by 29Si MAS NMR spectroscopy and found that Al has strong affinity for Q4 species. Due to the longer bridging Al-O bonds (when compared to bridging Si-O bonds) and larger average Si-O-Al bond angles (when compared to Si-O-Si bond angles), alumina tetrahedra can be accommodated with Q4 species with less energy penalty than depolymerized Qn species (Mysen et al., 2003).

Cation field strength can be used to explain the trends observed in the 29Si MAS NMR analysis. The major change that happens as magnesium replaces sodium in the network modifier region is the conversion of Q3 species to Q2 species. Q2 species (with 2 NBO) have more negative charge than Q3 species (with 1 NBO). So, it is natural that magnesium, with a high cation field strength, prefers to associate with Q2 than Q3 species. As magnesium enters a charge compensation role when it is present in much larger quantities than sodium, there is a decrease in the proportion of Q4(4Al) and Q4(3Al) sites, and an increase in Q4(2Al) and Q4(1Al) sites. Q4(4Al) and Q4(3Al) sites (which are associated with 2 and 1.5 units of Mg2+) experience more distortion due to the high cation field strength of magnesium when compared to Q4(2Al) and Q4(1Al) sites (which are associated with 1 and 0.5 units of Mg2+). Hence, when magnesium acts as charge compensator, Q4(4Al) and Q4(3Al) sites are less favored when compared to Q4(2Al) and Q4(1Al) sites. This explains the observed trend within Q4 species.



CONCLUSION

It can be concluded that magnesium prefers the role of network modifier, while sodium preferably acts as charge compensator, when both network-modifying cations coexist in an aluminosilicate glass. This is since Mg with a high cation field strength prefers association with non-bridging oxygen, carrying more negative charge, for better charge stabilization. When magnesium replaces sodium as a network modifier, Q3 species are converted into Q2 species. Replacement of sodium with magnesium as charge compensator leads to the following changes: (1) the proportion of aluminum-rich Q4 species [Q4(4Al) and Q4(3Al)] decreases, while the proportion of aluminum-deficient Q4 species [Q4(2Al) and Q4(1Al)] increases; and (2) there is an increased tendency for phase separation between silica-rich and alumina-rich glasses.
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