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Abstract
Oxygen 1s XPS spectra of a Pb-silicate glass containing 76.6 mol% PbO provide the first accurate,
direct measurement of free oxide ion (O2–) in these glasses. O2– constitutes 35 (±3) mol% of total
oxygen, with NBO and BO constituting, respectively, 52 (±3) and 13 (±3) mol%. All 29Si NMR and
O 1s XPS results for Pb-silicate glasses indicate mol% levels of O2– containing more than ~30 mol%
PbO. The O2– abundances are consistent with equilibrium thermodynamic considerations where K ~
12 for the mass action equation involving NBO, BO, and O2–.
Raman and 17O NMR spectra of two CaMg-silicate glasses indicate ~10 (±4) mol% O2– in CaMgSiO4
glass and ~18 (±4) mol% O2– in a Ca0.36Mg0.36Si0.28O1.28 glass. Oxygen species abundances are calculated
using experimental results from 13 separate 29Si NMR, 17O NMR, and Raman measurements of Mg-,
Ca-, and CaMg-silicate glasses. All reveal mol% levels of O2– with ~1 to 2.6 mol% in metasilicate
glass and ~5 to 10 mol% in orthosilicate glass. Recent Raman experimental results also indicate O2– in
CaMg-silicate glasses at levels ranging from about 1 to 10 mol%. In all there are 23 separate 29Si NMR,
17
O NMR, and Raman measurements indicating mol% levels of O2– in alkaline earth silicate glasses.
Eight recent MD simulations of Mg, Ca, and CaMg-silicate glasses include 21 separate simulations
over a wide compositional range. All indicate mol% levels of O2– in the glasses demonstrating that the
MD simulations and experimental results on these systems are in accord.
There are two fundamentally important implications of these studies. First, free oxygen (O2–) is
an essential constituent of Pb, Mg, Ca, and CaMg binary silicate melts and glasses. It is not an “accidental” product associated with glass or melt defects. It is instead, a thermodynamically important
constituent of these binary melts (and glasses). Second, where melts are equilibrated, the mass action
equation relating BO, NBO, and O2– must hold across the entire Ca, Mg, CaMg, and Pb binary systems, thereby requiring the activities and mole fractions of all three species to be defined and finite
in the melts. Free oxygen, however, may be too low to be detected in highly siliceous glasses using
conventional spectroscopic techniques.
Keywords: XPS of glasses, free oxygen in glasses, silicate glasses, Pb-silicate glass, Ca-silicate
glass, Mg-silicate glass, CaMg-silicate glass

Introduction
Over the last two decades dramatic developments have
occurred in three techniques relevant to the understanding of
distribution of species in silicate glasses and melts. Molecular
Dynamics (MD) simulations have improved sufficiently that
several hundreds to thousands of atoms may be accommodated
using various core-shell interatomic potentials, due primarily to
greatly improved computational facilities. From these calculations distributions of Q species, oxygen species, and modifier
cation speciation have been evaluated, as have structural properties such as bond angles and lengths (e.g., Mountjoy et al. 2011;
Pedone et al. 2010; Mountjoy 2007; Mead and Mountjoy 2006;
Du and Cormack 2004). There have been similarly dramatic
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developments in 29Si NMR spectroscopy. The 2D 29Si MAF
NMR and allied 2D spectroscopies generally provide better
resolution and clearer demarcation of spectral contributions, than
do 29Si MAS NMR spectra. Much greater effort has also been
directed toward better quantification of the spectral contributions
(Davis et al. 2011, 2010; Zhang et al. 1997,1996; Farnan et al.
1992). These advances have revealed spectral contributions in
some systems, which were impossible to detect by 29Si MAS
NMR (e.g., Nesbitt et al. 2015a; Davis et al. 2010). As for the
third technique, technical breakthroughs in XPS spectroscopy
have made it a useful tool to identify oxygen species in silicate
minerals (Zakaznova-Herzog et al. 2008, 2006, 2005). The most
important technical advance was in charge compensation of
samples (Nesbitt and Bancroft 2014). With successful charge
compensation, line widths of insulators are commensurate with
those of conductors and semi-conductors (Nesbitt et al. 2004).
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