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Abstract

In a geological context, glasses are useful analogues for silicate melts as they are more readily
studied in the laboratory using a wide range of techniques that are impractical for molten liquids.
Understanding the structure of binary silicate glasses can help us understand more about the
magmatic processes that affect terrestrial planetary bodies.

Potassium silicate glasses ranging in composition from 10 mol% to 35 mol% K>O were studied
using X-ray Photoelectron Spectroscopy (XPS). From high resolution O 1s XPS spectra,
Bridging Oxygen (BO) mole fractions were calculated and compared with those of previous 2°Si
MAS NMR studies. From 25-35 mol% K>O, XPS BO mole fractions were higher resulting in a
discrepancy. Thermodynamic analysis indicated the presence of a few mol% of Free Oxygen
(0%) in these glasses, which challenges the longstanding assumption that the reaction

BO + O — 2NBO,

goes to completion where NBO is Non-Bridging Oxygen. The uncertainties involving the
synthesis of glass samples and the fitting of the XPS spectra were addressed. An attempt was
made to resolve the discrepancy with the NMR results by examining the NMR data and
reconsidering the assignment of Q-species. The amount of O in potassium silicate glasses was
found to sufficient to affect reactions with CO> and other volatile species which suggests that it is

more reactive than Non-Bridging Oxygen.

XPS was then used to study oxygen speciation in glasses with 31 mol% K>O and 0, 1 and 3
mol% Al>Os. NBO decreased while BO increased in two contributions representing Q* and

KAIO2. Aluminum was found to dissolve according to the reaction:
K-Q® + AlO15 — Q* + KAIO,

At high temperatures the dissociation of Si-O-K moieties results in a process whereby NBO are
converted to BO through nucleophilic attack of Si-NBO™ melt species on surface Al.Oz sites. The
conversion of NBO to BO results in a more stable melt. Without the stability that aluminum
provides in melts, the composition of the upper mantle and crust and the subsequent evolution of

the crust would have been different from what we observe today.
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Summary For Lay Audience

Glass is a material that has been used for millennia for a variety of artistic, industrial and
scientific purposes. The structure of a glass is essentially a snapshot of the melt structure at the
point when it becomes a glass. In the Earth and Planetary Sciences, glasses provide useful
analogues for natural melts. Glasses can be studied at room temperature using a wide variety of
techniques unavailable to melts which require high temperatures. Glasses with simple
compositions provide a basis for modeling the properties and behaviour of melts with more

complex compositions.

In this work, X-ray Photoelectron Spectroscopy is used to quantify abundances of BO (e.g., Si-
O-Si) and NBO (e.g., Si-O-K) atoms in potassium silicate glasses containing 10-35 mol% K>O.
XPS results indicate an overabundance of BO atoms if the glasses are assumed to only contain
BO and NBO and no O?. Thermodynamic modeling reveals indirect evidence for 0% (e.g., K-O-
K) being present at levels of several mol%. A discrepancy is found between the XPS results and
results from previous Nuclear Magnetic Resonance (NMR) studies. An attempt is made to
resolve this discrepancy by carefully considering uncertainties related to XPS analysis and
sample preparation and offering a more complete interpretation of the NMR results. It is then
shown that there is sufficient O% in these glasses to react with CO2 and other volatile species,

suggesting that it is the reactive species in these glasses and not NBO as is commonly assumed.

Small amounts of Al.O3 (1 and 3 mol%) are added to a glass containing 31 mol% KO to study
the dissolution of Al,Oz. NBO is found to decrease, and BO is found to increase in two
contributions with an increase in Al. From these results, the chemical reactions that are dominant
at the start of dissolution are proposed where Si-NBO™ melt species attack solid Al.Oz species to
produce more BO atoms. The overall result is an increase in melt stability without which the

evolution of the crust and mantle may have been much different.
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Figure 2.6: O 1s spectra of vitreous silica and the potassium silicate glasses studied along with
the fit residuals. The BO and NBO peaks were fitted freely with no constraints. A Shirley
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Figure 2.7: Examples of BO mol % as a function of time of exposure to the X-ray beam for two

samples (35 mol % and 17 mol % K>0). The BO abundances with analysis time for all samples
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are given in Table 2.4. Data points were fit with a polynomial line and the y-intercept indicates
the BO mol % in the glass prior to analysis. This procedure was used to obtain the BO mol % for

all glasses studied and the extrapolated values are given in Table 2.3. .......ccccooviveveiininieceee. 38
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Figure 3.2: O 1s XPS spectra of six potassium silicate glasses. The nominal compositions of
glasses shown in Figures 3.2a, 3.2b and 3.2c are 35 mol% KO but they were melted either three
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Variation of BO% about the least squares quadratic fits (e.g., those in Figures 3.4a-d). The
variations have been plotted in Figure 3.4e as a function of exposure time to obtain an estimate
of the uncertainty associated with the BO% quoted in Table 3.2. The dashed curves represent
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Figure 3.5: Plot of BO mole fraction versus mole fraction MO (or M20) illustrating relationships
among the oxygen species and experimentally determined Xgo values from O 1s XPS and 2°Si
MAS NMR spectra. Xoo- values are plotted and have been derived from experimental Xgo values
(see text for calculations). The shaded circles represent experimentally determined Xgo values
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3.2. The short-dashed curve illustrates Xso where Reaction 3.1 goes to completion (i.e., K1 = o).

Figure 3.6: Reproduction of the 2°Si MAS NMR spectrum of crystalline K2Si»Os from de Jong et
al., (1998) illustrating the Q-species distribution. The spectrum includes seven peaks. A small
peak at ~ -93.5 ppm is extraneous (see de Jong et al., (1998) for explanation). The centroids of
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Figure 3.7: (a) °Si MAS NMR spectrum of potassium metasilicate glass after Maekawa et al.
(1991) and (b) reproduction of the 2°Si MASNMR spectrum of sodium metasilicate glass from
Maekawa et al. (1991) along with their original spectral peak assignments. The differences in the

spectra make Q-species assignments uncertain for the potassium metasilicate

Figure 4.1: O 1s XPS spectra, fits and residuals for K-silicate glasses containing 0, 1 and 3 mol%
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Figure 4.2: O 1s XPS spectra of the K-silicate glasses where the BEs have been standardized to a
common value and the intensities have been normalized to obtain intensity per mole of O.
Difference spectra are indicated by the solid dots in each diagram. (a) The standardized and
normalized KS and KAS1 spectra. The difference spectra obtained by the subtraction of the KS
spectrum from the KAS1 spectrum. (b) The standardized and normalized KS and KAS3 spectra.
The difference spectrum in obtained by subtracting the KS spectrum from the KAS3 spectrum.
The arrows indicate the BEs of vitreous SiO> (Nesbitt et al., 2015) and of crystalline NaAlO>
(Barr, 1991). Both phases contain only BO @tOmS. .......ccooiveiiiiriiiiesie e 104

Figure 4.3: NBO and BO abundances measured and calculated as a function of dissolved AlO15
in K-disilicate glass. The large, filled circles are experimental results from Fig. 4.1 (£2%
uncertainty). The small, shaded circles represent calculated values of Table 4.1 (columns 12 and
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Figure 4.4: Schematic diagram showing the reaction between a Q® species of the melt and under-
coordinated AIV and O atoms at the Al,Os surface. Surface Al sites are strong Lewis acids and
surface O sites are strong Lewis bases. (a) illustrates the reaction of a Q% melt species (Reactant
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Figure 4.6: Schematic showing the replacement of NBOs for BOs on the aluminate species by
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transition species. With successful reaction, the number of BOs on the product moiety (AlO4)
increases by one. When the reaction is repeated, it may yield an AlO4 moiety consisting of only

BOs. The reaction follows a Sy reaction mechanism with the transition species in which Al is
five-fold coordinated
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Chapter 1

1.0 INTRODUCTION

Glasses have been used for millennia for a variety of purposes and are one of the oldest industrial
materials (e.g., Mysen and Richet, 2005). The importance of glasses to modern society is
reflected in their ubiquity. In the context of earth sciences, glasses are often used as analogues
for natural silicate melts since they are more readily studied by a large variety of analytical
techniques (e.g., Calas et al., 2006; Henderson, 2005). Glasses with simple compositions, such as
binary alkali silicates, can help us extrapolate and model the structure and properties of more
complex natural melts. Such results shed light on the magmatic processes that occur on and in
terrestrial planetary bodies.

1.1 Glass Structure and Concepts

A glass is an amorphous material with no long-range order that exhibits the glass transition
(Calas et al., 2006; Henderson, 2005). The glass transition is the range of temperatures over
which a rapid but continuous change in second-order thermodynamic properties (e.g., heat
capacity and thermal expansivity) from liquid to solid-like values occurs (Calas et al., 2006;
Henderson, 2005). The glass transition temperature, Ty, defines this region. Glasses are solids in
the sense that they are rigid materials that do not flow when subjected to moderate stress (Calas
et al., 2006; Henderson, 2005). A glass can be considered as an inorganic material that is the
product of fusion and has been cooled to a rigid condition without crystallizing (Scholze, 1991).
Alternatively, glass can be considered, in the physicochemical sense, as a “frozen-in undercooled
liquid” (Scholze, 1991) which exhibits the structure of a melt at T4 (Calas et al., 2006).

Silicate glasses consist of a network of interconnected silica tetrahedra. In this sense, silicon is a
network former (e.g., Calas et al., 2006). Oxygen atoms which link silica tetrahedra together are
called Bridging Oxygens (BO). The introduction of oxides comprised of cations such as alkali
and alkaline earth elements modifies the structure by bonding with oxygen atoms in the glass

network through polymerization reactions. Oxygen atoms that connect a silica tetrahedron to a
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Figure 1.1: (a) Drawing showing BO and NBO of Si tetrahedra, taken from Calas et al. (2006).
(b) The Modified Random Network model of Greaves where large unfilled circles represent BO
and small filled circles represent NBO, taken from Henderson (2005) after Greaves (1985).



network modifying cation are called Non-Bridging Oxygens (NBO) (see Figure 1.1a). Free
Oxygen atoms (O?) are not connected to any network formers and connect only to modifying
cations. Q-species are Si tetrahedra distinguished by the number of BO bonded to the central Si
atom. They are denoted as Q", where Q represents a silica tetrahedron and n is the number of BO

atoms connected to it.

Henderson (2005) notes that glass structure models tend to be categorized as crystallite or
continuous random network (CRN) models, but recent studies favour the CRN theory or some
modified variation of it. Zachariasen (1932) proposed the CRN model where the structure of
glass is made up of a disordered network of silica tetrahedra connected to each other by corner
sharing BO atoms. This model found experimental support from Warren (1934). Greaves (1985)
developed the modified random network (MRN) model (see Figure 1.1b) where the structure of a
glass is made up of two sublattices which are interconnected: one made up of network formers
and one made up of network modifiers. In this model, the structure is partly covalent (network
formers) and partly ionic (network modifiers), with the modifier sublattice forming percolation
channels that facilitate ionic transport (Greaves, 1985). The MRN model is currently the most
widely accepted hypothesis of glass structure because it agrees with most recent experimental
studies (Henderson 2005).

1.2. X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a technique developed in the 1960s that utilizes the
photoelectric effect to obtain spectra of materials. High energy photoelectrons from an X-ray
source with energy hv bombard a sample. The incident photons impart energy to electrons in
core orbitals and if the imparted energy is greater than the binding energy (BE) of an electron,
the electron is ejected as a photoelectron possessing kinetic energy (KE). The Kkinetic energy of
the photoelectrons are measured by a detector. The binding energies of the orbitals from which

the photoelectrons originated can be found using the equation:
BE = hv — ¢ — KE, (1.2)

where BE is the binding energy, KE is the kinetic energy, hv is the energy of the X-ray source
and ¢ is the work function of the spectrometer which is typically negligible. Although
considered a surface analytical technique, the depth of analysis of XPS is on the order of a few



10s of A and XPS therefore can be used for bulk analysis provided that the bulk of the sample is
homogeneous (Hochella and Brown, 1988; Hochella, 1988; Nesbitt and Bancroft, 2014).

Insulators or non-conductors such as silicate glasses experience a build-up of charge during
analysis. Continuous charging occurs when the amount of charging is uniform across a smooth
sample surface and results in shifts in the BEs of every peak. Differential charging is caused by
variations of charge across the whole surface and is reflected in a range of KE values which
result in broadened spectra. Continuous charging poses little issue for spectral analysis and
differential charging is often mitigated with the use of electron flood guns that flood the sample
with low energy electrons (Nesbitt, 2002). This technique has limited effectiveness on irregular
surfaces (e.g., fractured surfaces) due to the directional nature of the electron flood gun. An
advanced charge compensation technique using a magnetic confinement system was developed
(Neshitt et al., 2004). Low energy electrons are magnetically confined to ‘float’ above the
sample and neutralize any positively charged regions of the sample, regardless of sample
morphology. This has allowed for spectra of insulating materials to be obtained with similar
resolutions (linewidths) to spectra of semi-conductors and conductors. The implication of this is
that XPS can be considered viable as a tool for geochemical analysis (Nesbitt et al., 2004;
Nesbitt and Bancroft, 2014).

XPS spectra presented here are standardized to the C 1s binding energy at 285.0 eV thus
allowing comparison of BEs from one sample to another. The reason for this is that adventitious
carbon is present in the analysis chamber for any analysis and so it provides an internal standard
for all samples studied. XPS peaks have combined Gaussian and Lorentzian contributions to
their shape. The Lorentzian shape is inherent to the analytical technique and relates to the
exponential decay of the effects of the X-ray source energy on the sample. The Gaussian shape
arises from counting statistics due to slight variations in the KE of the photoelectrons. The
combined Gaussian-Lorentzian shape is known as a VVoight function. Backgrounds can be fit
using Shirley backgrounds. Shirley (1972) recognized that the backgrounds of XPS spectra
underneath peaks must be produced in proportion to the peak. The Shirley background is
advantageous because of its theoretical basis. It allows for consistently accurate evaluations of

areas under peaks and highly reproducible background.



XPS has been used to study glasses for several decades. The sodium silicate system (e.g.,
Bruckner et al., 1980; Matsumoto et al., 1998; Nesbitt et al., 2011) and lead silicate system (e.g.,
Smets and Lommen, 1982; Dalby et al., 2007) have been studied in detail. Few XPS studies
exist for the potassium silicate system and those that do have focused on sample irradiation with
an electron beam (e.g., Zemek et al., 2005; Gedeon et al., 2008), although Matsumoto et al.
(1998) included two potassium silicate glasses in their study. In this thesis | present the first

comprehensive study of oxygen speciation in potassium silicate glasses using XPS.

1.3. Free Oxygen (O%)

The three oxygen species (BO, NBO and O%) in silicate glasses are related through the reaction:
20"« 0° + 07, (1.2)

where O™ is NBO and O° is BO (Fincham and Richardson, 1954; Toop and Samis, 1962; Hess,
1971; Fraser, 1975). Determination of the concentrations of oxygen species in silicate glasses is
important for thermodynamic modelling of glasses and melts and understanding the kinetics of
reactions involving reagents such as CO,, H>O and S-species. Studies related to the abundance of
free oxygen in glasses have been relatively scarce until recently. Presently, the abundance of free

oxygen in silicate glasses is a contentious issue (c.f., Nesbitt et al., 2015; Stebbins, 2017).

Maekawa et al. (1991) conducted a comprehensive 2°Si MAS NMR study on Li-, Na- and K-
silicate glasses over a wide range of compositions. The K-silicate glasses with K-O > 40 mol%
exhibited spectral shapes different from the Na-silicates, showing four contributions instead of
three. They assigned the additional peak as a second Q? species, while acknowledging that there
was no direct experimental evidence to support this claim. This assumption gave an [NBO]/[Si]
ratio that satisfied the stoichiometric value of 2.00 leading to the claim of no free oxygen in
glasses more siliceous than the orthosilicate composition (i.e., Reaction 1.2 goes to completion).
A study by Malfait et al. (2007) of potassium silicate glasses used the interpretations of
Maekawa et al. (1991) in fitting their °Si NMR spectra and concluded that there was no O%
present in the glasses above the orthosilicate composition. A 2°Si MAS NMR and Raman
spectroscopy study by Schaller et al. (1999) found evidence for up to 2.4 mol% O in La-doped
Na- and K-silicate glasses. Stebbins and Sen (2013) studied two potassium silicate glasses with

compositions 34 mol% and 40 mol% K>O with 'O NMR. They concluded that free oxygen was



present in negligible amounts since they were unable to detect a direct signal in the spectra in the
region they calculated. Stebbins (2020) came to the same conclusions for a series of high alkali

sodium silicate glasses and a high alkali potassium silicate glass.

Advances in charge compensation techniques have allowed for the collection of high resolution
XPS spectra from silicates. Studies by Dalby et al. (2007) on Pb-silicate glasses and Nesbitt et
al. (2011) on Na-silicate glasses presented spectra of a resolution unseen before from XPS, due
primarily to the advances in charge compensation. Dalby et al. (2007) measured the abundances
of BO in a series of Pb-silicate glasses. They found that BO was in excess of what was predicted
assuming that Reaction 1.2 goes to completion and concluded that O (referred to as Metal
Bridging Oxygen or MBO) was present in all compositions. Their models indicated that O was
present at ~0.5-3.0 mol% in glasses containing 20-40 mol% PbO. The XPS and NMR data of
Nesbitt et al. (2011) found 0.5 mol% in glasses containing 10 mol% Na2O to ~3-6 mol% in
glasses containing 50 mol% Na»O depending on the technique. Both XPS studies indicate that
the amount of O is significant in glass compositions where SiO, > 33.33 mol%. The 2*Si NMR
data of Nesbitt et al. (2011) are in general agreement with previous NMR results. Nesbitt et al.
(2015) presented an O 1s XPS spectrum for a Pb-silicate glass sample nominally containing 75%
PbO. They provided the first accurate measurements of free oxygen in Pb-silicate glasses with a
value of 35 mol% OZ.

Nasikas et al. (2012) presented 1’O NMR spectra of a series of (CaosMgos) SiO2 glasses where
SiO2 = 28-33.3 mol%. They identified a shoulder peak of the main signal at -110 ppm to be free
oxygen. This was the first direct experimental evidence for free oxygen to be presented. The
experimentally derived values of free oxygen from their 2°Si spectra were greater than expected
from stoichiometry which, as they note, indicates an excess of free oxygen in the structure of the
glasses. However, they did not provide fits to their 1O NMR spectra. Nesbitt et al. (2015)
scanned and fit the ’O NMR spectra for the orthosilicate glass and the glass containing 28 mol%
SiO,. They obtained O% values of 10+4 mol% and 18+4 mol% respectively after testing for
consistency and applying uncertainties related to scanning the spectra and assuming all peak

contributions were Gaussian.

Nasikas et al. (2011) provided Raman spectra for CaMgSiO- glasses with SiO, = 28, 30 and 33

mol% and gave Q-species abundances for the orthosilicate sample. Nesbitt et al. (2015) used



these Q-species abundances and following the calculations in the Appendix A they obtained a
value of 8.4 mol% OZ. The presence of O% at the orthosilicate composition indicates that
Reaction 1 does not go to completion. The implication is then that free oxygen is present at all
possible compositions and is an important, thermodynamically relevant species. These results
support the XPS results of Dalby et al. (2007), Nesbitt et al. (2011).

A 2°Si NMR study of a CaSiOs (metasilicate) glass by Zhang et al. (1997) reported ~1.0 mol%
O? from Q-species abundances derived from a 2D 2°Si MAF NMR spectrum. Thompson et al.
(2012) studied Cao.56Si0.4401.44 glass using 170 MAS NMR. Although they state there is no
evidence for O% in the glass, their reported BO abundance is in excess of the expected value
assuming Reaction 1.2 goes to completion. Nesbitt et al. (2015) calculated ~3.2 mol% or ~1.7
mol% O? in the glass, depending on the method used to obtain BO and NBO abundances.
Nesbitt et al. (2015) also note evidence for 0% in MgO-SiO; glasses from previous X-ray and

neutron scattering and 2°Si and*’O NMR studies.

Measuring the abundances of different structural species of oxygen is an effective way of
limiting the possible structural units in a glass and creating constraints on structural models.
This thesis is concerned with the measurement of abundances of structural species of oxygen in
potassium silicate glasses using X-ray Photoelectron Spectroscopy (XPS) to obtain spectra with
high resolutions. Discrepancies between these XPS results and the results from previous Nuclear
Magnetic Resonance (NMR) studies for potassium silicate glasses are addressed and an attempt
IS made to resolve them. The thesis also adds to the evidence that XPS has now become a viable
tool for the study of silicate glasses. Once a binary glass system is well characterized, a third
component can be added to the glasses. The addition of each new component increases the
complexity of the structure. In this regard an exploratory study of potassium aluminosilicate
glasses is conducted to examine the reactions that occur during the initial stage of dissolution of

Al>Os in K-disilicate melts.

1.4. Aluminosilicate Glasses

Approximately 95% of natural magmatic compositions are made up of SiO2, Al.O3z and metal
oxides (Mysen and Richet, 2005). Furthermore, the minerals plagioclase and K-feldspar, along

with quartz make up approximately 75% of all minerals in Earth’s crust. Studies have shown that



Al>Oz is the second most abundant oxide (~15 wt.%) in the bulk crust composition (Nesbitt and
Young, 1984; Taylor and McLennan, 1981; Wedepohl, 1969; Shaw et al., 1967). The standard
model of aluminosilicate glasses states that AI** acts as a network former and is tetrahedrally
coordinated where there are enough charge compensating cations to provide charge balance,

which are typically alkali and alkaline earths cations.

Several early XPS studies have focused on sodium aluminosilicates (Bruckner et al., 1978;
Bruckner et al., 1980; Lam et al., 1980; Kaneko et al., 1983; Onorato et al., 1985, Tasker et al.,
1985; Hochella and Brown, 1988, Miura et al., 2000). These studies were performed before the
advent of advanced charge compensation techniques. The sodium aluminosilicate O 1s spectra
of Onorato et al. (1985) and Tasker et al. (1985) were fit with three contributions (two BO
representing Si-O-Al and Si-O-Si, and one NBO). Hochella and Brown (1988) argued that the
peak positions of the O 1s contributions are not well defined theoretically or experimentally.
Such fitting is arbitrary when done without constraints. They found that the FWHM of the O 1s
peak is related to the number of chemically distinct oxygen bonding environments. The previous
XPS studies all demonstrate that the addition of aluminum to an alkali silicate glass decreases the

NBO contribution and increases the BO contribution in peralkaline glasses.

The dissolution kinetics of refractory oxides, such as Al,Os, have been studied extensively, but
have primarily focused on the mechanism controlling the rates of dissolution (e.g., Scherdtferger,
1966; Monaghan, 2004; Shaw, 2004; Shaw et al., 2018). Kuo and Kirkpatrick (1985) state that
the rate of dissolution is determined by the rates of reactions at the melt-crystal interface or by
diffusion of cations through the melt. Generally, the rate of diffusion is thought to be the
controlling mechanism in melts of geological interest (e.g., Zhang et al., 1989). However, Shaw
(2006; 2012) and Shaw et al., (2018) found that there is a variable period during the initial stages
of dissolution where reactions at the interface are the controlling mechanism, after which
saturation of the interface melt is reached and diffusion becomes the controlling mechanism.
None of the above-mentioned studies discuss how, for instance, Al is incorporated into the melt

after removal from the bulk solid surface.

1.5. Overview

In Chapter 2, high resolution O 1s, Si 2p and K 2p XPS spectra are presented for nine glasses in

the K20O-SiO; system with compositions ranging from 10 mol% - 35 mol% K>O. The mole



fraction of Bridging Oxygen (BO) atoms is evaluated accurately from the O 1s spectrum for each
glass. BO mole fractions from the spectra are compared with those calculated from Q-species
distributions previously reported by 2°Si MAS NMR data. The mole fractions are identical for
the two techniques (within experimental error) in glasses containing 13 mol% to 25 mol% but in
the compositional range between 25 mol% and 35 mol% BO mole fractions obtained by XPS are
slightly greater than values derived from NMR data. The slight discrepancies between the two
techniques at higher K>O content are not resolved. The experimental data between 13 mol% and
25 mol% KO indicate the presence of free oxygen (O%) atoms in the glasses. A thermodynamic
analysis indicates the presence of O at a few mol% in the glasses of low K20 content, which

increases monotonically with increased KO content.

The high variability of the O 1s XPS line widths for the BO peaks may result from two BO
contributions. One probably bridges two Si atoms (Si-O-Si) and the second type is an O bonded

to two Si atoms and one K atom, similar to the Na>O-SiO> glass system (Nesbitt et al., 2017).

Two contributions are suggested to explain the distinctly non-symmetric Si 2p XPS spectra
where low binding energy shoulders are common on the major peak. A strong correlation
between the Si 2p peak and should intensities and the abundances of Q* and Q2 species in glasses
of the same composition from previous NMR studies suggests that, with additional resolution,
XPS may be capable of resolving Q-species in the KoO-SiO2 system.

Chapter 3 reports a study that attempts to resolve the discrepant results between O 1s XPS and
29Si and YO NMR techniques. Four new glass spectra are presented for three glasses of nominal
composition 35 mol% K20 and one of nominal composition 37 mol% K>O. The effects of
melting on the compositions of the glasses are documented and quantified, as are uncertainties
associated with fitting the O 1s spectra. These spectra are well resolved into two symmetric
peaks: a narrow peak due to NBO (Si—0—K) plus “free oxide” (0% or K—-O—K) and a broader
peak due to BO (Si—O—Si). Values of mol% BO (uncertainties of +1%) are obtained from the
computed peak areas and indicate 2.2 (+0.8) mol% O? for glasses containing 32 (1) mol%
K20. Reassignment of Q-species for previously published 2°Si NMR spectra leads to BO and O
values in good agreement with the O 1s XPS spectra. A recent O NMR study on potassium
silicate glasses concluded that there is <1 mol% O?" in these glasses based mainly on the

assumption that the *’O chemical shift for O? should be similar in the glasses and the oxide in
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crystalline K2O. This assumption is questionable. Free oxide in these glasses should be highly
reactive toward gases such as CO; (via CO, + 0% — COs%) and it seems likely that the reactive
species in silicate glasses is 0% rather than NBO as often assumed. The small amounts of CO>
found in reacted glasses are qualitatively consistent with the abundance of O?~ obtained from
these O 1s XPS spectra of silicate glass.

In Chapter 4, | focus on reactions that occur at the melt-solid interface and in the melt during
dissolution of Al,Os using data obtained from XPS analyses and taking difference
spectra.Chapter 4 is an elementary study of K.0-SiO.-Al>Os glasses. High resolution O 1s X-
ray Photoelectron Spectroscopy (XPS) has been used to study the dissolution of Al>.Oz in a K20
disilicate melt. The spectra exhibit two well-resolved O 1s peaks one due to bridging oxygen
(BO) and the other to non-bridging oxygen (NBO). There are two obvious, well-characterized,
changes to the spectra resulting from increased Al;Oz content of the melt. The NBO peak
decreases in intensity relative to the BO peak, and the breadth (linewidth) of the BO peak
increases. Difference spectra indicate that NBOs are converted to two BO-bearing melt species
with binding energies (BE) characteristic of vitreous SiO, (Q* species) and of tetrahedrally
coordinated Al (KAIO.) species. The results indicate that Al>Oz dissolves in K disilicate melt
according to the overall or stoichiometric polymerization reaction:

K*+[Q% + AlO1s — Q* + KAIO,, (1.3)
where Q represents a Si tetrahedron and the superscript indicates the number of bridging oxygen
atoms (BO) associated with it. Reaction 1.3 is initiated by the presence of a strong Lewis base in
the melt (i.e., NBO"). At the high temperature of the melt, Si-NBO-K moieties dissociate to some
extent to produce Si-NBO™ and K*, with the former moiety being present on Q°-Q? species. The
Q3 species dominates K-disilicate melt and where it approaches the Al.O3 surface the Si-NBO-
moiety attacks under-coordinated Al sites on the surface (Lewis acid sites). Successful attack
results in formation of a Si-O-Al moiety attached to the Al>O3 surface, with bonding electrons
being donated by the base (i.e., NBO"). Reaction 1.3 converts the attacking NBO" to a BO,
thereby converting the reactant Q® species (i.e., [Q?]) to a Q* species. Subsequent detachment of
Al from the surface yields a Si-O-Al moiety in the melt. Some surface or near-surface O atoms
likely accompany the detached Al, with most being NBOs due to Al-O bond rupture. Reactions
within the melt convert the AI-NBOs to Al-BOs, coupled with the reaction with K, produces the
KAIO; melt species.
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Production of Q* species during dissolution compensates for production of the less stable KAIO;
melt species so that dissolution of Al,O3 does not affect appreciably melt stability either
thermodynamically or kinetically. From a broader perspective, the thermodynamic and kinetic
stabilities of alkali-Al-bearing silicate melts result from redistribution of electron densities,
originally localized on NBOs, to BO atoms associated with both Si and Al tetrahedra. Without
redistribution, Al-bearing melts would be less stable than observed, and the composition of melts
produced in the upper mantle, and the composition and evolution of the crust, would be different
from what is observed today. For instance, it is likely that feldspars would not be as common and

that would have implications for the biosphere.
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Chapter 2

2.0. HIGH RESOLUTION X-RAY PHOTOELECTRON
SPECTROSCOPY (XPS) STUDY OF K20-SiO2 GLASSES:
EVIDENCE FOR THREE TYPES OF O AND AT LEAST TWO
TYPES OF Sit

2.1 INTRODUCTION

The recent use of effective charge compensation methods for XPS has allowed for the collection
of high-resolution spectra and chemical state information of insulators. Line widths for
insulators, comparable to those of semi-conductors, can now be obtained on a routine basis
(Neshitt et al., 2004). XPS is just now becoming a useful tool for the study of silicate glasses.
XPS is a powerful technique due to its sensitivity and ability to obtain bulk chemical state
information and it is providing new insights into the structural species within glasses (Nesbitt,
2002). Previous thermodynamically based models on the activities of metal oxides in silicate
glasses have been proposed (Fraser, 1977; Hess, 1975; Nesbitt and Fleet, 1981; Nesbitt and
Dalby, 2005). Those relating specifically to Pb (Hess, 1975; Nesbitt and Fleet, 1981; Nesbitt and
Dalby, 2005), have been found to agree with a recent experimental XPS study of Pb,O-SiO;
glasses (Dalby et al., 2007). XPS studies of Pb-silicate (Dalby et al., 2007) and Na-silicate
(Nesbitt et al., 2011) glasses have shown evidence for three types of oxygen species within the
glass network. The study of Na silicate glass by XPS has also provided evidence for the presence
of two types of BO atoms (Nesbitt et al., 2011); in agreement with other experimental studies
(Ching et al., 1983; Ching et al., 1985; Lee and Stebbins, 2009) and computational models which
predict the same (Uchino and Yoko, 1998; Du and Cormack, 2004; Mountjoy, 2007; Tilocca and
de Leeuw, 2006). XPS has been used to study potassium silicate glasses as well. However,
previous XPS studies have focused on the effects of irradiation with an electron beam and the
XPS spectra were of low resolution (Zemek et al., 2005; Gedeon et al., 2008). The presence of

free oxygen (0%) in small quantities has been noted from 2°Si MAS NMR studies of Na- and K-

! This chapter is a modified version of the publication “Sawyer, R., Nesbitt, H.W. and Secco, R.A., 2012. High
resolution X-ray Photoelectron Spectroscopy (XPS) study of K20-SiO2 glasses: Evidence for three types of O and at
least two types of Si. Journal of Non-Crystalline Solids, 358(2), pp.290-302. doi:10.1016/j.jnoncrysol.2011.09.027”
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silicate glasses containing lanthanum (~3% O?%°) (Schaller et al., 1999) and 2°Si NMR studies of
CaSiOs glasses (~3% 0%) (Zhang et al., 1997). A recent XPS and 2°Si MAS NMR study by
Nesbitt et al. (2011) has shown O? to be present in small quantities in Na-silicate glasses
(between 2% and 6% in Na-silicate glasses containing 40— 50 mol% Na2O); corroborating the
finding of the aforementioned NMR studies. Molecular dynamic simulations of Al.0s-MgO
glasses (Jahn, 2008), Yttrium—Aluminum-Silicon glasses (Christie and Tilocca, 2010) and Li
silicate glasses (Prasada Rao et al., 2010) have also indicated the presence of O%". In this work
we report a core level XPS study of K2O-SiO: glasses, emphasizing the O 1s, Si 2p and K 2p
spectral lines. The XPS data provide evidence for two types of BO atoms and the presence of 0%
; an oxygen atom not bonded to a silicon atom. Additionally, the XPS Si 2p data indicate at least
two Q-species whose abundances correlate with measurements of Q* and Q3 species from
previous NMR studies (Maekawa et al., 1991; Sen and Youngman, 2003; Malfait et al., 2007).

2.2. EXPERIMENTAL METHOD
2.2.1. Sample Preparation

Preparation follows the procedures outlined in Nesbitt et al. (2011). Nine compositions of K,O-
SiO; glasses were prepared using K2COsz and SiO, powders as starting materials. The
compositions were crushed in anhydrous ethanol, sintered at temperatures 200 °C below their
melting points, crushed again and melted at temperatures 200 °C above their melting points.
Samples were sintered and melted in a platinum crucible. All glasses were clear with no
inhomogeneities present when observed under a binocular microscope. Compositions were
prepared at 10, 15, 17, 20, 23, 27, 30 and 35 mol% K>O with two separate preparations and
analyses carried out on the 15 mol% K>O composition to check for reproducibility. Several
attempts were made to synthesize a glass at 25 mol% K>O but a homogenous sample could not
be obtained. Samples were quenched in air. Pellets for analysis were cut with a diamond saw and
notched to facilitate their fracture in the XPS transfer chamber. Glass pellets were fractured
under the vacuum conditions (~10~8 Torr) of the XPS transfer chamber in order to obtain a clean
surface for analysis. The pellets were then immediately transferred to the XPS analysis chamber.
All glass samples were stored in a sealed desiccator containing desiccant in order to minimize

exposure to atmospheric moisture.
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2.2.2. XPS Analysis

Analyses were conducted using a Kratos Ultra Axis X-ray Photoelectron Spectrometer with an
Al K-a source operating at 210 W. Vacuum pressures in the sample introduction and transfer
chambers were on the order of 1078 Torr whereas pressures in the analysis chamber were on the
order of 107° Torr. Survey scans (e.g., Figure 2.1) for the compositions at 10, 15 and 20 mol%
K20 were collected over a range of binding energies from 0 eV to 1100 eV with a step size of
0.7 eV and a dwell time of 76 ms. Similar scans for the compositions at 15, 17, 23, 27, 30 and 35
mol% K>O were collected over a binding energy range of 0 eV to 600 eV with a step size of 0.3
eV and a dwell time of 60 ms. The narrower binding energy range and decreased step size were
used to obtain higher resolution survey scans in order to more precisely evaluate sample
compositions. All survey scans were completed in 3 sweeps of 2 min each with pass energies of
160 eV. Narrowscans were collected over a 10-15 eV binding energy range with step sizes of
0.025 eV, dwell times of 100 ms and pass energies of 10 eV. For narrow scans, the spectral
resolution is approximately 0.4 eV (Nesbitt et al., 2004). A magnetic confinement charge
compensation system was used during analysis in order to obtain the narrowest possible spectral
linewidths (Nesbitt et al., 2004). Three or four survey scans were collected for each sample at the
beginning, middle and end of analysis. Four to six sequential narrow scans of the O 1s, Si 2p and

K 2p/C 1s signals were collected for each composition.

2.3. RESULTS AND INTERPRETATION OF SPECTRA
2.3.1. Constraints Used to Fit XPS Spectra

The CASAXPS software program was used to fit all XPS spectra. Spectral fits were made using
Gaussian—Lorentzian line shapes with a constant 30% Lorentzian component. The broad and
narrow scan backgrounds were fit using Shirley backgrounds (Shirley, 1972). All spectra were

calibrated to the standard energy of 285 eV for the C 1s peak.

The O 1s and C 1s signals are each composed of a singlet and one peak was used to fit these
spectra where peak positions (or binding energies, BE), linewidths and intensities (areas) were
treated as fit parameters. The K 2p and Si 2p signals are composed of a spin-orbit doublet; the
2p32 and 2py2 peaks, and the constraints used to fit these spectra are noted at the beginning of
Sections 2.3.3 and 2.3.4. Peak areas were used as the measure of the intensity of all peaks.
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Figure 2.1: Survey scans of (a) vitreous silica and (b) potassium silicate glass with 23 mol % K>O. Major spectral lines are labeled.



21

2.3.1.1. Spin-orbit Split Doublets

The K 2p spectrum of Figure 2.2 consists of a spin-orbit split doublet composed of two peaks: a
K 2ps2 component and a K 2p12 component. The binding energy separating the K 2ps2 and K
2p1/2 peaks obtained from our experiments is 2.77 eV. This energy splitting is constant for all K
2p doublets with the K 2p3/2 peak located at the lower BE. The K 2p1/2 peak intensity is
constrained by theory to be half the intensity of the K 2ps/» peak and these K 2p spectra indicate
that the two peaks also have the same FWHM within the precision of the measurements. These
three constraints are applied to all K 2p spectral signals so that the K 2p1/2 peak is completely
constrained by the spectral properties of the K 2pz/. peak.

Si 2p spectra are illustrated in Figs. 2.3 and 2.4. Each Si 2p contribution to these spectra is, from
theoretical considerations, composed of two peaks (spin-orbit split doublets) separated by 0.617
eV (Southerland et al., 1992). The intensity of the Si 2p1> peak is constrained by theory to be
half the intensity of the Si 2ps» peak and studies of other silicates have shown that the Si 2pa/
and Si 2p1» peaks have similar FWHM (Nesbitt et al., 2004; Zakaznova-Herzog et al., 2006).
These constraints were applied to all Si 2p signals so that the Si 2p1/» peaks were completely
constrained by the properties of the Si 2ps/» peaks.

2.3.2. Bulk Glass Compositions by XPS and Homogeneity

As illustrated in the broadscans of Figure 2.1a and b, K, Si and O are the dominant elements.
There is a small C 1s peak at 285.0 eV which represents adventitious carbon adsorbed to the
surface. The adventitious carbon is derived from the residual gasses in the analytical chamber
and is present at less than 3 at.% (sub-monolayer coverage) at the commencement of analyses.
Its surface character was proved in separate experiments from those reported here where a 35
mol% KO glass sample contaminated with chlorine was sputtered. Upon sputtering, only the K,
Si and O signals remained, demonstrating the surface origin of the C 1s signal and the Cl
contaminant. There was no indication of CO: in the XPS spectra. The CO- signal has a binding
energy value between about 290 eV and 292 eV in the C 1s spectrum and no such peak was

present in any of the broadscans. The bulk compositions of the glasses were determined by
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Figure 2.2: K 2p spectrum for 23 mol % K>O sample. The C 1s peak is also shown. The K 2p1,.
peak is constrained by the properties of the K 2pz. peak. A Shirley background was used. Fit

parameters are given in Table 2.2.
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Figure 2.4: Si 2p spectra of vitreous silica and the potassium silicate glass compositions
analyzed along with the fit residuals. Each spectrum was fit with two Si 2ps;2 - Si 2p1/2 spin-orbit
split doublets (solid curves) where the Si 2p1/2 is constrained by the properties of the Si 2ps;2
peak. A Shirley background was used, and the fits are represented by solid lines through the data

points. Peak fit parameters are listed in Table 2.2.
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quantifying the XPS broadscan spectra. The atomic percentages of the K 2p and Si 2s lines were
used to obtain the atomic proportions of the two elements in each glass. These proportions were
recast to represent mol% KO and SiO; and these results are compared with the synthetic
compositions (Table 2.1). The XPS results are necessarily approximate because elemental
sensitivity factors (based on X-ray capture cross sections in elemental form) were used to convert
signal intensity to atomic proportions. The XPS analyses are all within 3 mol% of the synthetic
compositions with six being within 2 mol%. The O 1s signal was not used to evaluate oxygen
atomic percent because its B.E. (hence kinetic energy of O 1s photoelectrons) is appreciably
different from those of K 2p and Si 2s signals. The kinetic energies of the K 2p and Si 2s
photoelectrons are similar indicating that they were derived from a similar depth in the solid.
Including the O 1s signal in calculations of compositions would degrade the results since its
kinetic energy is different meaning the O 1s photoelectrons were derived from a different depth.

Zemek et al. (2005) state that compositional variations can occur along the path of glass surface
fractures. Though this may seem problematic, only 5%—-15% of the total O 1s spectral signal is
due to surface contributions with the remainder 85%—95% being derived from the bulk of the
glass. Thus, surface contributions have minimal effect on our O 1s and other spectra.
Furthermore, great care was taken to analyze smooth fracture surfaces and if a fractured surface

was not smooth, no spectra were collected.

To test the ability of XPS to detect phase separated regions, separate samples of 20, 25 and 30
mol% were prepared according to the same procedures described above. Up to three spots on
each sample were analyzed to check assumptions of homogeneity. All glasses were within 3
mol% of the synthetic compositions and the results for each spot were consistent with each other
(Table 2.1).

2.3.3. K 2p Spectra

A K 2p spectrum of the 23 mol% glass is illustrated in Figure 2.2 and the fit parameters to the K
2p spectrum of this and other glasses are provided in Table 2.2. The BE of the K 2p3/; peak shifts
to lower binding energy with increasing potassium content, ranging from 293.49 eV at 10 mol%
K20 to 292.89 eV at 35 mol% KO (Table 2.2). Each glass was analyzed a minimum of three
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Table 2.1: Potassium Silicate Glass Compositions Synthesized and Compared with XPS Analysis

Sample Position?  Synthesized (mol%) Calculated® (mol%b) XPS Abundances (at%b)
SiO» K20 SiO> K20 Si @) K
1 1 90 10 91.3 8.7 33.1 60.6 6.3
2 1 85 15 81.9 18.1 24.4 64.8 10.8
3 1 85 15 83.6 16.4 27.3 62.0 10.7
4 1 83 17 82.1 17.9 27.9 59.9 12.2
5 1 80 20 78.9 21.1 27.7 57.5 14.8
6 1 77 23 74.2 25.8 23.8 59.7 16.5
7 1 73 27 70.9 29.1 23.3 57.5 19.2
8 1 70 30 71.2 28.8 24.5 55.7 19.8
9 1 65 35 62.4 37.6 21.2 53.2 25.6
10 1 80 20 79.8 20.2 25.9 61.0 13.1
2 80 20 78.3 21.7 25.2 60.9 13.9
3 80 20 80.6 19.4 25.4 62.3 12.2
11 1 75 25 73.1 26.9 23.7 58.8 17.4
1 75 25 72.6 27.4 23.0 59.5 17.4
2 75 25 725 275 234 58.9 17.7
2 75 25 72.3 27.7 23.0 59.4 17.6
3 75 25 725 27.5 22.9 59.7 17.4
3 75 25 73.0 27.0 23.3 59.6 17.2
12 1 70 30 68.7 31.3 22.4 57.2 20.4
1 70 30 68.5 315 22.7 56.4 20.9
2 70 30 68.0 32.0 22.6 56.2 21.2
2 70 30 67.5 325 22.2 56.4 214
3 70 30 67.3 32.7 21.6 57.4 21.0
3 70 30 67.0 33.0 215 57.4 21.1

4“Position” indicates that analyses were taken from certain positions on the sample

b\/alues are calculated from XPS abundanc



Table 2.2: Peak Parameters Derived from Fitting XPS Spectra: K 2p? and Si 2p? (BE” and FWHM in eV)

mol % K 2ps3r2 Si 2psp #1 Si 2psp #2
K20 BE(2¢) FWHM BE@#20) FWHM % BE (126) FWHM %

10(n°=6) 293.49(0.10)  1.71  103.41(0.10)  1.48 8514  102.17(0.17) 148  14.86
15(n=4) 293.18(0.10) 153  103.27(0.11)  1.25 6356  102.17(0.10) 125  36.44
15(n=6) 293.35(0.05) 1.61  103.43(0.10)  1.37 66.41  102.32(0.10) 137 3359
17(n=6) 293.17(0.04) 150  103.19(0.12)  1.28 60.69  102.11(0.10)  1.28  39.33
20(n=5) 293.12(0.03) 151  103.2000.10)  1.25 5281  102.13(0.10) 125  47.19
23(n=6) 293.06(0.11) 148  103.08(0.13)  1.20 4146  102.01(0.14) 120 5854
27(n=6) 292.90(0.10)  1.40  103.08(0.14)  1.16 3320  102.03(0.14) 116  66.80
30(n=6) 292.90(0.14) 151  102.98(0.14)  1.22 2842  101.88(0.14) 122 7158
35(n=6) 292.89(0.10) 137  102.93(0.22)  1.15 814  101.73(0.12) 115  91.86

4K 2p12 and Si 2p12 peaks were fit from K 2pz2 and Si 2p32 peak parameters

bBE values indicate the binding energy of the peak at maximum intensity of fitted peak

C «¢c

n=...” refers to the number of spectra collected

dIndicates the standard deviation of the peak maximum for collected spectr

29
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times and over the period of data collection the BE of the K 2p3/2 peak was found to deviate by

less than 0.2 eV at the 95% confidence interval.

The Full Width at Half Maximum (FWHM) of the K 2ps/. peaks fitted to the spectra are variable
but generally decrease with increasing potassium content from 1.71 eV at 10 mol% KO to 1.37
eV at 35 mol% K>0. Analogy with the Na2O-SiO> glasses (Nesbitt et al., 2011) suggests that K,
like Na, may reside in two (or more) sites in the glass just as observed in Na-silicate crystalline
phases (Ching et al., 1983), although this aspect requires further study. Residence of K on two
different energetic sites should result in different electron densities over K in each site, thus
giving rise to slightly different binding energies. The breadth of the K 2p peaks is likely related
to final state vibrational contributions rather than to different types of K contributing to the K 2p
signal. The discussion concerning the siting of K in these glasses is speculative in nature and
aspects such as agglomeration cannot be proved or disproved using the properties of the K 2p

spectra given current instrumental resolutions.

2.3.4. Si 2p Spectra

Si 2p experimental results are illustrated in Figures 2.3 and 2.4. In Figure 2.3 the spectra are
fitted with one Si 2p spin-orbit split doublet (the Si 2ps,2 and Si 2p12 peaks) and as is apparent
from inspection of the residuals plots (located below each spectrum) the least squares best fits
are poor. Good fits to the spectra can be obtained only by including a second Si 2p spin-orbit
split doublet. The least squares best fits to the data using two Si 2p doublets are illustrated in

Figure 2.4. The fit parameters are summarized in Table 2.2,

Considering only the spin-orbit split doublet located at the highest binding energy (Table 2.2,
labeled Si 2pa; #1), the Si 2p32 peak BE ranges from 103.41 eV to 102.93 eV (Table 2.2) and
BE decreases with increased K>O content. The BE peak maximum for vitreous silica is 103.85
eV (Nesbitt et al., 2011). A quadratic least squares fit to the BE of the peak maximum vs. mole
fraction of K0 yields BEmax=0.0003(Xk20)*-0.0343Xk20+103.75 (n=9, R?=0.90 where n
represents the first scan of each composition and R? is the goodness of fit). The relationship is
slightly non-linear as indicated by the coefficient of the quadratic term. The strong correlation
indicates that charge compensation is consistent across the compositional range studied, and that

standardization with the C 1s line is reasonable. The shift of Si 2p3;» BE to lower values indicates
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increased valence electron density on the Si nuclei with increased K>O content, as observed for
the Na2O-SiO> suite of glasses (Nesbitt et al., 2011). The linewidths for both Si 2p contributions
were constrained to be equal. This constraint was applied to limit uncertainty and there is good
reasoning for it. The breadth of the Si 2p signal is determined by final state vibrational
contributions. A previous study by Bancroft et al. (2009) showed that Si-O bonding yields
similar vibrational envelopes for all Q-species so that each Q-species should have about the same
FWHM.

The binding energies separating the two Si 2ps/2 peaks fitted to the spectra of Figure 2.4 (Table
2.2, Si 2pz2 #1 and Si 2ps2 #2 columns) range between 1.24 eV to 1.05 eV for the nine glasses
studied. The average value for the BE separation is 1.11 eV (£0.12 eV at a 95% confidence
interval). This near-constant value of 1.11 eV separating the two doublets in the Si 2p spectra of

all glasses warrants an explanation and one is offered by reference to Q-species.
2.3.4.1. Relationship to Q-species

Each Q-species may give rise to a separate signal in XPS spectra because the electron density
over the central, tetrahedrally coordinated Si atom should be affected by the number of bridging
and non-bridging oxygen atoms bonded to it. The electronegativity of K is much less than that of
Si so that there should be a greater electron density over the NBO atoms than over BO atoms
bonded only to Si atoms because K effectively relinquishes its 3s electron to the NBO. Ergo, the
greater the number of NBO atoms bonded to a Si atom, the greater the electron density over the

central Si atom, and the lower the binding energy of the peak.

Some common minerals contain only one type of Q-species. The Si 2ps/ signal for olivine
(containing Q° only) is 101.7 eV (Zakaznova-Herzog et al., 2008) whereas the Si 2ps/, signal for
orthopyroxene (containing Q? only) and vitreous silica (containing Q* only) are located
respectively at 102.7 eV and 103.85 eV. These results demonstrate that the binding energies of
the Q-species are strongly affected by the number of NBO bonded to the central Si atom, with
BE decreasing systematically from Q* to QP species. The strongly asymmetric nature of the Si 2p
spectra of the potassic glasses may result from two or more Q-species contributions to the Si 2p
spectra (e.g., Figure 2.4). Each Si 2p peak was fit with two Si 2pz2-Si 2p1/2 spin orbit split
doublets (Si 2ps/1 #1 and #2; Si 2p12 #1 and #2).
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Figure 2.5: Comparison of the abundances of the two Si 2pz/2 contributions with the abundances
of Q* and Q3 species from NMR studies (Maekawa et al., 1991; Malfait et al., 2007; Sen and
Youngman, 2003) The filled shapes represent the abundance of the high binding energy Si 2paz2
contribution from this study (squares, uncertainty of +2 mol% K:0) and the Q* NMR
abundances from Maekawa et al. (1991) (circles), Malfait et al. (2007) (triangles) and Sen and
Youngman (2003) (diamonds). The open shapes represent the abundance of the low binding
energy Si 2ps/2 contribution from this study and the Q® abundances from the aforementioned
NMR studies.
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The high binding energy doublet of the glass containing 10 mol% KO (Figure 2.4a, labeled #1)
has much higher intensity than the low energy doublet (Figure 2.4a, labeled #2). An increase in
K20 to 15 mol% (Figure 2.4b) results in a decrease in the intensity of the high binding energy
doublet (Figure 2.4b, #1) and an increase in intensity of the lower BE doublet (Figure 2.4b, #2).
The overall trend is that the contribution at higher binding energy decreases in intensity with
increased potassium abundance whereas the contribution at lower binding energy increases. This
behavior is consistent with an increase in Q® species relative to Q* species as K content of the
glass increases as demonstrated by NMR studies (Maekawa et al., 1991; Sen and Youngman,
2003; Malfait et al., 2007). In Figure 2.5, the Si 2ps/2 abundances of the two contributions (Table
2.2, Si 2pa2 #1 and Si 2ps2 #2) were normalized to 100%, assigned to Q* and Q3 species
abundances, and plotted on Figure 2.5 as filled and open squares, respectively. Also shown in
Figure 2.5 are the abundances of Q* and Q® species obtained from three NMR studies (Maekawa
etal., 1991; Sen and Youngman, 2003; Malfait et al., 2007). Although the results of Sen and
Youngman (2003) for low K20 glasses (Xk20 < 13 mol%) are discrepant relative to these XPS
results, there is a remarkable correspondence among all data over the compositional range 12 to
37 mol% K>0. From this we conclude that changes to the shapes and breadth of the XPS Si 2p
spectra result from changed proportions of Q-species in the glasses. Two of the NMR studies
(Maekawa et al., 1991; Malfait et al., 2007) show small amounts (~3%) of Q? species present in
the glass starting at ~30 mol% K2O. Our spectra are of too low resolution to resolve a Q? species

peak at small quantities.

2.3.5. O 1s Spectra

Two peaks constitute the O 1s spectra of Figures 2.6a—j and two unconstrained peaks were used
to fit each O 1s spectrum. Results of the fits are listed in Table 2.3. Inspection of the residuals
(illustrated below the spectra) indicates that the two-peak fit reproduces well the experimental
data. The O 1s spectra include contributions from all oxygen spectra in the glass. As
demonstrated by previous studies (e.g., Nesbitt et al., 2011 and references therein), the higher
binding energy peak in sodic glasses is attributed to oxygen bridging two Si atoms (BO peak)
and the second, lower BE peak, is derived from other types of oxygen bridging Na and Si atoms
(e.g., NBO peak).
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Figure 2.6: O 1s spectra of vitreous silica and the potassium silicate glasses studied along with

the fit residuals. The BO and NBO peaks were fitted freely with no constraints. A Shirley

background was used, and the fits are represented by solid lines intersecting the data points.

Peak fit parameters are listed in Table 2.3.
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2.3.5.1. X-ray Beam Effects on O 1s Spectra

Exposure to the X-ray beam causes the ratio of the two O 1s peaks to change with time of
exposure. Following the approach of Nesbitt et al. (2011), O 1s spectra were collected as a
function of time, with 4 to 6 spectra collected during each XPS analytical session (typically
about 600 min). Two examples of changing O 1s BO peak percentages are illustrated in Figure
2.7. A polynomial fit to the data was used to extrapolate to zero time from which was obtained
the BO at.% of the glass before exposure to the X-ray beam. These values are quoted in Table
2.4. Abundances of BO increased or decreased depending on the composition of each glass. This
behavior requires further investigation and could be related to the size of the K* cation and

mobility over the course of analysis.

2.3.6. Comparison of O 1s XPS and NMR Results

The percentages of BO listed in Table 2.3 are plotted on Figure 2.8 (shaded squares, size of the
squares represents an uncertainty of 2 mol% K3O) as are percentages of BO calculated from
experimental NMR data (Maekawa et al., 1991; Sen and Youngman, 2003; Malfait et al., 2007)
(Figure 2.8 circles, triangles, diamonds). The XPS and NMR data are consistent between about
0.13<Xk20<0.25 (Figure 2.8), demonstrating that the two techniques can yield similar results.
The XPS and NMR results diverge, however, at the extremes of the compositions studied. It
should be noted that none of the NMR studies used for comparison provided uncertainties for
their data.

Sen and Youngman (2003) measured Q-species abundances at Xk2o values <0.10 (Figure 2.8,
shaded diamonds). These data fall within the miscibility gap in the K.O-SiO> system and two-
phase domains or segregations may exist in these samples (Kracek et al., 1929). However, Sen
and Youngman (2003) contend that no phase separation was present in their glasses due to the
lack of any characteristic differential relaxation in the 2°Si NMR signals. Nevertheless, their data
for low K20 glasses are inconsistent with the other NMR studies mentioned and our XPS data.
Their data for glasses containing greater than 15% KO are, however, consistent with the other
NMR and XPS data (Figure 2.8).
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Figure 2.7: Examples of BO mol % as a function of time of exposure to the X-ray beam for two
samples (35 mol % and 17 mol % K>0). The BO abundances with analysis time for all samples
are given in Table 2.4. Data points were fit with a polynomial line and the y-intercept indicates
the BO mol % in the glass prior to analysis. This procedure was used to obtain the BO mol % for

all glasses studied and the extrapolated values are given in Table 2.3.



Table 2.3: Peak Parameters Derived from Fitting XPS Spectra, O 1s (BE and FWHM in eV)

mol % BO NBO
K20 BE (#26°) FWHM % Signal BE (#26) FWHM 9% Signal
10(n°=6) 532.80(0.10) 1.52 90.66 530.06(0.12) 1.54 9.34
15(n=4) 532.48(0.10) 1.50 83.98 529.81(0.12) 1.30 16.02
15(n=6) 532.69(0.10) 1.53 85.63 529.99(0.10) 1.32 14.37
17(n=6) 532.53(0.10) 1.49 83.00 529.89(0.11) 1.28 17.00
20(n=5) 532.38(0.10) 1.49 80.60 529.80(0.10) 1.23 19.40
23(n=6) 532.28(0.14) 1.48 76.40 529.78(0.14) 1.19 23.60
27(n=6) 532.31(0.14) 1.48 73.94 529.93(0.12) 1.20 26.06
30(n=6) 531.97(0.21) 1.53 71.61 529.61(0.16) 1.20 28.39
35(n=6) 531.86(0.16) 1.39 65.66 529.71(0.10) 1.16 34.34

4BE values indicate the binding energy of the peak at maximum intensity of fitted peak
ben=...” refers to the number of spectra collected

®Indicates the standard deviation of the peak maximum for collected spectra

Table 2.4: Effect of Photon Source on BO Abundance

10% K20 15% K20 15% K20 17% K20 20% K20
BO% t(min) BO% t(min) BO% t(min) BO% t(min) BO% t(min)

90.66 18 83.98 18 85.63 19 83.00 19 80.60 23
91.03 192 83.86 104 85.99 140 82.81 139 79.94 33
90.73 366  82.63 202 86.49 273 82.49 272 79.53 151
90.20 552  81.88 301 86.04 393 81.99 393 79.10 283

90.61 726 86.00 526 81.52 526 78.87 402
90.33 899 86.06 647 80.76 647
23% K20 27% K20 30% K20 35% K20

BO% t(min) BO% t(min) BO% t(min) BO% t(min)

76.40 19 73.94 18 71.61 18 65.66 18
76.47 140 74.82 138 72.46 139 67.79 139
76.93 273 75.19 271 73.36 272 68.85 272
76.99 393 75.82 392 73.85 393 69.46 392
76.97 526 75.66 524 74.01 526 70.15 525
76.69 647 76.33 645 75.58 706 70.78 646
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Between 0.25<Xk20<0.35, the XPS data plot at slightly greater BO values than do the NMR
data. The reason for this is uncertain but a similar observation was observed in the Na,O-SiO>
glass system (Nesbitt et al., 2011). Nesbitt et al. (2011) attributed the discrepancies to different
conditions of synthesis of the glasses in each study. The same explanation may pertain to the
K20-SiOz results because the synthesis conditions are different for the XPS and NMR
experiments here compared. Maekawa et al. (1991) prepared all glasses at 1267 °C and melted
each for 3 h regardless of composition which in some instances might lead to alkali loss for high-
alkali samples. On the other hand, Malfait et al. (2007) melted sample mixtures three times for 1
hour each (less for samples containing high alkali concentrations) at 100 K above their respective
melting points. The issue is not primarily one of alkali loss, but that slightly different melt
structures may be “frozen” into the glass due to different synthesis conditions and quench rates.
Additional study is required to resolve these discrepancies in glasses of high KO content.

2.4. DISCUSSION

2.4.1. Oxygen Species in Potassium Silicate Glasses

Zachariasen (1932) developed the Continuous Random Network (CRN) model to explain
properties of silicate glass. A premise of the model is that the addition of 1 mol of each oxide
network modifier (e.g., K20, Na20, Ca0) to SiO; glass (or melt), produces two moles of NBO at
the expense of one mole of BO. The reaction may be written using neutral entities:

2K20 + SiO2 — K4SiOg, (2.1)
or using oxygen species and simplified:

0% + BO — 2NBO, (2.1a)
where O*" is here referred to as ‘free oxygen’. Where Reaction (2.1a) goes to completion, there
can be only two oxide species, BO and NBO, at compositions more siliceous than the
orthosilicate composition and the mole fraction of BO calculated from that premise is illustrated
in Figure 2.8 by the solid curve representing BO (K2>=). In addition, the premise of the CRN
model requires NBO alone to be present at the orthosilicate composition, and the two species
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Figure 2.8: Mol fractions of different types of oxygen as a function of composition (given in
X(K20)). XPS data (squares) from this study were obtained from measurements of the BO peaks
of the O 1s spectra. The XPS data are compared with the NMR data from studies by Maekawa et
al. (1991) (circles), Malfait et al. (2007) (triangles) and Sen and Youngman (2003) (diamonds).
The fraction of BO (solid line) was calculated using Eq. 2.2 where K> = . The fractions of BO
(dot-dash line), NBO (long dashed line) and O% (short, dashed line) were calculated assuming
K2 = 2.0. The squares representing the XPS data are drawn to reflect the estimated errors

associated with both K»O content and the abundance of BO.
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NBO and O* to be present in compositions less siliceous than the orthosilicate composition (BO

is absent).

An early diffraction study of sodium silicate glasses by Warren and Biscoe (1938) found that
some oxygen atoms were bonded to two silicon atoms (BO) whereas others were bonded only to
one (NBO). The sodium atoms were coordinated to six oxygen atoms and were found in random
pockets within the glass network. They also found that the number of NBO increases with the

addition of network modifiers. All findings were consistent with the CRN model.

The Modified Random Network (MRN) model (Greaves et al., 1981; Greaves, 1985) considered
the structure of alkali silicate glass to be an extension of crystalline silicates with two
interconnected sub lattices. One sub-lattice is a continuous, disordered SiO2 network. It is
penetrated by a second sublattice containing modifying cations (e.g., Na, K) where NBO atoms
link the two sub-lattices. The cations form clusters around the NBO atoms leading to the
formation of percolation channels. lonic and channel diffusion measurements are consistent with
the MRN model (Ingram, 1987).

Molecular dynamic simulations (Huang and Cormack, 1990; Huang and Cormack, 1991; Smith
et al., 1995; Du and Cormack, 2004; Meyer et al., 2004; Pedone et al., 2008) show
inhomogeneous distributions of elements at high silica compositions. That is to say, there are
SiO2 rich regions and regions rich with network modifiers. As more network modifiers are
added, the modifier-rich regions extend and form NBO rich channels, which is again consistent
with the MRN model. The MRN also allows for the existence of more than two types of oxygen

species in glasses more siliceous than the orthosilicate composition.

2.4.2. Two Types of BO From XPS Spectra

For all potassic glasses studied, the FWHM of the BO peaks are consistently broader and more
variable than the associated NBO peaks, ranging from 1.39 eV to 1.53 eV (Table 2.3) just as
observed for sodium silicate glasses (Nesbitt et al., 2011). They differ, however, from the results
reported for the lead silicate system by Dalby et al. (2007), where both BO and NBO line widths

were similar at about 1.23 eV.

It is true that K will have many different sites in the glasses that will likely change with

composition, given changes in coordination number. For the sake of brevity, the following
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discussion is concerned with only two types of K sites: one in which K is bonded to a BO atom
affecting its binding energy, and one where it is not. Na- and Li-disilicate crystalline phases (e.g.,
Na>Si20s) include two types of bridging oxygen atoms (Ching et al., 1983; Ching et al., 1985).
One type has oxygen bonded only to two Si atoms (Si-O-Si). The second type again bridges two
Si atoms, but it is also bonded to a Na atom where the Na-BO bond length is similar to Na-NBO
bond lengths. Ab initio molecular orbital calculations on a cluster of atoms modeling the
structure of sodium disilicate glass (Uchino and Yoko, 1998) demonstrate that sodium is
coordinated to both BOs and NBOs. Molecular dynamic simulations (Du and Cormack, 2004;
Mountjoy, 2007) also show that network modifiers bond to both BO and NBO. Additionally,
Car-Parrinello molecular dynamic simulations on sodium silicate and soda-lime silicate glasses
(Tilocca and de Leeuw, 2006) have shown that the coordination environments of Na and Ca are
similar and that the local structural sites of the different modifiers are similar when comparing
parameters such as bond angles and distances. They also found evidence for two types of
bridging oxygen atoms. Recent ’O NMR spectra of Lee and Stebbins (2009) show changes to
both BO and NBO peaks with changes in Na2,O content, suggesting that network modifiers
interact with more than one type of oxygen species.

2.4.3. A Third Type of Oxygen, O?"

Two types of oxygen atoms exist at the compositional extremes of the K,O-SiO; system: BO at
100 mol% SiO; (fused silica), and O*~ at the 100 mol% KO (an ionic melt). Within the binary
system an additional anionic species, NBO, is present (Figure 2.6) and the question arises
concerning the abundance of the three species BO, NBO and O~ within the binary system K,O—
SiOa.

The three species BO, NBO and O? are required in Na- and Pb-silicate glasses to explain the
fractions of BO observed (Dalby et al., 2007; Nesbitt et al., 2011). 17O NMR experiments on
CaSiOs3 glass (Zhang et al., 1997) have demonstrated that BO and NBO alone could not provide
charge balance to the system suggesting that small amounts of O?~ atoms were present. Other
NMR experiments have indicated small amounts of O* in sodium and potassium silicate glasses
containing lanthanum (Schaller et al., 1999). Molecular dynamic simulations in the Al,03—MgO
system (where Al acts as a network former and Mg as a network modifier) have shown that, as
the amount of network modifiers increases, so too does the amount of O?~ (Jahn, 2008). Recent
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molecular dynamic simulations of Yttrium—-Aluminum-Silicate (Christie and Tilocca, 2010) and

Li-silicate (Prasada Rao et al., 2010) glasses indicated the presence of small amounts of O*".

The O* signal itself cannot be resolved in the XPS spectra but its general location can be
determined from electronegativity arguments. To summarize, the O* signal is located within the
NBO peak. The BO peak has a high binding energy due to the low electron density on the
oxygen atom bridging two silicon atoms. The NBO peak is at a lower binding energy because the
NBO has a greater electron density due to the presence of K in the Si-O-K moiety. The O*
contribution is bonded to two K atoms (K-O-K moiety) and it too will have a greater electron
density than the BO contribution. The O  peak is located at a binding energy similar to the NBO
peak and it cannot be resolved due to the low abundance of O*" and its close proximity to the
NBO contribution.

2.4.4. Calculated Distribution of Oxygen Species

The XPS data consistently plot at higher Xgo than the solid curve of Figure 2.8. The NMR data,
between 13 mol% and 25 mol% KO, also plot at Xgo values greater than indicated by the solid
curve. It is important to note that within this compositional range all data plot consistently above
the model curve. The XPS and NMR data are therefore consistent indicating a greater fraction of
BO in the glasses than predicted from the CRN model of Zachariasen (1932). A thermodynamic

analysis provides insight into, and an explanation for, the high BO abundance.

As previously noted, the distribution of BO, NBO and O in alkali silicate glasses may be

evaluated using a thermodynamic approach. Halving Reaction (2.1a) yields:

0% +BO — 2NBO. (2.2)
The mass action equation for this reaction is:

Ks = [NBOJ?/{[0*][BO]}, (2.3)

where square brackets denote activities of the oxygen species. The CRN model (Zachariasen,
1932) requires Reaction (2.2) to proceed to completion (i.e., one of the reactants is completely
consumed) and the equilibrium constant, K3 of Reaction (2.3), to be infinite (i.e., either O or
BO=0). If Reaction (2.2) does not go to completion, then some O*  remains unconsumed by the

reaction and there will be a greater concentration of BO and lower concentration of NBO in the
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glass than calculated from the CRN model. In addition, NBO will not be balanced by K; there
will be more K than there will be NBO in glasses more siliceous than the orthosilicate
composition. The CRN model fails this stringent experimental test and the thermodynamic
analysis provides a simple explanation for the failure; Reaction (2.2) does not go to completion
(as required by the CRN model). Instead, some O?~ and excess BO is found in the potassic

silicate glasses of composition ranging between 10 mol% and 35 mol% K:O.

2.4.5. Equilibrium Distribution Among Oxygen Species

Just as equilibrium among Q-species is assumed to exist in alkali silicate glasses (Stebbins, 1987;
Maekawa et al., 1991), equilibrium among oxygen species is likely. Following Stebbins (1987)
and applying the same approach to oxygen species, a conditional equilibrium constant may be
evaluated from the experimental data using mole fraction of BO determined from the
experimental data and two compositional constraints. The two equations constraining the
concentrations of the oxygen species are Reaction (2.2) and the sum of the mole fractions of the
three species=1.0. With these equations and using Xgo as measured by XPS or NMR, the mole
fractions of the two other species can be evaluated. The average mole fraction of BO measured at
Xk20=0.17 (Table 2.3) was used to calculate the equilibrium constant, K»=2.0, and this value was
used to calculate the BO, NBO and O* mole fractions for the entire binary system as shown in

Figure 2.8 (dash—dot curve represents BO, long dashed curve, NBO and short dashed curve O?).

The calculated BO mole fractions are consistent with both XPS and NMR data in the
compositional range 13 mol% to 25 mol% K>O. At greater K,O concentrations the BO values
determined from the NMR data plot below the calculated values (Figure 2.8, dash—dot curve)
whereas the XPS data plot close to the equilibrium values (within experimental error as indicated
by the size of the square symbols). The observation that some NMR data plot close to the
calculated BO abundance (between 13 mol% and 25 mol% K>0) and those greater than 25 mol%
K20 plot below the calculated abundance is puzzling and requires explanation. Additional
experimental studies are required, however, to resolve this apparent discrepancy. A similar

discrepancy was noted in the Na2O-SiO> glass system (Nesbitt et al., 2011).

The O 1s XPS results and the NMR results between 13 mol% and 25 mol% K->O indicate the

presence of at least three oxygen species in K-silicate glasses and the thermodynamic analysis
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indicates that O* is present due to Reaction (2.2) failing to go to completion. With K2=2.0,
approximately 0.5% of total oxygen is O?" at the 10 mol% KO and this increases to about 6%
O’ at the 35 mol% K20 composition. Apparently, there is more O* in K-silicate glasses than in
Na-silicate glasses at the same concentration of alkali component (Nesbitt et al., 2011). Nesbitt et
al. (2011) report values ranging from about 0.1% O at 10 mol% NazO to 3% to 6% O* at 50
mol% Na.O. Prasada Rao et al. (2010) report about 0.3% O* at unspecified high alkali
concentrations in their simulations of lithium silicate glasses. We suggest that the abundance of
O?7in alkali silicate glasses is likely affected by the type of alkali cation present and that larger

alkali cations (i.e., K, Rb, Cs) produce more O*  atoms than smaller alkali cations.

Nesbitt et al. (2011) suggest that the O?~ atoms are sited in percolation channels and that their
abundance is related to the degree of alkali cation clustering in the channels. Clustering of K in
percolation channels may be more pronounced than clustering of Na in glasses of equivalent
alkali content if the larger K atom is excluded from the silica network to a greater extent than is
Na. Percolation channels then would form at lower concentrations of K than Na in their
respective silicate glasses and the channels would be more abundant in K-silicate glasses. These
suggestions, however, are speculative because the Na and K glasses were synthesized at
somewhat different temperatures which would affect values of the conditional equilibrium

constants for the glasses.

2.4.6. The Relationship Between O?~ and Activity of K20

Maekawa et al. (1991) calculated activities of Na2O in sodium silicate glasses based on Q-
species distributions and compared them to measured activities. As they stated, the agreement
was semi-quantitative. An equivalent calculation cannot yet be performed whereby the mole
fraction of O is related to activity of the alkali oxide (e.g., Na.O or K,0) because they are
related through a dissociation reaction (Equation 2.4) as emphasized by Fraser (1977) who
addressed this specific problem. Using the Na-silicate glass system as an example, the
appropriate dissociation reaction is:

NazOmett — 2Na*meit + O¥ me, (2.4)
for which the mass-action equation is:

K4 = {[Na*]’[0?]} / [Na20], (2.4a)
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where Ky is the dissociation constant and square brackets indicate activities. Rearrangement of
(Equation 2.4a) yields:

[Na20] = {[Na*]’[0?] / Ka}'2. (2.5)
Assuming ideal mixing (i.e., mol fractions can be substituted for activities), the activity of Na,O
is related to Xoz- through the activity of Na* and the dissociation constant, K4 but neither is

known. The same development applies to the potassium silicate system where the dissociation

reaction is:

K2Omett — 2K*meit + O% mett, (2.6)
and the rearranged mass-action equation for Reaction 2.6 is:

[K20] = {[K*]’[0*] / Ke}"" (2.7)

The activity of K20 can be experimentally evaluated by electrochemical or other means and the
Xo2- now has been measured. With measurement or assessment of [K*] in these glasses the

dissociation constant can be evaluated and the activity of K;O then can be related to Xo»-.

2.5. CONCLUSIONS

Potassium silicate glasses were studied using XPS and high-resolution O 1s, K 2p and Si 2p
spectra are reported. BO abundances obtained from O 1s XPS analysis are consistent with 2°Si
MAS NMR studies of K-silicate glasses within the compositional range 13 mol% to 25 mol%
K20. These experimentally determined BO abundances are greater than predicted by the CRN
model of Zachariasen (1932), a basic premise of which is that each K atom is associated with one
NBO in K-silicate glasses. Although these experimental data prove the premise to be incorrect, it

nevertheless provides a first order estimate of NBO and BO in K-silicate glasses.

As with Q-species, oxygen species (O-species) distribution can be calculated by assuming
equilibrium among the species in K-silicate glasses. A conditional equilibrium constant (K3 of
Equation 3) of 2.0 reproduces the BO abundances measured by XPS and reproduces the BO
abundances of all 2°SiMAS NMR data within the compositional range 13 mol% to 25 mol%
K20. From a thermodynamic perspective the CRN model requires the equilibrium constant to be
infinite so that Reaction (2.2) goes to completion and one or other of the reactants is completely
consumed. A finite value for K, requires that each reactant, BO and O*" of Reaction (2.2) is
present in finite amount within the binary system and by implication the reaction does not go to

completion. The XPS and NMR experimental data and the thermodynamic treatment all require
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that some O* (free oxygen) is present in K-silicate melts and glasses within the binary system,

and with its abundance increasing in glasses and melts of progressively increasing K>O content.

At equivalent alkali content, however, the experimental data indicate that abundance of O*” is
greater in K-silicate glasses than in Na-silicate. The size of the modifying cation may affect the
abundance of O*" in alkali glasses by promoting formation of percolation channels in which O*
resides. The establishment of more and larger percolation channels creates and ‘ionic

environment’ which should favor the formation and stability of O>~ over that of BO.

The breadth of the O 1s XPS BO peak is highly variable and wider than that of the NBO peak,
whose width remains relatively constant at 1.21 eV+0.07 eV. The variable width may result from
the presence of two types of BO atoms with somewhat different binding energies; one type
bridges two Si atoms whereas the second type is bonded to three atoms, two Si and one K atom.
Their abundances are similar to the abundances of Q* and Q?® species of previous NMR studies.
These findings indicate that XPS has the potential to resolve Q" species.

An unresolved aspect, and one that requires additional experimental study, is the discrepancy in
BO contents in glasses more potassic than 25 mol% KO. The XPS data yield slightly greater BO
contents than the 2°Si MAS NMR results. In this regard, all BO values obtained from O 1s XPS
spectra are consistent with the O-species distribution calculated from the conditional equilibrium
constant. The BO values obtained from NMR studies for glasses ranging from 13 mol% to 25
mol% K>O are also consistent with the thermodynamic treatment. The BO contents obtained
from NMR results on glasses containing more than 25 mol% KO are, however, inconsistent

with the thermodynamic treatment.
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Chapter 3

3.0. SPECTROSCOPIC STUDIES OF OXYGEN IN POTASSIUM
SILICATE GLASSES AND MELTS?

3.1. INTRODUCTION

Much progress has been made with regards to understanding the structure and properties of
silicate glasses and melts using various spectroscopic techniques. Of particular importance are
the chemical forms of oxygen atoms in glasses and the role they play in determining the physical
and chemical properties of glasses and melts of geochemical and metallurgical significance
(Stebbins, 1995; Brown et al., 1995; Mysen, 2003; Henderson, 2005; Henderson et al., 2006;
Stebbins et al., 2013; Dingwell, 2006; Park and Rhee, 2001). There is much debate and
controversy about the chemical forms of oxygen in alkali (Maekawa et al., 1991; Malfait et al.,
2007; Lee and Stebbins, 2009; Matsumoto et al., 1998; Nesbitt et al., 2011; Sawyer et al., 2012;
Stebbins and Sen, 2013) and alkaline earth (Zhang et al., 1997; Sen and Tangeman, 2008; Sen et
al., 2009; Davis et al., 2011; Nasikas et al., 2012; Cormier and Cuello, 2013; Park, 2013a; Park,
2013b; Retsinas et al., 2014; Lee and Stebbins, 2006; Thompson et al., 2012) silicate glasses,
specifically regarding the presence and abundance of the “free oxide” species (oxygen bound
only to alkali or alkaline earth cations). For over 60 years, it has been recognized that three
species of oxygen are present in silicate melt described by the following polymerization-
depolymerization reaction (Fincham and Richardson, 1954):

BO + 0% « 2NBO, (3.1)
where BO is bridging oxygen (Si-O-Si), NBO is non-bridging oxygen (Si-O-K, for example) and
07 is free oxygen (K-O-K, for example). The mass action equation is:

Ki = [NBOJ?{[BO][0?1}, (3.2)
where square brackets denote activities and Kj is the equilibrium constant. The presence of 0%
was acknowledged in early studies which suggested a finite value for Ky (Fincham and
Richardson, 1954; Toop and Samis, 1962; Pearce, 1964; Fine and Stopler, 1985; Fine and

2 This chapter is modified from the original publication “Sawyer, R., Nesbitt, H.W., Bancroft, G.M., Thibault, Y. and
Secco, R.A., 2015. Spectroscopic studies of oxygen speciation in potassium silicate glasses and melts. Canadian
Journal of Chemistry, 93(1), pp.60-73. doi: 10.1139/cjc-2014-0248”
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Stopler, 1986). However, mention of O? is absent from recent reviews (Stebbins, 1995; Brown et
al., 1995; Mysen, 2003; Henderson, 2005; Henderson et al., 2006; Stebbins et al., 2013). Recent
studies have reported the presence of free oxide in alkaline earth silicate glasses with
compositions between the metasilicate (50% mol% modifier oxide (MO), e.g., MgSiO3) and the
orthosilicate (66.7 mol% MO, e.g., Mg2SiO4). Free oxide abundances from 1 to 5 mol% for the
metasilicates and from 5 to 7 mol% for the orthosilicates have been reported from 2°Si NMR
studies of Mg-Ca-Si glasses (Zhang et al., 1997; Sen and Tangeman, 2008; Sen et al., 2009;
Davis et al., 2011), a 1’0 NMR study of (Ca,Mg).SiO4 glasses (Nasikas et al., 2012) and an X-
ray and neutron diffractions study of (Ca,Mg)SiOs glasses (Cormier and Cuello, 2013).
Additionally, several Raman spectroscopic studies in the metallurgical and glass literature have
reported similar or larger amounts of free oxide in Mg-Ca silicates in the compositional range
between the metasilicate and orthosilicate (Park, 2013a; Park, 2013b, Retsinas et al., 2014). Free
oxide must be present at compositions where MO > 66.7 mol% from the stoichiometry of
Reaction 3.1. Free oxide is not mentioned or is implied to exist only in smaller amounts (<1
mol%) below the orthosilicate according to 2’O and 2°Si NMR studies of a 56 mol% CaO glass
(Lee and Stebbins, 2006; Thompson et al., 2012). Thompson et al. (2012) concluded that there
was “no evidence of free oxide in detectable quantities” in a 56 mol% CaO glass despite their
most accurate measurements of Q-species indicating 3 mol% O? and up to 4 mol% O% when

uncertainties are accounted for.

There is more controversy regarding the presence of free oxide in alkali silicates where its
abundances are thought to be smaller than in alkaline earth silicates owing to differences in
ionization potential and cation field strength (Stebbins and Sen, 2013). A recent XPS study of
potassium silicate glasses has stirred controversy with claims of several mol % O for glasses
containing 30 mol% K>O (Sawyer et al., 2012). This is in sharp contrast to early Raman studies
of potassium silicate glasses with <33.3 mol% KO that did not even mention the possibility of
free oxide and 2°Si NMR studies of potassium silicate glasses with up to 50 mol% KO that did
not indicate any free oxide in their interpretations of their spectra (Matson et al., 1983; Maekawa
etal., 1991; McMillan et al., 1992; Malfait et al., 2007). The 2°Si NMR spectra of the 50 mol%
K20 glass were fit with two Q? species to constrain the amount of free oxide to 0 so that
Reaction 3.1 goes to completion. This interpretation was made without any evidence as noted by
Henderson (2005) and to date there is still no evidence for two Q? species to our knowledge. A
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more recent 1’0 and 2°Si NMR study by Stebbins and Sen (2013) of two potassium silicate
glasses with 34 and 40 mol% K:O indicated “negligible free oxide contents” (non-zero,
however) and found substantial disagreement with the results from the XPS study. Their 'O
NMR spectra had a very high signal to noise ratio and their conclusions were largely based on
the assumption that the 'O chemical shifts in potassium silicate glasses and crystalline K20
should be similar. Their 2°Si NMR spectra were constrained in the manner previously mentioned
to yield no O (Stebbins and Sen, 2013).

Several new XPS spectra of potassium silicate glasses are reported with compositions containing
~27-35 mol% K>O. Novel experimental methods are used to evaluate the compositions of the
glasses and the reproducibility of the O 1s spectra. Given that there is agreement between the
29Si NMR and O 1s spectra for lead silicates (Dalby et al., 2007) and sodium silicates (Nesbitt et
al., 2011), this work is necessary since there is no reason why there should be disagreement with
the potassium silicates. An attempt is made to resolve these discrepancies by examining the O 1s
XPS results (Sawyer et al., 2012) and the 2°Si and 'O NMR results (Maekawa et al., 1991;
Malfait et al., 2007; Stebbins and Sen, 2013). Regarding the O NMR results of Stebbins and
Sen (2013), the use of crystalline K>O as a model for free oxide in glasses is questioned because
the oxygen chemical environments may differ greatly. The accuracy of the 1O NMR results is
also examined. A discussion of the importance of free oxide in the uptake of CO», water, and
sulfur species in glasses and magmas concludes this chapter (Stopler, 1982; Fine and Stopler,
1985; Fine and Stopler, 1986; Xue and Kanzaki, 2004; Cody et al., 2005; Baker and Moretti,
2011; lacovino et al., 2013; Le Losq et al., 2012; Le Losq et al., 2013; Morizet et al., 2013a,b;
Seifert et al., 2013; Duncan and Dasgupta, 2014).

3.1.1. Constraints on Oxygen Speciation
3.1.1.1. General Considerations

An advantage to XPS is that BO abundances can be determined directly from the peak areas of O
1s spectra. NBO and O? abundances must be determined with calculations which are described
in this section after an introduction to the concepts. The relationships between oxygen species for
a binary system SiO.-MO are shown in Figure 3.1. BO species are solely present where Xsio2 =

1 (or Xmo = 0) and OZ is solely present where Xmo = 1. O is entirely consumed if Reaction 3.1
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Figure 3.1: Plot of BO mole fraction versus mole fraction of MO (or M20) illustrating feasible
BO values (clear region between solid curves) and regions where Xgo values are physically
impossible to achieve in equilibrated melts (shaded regions). The curve labelled K1 = o
illustrates Xgo where the polymerization equation (Equation 3.1) goes to completion. The curve
labelled K1 = 0.0 illustrates Xgo where the polymerization reaction does not occur (i.e., no NBO
is produced). The dashed curve represents BO values for Ky = 8.0. The Xgo derived from the free
fits of 2°Si MAS NMR data (Table 3.1 of Malfait et al., 2007) are plotted as shaded circles.
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goes to completion (i.e., K1 = o) and exists only where Xmo > 0.667. The solid curve on Figure
3.1 illustrates BO abundances if K; = o for Reaction 3.1. Mass balances prevent Xgo from
plotting below this curve. The upper limit on Xgo values is where Reaction 1 does not proceed
at all (i.e., Ky = 0.0) and is shown on Figure 3.1 as the solid curve labelled BO Ky = 0.0 (Figure
3.1). The region between the two curves represents all possible Xgo values. Where Kj is finite,
all three species of oxygen are present in a manner that satisfies the Equation 3.2. The dashed
curve in Figure 3.1 represents a feasible range of BO vales for K1 = 8.0. The dotted and dash-
dotted curves are also calculated for this value. A finite value for Kz requires all three oxygen
species to be present across the entire binary to satisfy conditions of equilibrium in a
homogeneous medium like a melt. One or more species of oxygen may be difficult to detect
directly due to low abundances, such as O% at highly siliceous compositions. The presence of 0%
IS not due to defects.

3.1.1.2. The Orthosilicate Composition

If K1 = oo at the orthosilicate composition (Xmo = 0.667), BO and O% are completely consumed
so that NBO is the only species present. If Ki = 0 then Xgo = Xoz-. If Ky is finite (e.g., K1 = 8.0
in Figure 3.1), then all three species are present with BO and O% having equal abundances.
Figure 3.1 shows that Xo2- increases exponentially with Xwvo and that Xngo increases effectively
linearly with Xvo up to the orthosilicate. The free oxide peak is ~2% of the total O 1s intensity
but is ~6% of the NBO intensity at the disilicate composition (Xmo = 0.333).

3.1.1.3. Oxygen Species Abundances Derived from Experiments

The O 1s XPS spectra (Figure 3.2) display two prominent peaks: a BO peak at higher BE and a
peak at lower BE that is a combination of the NBO and O? signals which overlap (Nesbitt et al.,
2011; Sawyer et al., 2012; Dalby et al., 2007). The BO peak is resolved well enough to calculate
its mol% or mol fraction (Xgo = area under BO peak/(area under BO peak + area under NBO +
07 peak) = Ngo/Nt = Total mols BO/Total mols O). Values for Xoz- and Xngo can be calculated
once Xgo is known. It is first necessary to calculate Xgo assuming that K; = oo for Reaction 3.1.
In this scenario all O% is consumed in the reaction and converted to NBO (where Xsioz > 0.666)
along with an equal amount of BO being converted to NBO. Thus, the number of moles of BO is

Neo = 2Xsio2 — Xk20 after the reaction is complete. The total number of moles of oxygen in the
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Figure 3.2: O 1s XPS spectra of six potassium silicate glasses. The nominal compositions of

glasses shown in Figures 3.2a, 3.2b and 3.2c are 35 mol% KO but they were melted either three

or four times and analyzed by EPMA to yield the corrected compositions (see text for details).

The corrected compositions for glasses of Figures 3.2d, 3.2e and 3.2f are 26, 31 and 34 mol%

were previously published in Sawyer et al. (2012) and are modified here.
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glass is Nt= 2Xsio2 + Xk20, S0 Xgo remaining after the reaction completes (X*go) is (2Xsio2 —
Xk20)/(2Xsio2 + Xk20). If, however, K1 is finite for Reaction 3.1, then Xgo must be determined
experimentally (X®so). This value will be greater than X*go and the difference between the two
represents and excess of BO (X*go) caused by an incomplete reaction. This difference is also
equal to the amount of O in the glass by the stoichiometry of Reaction 3.1. So X*go = Xoz- =
(X®so — X*Bo). For example, X*go and Xoz- are both equal to 0.07 at the metasilicate
composition in Figure 3.1. This illustrates how the easy and direct calculation of O% is
facilitated by the determination of X°go and calculation of X*go at identical compositions. The
error associated with Xo»- depends on the error associated with determining X°go through
experiment and with the error associated with the composition of the glass. Xngo is determined

by the difference 1.0 = X°go + Xngo + Xoz-.

Q-species can also be used to determine the mol% (or mole fractions) or oxygen species. The
general notation is Q" (n = 0 to 4) where n denotes the number of BO atoms bonded to each
silicon center. This notation is used primarily in 2°Si NMR and Raman spectroscopies which are
used to derive Q-species abundances. The calculation of Xo.- from Q-species is uncomplicated

and the formulae are presented in Appendix A.

3.2. EXPERIMENTAL METHOD
3.2.1. Preparation

Four new glasses were prepared: three of nominally 35 mol% KO (subsequently referred to as
35a, 35b and 35c¢) and one of nominally 37 mol% K;O. The O 1s XPS spectra of these four
glasses are presented in Figures 3.2a, 3.2b, 3.2c and 3.2f. Samples were prepared from starting
materials K2COs and SiO.. The starting materials were carefully mixed and ground at least once
under anhydrous ethanol for a minimum of 1 h and dried under an infrared (IR) lamp. The
mixtures were then sintered at 830 °C for at least 20 h, reground and then melted in a platinum
crucible at a temperature 200 °C above the liquidus based on the phase diagram of Kracek et al.,
(1937). Each fusion took approximately 6 h where the temperature was increased in steps of 20
°C from 200 °C below the liquidus up to the desired temperature. The melts were quenched
immediately by dipping the bottom of the platinum crucible into ice water. Sample 35a was
ground and melted four times and samples 35b and 35c¢ were ground and melted three times. The
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nominally 37 mol% K>O sample was sintered twice at 800 °C for 3 h and melted, crushed and
remelted three times: once at 1150 °C and twice at 1200 °C for 1 h each time. The glass samples
were immediately placed into a desiccator. Although spectra of glasses with nominal
compositions of 27 mol% KO (Figure 3.2d) and 35 mol% KO (Figure 3.2e) were reported by
Sawyer et al., (2012), they are presented here because their melting histories require clarification.
The 27 mol% K20 sample was crushed and sintered at 750 °C for 6 h and melted once at 1200
°C for 1 h so that its corrected composition (as will be subsequently discussed) was 26 mol%
K20 (Figure 3.2d). The 35 mol% K>O sample previously reported was sintered at 825 °C for 3 h
and a second time at 800 °C for 2.5 h. That sample was melted, crushed and remelted four times
at temperatures between 1150 °C and 1230 °C and its composition was corrected to 31 mol%
K20 (Figure 3.2e). These two spectra are included in Figure 3.2 in order to highlight the
systematic change in O 1s XPS spectra with respect to composition.

3.2.2. XPS and Electron Probe X-ray Microanalyzer (EPMA) Analytical Considerations

After glass preparation and prior to EPMA analyses, each sample was notched and placed in the
introduction chamber of the XPS instrument. Samples were fractured under vacuum in the
transfer chamber where pressures were on the order of 10° — 1071° Torr. After fracture, the
sample was moved to the analytical chamber (~1071° Torr) and analyzed. The analytical
conditions were identical to those described by Sawyer et al. (2012). The O 1s spectra were
collected with a step size of 0.025 eV, a dwell time of 100 ms and a pass energy of 10 eV. All
the data were collected using a Kratos Axis Ultra XPS instrument. The magnetic confinement
charge compensation system was used to mitigate the effects of surface charging (Nesbitt et al.,
2011; Sawyer et al., 2012). After analysis, samples were removed from the XPS instrument and

placed in a desiccator prior to chemical analysis.

EPMA was used to analyze glasses 35a, 35b and 35c. The glass fragments were removed from
the desiccator immediately before analysis. They were ground and polished dry (without
lubricants) and transferred directly to a high vacuum evaporator for carbon coating. A JOEL
JXA 8900 EPMA was used for sample analyses. It was operated at an accelerating voltage of 20
kV, a probe current of 8 nA, a beam defocused at 40 um, and 8 s counting time (on both peak
and background). These were considered the best analytical conditions for obtaining accurate

compositions (Fig. 3.3). The characteristic Ka X-ray line and an orthoclase standard were used
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for both potassium and silicon. Abundances of oxygen were based on stoichiometry. The Ka X-
ray intensities of potassium and silicon were monitored as a function of time to make sure that
there was no detectable potassium mobility. Table 3.1 shows the individual analyses for glass
35a. Glasses 35b and 35c were analyzed 25 times as well and Table 3.1 provides their average

compositions and one standard deviation unit for them.

3.3. RESULTS AND EXPERIMENTAL UNCERTAINTIES
3.3.1. Homogeneity and the Composition of Glasses

The EPMA data from Table 3.1 indicates that glasses 35a, 35b and 35c¢ are homogenous.
Prepared with a nominal composition of 35 mol% KO, their analyzed compositions are 30, 32
and 32 mol% KO (Table 3.1). Itis apparent that each melting during sample preparation
decreased the K20 content by about 1 mol%. This information has been used to correct the
compositions of all potassium silicate glasses studied in this laboratory. The nominally 27 mol%
K20 glass (Table 3.2) was corrected to 26 mol% KO, the 37 mol% KO glass was corrected to
34 mol% K20 and the 35 mol% K>O glass reported by Sawyer et al. (2012) was corrected to 31
mol% K>O.

For glasses 35a, 35b and 35c, the standard deviations (o) of Table 3.1 average to about 0.15
mol%. A conservative uncertainty of 3¢ (£0.45 mol%) is assigned to K-O mol% and SiO> mol%
for the error in their compositions. A greater uncertainty of 5o (+0.75 mol%) was assigned to the
glasses with nominal compositions of 27, 35 and 37 mol% KO which were not analyzed by
EPMA. The previously reported results of Sawyer et al. (2012) assigned an error of £2 mol%
K20 and those uncertainties can now be refined based on these results. All previously reported
glasses by Sawyer et al. (2012) were corrected to lower values by 1 or 2 mol% KO depending
on the number of fusions the sample underwent during preparation. The same uncertainty (x0.75
mol%) for the nominally 27, 35 and 37 mol% K>O compositions was assigned to the glasses
reported by Sawyer et al. (2012).

3.3.2. O 1s XPS Spectral Fits, Assignments and Linewidths

Figure 3.2 shows a BO peak located at ~532 eV and an NBO + O peak near 529.5 eV. Spectra
were fit with a Shirley background (Shirley, 1972) and a 30% Lorentzian — 70% Gaussian line
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here are provided in the text.



Table 3.1: EPMA analyses for samples 35a, 35b and 35c
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Analysis No. | SiO2wt.% | K:0wt.% | Totalwt.% | SiO2mol% | K20 mol%

Glass 35a (nominally 35% K20

1 59.70 39.56 99.26 70.29 29.71
2 59.48 39.73 99.21 70.12 29.88
3 59.79 39.83 99.62 70.18 29.82
4 59.55 39.52 99.07 70.26 29.74
5 60.19 39.60 99.79 70.44 29.56
6 59.50 39.47 98.97 70.27 29.73
7 60.15 39.55 99.70 70.45 29.55
8 59.23 39.84 99.07 69.98 30.02
9 59.91 39.82 99.73 70.23 29.77
10 59.84 39.75 99.59 70.24 29.76
11 60.22 39.92 100.14 70.28 29.72
12 59.37 39.64 99.01 70.13 29.87
13 59.43 39.69 99.12 70.13 29.87
14 59.71 39.86 99.57 70.13 29.87
15 60.00 39.64 99.64 70.35 29.65
16 60.02 39.48 99.50 70.44 29.56
17 59.76 39.67 99.43 70.25 29.75
18 59.83 39.59 99.42 70.32 29.68
19 60.03 39.53 99.56 70.42 29.58
20 59.93 39.31 99.24 70.50 29.50
21 59.67 39.63 99.30 70.24 29.76
22 59.85 39.55 99.40 70.35 29.65
23 59.98 39.69 99.67 70.32 29.68
24 59.71 39.51 99.22 70.32 29.68
25 59.78 39.62 99.40 70.29 29.71
Average 59.79 39.64 99.43 70.28 29.72
lo 0.26 0.14 0.12 0.12
Glass 35b (n = 25, nominally 35% K:0

Average 57.48 42.02 99.50 68.20 31.80
lo 0.25 0.19 0.12 0.12
Glass 35c¢ (n = 25, nominally 35% K20)

Average 57.09 42.76 99.85 67.67 32.33
lo 0.27 0.17 0.16 0.16
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shape, which allows for excellent fits to the O 1s spectra. These parameters were used for all
least squares fits shown in Figure 3.2. All spectra were fit using the CasaXPS software
(CasaXPS Software Ltd.). Peak intensities and consequently oxygen abundances were
determined by area. Table 3.2 lists the parameters derived from the best fits. The NBO + O
(low BE) peaks of Figure 3.2 have full widths at half maxima (FWHM) averaging about 1.2 eV
(Table 3.2). These values are comparable to the average O 1s FWHM of quartz (Q* species
only) which is 1.23 (+0.05) eV, of vitreous silica (Q* only) which is 1.25 eV (Nesbitt et al.,
2011), and of olivine (Q° only) which is 1.26 (+0.05) eV (Bancroft et al., 2009; Nesbitt and
Bancroft, 2014; Zakaznova-Herzog et al., 2005; Nesbitt et al., 2004). A FWHM value of 1.22 eV
was obtained for the BO peaks for lead silicate glasses (Dalby et al., 2007). These FWHM
values are remarkably consistent and are the result of a combination of final state vibrational
broadening and phonon broadening (Bancroft et al., 2009; Nesbitt and Bancroft, 2014;
Zakaznova-Herzog et al., 2005; Nesbitt et al., 2004). The FWHM for all BO peaks are broader
(~1.4 eV) than the NBO peaks as shown in Figure 3.2 (Nesbitt et al., 2011; Sawyer et al., 2012).
This breadth is likely due to two overlapping BO signals, one from the Si-O-Si moiety and the
other from a BO species bonded to two silicon atoms and a modifying cation such as potassium
or sodium (the BO-K or BO-Na moiety) (Nesbitt et al., 2011; Sawyer et al., 2012; Ching et al.,
1983; Cormack et al., 2003; Du and Cormack, 2004; Mead and Mountjoy, 2005; Mead and
Mountjoy, 2006; Tilocca and de Leeuw, 2006; Kargl et al., 2006; Machacek et al., 2010;
Mountjoy, 2007; de Jong et al., 1998; Nesbitt et al., 2015). Figure 3.2 shows that the BO peaks
are sufficiently separated from the NBO + O? and symmetric that they have been fit with only
one unconstrained peak. Using two peaks to fit the same BO signal provides almost identical
results. In Figure 3.2b a free fit using one BO contribution gives 64.0% BO and a free fit using
two BO contributions gives 63.9% BO.

3.3.3. Analytical Uncertainties in BO%, NBO% and O?

Three to six O 1s spectra were collected for each sample during the analysis and their BO
abundances were plotted as a function of time of exposure to the X-ray beam. Some of these
results are shown in Figure 3.4a — 4d. Quadratic least squares fits were performed on the data for
each sample. The intercepts indicating BO% at zero exposure time were obtained from the fits

for each glass. These are shown in Table 3.2 under the “corrected BO%” column. “Corrected



Table 3.2: Fitted peak parameters for the potassium silicate glasses of Figure 3.2

BE (eV) FWHM (V)

K20% K20% Spectrum Corrected®

nominal®  corrected of Fig.: NBO BO NBO BO NBO+O*% BO% Calculated O%%°
27 26 (£0.75%) 2d 529.9 |532.3 1.18 1.48 | 26.1 73.9 3.5 (x1.0)

35a 30 (£0.45%) 2a 529.5 | 531.8 1.14 141 | 329 67.1 2.0 (£0.8)

35b 32 (£0.45%) #1 | 2b 529.5 | 531.7 1.15 1.35 | 36.0 64.0 2.1 (x0.8)

35¢ 32 (£0.45%) #2 | 2c 529.5 | 531.6 1.18 142 | 35.6 64.4 2.5 (£0.8)

35 31 (£0.75%) 2e 529.7 | 531.9 1.16 1.39 | 34.9 65.1 1.8 (x1.0)

37 34 (£0.75%) 2f 529.5 |531.5 1.27 1.38 | 39.5 60.5 1.5 (x1.0)

See preparation section in text

bCorrected to zero X-ray exposure time. Uncertainty for each species is +0.6%

“Uncertainty includes both compositional uncertainty (in mol%) and uncertainty in BO% (see text)

65
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BO%” is used because the intercepts represent the true BO% of the sample prior to analysis. An
estimate of the experimental uncertainty in BO% is provided by the scatter of measured BO%
around the quadratic fits of Figure 3.4a — 3.4d. This uncertainty can be quantified as shown in
Figure 3.4e which is a plot of the differences between measured BO% (BOmeas) and BO% values
from the quadratic fits (BOsit) taken at the same time as a function of exposure time. The
standard deviation ¢ = 0.203 (n = 65) and the 95% confidence interval is ~0.40 mol%. This value
is increased arbitrarily to £0.60 mol% (50% increase) as a way of accounting for any error
associated with the adoption of the intercept as the “corrected BO%”. The same error of +0.60
mol% is applied to the corrected BO% values in Table 3.2 and all BO% from Sawyer et al.,
(2012). NBO+0%*% is calculated as the difference between the total 0% and the BO% and has

the same uncertainty associated with it.

The uncertainties associated with O? abundances are dependent on the uncertainties associated
with BO mol% values and glass compositions (Xk20). The root mean squared of the errors
associated with each independent variable is required to evaluate O uncertainties (Mosteller et
al., 1961). The BO mol% error for all samples is £0.60 mol% and the error assigned to the
compositions of samples 35a, 35b and 35c is +£0.45 mol%. The uncertainty in 0> mol% is then
+0.75 mol% for these three samples (rounded up to £0.80 mol% in Table 3.2). For all other
samples, the error associated with Xk2o is +0.75 mol% so that the error in 0% mol% is +0.96
mol% (rounded up to £1.0 mol%). These error estimates are conservative in nature and are

included with the mol% of O% values in the last column of Table 3.2.

3.3.4. Other Contributions to Uncertainty

There are three other contributions to the uncertainties related to the accuracy of BO%
measurements: (i) peak asymmetry, (ii) the existence of surface peaks on both BO and NBO +
O? peaks and (iii) potential OH contamination (Nesbitt et al., 1998; Harmer et al., 2009). These
issues have been discussed in detail in a review by Nesbitt and Bancroft (2014), but they are
worth summarizing here for context. A small peak asymmetry is expected due to the vibrational
broadening mechanism that affects the O 1s spectra of all silicates (Bancroft et al., 2009; Nesbitt
and Bancroft, 2014). This asymmetry is most evident in the O 1s spectrum of vitreous SiO>
(Neshitt et al., 2011). There is no noticeable asymmetry in the O 1s spectra of the potassium
silicate glasses (Figure 3.3) and the absence of asymmetry negates the need for more
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Figure 3.4: (a-d) Plots illustrating the changes to BO% as a function of time of exposure to the

X-ray beam. A least squares quadratic fit to each set of data is included in these plots and its
extrapolation to zero exposure yields the best estimate of BO% in the glass (see text). (e)
Variation of BO% about the least squares quadratic fits (e.g., those in Figures 3.4a-d). The

variations have been plotted in Figure 3.4e as a function of exposure time to obtain an estimate

of the uncertainty associated with the BO% quoted in Table 3.2. The dashed curves represent

+30 (see text).
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complicated fitting procedures. Symmetric peaks introduce minimal uncertainty to BO mol%
and NBO + O% mol% values. XPS synchrotron studies of Cu2O indicate that surface
contributions account for a small percentage (2%-5%) of the total O 1s signal at 1486 eV photon
energy (Harmer et al., 2009). Surface signals present for the BO and NBO peaks will cancel
each other out during peak fitting and so it cannot be argued that surface contributions
preferentially enhance BO signals relative to NBO signals (Nesbitt and Bancroft, 2014).
Molecular dynamics (MD) simulations and X-ray Absorption Fine Structure (XAFS) results
show that fracture surfaces of alkali silicate glasses will be NBO-rich relative to the bulk sample
(Greaves, 2000; Greaves et al., 1981). These results are reasonable since the K-O bond
dissociation energy is 239 kJ mol™ compared to that of the Si-O bond which is 798 kJ mol*
(Speight, 2005). The NBO presence at the fracture surface will be enhanced relative to the BO
presence because the weaker K-O bond is more likely to rupture during fracture. Thus, surface

contributions do not enhance BO% values.

The OH peak overlaps with the BO peak and the adsorption of OH" on the fracture surface of the
sample could lead to overestimates of BO%. However, bulk OH™ in laboratory synthesized
glasses in only about 0.1 wt% (~0.2 mol%) which is well within the assigned uncertainties (Le
Losq et al., 2012; Le Losq et al., 2013). The ultrahigh vacuum conditions (near 102° Torr) of the
XPS instrument and the fact that the O 1s spectrum is collected first within a few minutes of
fracture should minimize potential OH™ accumulation. Extrapolation of BO% to zero exposure
time (Figure 3.4a-3.4d) effectively removes the effect that any continued adsorption of OH"

might have during analysis.

3.3.5. Oxygen Speciation from O 1s XPS Spectra

The NBO + O% peak contains a small free oxide contribution which overlaps with the NBO
signal, but the BO peak is well resolved (Nesbitt et al., 2011; Sawyer et al., 2012; Dalby et al.,
2007). Figure 3.2 illustrates that as K20 content increases, the NBO + O? signal increases in
intensity relative to the BO signal. The two peaks were fitted and Xgo values were obtained
directly from the fitted areas. The BO and O? mol% values are listed in Table 3.2. The NBO
mol% is obtained by subtracting the 02 mol% from the NBO + O% mol% of Table 3.2. The BO
mol% was calculated from Xgo values and plotted in Figure 3.5 as shaded and open circles. The
results show a clear trend. A previous XPS study by Matsumoto et al. (1998) of two potassium
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silicate glasses reported results from which Xgo values were calculated and plotted in Figure 3.5
as crosses. The samples underwent at least one melting and their compositions were corrected
by 0.01 in Xk20 (1 mol% K>O) to reflect this. These data are consistent with the results obtained
here and by Sawyer et al. (2012). This consistency verifies the reproducibility of the XPS
results. The open squares and shaded triangles are derived from 2°Si MAS NMR studies, and

those data are subject of further discussion.

Figure 3.5 shows that all XPS data for Xk20 > 0.25 plotted above the short-dashed curve. This
indicates that Xgo Vvalues are in excess of those expected if Reaction 3.1 goes to completion.
Clearly Reaction 3.1 does not go to completion and therefore unreacted O? is present and an
essential constituent of the glasses. Xo»- values were calculated for the glasses from the excess
Xgo Vvalues. They are plotted at the bottom of Figure 3.5 (small circles) and straddle the dash-
dotted curve. The XPS results show that Ky is finite and there are two consequences of this: (i)
O? is present at low levels in these siliceous glasses and (ii) all three oxygen species are present
across the entire binary as required by the mass action equation, though concentrations of some
species may be too low to detect directly.

The mole fractions of all three species of oxygen (BO, NBO and O?) were calculated for Ky =
8.0 and plotted in Figure 3.5 as solid, dashed and dash-dotted curves. The value for K1 does not
represent a best fit for the data but was calculated to satisfy one datum point (sample 35b). The
XPS results provide strong indirect evidence for mol% levels of O% in potassium silicate glasses
containing more than 25 mol% K>O. These free oxide estimates are lower than previously
reported by Sawyer et al. (2012) due to correction to the glass compositions but are unmistakably

present.

3.4. OXYGEN SPECIATION FROM 2°Si MAS NMR SPECTRA
3.4.1. Q-species Signals and Lineshapes

It has been noted elsewhere that there is disagreement between XPS (Nesbitt et al., 2011; Sawyer
etal., 2012) and 2°Si MAS NMR (Maekawa et al., 1991; Malfait et al., 2007) results regarding
oxygen speciation and the presence of O%. To address these discrepancies, it is necessary to
discuss the relevant NMR results in some detail. To facilitate discussion, three previously

published spectra are reproduced. Gaussian peaks are used to fit 2°Si MAS NMR spectra and
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Figure 3.5: Plot of BO mole fraction versus mole fraction MO (or M20) illustrating
relationships among the oxygen species and experimentally determined Xgo values from O 1s
XPS and 2°Si MAS NMR spectra. Xo2- values are plotted and have been derived from
experimental Xgo values (see text for calculations). The shaded circles represent experimentally
determined Xgo values derived from XPS spectra of Figures 3.2a, 3.2b and 3.2c. The
corresponding Xoz- values are plotted as small, shaded circles and they straddle the dash-dotted
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curve labelled Ky = 8.0. The open circles are Xgo values previously reported (Sawyer et al.,
2012) and the corresponding Xoz- values are plotted as small open circles. The crosses represent
O 1s XPS results obtained from a separate laboratory (Matsumoto et al., 1998) Large open
squares and large shaded triangle represent Xgo values derived from 2°Si NMR experiments
(Maekawa et al., 1991; Malfait et al., 2007) (see Appendix A) and the corresponding Xoz- values
are plotted as smaller squares and triangles. BO, NBO and O% curves labelled K1 = 8.0 were
calculated from mass action Equation 3.2. The short-dashed curve illustrates Xso where
Reaction 3.1 goes to completion (i.e., Ky = o).
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individual Q-species are generally derived per peak fit. This approach assumes that each Q-
species provides a symmetric and distinct contribution to the NMR spectrum. However, this
assumption is not true for crystalline K2Si>Os (potassium disilicate) and so this approach may not
be applicable to potassium disilicate glasses (de Jong et al., 1998). Information from X-ray
Diffraction (XRD) and 2°Si MAS NMR indicates that only Q® species are present in crystalline
potassium disilicate (de Jong et al., 1998). Figure 3.6 shows that the Q3 signals are bimodally
distributed rather than being symmetrically distributed with respect to chemical shift. If one
broad Gaussian peak were used to fit the envelope of Q® peaks, as is done for glasses, the fit
obtained would be poor. Better fits could be obtained using two Gaussian peaks or an
asymmetric peak. Two peaks would be required to fit this distribution if it were also present in a
glass even though only one Q-species was being fit. As will be discussed, two Q? species have
been used to fit the spectra of potassium silicate glasses in the studies of Maekawa et al. (1991)
and Malfait et al. (2007). The use of two Gaussian peaks to fit one Q-species contribution
should be considered as evidence for asymmetric Q-species lineshapes or bimodal distribution of

signals (e.g., Figure 3.6). As a result, such Q-species assignments should be treated with caution.

It is possible to explain either the bimodal distribution of signals or asymmetric lineshapes
through the relationship of Si-O-Si bond angles with each Q-species. The XRD data for
crystalline K2Si>Os from de Jong et al. (1998) shows a close and almost linear relationship
between Si-O-Si bond angle and chemical shift of the Q2 units shown in Figure 3.6. These bond
angles range from ~138° to ~150° with the associated chemical shifts being ~92 ppm and ~95
ppm. These results imply that chemical shifts are primarily determined by Si-O-Si bond angle.
An asymmetric distribution of Si-O-Si bond angles in potassium disilicate glass would result in a
bimodal or asymmetric lineshape which would mean that the use of a single Gaussian peak to fit
each Q-species would not be possible. In order to fit one Gaussian peak per Q-species, it should
first be demonstrated that there is a symmetric distribution of Si-O-Si bond angles in the glass for
each Q-species if possible. Incorrect spectral assignments and interpretations may result in 2°Si
MAS NMR spectra due to the asymmetric Si-O-Si bond angle distribution in potassium silicate

glasses producing asymmetric Q-species signals.
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Figure 3.6: Reproduction of the 2°Si MAS NMR spectrum of crystalline K,Si,Os from de Jong et
al., (1998) illustrating the Q-species distribution. The spectrum includes seven peaks. A small
peak at ~ -93.5 ppm is extraneous (see de Jong et al., (1998) for explanation). The centroids of
groups 1 and 2 have been estimated at the half-height for each group and are indicated by the

dotted lines.
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3.4.2. Two Q? Species Peaks in Potassium Silicate Glasses

Figure 3.7 shows two reproduced 2°Si MAS NMR spectra from a suite of alkali silicate glasses
studied by Maekawa et al. (1991). The potassium metasilicate spectra in Figure 3.7a displays
four peaks while the sodium metasilicate spectra in Figure 3.7b displays only three peaks. There
was uncertainty regarding the peak assignments for the potassium silicate glass and they
presented several possible interpretations. The four peaks were initially assigned as Q° to Q® and
then, as shown in Figure 3.7a, they were assigned as Q! to Q3. These peak assignments led to
NBO/Si ratios of 2.44 and 1.44 for the K-metasilicate and Na-metasilicate, respectively. Both
values were different from the expected NBO/Si ratio of 2.0 in which Reaction 3.1 goes to
completion and K; for Equation 3.2 is infinite. To obtain a fit where NBO/Si = 2.0, Maekawa et
al. (1991) assigned a Q*, two Q? and a Q? species to the four peaks even though they noted there
was no experimental evidence or expectation for the presence of two types of Q2 species in
potassium silicate glasses. The peak assignment was adopted solely on the basis that it led to an
expected NBO/Si value of 2.0. This NBO/Si value presumes that Xo.- = 0.0. There is no
experimental or theoretical basis for the assumption that NBO/Si = 2.0 for a metasilicate glass
since NBO/Si values and Q-species distributions can change upon melting of the crystalline
phases via the polymerization reaction (Nesbitt et al., 2011; Sawyer et al., 2014; Fincham and
Richardson, 1954; Toop and Samis, 1962):

2Q™ Q"+ 07, (3.3)
(the reverse of Reaction 3.1) which changes NBO/Si to values other than 2.0. Upon melting,
disproportionation reactions do not change NBO/Si values:

2Q" > Q™ + Q™ (3.4)
When assigning Q-species to 2Si MAS NMR spectra, these have been the only reactions
considered by Maekawa et al. (1991) and Malfait et al. (2007). The assumption that NBO/Si =
2.0 in a metasilicate glass was introduced by Maekawa et al. (1991) and there has been no

verification of this assumption before or since the publication of their work.

Another concern is that equilibrium between the two Q? species was not considered in the study
of Maekawa (1991). For the conversion of one Q? species to another (i.e., Q¥"), the mass action
equation is

Koz = [Q*/IIQ*], (3.5)
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Figure 3.7: (a) 2°Si MAS NMR spectrum of potassium metasilicate glass after Maekawa et al.
(1991) and (b) reproduction of the 2°Si MASNMR spectrum of sodium metasilicate glass from
Maekawa et al. (1991) along with their original spectral peak assignments. The differences in

the spectra make Q-species assignments uncertain for the potassium metasilicate glass.
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where Kqz is the equilibrium constant, and the brackets represent activities of species. A
conditional equilibrium constant can be obtained through substituting mole fractions for
activities. Kqz should remain constant over the compositional range where two Q? species were
used to fit the spectra, according to equilibrium considerations. In using the Q2 and Q%
abundances from Maekawa et al. (1991), the value for Kq2 varies by a factor of ~5 in the
compositional range where Xkzo is 0.33 to 0.50. The assumption that two Q? species are present

is problematic because their distribution is inconsistent with thermodynamic considerations.

3.4.3. Test for Two Q? Species

A more recent study of potassium silicate glasses by Malfait et al. (2007) allows for a test of the
hypothesis that two Q? species are present. The authors performed free fits on their 2Si MAS
NMR spectra and following Maekawa et al. (1991), they assigned a Q*, two Q? and a Q® species
to glasses where Xk20 > 0.333. Xgo values were calculated from the reported Q-species
abundances (Appendix A) and were plotted in Figure 3.1 as shaded circles. All the data except
for the point at Xkz20 = 0.50 plot below the K1 = o curve. This means that the freely fit Q-species
abundances are physically impossible and as a result, the Q-species assignments are suspect.
Underestimation of Q% and Q* species abundances is the result of these impossibly low Xgo
values. It is evident from the analysis in the study of Malfait et al. (2007) that the 2°Si MAS
NMR spectra of the potassium silicate glasses where Xk20 < 0.50 are not resolved sufficiently
enough to obtain accurate estimates of Q-species abundances using free fits. Malfait et al. (2007)
noted that their Q-species abundances were inconsistent with those of Maekawa et al. (1991).
They adjusted their results by using two assumptions so that they could achieve consistency with
the previous results and obtain a value of NBO/Si = 2.0. These adjustments assumed the absence
of O in the glasses and so oxygen speciation cannot be evaluated from the reported Q-species
abundances. To gain additional insight into the nature and distribution of Q-species in potassium
silicate glasses, it is necessary to turn to other studies. Davis et al., (2010) found no evidence for
two Q? species in a highly detailed 2D 2°Si magic angle flipping NMR spectrum of potassium
disilicate glass.
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3.4.4. Two Q2 Peaks in Potassium Silicate Glasses

The notion that two Q2 species are possibly present in alkali silicate glasses has existed since at
least 1983 (Matson et al., 1983). A study by de Jong et al. (1998) indicated that the NMR
spectrum of potassium disilicate glass can be reasonably fitted with two broad Q2 signals if the
~1 ppm crystalline linewidths (Figure 3.6) are replaced by the broader glass linewidths of Figure
3.7. A 2D and 1D ?°Si MAS NMR study of sodium disilicate glass provided evidence for two Q*
signals but they could not be resolved in the 1D spectra (Duer et al., 1995). A 2°Si NMR and
Raman spectroscopy study of Na>SizO7 and K2SizO7 glasses by Schaller et al. (1999) indicated
that a second Q?® signal developed with the addition of La,Og3 to the glasses and was particularly
evident in the Raman spectra. A detailed Raman study by Matson et al. (1983) indicated a strong
Q?® band at 1100 cm™ with a shoulder at ~1150 cm™ in glasses with alkali oxide contents ranging
from a few mol% to 30 mol%. They postulated that the shoulder at 1150 cm™ was caused by a
separate Q® signal that was distinct structurally and vibrationally from the main Q® signal located
at 1100 cm™. The implications of these results being that there is the possibility of the presence

of two Q? species in alkali silicate glasses with silica-rich compositions.

Another Raman study of potassium disilicate glass showed a strong Q° band at 1104 cm™,
observing a slight asymmetry in the peak on the low frequency side which they suggested could
be an unresolved component under the Q® band profile (McMillan et al., 1992). A Raman study
by Fukumi et al. (1990) confirmed the findings of Matson et al. (1983) and McMillan et al.
(1992). These findings were subsequently reaffirmed by McMillan and Wolfe (1995). All of
these experiments indicate the presence of two Q3 peaks in potassium disilicate glasses. If
equilibrium among Q-species exists, then two Q? signals must occur in potassium silicate glasses

of other compositions.

3.4.5. Test for Two Q2 Signals

In order to test for two Q3 signals, the following peak assignments were made to the potassium
metasilicate spectrum of Figure 3.7a: Q' at -70.8 ppm, Q? at -76.2 ppm and two Q3 at -81.7 ppm
and -89.0 ppm (i.e., their Q¥ = our Q?, their Q? = our Q% and their Q* = our second Q%). These
reassignments were applied to all potassium silicate glasses where two Q? peaks in the studies of
Maekawa et al. (1991) and Malfait et al. (2007). Xgo values were then calculated (Appendix A)
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and plotted in Figure 3.5 as large, shaded triangles and diamonds. These results plot above the
curve where K1 = oo and are consistent with the XPS results and with K1 ~ 8.0. When two
distinct Q3 signals are used to fit the 2°Si MAS NMR spectra of Maekawa et al. (1991) and
Malfait et al. (2007), the results are consistent with those from XPS.

3.5. 70 NMR OF POTASSIUM DISILICATE GLASS
3.5.1. Standard Interpretation

Maekawa et al. (1996) fitted a 1’O NMR spectrum of crystalline K,Si>Os with an NBO peak and
a BO peak, but the results did not give the expected NBO:BO ratio of 2:3 based on
stoichiometry. To obtain the expected NBO:BO value, they fit a second BO peak. A subsequent
XRD study by de Jong et al. (1998) in addition to other studies observed two types of BO signals
in crystalline K>Si>Os: a BO bonded two only two silicon atoms and a BO-K signal where the
BO atom is bonded to two silicon atoms and at least one potassium atom (Ching et al., 1983;
Cormack et al., 2003; Mead and Mountjoy, 2005; Mead and Mountjoy, 2006; Tilocca and de
Leeuw, 2006; Kargl et al., 2006; Machacek et al., 2010; Mountjoy, 2007; de Jong et al., 1998;
Maekawa et al., 1996; Greaves et al., 1997; Clarke et al., 2001; Vermillion et al., 1998). The
XRD study by de Jong et al. (1998) confirmed the presence of two BO contributions and
justified the fit of Maekawa et al. (1996). To fit a K2Si2Os glass spectrum, Maekawa et al.
(1996) used only one BO and one NBO peak. Once again, the results did not give the expected
NBO:BO ratio. However, they make no mention of adding a second BO peak to improve the fit
as was done with the crystalline sample. The study of Maekawa et al. (1996) demonstrates that
the number of BO signals contributing to the 1O NMR spectra of potassium silicate glasses and
crystals must be known before a proper fit can be performed.

3.5.2. Oxygen Coordination and Chemical Shifts

A recent O NMR study by Stebbins and Sen (2013) of a potassium silicate glass with Xkzo =
0.34% concluded that there was no evidence for O% above 0.1-1.0 mol% levels in the absence of
any directly observable O% peak in the spectrum. They calculated a peak position for O at
29010 ppm for crystalline K20, but that value cannot be verified by experiment due to the
instability of K2O (Huhey, 1983; Cotton and Wilkinson, 1988). However, the calculated value is
reasonable (Turner et al., 1985). The chemical shift for O% in the glass was assumed to have a
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similar value and the absence of a peak at 290 ppm led to the conclusion that no free oxide was
present. Some comments about these assumptions must be made. First, it is unlikely that free
oxide atoms will have a similar coordination environment in glass as they do in crystalline K>O
where the oxygen coordination is to eight potassium atoms (Wells, 1984). Mountjoy (2007)
found that in alkali and alkaline earth silicate glasses, coordination numbers of BO and NBO
vary greatly (from 1 to over 4) and are dependent on the glass composition. It is reasonable to
assume that the coordination of O in these glasses varies to a similar degree and is also
dependent on composition. Kohara et al. (2004, 2011) reported O% in magnesium silicate
glasses. They did not mention O% coordination numbers but their diagrams (e.g., Figure 3 in
Kohara et al., 2004) indicated 2 and 3 coordinated O%. It has been shown that some of these
moieties, in particular those moieties with low coordination numbers, will have large second-
order quadrupolar shifts and very large electric field gradients (Ashbrook et al., 2005). One
example of this is a recent study by Thompson et al. (2012) which observed a large chemical
shift of ~30 ppm between the “free oxide” in CaO and the “free oxide” in crystalline CasSiOs
where oxygen is sixfold coordinated in both phases. A study by Ashbrook et al. (2005) showed
that the free oxide peak position varied greatly with NMR field strength for a magnesium silicate
sample. It is likely that there would be shifts of more than 100 ppm for the free oxide peak
position in silica-rich potassium silicate glasses compared to crystalline oxides. These shifts
should vary with NMR field strength.

3.5.3. Search for O%

O? cannot be detected directly with certainty in ’O NMR spectra yet. In the study by Stebbins
and Sen (2013), their broadscan spectra of the 40 mol% KO glass taken at 14.1 T showed other
small peaks at ~140 ppm and ~-20 ppm (their Figure 2c, 2d) which went unmentioned. These
peaks do not appear in their spectra taken at 9.4 T. This can be explained by large second-order
quadrupolar shifts for a species like low coordinated O% which would have a large quadrupolar
coupling. It may indeed be that the definitive presence of O in 17O NMR spectra may not be
established until methods are devised to calculate chemical shifts of oxygen as a function of

coordination number.

There is the possibility that the O% signal is located under either the NBO or BO peaks of the 1’0
NMR spectra. If this is the case, then the O signal should be reflected in the NBO:BO area
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ratio value. In the study by Stebbins and Sen (2013), they fit one symmetric (Gaussian) NBO
peak to their 1O NMR spectrum and subtracted the peak area from the total spectral area to
obtain the NBO:BO ratio. The spectrum of the 34 mol% KO glass (their Figure 3) is
asymmetric in the region of the BO contribution. This asymmetry makes it impossible to obtain
an accurate NBO:BO value using their method of peak subtraction because it is not known how
the asymmetric BO signal overlaps the NBO signal. To obtain an accurate NBO:BO value it is
necessary to perform a complete fit to the spectrum, which the asymmetry disallows. An
incomplete fit increases the uncertainty associated with the NBO:BO ratio to a degree larger than
reported (>1%). The large uncertainty associated with the value makes it impossible to
accurately assess the presence or absence of O, Despite all these issues, 1O NMR is likely the
most sensitive technique available to detect O%. Accurate calculations of peak positions
combined with highly resolved and carefully fit spectra should provide good results. Such
results also require knowledge of the number of BO species in the spectra and the reaction rates
involving O (which is highly ionic) must not exceed NMR sampling times (Farnan and
Stebbins, 1990).

3.6. 0> ABUNDANCES AND KINETICS OF DISSOLUTION OF GASES IN
MELTS

3.6.1. Oxygen Speciation and Thermodynamic Considerations

There is no doubt as to the presence of 0% in melts of high MO content as BO, NBO and O% are
considered to all exist in ultramafic magmas (Eggler and Rosenhauer, 1978) and O? has been
detected by 'O NMR in highly mafic glasses (Nasikas et al., 2012). Yet at compositions greater
than the orthosilicate (Xsio2 > 0.33), O% is considered absent in most alkaline earth and alkali
silicate melts and glasses (Thompson et al., 2012; Eggler and Rosenhauer, 1978). The apparent
absence of O% in these glasses and melts can be investigate by considering studies done on CaO-
SiOz binary melts. Studies have measured the activity of CaO in these melts (Elliot, 1955;
Darken and Gurry, 1953). The equilibrium distribution of BO, NBO and O? and the equilibrium
constant (K1) have been evaluated based on the assumptions that CaO dissociates entirely and
that the Tempkin model holds in the binary (Fincham and Richardson, 1954; Toop and Samis,
1962; Masson, 1968; Ottonello, 2005). Each study employed different methods to obtain values
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for Ky, but all values were finite. Since silicate melts are homogeneous solutions, by
thermodynamic principles a finite Ky at one composition of a binary melts requires K to be
finite at all compositions of the binary system. This means that BO, NBO and O* must be
present at all compositions though in highly siliceous melts, O% will be low and perhaps too low
to be detected by conventional spectroscopic methods. Nevertheless, O% has a specific activity
and mole fraction for each composition across the binary. Many molecular dynamics simulation
studies have found free oxide in melts (Cormack et al., 2003; de Koker et al., 2009; Martin et al.,
2009; Karki, 2010; Karki et al., 2010). If free oxide is present in highly basic homogenous
melts, it must be present in more siliceous melts. Arguments to the contrary go against

equilibrium thermodynamic principles.

In most thermodynamic treatments, complete dissociation of the MO (e.g., CaO) component of
binary silicate melts is assumed (i.e. CaO — Ca?* + 0%) so that, for example, Xcao = Xoz-. The
associated mass action equation is Kz = {[0?][Ca?*]}/[Ca0] where K is the equilibrium
constant of dissociation. Complete dissociation requires K> to be infinite. In homogeneous
systems, dissociation reactions generally do not go to completion, so an infinite value for K>
seems unlikely in a homogenous melt. In an agueous solution, such as NaCl and water for
example, the dissociation constant for NaCl is finite and strong association occurs at high
temperatures (Helgeson, 1969). For the metal oxide dissociation reaction in silicate melts, the
value for K3 is also likely finite (Fraser, 1977). The available evidence and thermodynamic
considerations support the notion that O is present in most alkali, alkaline earth and 3d metal
oxide — silicate binary melts and that where present and at any concentration, O% is available to

react with reagents introduced into the melts.

3.6.2. Kinetic and Thermodynamic Aspects of Gas Dissolution in Melts

The presence of O has been established and quantified in potassium silicate glasses and because
of that, the implications of its presence can be considered in the context of some important
reactions that pertain to geochemical processes. The uptake of water, CO, and sulfur in silicate
glasses and magmas has been well noted and quantified due to their importance to magmatic and
volcanic processes (Fine and Stopler, 1985; Fine and Stopler, 1986; lacovino et al., 2013; Seifert
et al., 2013; Morizet et al., 2013a,b; Duncan and Dasgupta, 2014; Le Losq et al., 2012; Le Losq
et al., 2013; Stopler, 1982; Cody et al., 2005; Xue and Kanzaki, 2004; Baker and Moretti, 2011).
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The reaction of CO2 with oxygen species in melts will be considered because the uptake of CO>
has been well documented. An early study by Eggler and Rosenhauer (1978) showed that
gaseous CO> dissolved in melts and exists as CO, and COs*. There is general agreement that the
overall stoichiometric reaction for the uptake of CO: is:

CO; + 2NBO" — CO3? + BO, (3.6)
(Fine and Stopler, 1985; Fine and Stopler, 1986; lacovino et al., 2013; Seifert et al., 2013;
Morizet et al., 2013; Duncan and Dasgupta, 2014; Le Losq et al., 2012; Le Losq et al., 2013;
Chen et al., 2012; Bodor et al., 2013; Mysen and Virgo, 1980; Brooker et al., 2001). There exists,
however, a degree of ambiguity concerning the mechanism of CO, uptake. CO> has been
considered as the “solubility mechanism” (Mysen and Virgo, 1980) and for several decades,
NBO has been considered as the reactive oxygen species. The ambiguity exists because
Equation 3.6 is a third order reaction, making it unlikely that it is an elementary reaction. Many
Kinetics textbooks state that reactions which are larger than second order reaction often involve
two or more lower order elementary reactions since third-order reactions require three species to
interact at the same time (Frost et al., 1961; Laidler, 1965; Lasaga, 1981). This aspect was
emphasized by Lasaga (1981) using Fenton’s reaction for oxidation of Fe?* by H20; in an
aqueous solution. For the overall reaction to proceed, it is necessary for five reactants to collide
at the same time. Fenton’s reaction involves second order elementary reactions (Lasaga, 1981).
In a similar sense, Equation 3.6 is more than likely the sum of two or more second order
elementary reactions. It is even more unlikely that Equation 3.6 is an elementary reaction from
steric considerations. Potassium silicates have large bond lengths compared with C-O bond
lengths in CO> (de Jong et al., 1998). It is unlikely that two NBO atoms separated by ~4 A could
attack at once the carbon in CO, where the C-O bond length is 1.16 A.

Two obvious pairs of bimolecular reactions, when added together, give Equation 3.6 and are as
follows. The first reaction, which is also the most probable, involves the direct reaction of CO-
with O (if it is present) (Pearce et al., 1964; Fine and Stopler, 1985; Fine and Stopler, 1986;
Eggler and Rosenhauer, 1978):

CO; + 0% — COs?. (3.7
This reaction was recognized over 40 years ago by Eggler and Rosenhauer (1978) who stated
that it “involves no rearrangement of the silicate network and will be strongly favoured (over

Equation 3.6), if such oxides are present”. The reactant O> would be consumed if this reaction
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were to occur. The O reactant would be regenerated through the buffering action of the
polymerization reaction according to Le Chatelier’s Principle, which gives the second reaction:
2NBO — BO + 07 (3.8)
Thus, more COs?* would form than the amount of O% that was present in the melt before the
reaction. The sum of Equations 3.7 and 3.8 gives the stoichiometry of Equation 3.6. Equations
3.7 and 3.8 are also second order reactions so they are likely to proceed more rapidly than
Equation 3.6. It is possible that Equations 3.7 and 3.8 are elementary reactions given that the
XPS experimental results (Figure 3.5) and the results of other described above demonstrate that

O? is present in numerous binary silicate glasses.

There is also the possibility that CO> could react with two NBO in sequence in two second order
reactions:

CO2 + NBO" - Si — CO2'NBO, (3.9)

CO2NBO" - Si + NBO" — CO3* + BO - Si. (3.10)
Equations 3.9 and 3.10 also result in Equation 3.6 when summed. However, Equations 3.7 and
3.8 are likely to be more favourable for at least two reasons. First, Eggler and Rosenhauer
(1978) suggested that O is a much stronger base than NBO for nucleophilic attack of the centre
carbon in CO>. This makes Reaction 3.7 more favourable than Reaction 3.9. This idea has been
confirmed by experimental studies which have shown that CaO is much more reactive than NBO
or BO to COz in silicate minerals like diopside (CaMgSiOg) (Chen et al., 2012; Bodor et al.,
2013). Second, Equation 3.8 can involve any NBOs within the volume accessible for 0%
migration while Equation 3.10 requires reaction of an adjacent NBO. Thus, Reaction 3.8 should
proceed at a faster rate than Reaction 3.10. It should be noted that the second NBO for Equation
3.10 could attack either the carbon centre or the silicon centre (where the NBO of CO2.NBO" is
attached). If the second NBO attacked the silicon centre, the intermediate silicate moiety would

be fivefold coordinated which, from a study by Corriu (1990), is quite common.

Equations 3.7 and 3.8 are likely important elementary reactions since it has been demonstrated
that O is present in silicate glasses. The discussion moves to the small amount of O% necessary
to produce the amounts of COs? that is observed in reactions of CO, with silicate melts in
general (Fine and Stopler, 1985; Fine and Stopler, 1986; McMillan et al., 1992; Matson et al.,
1983; Dalby et al., 2007; lacovino et al., 2013; Le Losq et al., 2012; Le Losq et al., 2013). Mass
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balances associated with the formation of CO3? in silica-rich melts are concordant with low
initial values for O (Fine and Stopler, 1985). In low CO; pressure experiments, CO3>" is below
1 wt% (~0.5 mol%) in a NaAISi,Og (16 mol% Na>0) melt and below 0.1 wt% (~0.05 mol%) in a
NaAlSizO10 (10 mol% Na;O) melt (Fine and Stopler, 1985). From Equation 3.7, the COz*
amounts require only 0.5 and 0.05 mol% O? to convert dissolved CO> to COs? in the Na-
aluminosilicate melts described above. These low amounts of CO; required have been
confirmed by similar studies of natural and synthesized silicate melts (Fine and Stopler, 1986;
lacovino et al., 2013; Seifert et al., 2013; Morizet et al., 2013a; Duncan and Dasgupta, 2014; Le
Losq et al., 2012; Le Losq et al., 2013). The regeneration of the small initial amounts of O% via
Reaction 3.8 (according to Le Chatelier’s Principle) allows for the low amounts described above

to be achieved.

Estimates of [CO3%]/[CO] ratios as a function of glass MO or M0 content can be obtained
given the relationship that exists between the mole fractions and activities of BO, NBO, 0%, CO;
and COs? from mass action equations. The mass action for Equation 3.6, where square brackets

represent activities, is:

K = {[BO][COs*1}/{[NBOJ*[CO:]}. (3.11)
By rearranging Equation 3.2, we obtain:

[0%] = {INBO]%[BO]}/Ku. (3.12)
And by substituting Equation 3.11 into Equation 3.12, we get:

K1Ke[0?] = [CO3*]/[COx]. (3.13)

[0?] and thus, Xoz-, in melts is determined from Equation 3.12 by [NBOJ%/[BO]. This ratio
buffers [O*] and Xoo- in melts where there is an excess of BO and NBO over O%. A lower
[NBOJ¥[BO] ratio reflects low abundances of Xo,- and conversely, a higher ratio reflects much
greater concentrations in melts with higher and lower silicon contents respectively. Equation
3.13 shows the direct relationship between [0%] (hence Xo2.) and the [CO3%]/[CO:] ratio. As
above, lower [0?] in highly siliceous melts will result in lower [CO3%]/[CO;] ratios where the
converse is true where [0%] is high. These relationships have been observed experimentally by
Fine and Stopler (1985) for sodium-aluminosilicate glasses. They found that at low CO>
pressures, the [CO3%]/[CO;] ratio varies greatly, as expected from theory, from 0.2 in a
NaAlSisO10 (10 mol% Na2O) melt to 1.6 in a NaAISi>2Os (16 mol% Na2O) melt (Fine and
Stopler, 1985).
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The polymerization reaction (Equation 3.8) buffers O at an effectively constant value in
siliceous melts of specified melt compositions. The [COs?] ratio will be an effectively constant
value as well, from Equation 3.13, regardless of the partial pressure of CO> over the melt (for
example, Figure 3.1 of Fine and Stopler, 1985). K1 has been determined and is known for binary
potassium and sodium silicate glasses and so CO: solubility experiments on these systems would
allow for a way to evaluate Ks. Such studies would be beneficial in advancing our understanding
of the behaviour of COz in melts. It is possible that these experiments would be the best way to
determine the nature of the critical oxygen species in the process that converts CO to CO3?",

The kinetics and mechanism of this conversion process could be evaluated.

3.7. CONCLUSIONS

It is clear from the O 1s spectra of six potassium silicate glasses with compositions ranging from
27 to 37 mol% KO that free oxide is present in the glasses in all cases at a few mol%. Three
glasses were analyzed carefully using a special EPMA technique that allowed for more refined
uncertainty and error analysis. A reinterpretation of previously published ?°Si NMR spectra of
potassium silicate glasses between the disilicate and metasilicate compositions was presented,
using two Q® peaks instead of two Q? peaks. These reinterpretations were justified based on
previous experimental and theoretical considerations and they yielded free oxide amounts that
are consistent with XPS, Raman and XRD results. The abundance of O in these glasses is high
enough to react with CO; in natural and synthesized melts. From the kinetics and
thermodynamics arguments presented, it is suggested that O is the critical reactive species that

converts CO; to CO3? in natural and synthetic magmas.
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Chapter 4

4.0 DISSOLUTION OF Al203 IN K-SILICATE MELTS, WITH
IMPLICATIONS FOR THE STABILITY OF AI-BEARING
SILICATE MELTS?

4.1. INTRODUCTION

Kinetic studies on the dissolution of refractory oxides, such as Al>QOg, in silicate melts
have primarily focused on the mechanism controlling the rates of dissolution (e.g.,
Schwerdtfeger, 1966; Monaghan et al., 2004; Shaw, 2004; Shaw et al., 2018). The findings of
these studies show that the dissolution rates of solids are controlled by diffusion, except during
the initial stage of dissolution where reaction rates are the controlling mechanism. Lasaga and
Gibbs (1990) observed that an understanding of the structure and dynamics of mineral surfaces
must be the foundation for quantitative studies of heterogeneous kinetics. Despite this
observation, these kinetic studies do not address the processes by which Al is removed from the
bulk solid surface and incorporated into the melt. Chemical reactions must cause the removal of
Al from the Al>Oz surface in a process where Al-O bonds are ruptured, releasing Al into the
melt. This chapter is concerned with the reactions that occur at the solid-melt interface and

within the melt during dissolution of Al>Os.

X-ray Photoelectron Spectroscopy (XPS) of the O 1s orbital is employed to study the effects of
dissolution of aluminum in K-silicate and K-Al-silicate glasses. Changes in binding energy (BE)
of the O 1s signal reflect changes in electron densities on bridging oxygen (BO) and non-
bridging oxygen (NBO) atoms. A lower BE of the NBO atom indicates a greater electron
density on that atom than on the BO atom. The O 1s spectra are useful in that oxygen is the
common structural unit that is bonded to Si, Al and K. The binding energies of the O 1s XPS
signals of fused silica and quartz (Si-O-Si moieties) are similar at ~533.2 eV and ~532.8 eV
whereas the Al-O-Al moiety of NaAlO., is located at ~530.5 eV (Barr, 1991). There are no XPS

3 This chapter is an early draft of a paper that was subsequently published as “Sawyer, R., Nesbitt, H.W., Bancroft,
G.M,, Secco, R.A. and Henderson, G.S., 2022. Congruent dissolution of Al>Os in a K-disilicate melt, with constraints
on the reaction mechanism. Journal of Non-Crystalline Solids, 586, p.121565.
do0i:10.1016/j.jnoncrysol.2022.121565”
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data for K>O due to its instability but from the BE of the NBO peak (Si-O-K moiety) in Figure
3.8 at ~529.7 eV the effect of K on BE is evident. It decreases the O 1s XPS signal to still lower
values. The BE of the O contribution (K-O-K moiety) should be still lower. The metal-oxygen
bond strengths decrease in the order of Si-O > Al-O > K-O (798 kJ/mol > 512 kJ/mol > 239
kJ/mol) (Speight, 2005). These relationships prove useful in evaluating the stability relationships
among the various chemical species in potassium aluminosilicate glasses and melts. The
relationships between electron density and bond strength have been observed in other melts
(Dalby et al., 2007; Nesbitt et al., 2011; Sawyer et al., 2012; Sawyer et al., 2015).

BO abundances have been observed to increase with the introduction of Al to melts at the
expense of NBO abundances (Briickner et al., 1980; Miura et al., 2000). Observed changes in Q"
species (Q = Si tetrahedron and n = number of BO atoms associated with the Si tetrahedron)
have also shown that for alkali silicates, the addition of Al promotes the formation of Si-O-Si
moieties at the expense of Si-O-M (M = metal cation) moieties (Mysen, 1990; Mysen et al.,
2003). The changes resulting from addition of Al.O3 to melts have implications for the stability
of melts and their effects on the generation of the crust of the earth. Aluminum is a major
constituent of silicate melts and is a major component of the minerals composing the
granodioritic crust. This is evidenced by the fact that the minerals plagioclase and K-feldspar,
along with quartz, make up approximately 75% of all minerals in the crust and through studies
which show that SiO> (at ~65 wt.%) and Al.Os (at ~15 wt.%) are the most abundant oxides in the
crust’s bulk composition (Shaw et al., 1967; Wedepohl, 1969; Taylor and McLennan, 1981,
Nesbitt and Young, 1984). AI** substitutes for Si** on tetrahedral sites in common silicate
minerals even though Al is ~33% larger than Si, has a greater effective ionic radius (0.53 A,
compared to 0.40 A for Si) and a different formal charge. Si and Al are also tetrahedrally
coordinated in melts (Mysen and Richet, 2005). Given these stark differences between Al and
Si, it is surprising that silicate melts with high Al content have a high degree of stability in the
upper mantle and crust. This chapter will discuss the effects that dissolved Al has on melt
stability in silicate melts and in particular, will offer an explanation for the stability of Al-rich

silicate melts.
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4.2. BACKGROUND AND EXPERIMENTAL ASPECTS
4.2.1. Background

Two recent studies have shown that it’s possible to obtain highly resolved O 1s XPS spectra of
K-silicate glasses and these glasses have been well characterized (Sawyer et al., 2012; Sawyer et
al., 2015). This study used small amounts of Al.Os to avoid any issues that may result with Al-
O-Al speciation and incongruent dissolution (Bates, 1987; Dubinsky and Stebbins, 2006; Shaw
et al., 2018). It has been observed that K™ atoms interact weakly with the O atoms of silicate
tetrahedra in comparison to K* interactions with the O atoms of Al tetrahedra (Navrotsky et al.,
1982; Navrotsky et al., 1985; Wilding and Navrotsky, 1998; Morishita et al., 2004). Because of
this we use a starting sample with a constant composition of 33 mol % K20 — 67 mol% SiO> (a
K-disilicate melt).

4.2.2. Lewis Acids and Bases

Lewis bases donate electrons and Lewis acids accept them to form bonds. In the context of the
study of silicate glasses, Si and Al are Lewis acids whereas NBO and BO are Lewis bases.
Lewis acids are known as electrophiles, while Lewis bases are known as nucleophiles in the
chemical kinetics literature (e.g., Laidler,1965; Laidler, 1988; House, 1997). A Lewis base’s
strength is based on its tendency to donate electrons to a Lewis acid thus forming a chemical
bond. The NBO™ moiety is the strongest nucleophile in siliceous alkali silicate glasses. It reacts
with Si and Al to produce Si-O and Al-O bonds in melts (Farnan and Stebbins, 1994; Nesbitt et
al., 2017a; Nesbitt et al., 2020). The dissociation of an NBO-M bond (where M is an alkali
metal) produces the NBO™ moiety and in alkali silicate crystals, the dissociation of Si-NBO-Na
and Si-NBO-K bonds begins at ~770 K (Nesbitt et al., 2017a). Nesbitt et al. (2017a)
demonstrate this through examination of the Raman spectra of Na.SiOs from Richet et al. (1996).
Only a Q? signal is present in the spectra up until ~770 K where a Q® band appears and increases
within the premelting region. There are no Q* bands observed below ~1200 K and so the only
way to produce Q2 species without producing and equal amount of Q! species is through a
polymerization reaction involving two Q? species. The resulting products of the reaction are

itinerant Na* and O%; a strong nucleophile (Nesbitt et al., 2017a). The degree of dissociation



98

increases with temperature (Nesbitt et al., 2017a; Nesbitt et al., 2017b). The dissociation reaction

is promoted by temperature through thermal agitation and proceeds according to:

Si-NBO-M — Si-NBO™ + M". (4.1)
The associated mass action equation is:
K1 = (Xsi-ngo-) (Xm+)/ (Xsi-ngo-m), (4.2)

where K is the equilibrium constant, and X is mole fraction. Ky is a conditional equilibrium
constant since mole fractions are used. Where Kj is finite and equilibrium pertains, all three
species of EqQ. (4.1) must be present at finite concentrations in melts.

4.2.3. Sample Preparation

A bulk starting mixture of nominally K-disilicate composition was made from which glasses
were prepared following the sample preparation methods of Sawyer et al. (2015). Homogeneity
was achieved through repeated coning and grinding. The mixture was ground under anhydrous
ethanol for 1 hour and dried under an IR lamp. This process was repeated four times in order to
ensure homogeneity. Three samples were prepared from the bulk. One containing no Al203 (KS
glass), one containing 1 mol% of Al.O3 (KAS1) and one containing 3 mol% Al.Oz (KAS3). The
K20:SiOzratio was kept constant for all three samples. K 2p, Si 2p and O 1s spectra were

collected and analyzed. Al spectra were not analyzed due to the low concentrations of Al.Os.

After grinding, each sample was sintered at ~200°C below the melting point based on the KO-
SiO2-Al>03 phase diagram (Fig. 4 of Schairer and Bowen, 1955). The samples were ground
again and melted in a platinum crucible at 1230°C for four hours. In the temperature range
200°C below and above the liquidus, the temperature was increased at 20°C intervals. Glasses
were quenched by dipping the bottom of the crucible in ice water. The samples were then
crushed, ground and melted again. Each sample underwent the melting procedure three times to

ensure homogeneity. The samples were then placed in a desiccator.

4.2.4. XPS Analysis

Glass pieces ~1 cm? were cut, notched and placed in copper sample holders for analysis. The
structure of the glasses is probably representative of that of the melt near the fictive temperature
(T¢) which is ~700 K for a K-disilicate glass (MacDonald et al., 1985). It is unknown the extent

to which Tt increases with the addition of small amounts of Al.Os. The XPS experiments were
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conducted at ambient temperatures using a Kratos Axis Ultra X-ray Photoelectron Spectrometer
with an Al Ka X-ray source (Nesbitt et al., 2004). Samples were placed in the introduction
chamber and held there until vacuum pressure reached ~10 torr. The samples were then place
into the transfer chamber (vacuum pressure ~107° torr) where they were fractured to obtain a
pristine surface. After fracture, the samples were transferred to the analysis chamber (vacuum
pressure ~107° torr) and analyzed. Charge compensation was provided by the Kratos Axis
Ultra’s magnetic charge confinement system. At the beginning and end of each analysis,
broadscans (survey scans) were collected using a 0.3 eV step size, a 60 ms dwell time and a pass
energy of 160 eV. Narrow scans of the O 1s, Si 2p, Al 2p, K 2p and C 1s orbitals were also
collected. For the O 1s spectra of the KAS1 sample a 0.025 eV step size, 68 ms dwell time and
10 eV pass energy were used. The same conditions were used for the KAS3 sample, except for
the dwell time which was 100 ms. The Si 2p and Al 2p spectra were collected using a 0.025 eV
step size, a 115 ms dwell time and a pass energy of 10 eV. The C 1s and K 2p spectra were
collected with a 0.025 eV step size, 86 ms dwell time and 10 eV pass energy. CasaXPS software
was used to analyze the spectra. A Shirley background was used to fit all spectra (Shirley, 1972).
All spectra were fit with a 70:30 Gaussian:Lorenztian lineshape using a Voight sum function
(Hesse et al., 2007).

4.2 5. XPS Results

The spectra were standardized to the C 1s peak at 285.0 eV binding energy (BE). This peak
represents adventitious carbon common to all samples and resulting from its presence in the
analysis chamber. The preparation technique of Sawyer et al. (2015) was used where they
demonstrate that the technique causes ~2 mol% loss of K with 2-3 fusions. The base glass KS
had nominal composition K>0:SiO; ~33.3:66.7 (molar ratio) with nominal proportions of K:Si:O
22:22:56. We estimate the KS glass contains ~31 mol% K>O based on the findings of Sawyer et
al. (2015) and indeed the XPS broadscan analysis of the KS glass indicates molar proportions of
21:22:57 K:Si:O. This confirms the KS glass contains ~31 mol% K>O. This glass (and melt)
will be referred to as the KS or K-dsilicate glass (or melt) in this text.

The Al 2p peak of the sample KAS1 (containing 1 mol% Al>O3) was too weak to obtain a
reasonable fit, but the peak maximum was at ~74.5 eV BE. The sample KAS3 (3 mol% Al>Oz3)
was resolved sufficiently that a meaningful fit could be obtained. The peak maximum was at
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74.4 (x0.3) eV BE and the full width at half maximum (FWHM) was 1.4 eV. For the Si 2p peak
of the KS glass, the maximum was at 101.8 (+0.2) eV BE and the FWHM was 1.27 eV. The Si
2p peak of the KASL1 glass had a BE of 101.6 (+0.2) eV and a FWHM of 1.21 eV, whereas the
KAS3 glass had a BE of 102.1 (x0.2) eV and a FWHM of 1.54 eV. The addition of 1 mol%
Al>O3z does not significantly change the BE of the Si 2p peak maximum or FWHM, but the

addition of 3 mol% Al>O3 makes the peak broader and shifts the peak maximum to a higher BE.

In Figures 4.1a, 4.1b and 4.1c, the fitted NBO peak maxima are 529.7 eV, 529.5 eV and 529.8
eV respectively and for the BO are 531.9 eV, 531.7 eV and 532.0 eV. The intensities of the
NBO and BO peaks change with the addition of Al20s. The FWHM of the NBO peaks do not
change significantly in the three samples, but that of the BO peaks increases systematically from
1.36 eV in the KS glass to 1.60 in the KAS3 glass (Fig. 4.1). These increases indicated
substantial changes to the BO spectral contributions with the addition of small amounts of Al;Os.
Taking difference spectra makes these changes most apparent. The spectrum of the KS glass
(Fig. 4.1a) is subtracted from the spectra of the glasses containing 1 and 3 mol% Al2.Os (Figs.
4.1b and 4.1c) with the results showing the changes in spectral contributions. First, the
standardization of binding energies and the normalization of spectral intensities must be
performed. All three spectra are fit. The BE maxima of the fitted NBO peaks of the KAS1 and
KAS3 glasses were standardized to the BE maximum of the fitted NBO peak of the KS glass
(Fig. 4.1a). Two adjustments are required to the peak intensities (the y-axis of Fig. 4.1). The
first is the subtraction of backgrounds, and a Shirley background used to fit the spectra was
subtracted from each. The second involves the normalization of the spectral intensity to the
same number of oxygen atoms (i.e., obtaining intensity per mole of oxygen; see Table 4.1 for
Orotal). The shaded circles and crosses of Figs. 4.2a and 4.2b show the standardized and
normalized spectra. Difference spectra were obtained by subtracting the KS spectrum from the
KAS1 and KASS3 spectra (Fig. 4.2, black dots).

4.3. INTERPRETATION OF DATA
4.3.1. O 1s XPS Spectra

Figure 4.1 shows that the O 1s XPS spectra of the glasses display two peaks: a BO peak and an
NBO peak. The peaks were fit and the residuals (Figs. 4.1b, 4.1d and 4.1e) indicate that the fits
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Composition Total Moles KAIO, Formation Q*-Q* %0 Species

1 2 3 4 5 6 7 8 9 10 11 12 13
K20 Si0O;  AlO:s Orot Kot Altot Kngo! NBO? BO? NBO? BO?® NBO* BO*
mol% mol% mol% moles moles  moles moles moles moles | moles moles | mol% mol%
31.0 69.0 0.0 169.0 62.0 0.0 62.0 62.0 107.0 36.7 63.3
30.4 67.6 2.0 168.6 60.8 2.0 58.8 58.8 109.9 56.8 111.9 33.7 66.3
29.1 64.9 6.0 167.9 58.3 6.0 52.3 52.3 115.6 46.3 121.6 27.6 72.4

1 — Kneo = Amount of K available to react with BO of Si-O-Si moieties to produce the Si-NBO-K moieties. This assumes that K of
KAIO: is unavailable to react with BO.

2 — Assumes Kngo (column 7) reacts with Si-BO-Si to produce Si-NBO-K moieties. With NBO calculated, moles of BO are evaluated
by the difference (O1ot-NBO).

3 — Assumes Reaction 4.3 proceeds: NBO of Q2 (Reaction 4.1) is converted to BO, with the amount of NBO converted being equal to

the moles of Al dissolved in the melt.

4 — NBO and BO values and columns 10 and 11 are recalculated to 100%
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Figure 4.1: O 1s XPS spectra, fits and residuals for K-silicate glasses containing 0, 1 and 3 mol% Al>Os. All fits were performed using
a Voight sum function (Hesse et al., 2007). Full widths at half maximum (FWHM) of the fitted peaks are indicated by the double-
headed lines. (a) A two-peak fit to the KS glass (~33 mol% K:0). (b) Residuals of the fit shown in Fig. 4.1a. (c) A two-peak fit to the

KASL1 glass (1 mol% Al>O3). (d) Residuals of the fit shown in Fig. 4.1c. (e) A two-peak fit to KAS3 glass (3 mol% Al.O3). (f) Residuals
of the fit shown in Fig. 4.1e.



103

reproduce the spectra well. The FWHM of the NBO peaks of the three spectra range from 1.15
to 1.19 eV. These values are similar to those obtained from other high resolution XPS glass
studies (Dalby et al., 2007; Nesbitt et al., 2011; Nesbitt et al., 2017a; Nesbitt et al., 2017c;
Sawyer et al., 2015;) and also conform to the theoretical and practical considerations of Bancroft
et al. (2009). The FWHM of the BO peaks in Figure 4.1 range from 1.36 eV to 1.60 eVV. The BO
peaks are broader than the NBO peaks. They are also broader than the BO peaks of vitreous
silica (FWHM = 1.25 eV, Nesbitt et al., 2015). The FWHM of the BO and NBO peaks for all
crystalline and vitreous silicates should be ~1.2-1.3 eV, as demonstrated by Bancroft et al., 20009.
The reason is because the FWHM are controlled by same final state vibrational broadening and
phonon broadening contributions (Nesbitt et al., 2004; Bancroft et al., 2009; Nesbitt and
Bancroft, 2014). Thus, the only explanation for the broader BO spectra is new contributions to
spectra envelope. Since each glass has the same effective KO content, these new contributions
cannot be associated with potassium. Instead, they are related to the presence of Al,Os. Since
these contributions are contained within the BO peak and cannot be resolved, the difference

spectra technique can be used as a way of quantifying them and gaining information about them.

4.3.2. Difference Spectra

Difference spectra are plotted in Figs. 4.2a and 4.2b as solid dots. Also plotted are the
standardized and normalized spectra from which these spectra were derived. The NBO region the
difference spectra display negative values with a maximum negative value at ~529.8 eV. This
indicates that NBO has been lost from the spectrum with the addition of Al2O3 and that more

Al>O3 causes a greater loss of NBO.

The BO peak broadens with the addition of Al2Os3 to the K silicate melt and the difference
spectra show that the broadening is due to two BO contributions at the extremities of the BO
envelope. One contribution (Peak A) is centered at ~531 eV and the other (Peak B) is centered at
~532.8 eV. The intensities of Peaks A and B increase from the KAS1 sample (Fig. 4.2a) to the
KAS3 sample (Fig 4.2b), demonstrating a sympathetic relationship between the intensities of
these peaks and Al.Os content. Furthermore, the absolute difference between the areas (counts)
under Peaks A and B (+24112) and the negative NBO peak (-23977) is 0.6%, demonstrating that
the addition of Al>Os results in a mole-per-mole conversion of NBO to BO. The result also
indicates that the standardization and normalization techniques applied to the spectra create no
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Figure 4.2: O 1s XPS spectra of the K-silicate glasses where the BEs have been standardized to
a common value and the intensities have been normalized to obtain intensity per mole of O.
Difference spectra are indicated by the solid dots in each diagram. (a) The standardized and
normalized KS and KAS1 spectra. The difference spectra obtained by the subtraction of the KS
spectrum from the KAS1 spectrum. (b) The standardized and normalized KS and KAS3 spectra.
The difference spectrum in obtained by subtracting the KS spectrum from the KAS3 spectrum.
The arrows indicate the BEs of vitreous SiO> (Nesbitt et al., 2015) and of crystalline NaAlO:

(Barr, 1991). Both phases contain only BO atoms.



105

distortions. Peaks A and B and the negative NBO peak have FWHM between ~1-1.5 eV which
are reasonable and expected for O 1s spectral peaks. The areas of Peaks A, B and the NBO peak
of Fig. 4.2b are approximately three times greater than the areas of the same peaks of Fig. 4.2a.
This relationship is expected considering the Al,O3 contents.

4.3.3. Interpretation of Peaks A and B

The arrows on Fig. 4.2 show the position of the O 1s peak maxima for crystalline NaAlO; and
quartz (Barr, 1991; Nesbitt et al., 2015). These indicate similarities to the peak maxima of Peaks
A and B. In NaAl>O4, aluminum is tetrahedrally coordinated with oxygen and forms Al-O-Al
moieties by bridging to other AlO4 tetrahedra. This results in a network of corner linked AlO4
tetrahedra (Kaduk and Pei, 1995). In kyanite, Al-O-Si and Al-O-Al moieties are present in a 4:1
ratio (Ohuchi et al., 2006). Ohuchi et al. (2006) show in their O 1s XPS spectra of kyanite that

the BO peak of the Al-O-Si moiety is located at ~531.4 eV and the BO peak of the Al-O-Al
moiety is located at ~530.6 eV. Nsimama et al. (2010) presented an O 1s XPS spectra of SrAl>,O4
with a BO peak maximum of ~530.8 eV. All these values span the binding energy range of Peak
A. Clearly Peak A represents BO of an AlO4 anionic framework species. In this study, the low
concentrations of Al make the likelihood that significant Al-O-Al moieties are present very
small. Itis likely that the BOs of AlO4 are bonded to Si and form Al-O-Si moieties. This
finding is consistent with the Al avoidance rule and many studies (e.g. Dubinsky and Stebbins,
2006).

The BE peak maximum of Peak B is ~532.6 eV (Fig. 4.2). BO-K distances in crystalline
K2Si20s led Nesbitt et al. (2017e) to argue for three types of BO atoms in K-disilicate glasses,
related to the number of K atoms coordinated to BO. BO atoms coordinated to 0-1 potassium
were located at ~532.9 eV. Those coordinated to 1-2 potassium were located at ~532.0 eV.
Finally, those coordinated to 2-3 potassium were located at ~531.5 eV (see Figure 1 of Nesbitt et
al., 2017e). The peak maximum for Peak B is ~532.6 eV (Fig. 4.2) which indicates that the BO
atoms are coordinated to 0-1 potassium. The BE of Peak B is also similar to that of vitreous
silica and quartz (Nesbitt et al., 2015). This similarity is consistent with Peak B representing the

signal of a Q* species.
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4.4. STOICHIOMETRIC DISSOLUTION REACTIONS
4.4.1. Al>0O3 Dissolution Reaction

The way in which Al>O3 dissolves in the KS melt is constrained by the above interpretations of
Peaks A and B. The intensity of the NBO signal is 35 mol% in the KS glass and decreases to 24
mol% in the KAS3 glass as Al>Oz increases from 0 to 3 mol% (Figs. 4.1a, 4.1c, 4.1e). This
relationship requires the consumption of NBO with the dissolution of Al2Os, thus NBO is a
reactant during dissolution of Al,O3. BO increases in proportion to the amount of Al2Os which
makes it a reaction product of the dissolution of Al,O3. The difference spectra in Fig. 4.2
indicate that the BO reaction product produces two melt species: a Q* species (Peak B) and a
KAIO; species (Peak A). For K-disilicate glass, Maekawa et al. (1991) reported Q-species
abundances of 7% Q2, 86% Q% and 7% Q*. The Q3 species contains an NBO and its high
abundance means that it is likely the dominant reactant species. The stoichiometric composition
of the Q3 species is KSiO2s. The dissolution reaction is then

1KSiO25 + AlO15 — SiO2 + KAIO, (4.33)
where AlO1 5 represents the solid where all O atoms are BOs (i.e. Al-O-Al moieties). The
reaction can be written in Q-species notation where, considering the Si-NBO-K moiety of Q3, the
Q3 species is represented by K-Q3:

KiQ® + AlO15 — Q* + KAIO,. (4.3b)
Reaction 4.3 is a polymerization reaction that allows for the conversion of NBO to BO (Fig. 4.1)
and the production of Peaks A (KAIO?) and B (SiO>) of Fig. 4.2. The reaction also produces
SiO2 and KAIO: in equal amounts. While Peak B is slightly more intense than Peak A, the
difference in intensities might be the result of interference of the negative NBO peak (loss) with
Peak A (gain) which would make the area of Peak A less intense.

The abundances of NBO and BO as a function of Al content can be calculated and is a test of the
validity of Reaction 4.3. Table 4.1 lists the three glass compositions of Fig. 4.1 (columns 1-3)
and the total moles of O, K and Al (columns 4-6). It is assumed that for the KS glass each mole
of K is associated with a mole of NBO (as Si-NBO-K species). In the K20-SiO2-Al,03 melt, the
K of the KAIO2 moiety is associated with the BO of that moiety and is not related to NBO
production. Thus, the amount of K available to react with SiO» to produce Si-NBO-K can be
found by subtracting the amount of K associated with KAIO, from Kror (column 5). K:Alis 1:1
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in K-disilicate glass. The large, filled circles are experimental results from Fig. 4.1 (2%
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13). The solid lines indicate the trends of the calculated results. The calculations are provided in

section 4.4.1.
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in KAIOz2, thus the amount of K available to react with BO of Si-O-Si moieties is equal to Krot-
Altot. These values are labelled Ksi and listed in column 7. Every mole of Ks;i produces an equal
number of moles of NBO when reacted with BO (column 8). The BO abundances of column 9
are calculated as the difference between the Orot values of column 4 and the NBO values of

column 8.

NBO and BO abundances are also affected by Reaction 4.3 (Table 4.1, columns 10-13) which
converts some NBO to BO (Q*to Q* conversion), the extent of which is in direct proportion to
the amount of Al present in the melt. According to Reaction 4.3, each mole of Al causes one
mole of NBO (of Q species) to be consumed and one mole of BO (as SiO, or Q* species) to be
produced. Column 10 of Table 4.1 lists the NBO values of column 8 corrected for the Q3-Q*
conversion of Reaction 4.3, which depends on the amount of Al in the melt. Columns 12 and 13
list the NBO and BO values recalculated to 100%. These values are plotted on Fig. 4.3 as shaded
circles. The agreement between calculation and experiment of Fig. 4.3 provides strong evidence
for several claims. First, Reaction 4.3 proceeds during the dissolution of Al,Oz and its
stoichiometry is correct. Also, KAIO: is a distinct chemical species of the melt. Finally, the K of

KAIO> does not promote the formation of NBO.

4.4 .2. Another reaction

It is possible that the Q? species (K2SiOs) of the K disilicate melt may be a reactant during
dissolution of Al,Oz according to the reaction:

1K2Si03 + AlO15 — K1SiO25 + KAIOz. (4.49)
Reaction 4.4a can be expressed using Q-species notation as the following, where K2-Q? and K-
Q?® represent Q2 and Q? respectively:

1K2-Q? + AlO15 — 1K-Q® + KAIO,. (4.4b)
Reaction 4.4 is qualitatively similar to Reaction 4.3. Both are polymerization reactions where a
reactant Q" species is consumed to produce a Q™! species that is more polymerized. Both
reactions are likely to occur but the greater abundance of Q2 species in the melt means Reaction

4.3 should be dominant.
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Figure 4.4: Schematic diagram showing the reaction between a Q3 species of the melt and
under-coordinated AlY and O atoms at the AlOs surface. Surface Al sites are strong Lewis acids
and surface O sites are strong Lewis bases. (a) illustrates the reaction of a Q3 melt species
(Reactant #1) with a surface AlV atom (Reactant #2) to produce a Si-O-Al species attached to the
Al>O3 surface. Three Al-O bonds numbered 1, 2 and 5 are labelled. Bonds 3 and 4 are directed
along the x-axis and are not shown. (b) illustrates the reaction between a Q* species of the melt
(Reactant #1) and a surface NBO species (Reactant #2). A surface transition species containing
SiV is produced. The reactant NBO becomes a BO in the transition species. The transition
species may decompose to either the original reactants (double arrow) or to a surface Si-O-Al
species and a Q2 melt species (single arrow). Detachment of the surface species produces a Si-

O-Al melt species.
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4.5. REACTIONS AT THE MELT-AI203 INTERFACE AND IN MELTS

In a K-disilicate melt, Al.Oz will dissolve congruently (i.e., directly or homogeneously) at 200-
250K above the liquidus, provided that no more than ~6 mol% is dissolved (Schairer and Bowen,
1955; Kim et al., 2018). Incongruent dissolution occurs in instances where greater amounts of
Al>Oz are dissolved (e.g., Oishi et al., 1965; Bates, 1987; Zhang et al., 2000; Shaw et al., 2018).
The experiments on the Ca-Al-Si-O system conducted by Shaw et al. (2018) provide insight into
way in which Al>Oz dissolves in silicate melts. They observed that dissolution rates during the
first ~30 minutes of melting were controlled by the reactions which occur at the melt-Al,O3
interface, after which time the dissolution rates were controlled by diffusion through the melt.
The dissolution of Al>Os in silicate melts is rapid compared with diffusion-controlled

dissolution.

Understanding the state of the surface of crystalline Al.Oz provides insight into its dissolution.
Digne et al. (2004) identified six reactive Lewis acidic sites (under-coordinated surface Al
atoms) and Lewis basic sites (under-coordinated surface O atoms) from density functional
theoretical studies on the (100), (110) and (111) surfaces. The most acidic of the Lewis acid
sites were the surface Al'', AlI'YV and AlIY sites. A highly stylized representation of AlY and O

atoms at the surface of Al2Os is presented in Figure 4.4.

4.5.1. Al (Lewis Acid) surface sites

Reaction 4.1 produces the strong Lewis base Si-NBO™ through thermal agitation in high
temperature alkali silicate melts (e.g., Nesbitt et al., 2017a; Nesbitt et al., 2017b; Nesbitt et al.,
2020). According to the measurements of Maekawa et al. (1991), K-disilicate melts contain ~86
mol% Q? species where Si-NBO™ mostly resides. Figure 4.4a shows Si-NBO- attacking acidic Al
sites at the Al>O3z surface. In a successful attack, NBO" is consumed to produce a BO Si-O-Al
moiety attached to the surface of the Al,O3 solid. As a result, the reactant Q° becomes a Q*
species which is part of the Si-O-Al surface species. Peak B of Fig. 4.2 arises in part due to this
process. The surface species’ lifetime is unknown, and it may decompose into the original
reactants or detach from the surface to produce a Si-O-Al melt species. The latter process
requires some Al-O bonds of the solid to be ruptured. Fig. 4.4a illustrates this. Originally the
surface Al atom was five-fold coordinated, but detachment causes only bonds 1 and 2 to remain
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intact. The result is a Si-O-Al melt species that contains an under-coordinated Al"' atom (Fig.
4.4a, product #1).

When the Si-O-Al surface species is formed, electron densities within the near surface should be
perturbed. These perturbations likely weaken some of the Al-O bonds that bind Al to the bulk
solid. If weakened sufficiently, surface Al and possibly some O atoms will be removed and
incorporated into the bulk melt. This process will create Si-O-Al melt species (Fig. 4.4a, product
#1). Some O atoms bonded to the surface Al atom may remain with the solid when the Al atom
is detached causing a decrease in the coordination number of the Al atom. Figure 4.4a illustrates
this concept. A surface Al atom is bonded to 5 O atoms (reactant #2) but with detachment from
the surface some O atoms remain, and the coordination number of the Al atom is reduced to 3
(product #1).

4 .5.2. Reactions in melts

Upon detachment from the solid surface, Al atoms may not be 4-fold coordinated and so
reactions within the melt must convert them to 4-fold coordination. In an instance where an Al
atom detaches to produce a 3-fold coordinated Al melt species (such as in Fig. 4.4a, product #1),
it can be converted to 4-fold coordination by the reaction shown in Figure 4.5. In Figure 4.5, the
NBO of a Q3 species (labelled reactant #1) attacks the Al'' centre which forms a Si-O-Al bond
and produces an Al-centred tetrahedron bonded to two BOs and two NBOs (labelled product).
This reaction converts an NBO to a BO. There may be other reactions which occur that depend

on the coordination number of the detached Al atom.

Figure 4.5 shows an Al'Y product species which incorporates two NBOs produced by Al-O bond
rupture during detachment from the Al,O3 surface. In Figure 4.1, the BEs of Peak A indicate that
Al is only bonded to BOs. Thus, the Al tetrahedra must undergo NBO-to-BO conversion in the
melt for the Al atom to acquire four BOs such as the conversion illustrated in Figure 4.5. Greater
electron density will be present on O atoms bonded to Si than on ones bonded to Al since Si is
more electronegative than Al. Therefore, the electron densities on NBO of Si-NBO will be
greater than on NBO of AI-NBO. This makes the NBO of the AI-NBO moiety the stronger
nucleophile and more reactive towards electrophiles such as the Si centres of tetrahedra. Figure

4.6 illustrates a transition species that is produced from successful nucleophilic attack of the Al-
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A Q3 species attacks a A" species to produce Q" bonded to A"

Reactant #1 Reactant #2 product: Al melt species

Figure 4.5: The conversion of an Al'' melt species (Reactant #2) to an Al'Y species by reaction
with a Q? species bearing and NBO- (Reactant #1). The NBO" is converted to BO by the reaction,

which increases the number of BOs bonded to the Al moiety by one. The reaction occurs in the

melt.
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NBO moiety (reactant #1) on a Q3 species (bonded to a second Q%). This is an Sy reaction
(Neshitt et al., 2021). According to transition state theory, the transition species may decompose
to the original reactants (double arrow of Fig. 4.6) or decompose to new products (single arrow
of Fig. 4.6). The new products will be an Al-O-Si melt species where the number of BO bonded
to the Al tetrahedron has increased by one. Another reaction would produce an Al tetrahedron
where all the O atoms are BOs. This explains the process that results in Peak A of Figure 4.1 It is
possible that some Al may not be associated with K (i.e., some Al could be in octahedral

coordination and would not require charge compensation).

Figure 4.6 also indicates that a Q2 species is produced as a leaving product in the process
described above. The abundance of Q? species should increase with the conversion of AI-NBOs
to Al-BOs and thus should increase with Al dissolution. The results of Mysen (1990, his Fig 7)
confirm this prediction. The Raman spectra of Mysen (1990) indicate that the addition of Al to
alkali tetrasilicate melts increases the spectral intensity at ~950 cm™ which is the same frequency
as the Q% symmetric stretch (McMillan, 1984). The Raman spectroscopic results are explained
by the conversion of NBOs to BOs on Al tetrahedral melt species.

4.6. DISCUSSION
4.6.1. Stoichiometric and elementary reactions

Reaction 4.3 is a stoichiometric reaction, and it incorporates at least three elementary reactions
(chemical reactions with single reaction steps and single transition states). At the melt-solid
interface, one reaction involves surface Lewis acidic (Al) sites, and one involves surface Lewis
basic (NBO) sites. Elementary reactions also occur within the melt to produce tetrahedrally
coordinated Al bonded to 4 BOs. It is likely that the reactions within the melt proceed via Sn
reaction mechanisms where transition species (activated complex) are formed in which Si is five-
fold coordinated (Frost and Pearson, 1961; Laidler, 1965; Farnan and Stebbins, 1994; Atkins,
1998; Laidler, 1998; Nesbitt et al., 2017c; Nesbitt et al., 2020). There is also the possibility that
Sk reaction mechanisms involve Al melt species where transition species contain AlV. The
presence of AlY in NazAlSi;O17 glass at ~1% of dissolved Al supports this claim (Allwardt et al.,

2005; Florian et al., 2018). To better understand the elementary reactions and their relationship
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Figure 4.6: Schematic showing the replacement of NBOs for BOs on the aluminate species by attack of a Q species containing an
NBO". The NBO" is converted to BO with formation of the transition species. With successful reaction, the number of BOs on the
product moiety (AlO4) increases by one. When the reaction is repeated, it may yield an AIO4 moiety consisting of only BOs. The

reaction follows a Sn reaction mechanism with the transition species in which Al is five-fold coordinated.
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to the stoichiometric reaction (Reaction 4.3), kinetic studies, molecular dynamic simulations and

density functional theoretical calculations are needed.

From the O 1s XPS experimental results and the oxygen mass balances, it is clear that the Al of
KAIO: is bonded primarily to BOs (Fig. 4.2b, Peak A) and yet the KAIO2 species may be more
complex than presented here. Aluminate tetrahedra incorporating AI-NBO moieties have been
detected in Na and Ca peralkaline melts, albeit with greater Al contents than the ones studied
here (Mysen and Toplis, 2007). The extent to which the observations of Mysen and Toplis
(2007) apply to K-silicate melts is unknown, as K-Al-O interactions are stronger than Na-Al-O
or Ca-Al-O interactions (Navrotsky et al., 1985; Wilding and Navrotsky, 1998).

4.6.2. Stability of Al-bearing melts

From a simplistic perspective, Al dissolution should decrease the stability of silicate melts
because Al-O bonds are weaker than Si-O bonds (Speight, 2005). However, other reactions
mitigate this effect. In Reaction 4.3, the reactant Q3 species is consumed to produce a Q* species
and KAIO: species. The Q3 species contains a Si-NBO bond which is the weakest of the Si-BO,
Al-BO and Si-NBO bonds (Speight, 2005, Fig. 2), thus the enthalpy of formation of the melt
should decrease, making the melt more stable as Q® is consumed and Q* is produced. In addition,
K sequestration by Al to produce KAIO:; species decreases the NBO content of the melt. The
introduction of Al via Reaction 4.3 results in the Al-bearing melt being more stable than the
binary K-disilicate melt. This stability is due to the formation of Al melt species and the effects
of Reaction 4.3. Based on this observation it can be concluded that Al-rich melts are more stable
in natural environments than binary silicate melts with little or no Al. Without the stabilizing
effects of Si-NBO consumption and Si-BO production, natural melts would probably be less
aluminous than observed. Additionally, the composition of the crust and its evolution would be

different from what it is at present.

The dissolution of Al affects the reactivity (kinetics) of melts towards reagents. Nesbitt et al.
(2017d) showed that in alkali silicate glasses the O 2p valence band contributions to BO located
2-6 eV lower in the valence band (higher BE) than the O 2p NBO contributions. A consequence
of this is that the O 2p BO orbitals are less energetic than the O 2p NBO orbitals. The O 2p

NBO orbitals are among the highest energy orbitals of the valence band occupying molecular



117

orbitals. The conversion of NBOs to BOs via Reaction 4.3 decreases the electron density at the
top of the valence band and diminishes the reactivity of Al-bearing melts relative to those with
no Al.

4.7. CONCLUSIONS

From high resolution O 1s XPS spectra it was determined that NBO decreases and BO increases
in a manner directly proportional to the amount of Al.O3 dissolved (up to 3 mol% in this study)
in K-disilicate melts. With dissolution of Al.Os, two fully polymerized melt species are formed,
Q*and KAIO2, where Si and Al are only bonded to BO atoms. By fitting the O 1s XPS spectra,
proportions of NBO and BO in the glass were obtained from which the stoichiometric reaction
by which Al>Oz dissolves in the melt was determined (Reaction 4.3). Reaction 4.3 contains
many elementary reactions. Two of these reactions are surface reactions that occur at the melt-
Al>O3 solid interface. Other elementary reactions occur in the melt after Al is detached from the
surface. The primary method of Al>Os dissolution is probably through the attack of the
nucleophile Si-NBO™ (Lewis base) on Al (Lewis acid) centres of the Al.Os surface. As Si-O-Al
bonds form at the surface, attacking NBO™ will be converted to BO and a Q3 to a Q* species. This
process may also weaken Al-O-Al bonds within the bulk solid, causing Al surface atoms to
detach and be taken into the melt. Although the coordination numbers of Al atoms produced by
dissolution may vary and although Al atoms may be bonded to NBO atoms, reactions to form
tetrahedrally coordinated Al bonded only to BO (e.g., KAIO2) must occur within the melt. These
reactions likely proceed via a Sn reaction mechanism. To better understand these types of
reactions, further experimental studies and theoretical and molecular dynamic simulations are

needed.

The dissolution of Al>Os in K-disilicate melts acts to stabilize the melts by eliminating Si-NBO-
K moieties and in turn forming Si-BO and Al-BO moieties. The stabilizing effects of
aluminosilicate melts contributes to their being the dominant melts in the crust and upper mantle.
In the absence of this stabilization, the crust and its evolution would be different from what is

observed at present.
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Chapter 5

5.0. CONCLUSIONS

5.1. Potassium Silicate Glasses

This thesis presents the first detailed study of the potassium silicate glass system using X-ray
Photoelectron Spectroscopy. The spectra herein are of the highest resolution so far collected.
Previous XPS studies of potassium silicate glasses contained numerous issues such as poor
spectral resolution (BO and NBO signals were not resolved), the inability to deal with sample
charging issues (e.g., large peak linewidths), and not accounting for sample damage over time
from the X-ray source. The results presented here take into consideration all the above-

mentioned issues.

The NBO peaks have FWHM which range from 1.16 eV to 1.54 eVV. The NBO peak
incorporates the NBO and O% contributions, although the latter is a very small percentage of the
total peak (less than ~1-2%). The BO peaks incorporate numerous BO contributions one from
each of the Q" species in the glass. They have FWHM which range from 1.35 eV to 1.53 eV.
These values are comparable to the O 1s spectra of quartz and vitreous silica which are
comprised of a singular BO contribution with an FWHM of ~1.25 eV. These results provide
further confirmation that charge broadening does not contribute to the linewidths of these
samples. The linewidths in this study represent an improvement in collecting highly resolved

XPS spectra compared to earlier studies mentioned with O 1s linewidths of about 2 eV.

The study has evaluated the damage caused by the X-ray beam to the samples over time. The
damage presents itself in the form of alkali migration with the resulting changes to the intensity
of the O 1s BO signal. To account for beam damage, several O 1s spectra were taken over the
course of the analytical cycle (~800 minutes). BO abundances were measured for all O 1s
spectra and then plotted as BO% vs time of exposure to the X-ray beam. The results were fit
with a quadratic least-squares equation and extrapolated back to time zero. The extrapolated

values represent the BO values prior to exposure to the X-ray beam.
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It has been shown that XPS presents a viable alternative to O NMR for studying silicate glasses
and can also be used as a complementary analysis technique. In the K-silicate system, the BO
and NBO contributions often overlap in the O'” NMR spectra and the number of BO
contributions to the spectra must be known before fitting for the spectra to obtain reasonable fits.
A strength of XPS is that it can provide O 1s spectra with resolution equivalent to the best
resolved O NMR spectra. Well defined and separated BO and NBO contributions are apparent
in Na and K silicate glasses. The BO and NBO peaks are easily identifiable by their binding
energies, which are unique. By comparing BO peak linewidths to those of quartz and vitreous

silica, additional contributions to the BO peak can be inferred.

Experimentally derived BO abundances were found to be greater than predicted by the
Continuous Random Network (CRN) model where:

BO + 0% < 2NBO, (5.1)
is assumed to go to completion (where an equilibrium constant, K1, for the reaction is infinite).
Thermodynamic modeling indicated a finite equilibrium constant indicating the presence of free
oxygen (O%) in the binary system, the abundance of which increases with K,O content. These
findings created a discrepancy with previous NMR studies for the glasses with K>O > 25 mol%.
The amount of O% in the K0 glasses was greater than that in Na.O glasses from a previous XPS
study. The greater ionic radius of the K cation was suggested to create larger percolation
channels as defined by Greaves et al. (1997) within the glass network and thus a more ionic
environment conducive to the formation and stability of O? atoms. The breadth of the BO peak
was found to be variable and wider than that of the NBO peak whose breadth remains constant.
It was suggested that the greater breadth is a possible indication of two (or more) types of BO
atoms, one bonded to two Si atoms only, and one bonded to two Si atoms plus a K atom.

The Si 2p peak shapes were highly variable and asymmetric. The peak shape changes
considerably as a function of K>O content, unlike the Si 2p spectra of Na-silicate glasses. Two
spin-orbit split doublet peaks were fit to the Si 2p peaks of these siliceous K-silicate glass spectra
and the relative intensities of the two peaks varied sympathetically with Q* and Q2 abundances of
Q* and Q° species obtained from NMR studies of K-silicate glasses. These results imply that
XPS may be used to identify Q" species in some circumstances where the asymmetric nature of
the Si 2p peak suggests more than one contribution.
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A new interpretation of the NMR data allowed for results consistent with the XPS data. Four
new glasses were prepared: three with nominally 35 mol% K20 and one with nominally 37
mol% K>0O. EPMA analysis using a defocused electron beam at 40 um and 8 s counting time
provided the best possible conditions to obtain accurate compositions. The three nominally 35
mol% glasses were found to have compositions of 30, 32 and 32 mol % indicating that each
melting of the glass sample during synthesis accounts for the loss of about 1 mol% K>O. The
results for all glasses including the ones from Chapter 2 were adjusted by 1 or 2 mol% K:O to
reflect this new uncertainty. The mol fractions of BO, NBO and O were calculated for an
equilibrium constant value of K; = 8. The O estimated abundances were lower than those
reported in Chapter 1 accounting for the new uncertainties. Previous NMR spectra of K0
glasses were fit with two Q? peaks based on the sole assumption that Reaction 5.1 goes to
completion with no other theoretical or experimental evidence (Maekawa et al. 1991; Malfait et
al., 2007). Here, it has been demonstrated that two Q3 peaks fit the previous NMR data and also
agreed with the XPS results. Free oxygen, rather than NBO, was suggested to be the critical

reactive species to convert CO, to CO3z? in experimental and natural magmas.

5.2. Potassium Aluminosilicate Glasses

The dissolution of Al>Os into a potassium silicate melt and its incorporation into the melt
structure was studied with XPS. The same degree of high resolution was achieved with these
spectra as with the glass spectra from Chapters 2 and 3. This is the first instance where high
resolution XPS spectra of K-aluminosilicate glasses have been presented. It was found that the
FWHM of the KS glass (31 mol% K0, no Al203) BO peak was 1.36 eV and increased to 1.47
eV and 1.60 eV with the additions of 1 mol% and 3 mol% Al>Os respectively. The NBO peak
FWHM increased from 1.15eV to 1.17 eV and 1.19 eV. This excellent resolution allowed two
distinct chemical species to be identified with the use of difference spectra at ~531 eV BE (Peak
A) and ~532.8 eV BE (Peak B) and a negative NBO peak at ~529.8 eV BE. A sympathetic
relationship between the increase in the intensities of Peaks A and B and the addition of Al>Os
was found. The absolute difference of 0.6% between the positive BO difference spectra peaks
and the negative NBO peak demonstrated that the addition of Al>Oz results in a mol per mol
conversion of NBO to BO. The FWHM of the difference spectra peaks is ~1.15 eV which is
consistent and expected of O 1s spectral peaks. These results indicate that the difference spectra
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technique resulted in no distortions in the data. Peak A was shown to be indicative of a BO
contribution in the form of an AlO4 framework species due to the similarities in BE with
previous studies of kyanite and SrAl,O4 and thus represents a Q3 species contribution. Peak B
was identified with a Q* species contribution due to its binding energy being similar to those of

quartz and vitreous silica from previous studies.

The dissolution of Al>Os in K-silicate glasses results in polymerization of the melt and follows

the stoichiometric reaction:

1KSiO25 + AlO15 — SiO2 + KAIOy, (5.2a)
or in Q-species notation:
K-Q®+ AlO15 — Q*+ KAIO,. (5.2b)

The reaction accounts for the production of BO at the expense of NBO, and the production of
Peak A (KalO2) and Peak B (Q*). A similar reaction may occur during Al,O3 dissolution where
the Q? species (K2SiOs) is present:

1K5Si0O3 + AlO15 — KiSiO2s + KalOy, (5.33)
or in Q-species notation where K,-Q? represents K,SiOs and K-Q3 represents K1SiOzs:
1K2-Q? + AlO15 — 1K-Q3 + KalOs.. . (5.3b)

A transition reaction that occurs at the Al>O3 surface was proposed. The reaction is responsible
for converting surface Al to 4-fold coordination where it not already coordinated in that way.
The transition species is 5-fold coordinated Al which may decompose to the original components
in the reaction or form a new species [KalO2s]- and a leaving species (0%):

[SiO25] + [KalOs]* «» [KalSiOs]* — SiO + [KalO2s] + O%. (5.4a)
Or ignoring the transition species and writing in Q-species notation:
[Q°] + [KalOs]* — Q*+ [KalOzs] + O7. (5.4b)

The O?- may be consumed in depolymerization reactions or it may produce Al-NBO surface

moieties by attacking and bonding to surface Lewis acid (Al) sites.

5.3. Future Directions and Implications

Hindsight is the product of wisdom gained in the search for truth. In few places is this more
evident than at the conclusion of a thesis. There are limitations to the work presented here and, if

I could go back and do things over, | would like to say | would do things slightly different. The
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main limitation of this work is that it relies on a single spectroscopic technique. While I stand by
my results and am confident in them, when challenging long-held assumptions concerning an
idea, the onus is on the challenger to prove their case. A multi-spectroscopic approach would
have greatly benefited this work. Another limitation is in the resolution of the XPS instrument.
Further improvements in charge compensation methods will likely yield XPS spectra of better
resolution which will in turn allow for better results to be obtained and from that more accurate
and precise analyses. The constraints applied to background and peak function (i.e., Shirley
background and 70% Gaussian-30% Lorentzian peak function) have been established in our
laboratory as providing good fits to the spectra of silicates and sulfides (Nesbitt and Bancroft
2014). Nesbitt and Bancroft (2014) mention that the Lorentzian component creates a slight
variation in linewidth but that the overall area of the peak is not affected (See Table 3 in Nesbitt
and Bancroft (2014)). The approach taken in fitting the spectra in this thesis was to use as few
constraints as possible in order to introduce the minimum amount of uncertainty. My
reinterpretations of the NMR spectra, specifically in assigning two Q3 species to the potassium
silicate glasses as a way of resolving the discrepancy with the XPS results, needs more study to
be confirmed. Although I am confident in the reassignment, | would perhaps be more confident
if I had used my own spectra from my own glasses. The biggest lesson to be learned is stated in
Chapter 3: that good results can be obtained through careful fitting procedures and cautious
interpretation free of assumptions that the results should conform to a certain model and
provided the contributions to the peaks are known.

Additional studies on other alkali and alkaline earth silicate glasses with XPS will be useful in
further establishing the technique as one for bulk sample analysis. Compositional analysis with
XPS is possible to a certain degree of precision, but more accuracy can be obtained using the
EMPA technique described in Chapter 3. The use of XPS in combination with other techniques
such as NMR, Raman spectroscopy or molecular dynamic simulations for example, could lead to
greater insights regarding the structural role that O% occupies in these glasses and the effects it

may have on melt properties.

More study is needed with XPS concerning potassium aluminosilicate glasses. This thesis
contained only an elementary study but nonetheless yielded some important results. Further
modelling of the dissolution reactions of Al>Os into the K-silicate melt and solid surface is
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required to understand the related mechanisms and identify the elementary reactions. These
goals could be achieved with further XPS study utilizing the difference spectra technique that
was presented in addition to molecular dynamics simulations. It would also be interesting to use

XPS to study natural glasses, impact glasses, tektites, Libyan desert glass.

These results are part of an exciting debate that is ongoing within the glass community
concerning free oxygen. Indeed, one of the aspects that attracted me to the study of glass and
continues to sustain my fascination with the material is the lively debates the occur over the most
fundamental aspects. The research | have presented is fundamental in nature but has implications
for the Earth and planetary sciences. If free oxygen is the major reactive species in melts, its
presence in quantities large enough to be significant could change the way we model things like

volcanic eruptions and the way we consider geochemical processes that occur in melts.
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Appendix A: Calculation of Xso and Xoz- from Q-species

Abundances and from BO%

The data from previously published Raman and 2°Si NMR spectra were used to obtain the mole
fractions of BO, NBO and O% species. Fits to Raman and 2°Si NMR spectra of silicate glasses
give mole percentages of Q-species. To obtain the moles of BO (Ngo) and NBO (Nngo)
associated with Q-species, the following summations can be used since all BO and NBO are
bonded to silicon centres:
Ngo = (4Q* + 3Q% + 2Q2 + 1Q! + 0Q%/2, (Ala)
and
Nngo = (4Q° + 3Q! + 2Q% + 1Q° + 0Q%), (Alb)
where Q" (n = 0 to 4) represents the percentage of each Q-species determined by experiment. It
is necessary to divide Equation Ala by two so that each BO atom is not counted twice. Xgo can
then be obtained:
XBo = NBo/No total, (A2)
where No total 1S the number of moles of oxygen per atom of silicon. As an example, No total = 2.5,
3.0 and 4.0 for the disilicate, metasilicate and orthosilicate glass compositions respectively.
There are two ways that Xo- can be calculated. For the first derivation, Nso/Nngo iS
Neo/Nneo = X = [(4Q* + 3Q% + 2Q? + 1QH/2]/(1Q° + 2Q? + 3Q3 +4Q%). (A3)
To calculate Xo2-, two mass balance equations are required. One equation shows the relationship

between the moles of silicon (Nsi) and the moles of BO and NBO:

Nsi = Neo/2 + Nngo/4. (A4)
By substituting Equation A3 into Equation A4, rearranging and collecting terms, we obtain:

Nngo = 4Nsi/(1 + 2X). (A5)
The second mass balance equation gives the relationship between the oxygen species to No total in
the glass:

No total = NBo + NNnBO + Noz-. (AB)
By substituting Equation A3 for Ngo of Equation A6 and collecting the terms we get:

No total = (1 + X)Nneo + Noz-, (A7)

and by substituting Equation A5 for Nneo in Equation A7 we obtain:
No total = 4[(1+X)/(1+2x)] Nsi + Noo-. (A8)
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The mole fraction of O% (Xo2-) can be obtained by dividing both sides of Equation A8 by No total:
Xo2-= 1.0 - 4[(1 + X)]/(1 + 2x)] Nsi/No total. (A9a)
The value for Xo2- must be zero or positive and a negative value means that Q-species have been
assigned incorrectly. It is unknown if this constraint has been used to test Q-species
assignments. When Xoy. is found, the mole fractions of BO(Xgo) and NBO(Xngo) can be
calculated from:
XBo = [NBo/(Neo + Nngo)](1.0 - Xo2.), (A9b)
XnBo = [Nneo/(Neo+NnB0)](1.0 — Xo2.). (A9c)
Although Equation A9b gives the same results as Equation A2, Equations A9b and A9c are
important because they show the dependence of the mole fractions of BO and NBO on Xoz.-.
Xgo and Xngo can be closely approximated by considering only the terms in the square brackets
of Equations A9b and A9c in glasses where Xsio2 > 0.3 since the (1.0 — Xo>.) is generally close
to 1.0. This was used in Sawyer et al. (2012). Comparison with the results of Sawyer et al.
(2012) and the ones presented here show that errors giving an overestimate of XBO can arise in
glasses where Xsio2 < 0.3.
There is a second method to obtain Xo.- where Equations Ala and Alb are substituted directly

into Equation A6. We note that No2- = No totaiXo2- and Neo + Nneo = Ng totar and rearranging we

get:

No total = N total + No totalXo2-. (A10)
And rearranging the above and solving for Xoo-:

Xo2- =1 — (Nq tota/No total). (Al11)

Equations A9a and Al1 are identical and can be used interchangeably given that No total is the
number of moles of oxygen per silicon atom. Equations A9a, A9b and A9c are very useful
however, in that they show the dependence of the mole fractions of BO and NBO on the
abundance of O% (shown in Equations A9b and A9c).
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