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In alkali silicate glasses with < 50 mol% M,0O (M = Na, K, Rb, Cs), the existence of > 1 mol% reactive “free”
oxide (FO, where O is not bonded to Si) has been a highly controversial topic over the past 15 years. Unlike their crys-
talline analogues, Raman and 2 Si nuclear magnetic resonance (NMR) studies since 1980 have shown that two or more Q"
(n =0-4) species are present in silicate glasses over a wide range of compositions. For example, M,SiO3 crystals contain
only Q2 species; however, glasses of the same composition exhibit Q' and Q@ in addition to Q2. Previous Raman and
NMR studies on alkali silicate glasses have related the abundances of these three species solely through disproportionation
reactions (e.g. 20% < Q' 4+ 0%). In doing so, polymerization reactions (e.g. 20° < 20> 4+ FO) were completely neglected.
By combining published O 1s x-ray photoelectron spectroscopy (XPS) spectra, 2°Si NMR and Raman results for 40 mol%
and 50 mol% Na0, K;O, and BaO glasses, together with new molecular dynamics (MD) simulations of NasSiOy4 glass,
we provide consistent and compelling evidence for the existence of > 1 mol% FO in these glasses and melts. In particular,
for 50 mol% K,O silicate glass, all three experimental techniques estimate FO to be > 7 mol%, while MD simulations of
NaySiO4 yield ~ 5 mol% FO. Our analysis requires revised assignments (challenging decades of “conventional wisdom”)
for 2Si NMR and Raman spectra, based on O mass balance, recognition of M—BO bonding effects first identified in O 1s
XPS spectra, and quantitative analysis of Raman spectra for 40-50 mol% Na,O, K, 0O, and BaO glasses. These FO values
are comparable to those now accepted for alkaline-earth silicate glasses. The importance of this reactive FO for chemical

reactivity (e.g. with HO and CO,), bioactivity, and physical properties (e.g. melting) of silicate glasses is discussed.

Keywords: alkali silicate glasses, free oxide (Na—O—Na), O 1s XPS, Raman, 298i NMR

PACS: 61.43.Fs, 79.60.—, 76.60.-k, 78.30.—j
DOI: 10.1088/1674-1056/ae3606

1. Introduction

In contrast to the well-established atomic-level crystal
structures of stoichiometric crystalline alkali and alkaline-
earth silicates (e.g. Na,Si; 05,11 Na,Si03, 2 MgSiO3,[3] and
Mg;,Si04[#1), the atomic-level structures of silicate glasses
with similar compositions remain insufficiently characterized,
even after ~ 90 years since the pioneering x-ray diffrac-
tion studies of silicate glasses by Zachariasen®! and War-
ren and Briscoe.!%” By combining these early x-ray studies
with more recent Na and Si x-ray absorption fine structure
(XAFS), 9] neutron diffraction,'”) and molecular dynamics
(MD) simulations,!'=13) the Si—O and Na—O bond lengths, as
well as the O-Si—O and O—Na-O bond angle distributions, are
now well established.

Despite the fundamental importance of SiO4 tetrahedra
in both glasses and minerals, glasses are much more complex
than their crystalline counterparts (see Refs. [16-18] for re-
views). First, glasses lack long-range order, and the nature of
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Na-O bonding in the traditionally accepted modified random
network (MRN) model,!'%!°) including subsequent modifica-
tions for Na-BO bonding,?>?! remains poorly understood
in detail (even after numerous MD simulations).['!-13] Sec-
ond, in contrast to crystalline silicates, which exhibit only
a limited number of discrete compositions (e.g. disilicates,
metasilicates, and orthosilicates such as Na;Si» O3, NaySiO3,
and Mg;Si0y, respectively), glasses (and melts) span a wide
compositional range. Indeed, silicate glasses can be regarded
as solid solutions of M0 (e.g. NayO) or MO (e.g. MgO)
with SiO,, with compositions ranging from < 1 mol% MO
to > 66.7 mol% MO. This compositional range can be ratio-

nalized using the depolymerization equation!??!
xNa0 + (1 —x)SiO; < (Nay0),(SiO2) v, €))
or
0’ +BO < 2NBO ™, )
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where O~ represents the oxide ion or free oxygen (FO, an
oxygen not bonded to Si, also known as non-network oxygen),
BO denotes bridging oxygen (O in the Si—-O-Si moiety), and
NBO™ denotes non-bridging oxygen (O in the Si—~O-M moi-
ety). The equilibrium constant for reaction (2) is

[NBOJ?

* = [0 [BO] )

Clearly, if FO = 0, then K3 = o, and each Na,O unit pro-
vides one O%~ that attacks a BO (Si—O-Si), producing 2NBO
(Na—O-Si); however, if K3 is finite, some FO (e.g. Na-O—
Na) must remain. This simple yet critical thermodynamic
equilibrium implies that some FO should exist at all Na,O
concentrations in these solid solutions, even if it may not be
experimentally detectable at low Na,O contents. Third, un-
like minerals such as Na;Si;O5 and Na,;SiO3, which contain
only @° [Si(BO);(NBO)] and Q? [Si(BO)>(NBO),] species,
respectively (where the superscript in Q" denotes the number
of BO units), significant progress was made in the 1970s and
1980s using Raman spectroscopy >8] and 2Si magic angle
spinning (MAS) nuclear magnetic resonance (NMR)!?°=3?] to
demonstrate the presence of additional Q" species (for exam-
ple, 0 and Q*, in addition to @3, in Na,Si,Os glass). For
instance, Raman spectra of sodium silicate glasses from 1975-
198423281 showed peaks corresponding to Q', 0%, and O at
~ 850 cm™!, ~ 950 cm™!, and ~ 1100 cm™!, respectively,
assigned to the A symmetric stretching modes of these struc-
tural units. Shortly thereafter, 298i NMR studies of Na sili-
cate glasses[?*-?] identified Q> and Q° peaks at ~ 77 ppm and
~ 88 ppm. These findings highlighted the opportunity to quan-
tify the distribution of Q species in alkali and alkaline-earth
silicate glasses. Such distributions, together with the quan-
tification of NBO, BO, and FO, are critical for understanding
the chemical and physical properties of melts. For example,
Fine and Stolper®*3#! sought to identify the reactive species
responsible for converting H,O to OH and CO; to CO%‘, and
noted the potential importance of FO in these reactions. How-
ever, subsequent interpretations within the NMR and Raman
communities largely dismissed the presence of FO, leading to
the assumption that NBO is the reactive species. Later, we
reinterpreted Stolper’s data and proposed that FO is, in fact,
the reactive species. !

How are these multiple Q species related? Can equilib-
rium constants such as K3 in Eq. (3) be calculated for the en-
tire NayO-SiO; solid solution? How large is [FO] in these
glasses? Answering these questions using O 1s XPS and Ra-
man spectra has been a major goal of our research since 2007
and is the focus of this paper. In the literature prior to 1970
(before the observation of distinct Q species by 2°Si NMR or
Raman spectroscopy!>>=?! or the resolution of BO and NBO
in early O 1s XPS[3%371), several studies!***! proposed poly-

merization of SiO4 units in melts, which is a potential mecha-
nism for conversion between Q species

20° < 20" +FO. 4)

Other similar polymerization reactions are possible (for n =
1,2,3)

20" < 20" +FO. 5)

Given these earlier studies, it is perhaps surprising that

early Raman?*-?8] and NMR researchers>*=3?! in the 1980s

related the Q species exclusively through disproportionation

reactions
20" = 0" 40", 6)
for example
20° & 0*+ 0, (7a)
or
200 =0+ 0. (7b)

In the 1980s, Schramm ez al.'*’! mentioned the possibility
of FO in Li silicate glasses, and Maekawa et al.[*! in 1991
showed evidence of FO in Li silicates from 2°Si NMR. Nei-
ther study, however, linked FO explicitly to the polymeriza-
tion reactions in Egs. (4) and (5). Despite the higher resolution
of Raman spectra compared to 2Si NMR, Raman data could
not be reliably assigned or quantified.?>=?8! In contrast, the
high-quality resolved 2°Si NMR spectrum of a 41 mol% Na,O
glass enriched in 2°Si could be quantified, and Stebbins*?! ob-
tained the first equilibrium constant K (0.011 £0.005) for re-
action (7a) from the integrated areas of the Q” and Q> peaks in
the 2°Si MAS NMR spectrum, combined with the Q* contribu-
tion from a static 2%Si spectrum. Only the disproportionation
framework was used to relate the three Q species. Ironically, as

discussed below, this work[32]

is the first to indicate the pres-
ence of a few mol% FO (and the importance of polymerization
reactions) in an alkali or alkaline-earth silicate glass. As an
aside, the disproportionation reaction (Egs. (6) and (7)) does
not change the number of Si—O-Si bonds or the NBO/Si ratio
in a glass or melt, regardless of the reaction extent (e.g. Eq. (2)
for Na,SiO3 and Eq. (4) for NasSiOy).

298i (and 70) NMR"8] and Raman!*°-5! studies on
alkali and alkaline-earth silicate glasses over the following
four decades relied entirely on disproportionation reactions,
with no consideration of possible polymerization reactions. A
consensus and “conventional wisdom” emerging from “group

(601 held that disproportionation was the only rel-

thinking
evant mechanism linking Q species, and therefore FO was
so small that it could be neglected. As stated in several
reviews on FO in Na and K silicate glasses by Stebbins
and coworkers,[%1-63] any significant FO “seems to be highly

unlikely”.[%% In 2020, Stebbins!®3! further concluded from
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new 2°Si and 170 NMR studies of ~ 50 mol% Na,O and K,O
glasses that any FO in Na or K glasses was below detection
limits of approximately 0.5%—-1.0% FO.

When we attempted to publish results on Na silicates us-
ing a different technique (O 1s XPS) in 2011,[%* more than 25
years after many of the above NMR and Raman studies, the
manuscript was rejected—rejection of the technique, rejection
of the results, and rejection of the interpretation. The paper
was ultimately published approximately 18 months after ini-
tial submission, following three rounds of revision, inclusion
of new 2°Si NMR spectra, and constructive editorial support
that encouraged open discussion. This outcome was surpris-
ing, given that our first O 1s XPS study on Pb silicates in
20071631 demonstrated that high-resolution XPS optimized for
non-conducting samples under ultra-clean conditions yields
well-resolved and readily interpretable O 1s spectra, in good
agreement with 2°Si NMR results, [°®] and reveals substantial
FO (19.5 mol% at 66.7 mol% PbO), corresponding to K3 ~ 12.
This work initiated a broader discussion on FO in Na and K sil-
icates following our XPS study of K silicate glasses,*! along
with Malfait’s response®’! and our rebuttal.[8! Subsequent
studies by Stebbins[®'~%3! acknowledged FO in Pb, Ca, and
Mg silicates after our 2015 work!®! and additional NMR and
Raman studies of alkaline-earth silicates near the orthosilicate
composition, which reported several mol% FO.7%-73] How-
ever, those studies!®'~931 continued to reject significant FO
in Na and K glasses. The prevailing “conventional wisdom”
therefore maintained that FO is negligible in Na and K sil-
icates. Indeed, even recent Raman and 2°Si NMR studies on

alkali silicate glasses!’4~7®]

continue to interpret the data solely
in terms of disproportionation reactions.

Five years after Stebbins’ last rebuttal,[®3] it is timely to
present our perspective, supported by both new results and a
reanalysis of previously published data. We have not been
able to publish further papers on the FO controversy in Na
and K silicates since our 2015 contributions!*>%%61 noted
above. However, over the past decade, we have shown that
Raman spectra can be reliably assigned and quantified;[7°-83]
these assignments have been independently confirmed in sev-
eral recent Raman studies.[””84861 Some of these studies
have carefully considered the role of FO in Na and Ba sili-
cate glasses.!®3-3! For example, we have shown that 40 and
50 mol% NayO glasses contain measurable amounts of FO
based on both Raman and 2°Si NMR spectra,[8:33! in agree-
ment with earlier O 1s XPS results.[®*! Notably, the FO con-
tent we obtain for the 40 mol% Na;O glass is identical to that
calculated from the data in Stebbins’ 1987 study. %!

Perhaps the most compelling recent evidence for signifi-
cant FO in K silicate glasses comes from newly published Ra-
man spectra of 33-50 mol% K silicate glasses,!”®! which en-

able direct comparison with earlier 2Si NMR spectra, [41:46:63]

Reanalysis of these data yields substantial FO contents from
the 2°Si NMR spectra, consistent with FO values obtained

35.68.87] [ addition, our

from earlier O 1s XPS measurements. !
new MD simulations of NasSiO4 glass show appreciable con-
centrations of Si—O-Si dimers and FO arising from polymer-
ization reactions such as Eq. (5).

The main objective of this paper is to provide conclusive
evidence for mol% FO in alkali silicate glasses using O 1s
XPS, a reanalysis of published 2°Si NMR and Raman spec-
tra, and new MD simulations. To achieve this objective, we
first evaluate the strengths and limitations of the three spectro-
scopic techniques. We show that O 1s XPS, when performed
under stringent ultra-high-vacuum conditions, is a reliable
method for determining the molar fractions of BO, NBO, and
FO in Pb, Na, and K glasses. For Pb silicate glasses, the large
FO values obtained from O 1s XPS over a wide compositional
range are confirmed by 2°Si and 70 NMR, [°088] whereas the
NMR community has argued against the validity of the XPS-
derived FO values for Na and K silicates, based on poorly re-
solved NMR spectra. [61-631 Second, we summarize our efforts
to resolve the long-standing challenge of assigning and quan-

[18:83-85891 showing

tifying Raman spectra of silicate glasses,
that quantitative determination of Q', Q?, and Q> species in
40-50 mol% alkali glasses is now achievable in many cases.
Third, using our revised 2°Si NMR and Raman assignments
for 40 mol% Na,O and 40 mol% BaO glasses,#3% we
demonstrate that the only consistent interpretation of recent
Raman spectra of 50 mol% K,O samples contradicts previous
NMR-based assignments!*1-¢7-68] that assumed the absence of
FO. In short, the 2Si NMR spectra of 50 mol% K,O glass
have been misassigned since 1991,[4146:631 and the FO con-
tent is substantial (> 7 mol%) in this composition, consistent
with XPS results.35-98! Fourth, we present new MD simula-
tions of NasSiO4 glass, which reveal significant populations
of Q! dimers from reaction (4), along with FO. Fifth, we high-
light several oversights and post hoc adjustments made within
the 2°Si and 7O NMR and Raman literature after the commu-
nity consensus formed that FO does not exist in alkali silicate
glasses, a viewpoint that likely led Maekawa!*!! to misassign
his 2°Si NMR spectrum of the 50 mol% K,O glass despite an
initially more straightforward interpretation. Finally, we hope
that this work also contributes to a broader discussion on the
nature and application of the scientific method in the Earth sci-
ences, as elegantly discussed by Richet.[6"]

1.1. The critical importance of spectral resolution

As discussed above, three unrelated spectroscopic tech-
niques — NMR (¥Si and 70), Raman spectroscopy, and O
1s XPS — have been used to estimate the abundances of Q"
species (n = 0—4) and O species (BO, NBO, and FO) in al-
kali and alkaline-earth silicate glasses. Spectral resolution is
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a critical property in any spectroscopic analysis. Without suf-
ficient peak resolution, it is not possible to obtain reliable or
objective estimates of Q species or of NBO, BO, and FO pop-
ulations. As noted above, the resolved 2°Si NMR spectrum of
a 41 mol% Na;O glass yielded the first quantitative equilib-
rium constant K3 for relating 02, Q%, and Q* (Eq. (7a)).32#?]
However, 2°Si NMR spectra are generally less well resolved
than Raman spectra of the same glass compositions. The most
important and influential of these NMR spectra is that of the
50 mol% Na,O glass shown in Fig. 1.[4!] There is broad agree-
ment on the assignment of the three features in this spectrum:
a weak, narrow Q! peak at 67 ppm, an intense Q> peak at
76 ppm, and a broad, poorly resolved @ contribution at ap-
proximately 80-84 ppm. The question remains whether the Q'

and Q3 species can be reliably quantified from such a partially
resolved spectrum. We emphasize again that, from Eq. (7b),
Q3 = Q! for pure disproportionation; whereas Q3 > Q! if
polymerization reactions also occur, implying the presence of
FO.

The 1987/1991 spectra recorded at relatively low mag-
netic fields (e.g. 4.7 T by Maekawa,*!l shown here in
Fig. 11(a)) are, in practice, as well resolved as spectra ob-
tained by us at 9.4 T in 2011,%4! or those measured at 14 T by
Stebbins in 2020.[93! Moreover, the 1991 spectrum is the best
available for accurate digitization. It exhibits good signal-to-
noise ratio, and the experimental points are reported individu-
ally rather than as smoothed curves. Consequently, the 1991
spectrum is the best available.

(a) Q3 Properties (b)

Na,SiO, glass ppm = -76.3 Na,SiO; glass
FWHM = 15.3 Q3 FWHM is

a Free Fit Q°=54.2% fixed at 13 ppm

RMS = 61.6 Q'=6.2% RMS = 85.1

Intensity
Intensity

Data from Maekawa et al. (1991)
! n h | f " h |

Data from Maekawa et al. (1991)
! | h ! f | h |

Q" Properties () @’ Properties
ppm =-78.8 Na,SiO; glass ppm =-80.7
FWI;IM =13.0 Qs FWHM is FWI-SIM =11.0
Q" =36.0% fixed at 11ppm Q" =255%
Q' =13.9% RMS = 89.6 Q" =15.8%

Intensity

Data from Maekawa et al. (1991)
. h A | A | ! .

-60 -70 -80 -90  -100 -50 -60 -70

Chemical shift (ppm)

-50

Chemical shift (ppm)

-100-50 -60 -70 -80 -90 I -100

Chemical shift (ppm)

-80 -90

(d) Q3 Properties
Na,SiO; glass ppm = -81.4
O° FWHM is FWHM = 10.0
fixed at 10ppm Q% =222%
RMS =92.8 Q'=15.9%

Intensity

Data from Maekawa et al. (1991)
. L . M . | ! .

Intensity

(e)

Q3 Properties

Na,SiO; glass ppm = -82.0
Q" FWHM is FWHM = 9.0
fixed at 9ppm Q3 =19.4%
RMS = 98.5 Q' =15.8%

Data from Maekawa et al. (1991)

60 -70 -80 -90
Chemical shift (ppm)

-50

72100 -50

60 -70 -80 -90 -100
Chemical shift (ppm)

Fig. 1. (a)—(e) Gaussian fits to the digitized 2*Si NMR spectrum of the 50 mol% Na,O glass from Fig. 3 in Ref. [41], using varying Q3
linewidths. Note that the Q° linewidth and intensity decrease systematically from (a) to (e), while the goodness of fit, as represented by the RMS
error, increases from 61.6 ((a), free fit) to 98.5 in (e). The Q3 peak position also shifts systematically from (a) to (e).

Examining the spectral resolution in more detail for the
50 mol% NayO glass shown in Fig. 1, the positions and
linewidths of the Q', Q%, and Q° components are remarkably
consistent across studies (all within approximately 1 ppm)
between the 19911411 and 2020193 datasets (see Table 2 in
both works). Specifically, the reported linewidths for Q!,
Q?, and Q3 are 4.4 ppm vs. 5.0 ppm, 6.5 ppm vs. 7.2 ppm,

and 10.2 ppm vs. 10.0 ppm, respectively, well within typ-
ical fitting uncertainties for such partially resolved spectra.
It is also important to note that the 2°Si NMR spectrum of
the 50 mol% K,O glass measured at 4.7 T by Maekawa (our
Fig. 11(a))!*!! is, if anything, better resolved than the spec-
trum of the same composition measured at 14 T by Stebbins

in 2020.1931 Indeed, Stebbins does not attempt a full decon-
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volution of the 14 T spectrum. There is no clear evidence
that even higher magnetic fields would substantially improve
the resolution for these systems. For example, Stebbins and
coworkers have recently reported high-field (35 T) NMR mea-
surements on silicate glasses for the quadrupolar nucleus Mg
using the National High Magnetic Field Laboratory (NHMFL)
in Florida.[®®) However, no corresponding 2°Si spectra were
reported at 35 T in that study or in other work we are aware of.

Experienced solid-state NMR spectroscopists are well
aware that increasing the magnetic field does not necessar-
ily improve the resolution of 2°Si NMR spectra of glasses.
For silicate glasses, the 2°Si NMR linewidth is dominated by
chemical shift anisotropy (CSA) and structural disorder, which
produces a distribution of chemical shifts. These broadening
mechanisms scale with the magnetic field strength; as a result,
the linewidth in ppm remains approximately constant. There-
fore, higher magnetic fields do not improve and may even de-
grade the apparent spectral resolution, as observed.

Figures 1(a)-1(e) show immediately that the 03 inten-
sity varies strongly with both the assumed Q° peak position
and linewidth; consequently, neither the Q3 position nor the
linewidth can be determined unambiguously from the data.
For example, consider the Q3 linewidth estimates. Linewidths
of approximately 10 ppm from fits to the 40 mol% Na,O glass

sI41031 and also by us.[%%

have been used in previous studie
A significantly larger assumed QF linewidth shifts the fitted
peak to lower ppm and increases the extracted Q3 area. As the
linewidth decreases from Fig. 1(a) to 1(e), the Q° peak posi-
tion shifts and the Q3 area decreases substantially, approach-
ing the Q! area at the smallest linewidth (Fig. 1(e)). The fully
unconstrained fit in Fig. 1(a) yields the lowest RMS value
(61). However, this fit can be rejected because the resulting
Q? linewidth is unrealistically large and the peak position is
also physically implausible. A low RMS value alone is there-
fore a misleading criterion for identifying the best fit, despite
its widespread use in spectral fitting.

In the remaining four fits (Figs. 1(b)-I1(e)), the Q3
linewidth is fixed to more physically reasonable values
(13 ppm, 11 ppm, 10 ppm, and 9 ppm). Under these con-
straints, four systematic trends are observed: (1) the RMS
value increases systematically from 85 (Fig. 1(b)) to 98
(Fig. 1(e)); (2) the Q3 peak position shifts from 79 ppm to
82 ppm; (3) the Q3 fraction decreases from 36% to 19%, while
the Q' fraction remains approximately constant at ~ 15%;
and (4) the inferred FO content decreases from > 1 mol% in
Fig. 1(b) to < 1 mol% in Fig. 1(e).

These results demonstrate that the >°Si NMR spectrum in
the Q>—Q3 region is too poorly resolved to allow an objective
determination of the Q3 fraction (and hence FO content) with-
out independent constraints on the Q3 linewidth or position.
Further discussion of this spectrum, together with comments

1631 is provided in Section

on Stebbins’ recent fitting results,
2.5. This resolution limitation is common to most 2°Si NMR
spectra of silicate glasses, and as noted above, there is no ev-
idence that higher magnetic fields significantly improve the
resolution. Indeed, this spectrum is better resolved than those

of many other alkali and alkaline-earth silicate glasses.3346-32]

1.2. Introduction to high resolution O 1s XPS for bulk
analysis of silicate glasses

XPS has become an important spectroscopic technique
for chemical analysis of solids primarily because it is ap-
plicable to all elements except H and He, it generates high-
quality spectra with good chemical resolution, and the peaks
(including peak widths and shapes) can be readily assigned
and quantified. 91-93] However, with the commonly used ex-
citation energy of 1486 eV, the so-called escape depth (corre-
sponding to 63% of the total intensity) is smaller than opti-
mal for bulk analysis. For example, the escape depth has been
measured for SiO, as 27 A.?] The so-called analysis depth
(corresponding to 95% of the total intensity) is approximately
three times the escape depth — or 81 A for Si0,.[°193] As
a result, XPS is usually considered to be primarily a surface-
sensitive technique. However, XPS can also provide excel-
lent bulk chemical information for minerals and glasses,!?'~%3]
provided that there is little or no surface contamination or x-
ray beam damage. These are the conditions routinely required
by the surface science community, but not always by the rou-
tine analytical community. For example, in our XPS analysis,
glasses are fractured in situ under high vacuum, and care is
taken to ensure that little or no adventitious carbon or oxygen
is present on the surface. About 5% of the total signal origi-
nates from the surface 1ayer;[°3] if this surface layer contains
oxygen from hydrocarbon contamination, the relative NBO
and BO O 1s intensities in the silicate glass will be affected.
Our extensive studies show that accurate quantitative analysis
of oxygen speciation in silicate glasses is not possible without
these precautions. We also find that light Ar ion sputtering of
the surface to remove C/O contaminants!**! does not yield sat-
isfactory results. In addition, the relative NBO and BO inten-
sities may be influenced by the nature of the freshly fractured
surface. After presentation of the results (see Subsection 2.2),
we show that such surface effects do not artificially enhance
the measured BO abundances.?>°?!

With the advent of the Kratos Axis Ultra XPS instrument
in the late 1990s, featuring improved charge neutralization
for non-conducting samples, XPS resolution has improved
markedly for materials such as silicate glasses.[®>! Equally
importantly, the peak shapes are remarkably stable, repro-
ducible, and predictable. Indeed, the O 1s XPS linewidth is
1.25+£0.1 eV for FO, NBO, and BO oxygen species in all

[92,95,96

minerals and glasses studied, I and the line shapes are
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consistently 30-50% Lorentzian.[°? To the best of our knowl-
edge, these XPS linewidths and resulting resolution are un-
matched in the literature for any modifier oxide—silicate glass
system, and represent the intrinsic limit expected for oxygen in

195.96] Constant

SiOy4 tetrahedra in silicate minerals or glasses.
linewidths and line shapes are also observed in Mdssbauer
spectra of silicate minerals,[®”! but not in NMR or Raman
spectra of silicate minerals or glasses, [23-32:41-59.61-64.98.99] A¢
shown in Fig. 1, the 2°Si NMR linewidths vary from 5 ppm
to > 10 ppm in Na silicate glasses; 19364 moreover, the ex-
clusive use of Gaussian line shapes to fit spectra is not al-
ways justified. For example, the most recent >?Si NMR spec-
tra of 50 mol% Na,O glass!®! have been fitted using un-
specified Lorentzian contributions rather than purely Gaussian
functions. %3] Similarly, although Raman resolution is higher
than that of 2°Si NMR, Raman peak widths used in fitting
glass spectra vary widely (from < 40 cm™! to > 70 cm™1),
and the presence of unassigned “extra” peaks and asymmetries
has prevented reliable quantification of Raman peak areas. In
contrast, the constant XPS linewidths and line shapes, together
with good spectral resolution, make XPS spectra much more
straightforward to fit than corresponding NMR and Raman
spectra. For transparency, we report peak positions, areas,
linewidths, and line shapes without constraints for nearly all
spectra, in contrast to common practice in much of the 2°Si
NMR and Raman literature.

2. Results and discussion

2.1. Large FO in Pb, Ca, and Mg glasses: Consensus from
O 1s XPS and *Si and 70 NMR

Because several papers have questioned the validity of
O 1s XPS spectra for obtaining quantitative BO and NBO
information in silicate glasses, 0192671 we first present O Is
XPS results on Pb silicate glasses, together with 2°Si and 7O
NMR results, (9366381 to demonstrate that: (1) O 1s spectra
provide accurate and transparent determinations of FO, BO,
and NBO in these glasses; (2) these results are consistent
with the Q-species distributions derived from 2°Si NMR (6]
and 70 NMR; 38! (3) the equilibrium description given by
Egs. (2) and (3) holds over a wide compositional range, yield-
ing > 15 mol% FO at 66.7 mol% PbO, decreasing to approxi-
mately ~ 1 mol% FO at 30 mol% PbO.

In Fig. 2, we present O 1s XPS spectral6>%°! (acquired
using a modern Kratos Axis Ultra spectrometer) for four PbO
compositions, ranging from 50 mol% PbO in Fig. 2(a) to
76.7 mol% PbO in Fig. 2(d). It is important to emphasize that
clean, freshly fractured surfaces and an effective charge com-
pensation protocol are required to achieve narrow linewidths
of approximately ~ 1.2 eV and consistent symmetric line
shapes for all oxygen species in our non-conducting mineral
and glass systems.[?>3%] The narrow O 1s peaks (linewidths

< 1.22 eV) in Figs. 2(a)-2(c) can be reliably fitted using two
peaks of identical width and shape at approximately 530 eV
and 531.5 eV. No fitting parameters are constrained in these O
Is spectral decompositions. These two components are as-
signed to NBO and BO oxygen species, respectively, since
NBO possesses higher valence electron density than BO due
to charge donation from Pb.[36-37-91]

For the 76.7 mol% PbO spectrum in Fig. 2(d), two clear
indications suggest an additional contribution within the NBO
envelope: (1) the NBO peak maximum shifts by approxi-
mately 0.5 eV toward lower binding energy, and (2) the NBO
linewidth increases from 1.22 eV to 1.67 eV. Under these con-
ditions, the NBO region can be resolved into two peaks of
identical width (1.22 eV), corresponding to NBO at 529.8 eV
and FO at 529.0 eV, respectively. In the spectra shown in
Figs. 2(a)-2(c), the NBO envelope contains both NBO and a
much smaller FO contribution that is not resolved as a separate
peak.

From the areas of the two large peaks and assuming equal
photoionization cross sections for the oxygen species,”!! the
mole fraction of BO (Xgp) (solid circles) can be determined
as a function of Xpy,o in Fig. 2(e). Before discussing these
XPS-derived values and the NMR results obtained from 2°Si
spectral®! (open squares), it is useful to consider the short
dashed line representing Xgo for the limiting case K3 = oo.
This line corresponds to the absence of FO, with only BO
and NBO present in the system. The expected Xgo values
for stoichiometric SiO,, PbSi,Os, PbSiO3, and Pb,SiO4 are
1.0, 0.60, 0.33, and 0, respectively, all of which lie on the
dashed line in Fig. 2(e). For example, in PbSiOj3 there is
one BO and two NBO per Si, giving Xgo = 1/3 ~ 0.33. The
2981 NMR-derived Xpo values!®®! for glasses with Xppo < 0.4
lie very close to the K3 = oo line. However, for Xp,o > 0.4,
the Xpo values from both techniques systematically lie above
this limiting line. In particular, at Xpyo = 0.67, the dashed-
line model predicts Xgo = 0, whereas the experimental O 1s
XPS[05:091 and 22Si NMR %] results give Xgo = 0.19 and 0.15,
respectively (see below for the derivation of Xgo from the Q
species obtained from the 2°Si NMR spectra). The 'O NMR
spectra show excellent resolution of peaks from BO, NBO,
and FO:138] however, no fits to the resolved spectra are per-
formed, mainly due to the unusual peak shapes arising from
the quadrupolar 7O nucleus.®”#8] Nevertheless, a large re-
solved FO peak is clearly observed, and the authors report
Xro = Xgo ~ 0.135.[8%] The two NMR and O 1s XPS results
indicate a significant Xpo, implying that reaction (2) does not
proceed to completion and that K3 is finite. Most importantly,
the substantial Xgo contribution in all cases demonstrates that
polymerization via Eq. (2) occurs and that FO is a critical
species in the glass. Of course, disproportionation is not pos-
sible for a Q° species.
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Fig. 2. O 1s XPS spectra of four Pb silicate glasses of composition: (a)
50 mol% PbO, (b) 61 mol% PbO, (¢) 67 mol% PbO, and (d) 76.7 mol%
PbO.105:691 () shows the mole fractions of BO, NBO, and FO (Xgo,
XNBo, and Xpo, respectively), with estimated errors (30.02) indicated
by the size of the squares and circles, plotted as a function of the mole
fraction of PbO (Xppo). Results from O 1s XPS[3T (black circles) and
2981 NMR %! (shaded squares) are shown. The four curves are: (1) the
expected Xpo for K3 = oo (short-dashed curve); (2) the best overall fit for
K3 = 12 (solid curve), obtained from the Xgo and Xgo values derived from
the fit to the 76.7 mol% PbO composition and passing through the exper-
imental squares and circles; (3) Xnpo for K3 = 12 (long-dashed curve);
and (4) Xro for K3 = 12 (solid line). The small squares and circles corre-
spond to Xgro values calculated from the difference between the two Xgo
curves.

At Xppo = 0.67, the XPS results show that Xgo ~ 0.19
(Fig. 2(e), large black circle). What is K3 for this sample?
From Eq. (2), and noting that Xgo = Xpo ~ 0.19 for the
66.7 mol% PbO sample, while oxygen mass balance gives
XBo + XnBO + XFo = 1, we obtain Xngo =~ 0.62, and hence
K3 = 10.7. The value of K3 is rather sensitive to Xgo. For ex-
ample, if Xpo = 0.16, then K3 = 18.0. A value of K3 = 12 was
used for the solid Xpo curve, which provides a good visual fit

within the uncertainties assigned to the Xgo values from O 1s
XPS and 2°Si NMR (Fig. 2(e)). The accuracy of the K3 value
cannot be precisely evaluated at this stage, but it likely lies
between 10 and 20.

The Xpo values for K3 = 12 are also plotted as a solid
curve at the bottom of Fig. 2(e). Xro decreases rapidly with
decreasing Xppo; Xro ~ 0.07 (7% FO) at 50 mol% PbO,
and Xpo ~ 0.01 (1% FO) at 30 mol% PbO. The equilibrium
treatment therefore requires appreciable (mol%) FO even at
Xpbo = 0.3 for K3 between 10 and 20. It is also important to
note that the difference between the two BO curves (AXgo) di-
rectly yields Xpo at all Xppo. This is most clearly seen for the
66.7 mol% PbO glass, where AXgo = 0.19, giving Xpo = 0.19.
At 50 mol% PbO, AXgo = 0.07.

The Q-species distributions from 2°Si NMR (and, as
shown later, Raman) can be used to determine the abundances
of NBO and BO in a glass using the following mass-balance
equations (normalized to Oyya1/S1)

Naor = 2Xg4 + 1.5Xp3 + 1.0Xgs +0.5Xp1 ®)
Nxgot = 1.0Xg3 +2.0Xg, +3.0Xp1 +4.0Xg0,  (9)
Ngor + Nnpot + Nro = Nootal /Si, (10)
Xpot +XnBot +Xro = 1. (11)

For example, for the 67 mol% PbO glass, the 2°Si
NMR ! yields Xp3 = 0.05, Xgo = 0.31, X1 = 0.52, and
Xoo = 0.12. Substituting into Egs. (8) and (9) gives Npo, =
0.64 and Nngot = 2.72. At this composition, Nro = Npot =
0.64, and Noora1/Si = 4 as expected for PbySiO4. Thus, Xpo,
XNBO, and Xgo are obtained by dividing by four, yielding 0.16,
0.68, and 0.16, respectively, as shown in Fig. 2(e). For PbSiO3,
the 2°Si NMRI%0! gives Xp4 = 0.06, X3 = 0.30, Xg» = 0.51,
and XQ] = 0.13, yielding NBOt =1.14 and NNBOt = 1.71, with
a total of 2.85, so Nro = 0.15 (Nototal = 3.0). The resulting
XB0o, XNBO, and Xpo values are obtained by dividing by three,
i.e., 0.38, 0.57, and 0.05, respectively. Note that this Xgo value
(0.38) is 0.05 larger than the K3 = o value of 0.33, as ex-
pected. The FO value is slightly smaller than that obtained
from K3 = 12 or from XPS. As shown above, this equilib-
rium treatment enforces a rigorous evaluation of oxygen mass
balance, [35-83-85] which has often been overlooked in the NMR
and Raman literature. Using oxygen mass balance makes it
evident that the Xgo values cannot lie below the dotted curve,
because this would lead to negative FO values, which is phys-
ically impossible. Figure 2(e) should be essential for all spec-
troscopists studying silicate glasses, as it illustrates both oxy-
gen mass balance and equilibrium among the three oxygen
species.

Our detailed analysis of FO contents in alkaline-earth
silicates from literature 2°Si and 70O NMR and Raman
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studies!’73] on Mg, Ca, and Mg/Ca glasses, including or-

thosilicates (66.7 mol% MOQO) and metasilicates (50 mol%
MO),!%1 shows large FO concentrations: 5-10 mol% at
66.7 mol% and 1-2.6 mol% at 50 mol%, with associated
NBO/Si values that are substantially below the stoichiomet-
ric crystalline values of 4 and 2, respectively.[!?") MD cal-
culations on these glasses also give large but variable FO
values. %! For example, MD calculations on Mg, SiO4[101-1031
yield Xro values of 5%, 15%, and 16%, corresponding to a
large range of K3 values (330, 21.8, and 18.0, respectively).
For 66.7 mol% MO Pb, Ca, and Mg glasses—compositions
that nominally suggest only Q° species (as in orthosilicate
crystals)—-appreciable Q' and Q? species are nevertheless
present. This can only arise via polymerization as in Eq. (4).
Two additional results are worth noting. An 7O NMR!%4
study on a 56 mol% CaO glass concluded that there was no
appreciable FO based on measured BO and NBO fractions, [*°]
However, us-
ing the mass balance relations in Eqgs. (10) and (11), the in-

without considering oxygen mass balances.

ferred FO would range from 1.7% to 3.2%, depending on
the choice of BO values.[%1%4 Conversely, a well-resolved
70 NMR spectrum of a 45 mol% BaO silicate glass yields
unphysical negative FO values when using the reported BO
[104] It has been difficult to quantify well-resolved

70 NMR spectra due to variable linewidths, irregular peak

assignments.

shapes arising from the quadrupolar nature of the !”O nucleus,
and shifts in relative peak positions with changes in magnetic
field.[21:891 Ag a result, Lee and Kim!38 did not fit their well-
resolved 7O NMR spectra of Pb silicates, and Stebbins 3! did
not attempt to fit or quantify the resolved !70O NMR spectrum
of the 50 mol% K,O silicate glass.

2.2. Mol% FO from the O 1s XPS spectra of Na and K
silicate glasses

Figures 3 and 4 show the O 1s XPS spectra and the Xpo
plots for our Nal?%%4 and K silicate glasses?!3>98871 gver
a wide range of compositions, along with Xpo values from
the only other O 1s XPS study with reasonable resolution. 103!
The counting times for these spectra are longer than for the Pb
spectra in Fig. 2, and as a result the statistics in Figs. 3 and 4
are much better than in Fig. 2. Excellent fits are obtained in all
cases to the two resolved O 1s peaks without constraints, and
all fitting parameters are listed in the above six papers. The
assignment of the two resolved peaks is the same as for the
Pb spectra — BO peak at ~ 532 eV and NBO + FO peak at
~ 530 eV. As expected from Eq. (2), the relative intensity of
the BO peak decreases as the mol% Na,O and KO increases
in Figs. 3 and 4. Note that the separation of the two peaks
increases in the order Pb (~ 1.5 eV) < Na (~2.0eV) < K
(~ 2.2 eV) — as the electronegativity (EN) of the cation de-
creases from 1.87 (Pb) to 0.93 (Na) to 0.82 (K).1%! This dif-
ference is mostly due to the decrease in O 1s BE of the NBO

atoms due to greater charge transfer of electrons in the order
Pb < Na < K, which results in a decrease in the NBO BE from
530.3 eV to 530.0 eV to 529.5 eV, respectively.
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Fig. 3. O 1s XPS spectra of four Na silicate glasses of composition:
(a) 15 mol% Na,O, (b) 25 mol% Na,O, (c) 33 mol% Na,O, and (d)
47.6 mol% Nay0.120641 (¢) shows the plot of mole fraction of BO,
NBO and FO (Xgo, XnBo and Xpo respectively) versus the mole frac-
tion of Na;O (XNa,0) from our experimental O 1s XPS results (black
circles), 2004 Matsumoto’s O 1s XPS results (open circles), 194 as well
as 29Si NMR results from Stebbins>2! (open diamonds) and Nesbitt et
al. 164l (open circles). See Subsection 2.2 for more details. The errors on
our O 1s XPS results are given by the error bars on the black circles. The
four curves are: (1) the expected Xpo for K3 = infinity (light short-dashed
curve); (2) the best overall fit Xgo for K3 = 30 (solid curve) which goes
through all the Xgo values from XPS and NMR; (3) Xnpo for K3 = 30
(solid dashed curve); and (4) Xgo for K3 = 30 (dash-dot line).

The BO peak is substantially broader than the NBO peak
by ~ 0.2 eV for the Na spectral?’:%*l and ~ 0.3 eV for the K

spectra, 7] suggesting strongly that the BO peak is composite,
due to M-BO interactions discussed below. Fits with two and
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three BO peaks for the Na and K spectra,?%2!] respectively
(Figs. 3(a)-3(d) and 4(a)-4(d)), constraining each linewidth
to the NBO linewidth of ~ 1.2 eV, are shown in Figs. 3(a)—
3(d) and 4(a)-4(d). Because these BO peaks are very close
together, the relative intensity of these BO components can-
not be determined quantitatively; but most importantly, the
Xpo values are not significantly affected by the number of
BO peaks included. Such fits of strongly overlapping peaks
are only reasonable when there is exceptional reproducibility
of the linewidths and lineshapes. Indeed, these O 1s spec-
tra show exceptional reproducibility. Except for the 10 mol%
K5O glass, the linewidths of the narrower NBO peak for all
Na and K glasses are < 1.3 eV, and most are very close to
1.2 eV. These narrow linewidths and constant lineshapes are
maintained over many hours of x-ray exposure, as shown in
Table 1 of Ref. [21]. These widths are all considerably smaller
than the somewhat variable NBO widths (1.4—1.6 eV in Mat-

1041y and the even larger NBO widths in earlier

sumoto’s paper!
O Is XPS studies!*®*" using older conventional charge com-
pensation techniques. Moreover, the 1.2 eV widths are very
close to the minimum linewidth expected for a SiO4 moiety
due to vibrational broadening.°!

As stated above, the broadening of the BO peak is due to
interactions of Na and K with BO, as also seen in crystalline
Na and K silicates such as Na,Siz 051971 and K,SipOs. 108!
For example, in the K glass spectra, the three BO peaks proba-
bly arise from three distinct BO environments associated with
different numbers of K atoms bonded to BO (e.g., 0, 1, and
2). These peaks are separated by ~ 0.5 eV (see Fig. 3(d)),
compared to the separation between BO and NBO of 2 eV.[?!]
The interaction of each Na or K with a BO results in a more
negatively charged BO and a lower O 1s binding energy (BE).

In support of this interpretation, crystalline K,Si,O5!1%8]

con-
tains three types of BOs. It is important to emphasize that
the calculated Xgo values are not substantially affected by
the number of BO peaks used in the fit. For example, Ta-
ble 1 in Ref. [21] for the K glasses shows that the Xgo values
obtained from one-BO-peak and three-BO-peak fits differ by
within 0.4% absolute for four glasses (e.g., 0.840 and 0.843 re-
spectively for the 15 mol% K;O glass in Fig. 4(b)), and within
1% absolute for the other two glasses (e.g., 0.644 and 0.653
respectively for the 32 mol% K,O glass in Fig. 4(d)). Simi-
larly, for the Na glasses,?1-! the Xpo values are also within
1% absolute for one- and two-peak BO fits: e.g., 0.737 and
0.731 for the 25 mol% Na;O glass, and 0.544 versus 0.536 for
the 40 mol% Na,O glass.

We also corrected for small observed increases in Xgo
with x-ray exposure time. The BO fraction was plotted against
exposure time 7', and the Xgo values for each sample were ex-
trapolated back to T = 0.122!] For most samples, this extrap-

olation changes Xgo by much less than 1% absolute compared

to the first recorded spectrum. For example, for the two-BO-
peak fit to the 25 mol% and 40 mol% Na,O spectra, Xgo de-
creases from 0.731 (first spectrum, see above) to 0.724 (extrap-
olated value); and for the 40 mol% spectrum, Xgo decreases
from 0.536 to 0.528. These “T = 0 values are those plotted
in Figs. 3 and 4. The estimated errors in both composition and
Xpo are given by the error bars in Figs. 3(e) and 4(e).

Are these errors realistic? For siliceous glasses with
XNay0 < 0.3 and Xk,0 < 0.2, the Xpo values from both our re-

[104] Jie directly on the solid and

sults and those of Matsumoto
short-dashed lines required by Eq. (2). This provides strong
evidence that the XPS method yields reliable Xgo values. For
XNay0 > 0.3 and Xg,0 > 0.2, both data sets from these two
independent groups deviate systematically above the short-
dashed line for K3 = oo, strongly indicating that K is finite and
that mol% FO is present in these samples. For example, for
six different K glasses with 26-34 mol% K,O, the FO content
varies from 1.5% to 3.5% (average 2.2% for all six, and 2.0%
excluding the 3.5% outlier), with an uncertainty of +1% on
each value.> This provides strong evidence that > 1 mol%
FO is present at ~ 30 mol% K;O. In contrast, the Xgo data for
comparable 25-30 mol% Na;O glasses does not show a sig-

21,64

nificant deviation from the short-dashed line,?!-%4! suggesting

that FO is smaller in Na glasses of comparable composition

than in K glasses.

[61-63,67]

Previous publications, as well as a referee of this

paper, have argued that surface sensitivity in XPS could lead

to an overestimation of BO, which we attribute instead to FO.

35.921 put it is worth

109]

We addressed this concern in earlier work, |
reiterating with additional evidence from Greaves et al.!
He corroborates our previous conclusion that freshly fractured
glass surfaces are, if anything, Na-rich (i.e., NBO-rich), be-
cause weak Na—O bonds (Na—O bond energy of 239 kcal/mol)
are more easily broken than Si—O bonds (Si—O bond energy
of 798 kcal/mol!'91). Greaves!!"! states: “Certainly there is
much evidence from a variety of studies for the large alkali
content of freshly fractured glass surfaces”. See also Fig. 8
in that work. A similar M—-O (M = Pb, Mg, Ca) enrichment
would be expected for divalent cations. For an NBO-rich sur-
face, the measured XNpo would, if anything, be slightly larger
than the bulk value. Since Xgo + XnBo = 1, an increase in
XnBo necessarily implies a decrease in Xgp, not an increase

in Xgo as claimed by critics. [01-63:67]

If anything, this implies
that we are underestimating the BO and FO amounts!

There are three observations that show that such a NBO-
rich surface layer does not affect our bulk Xgo measurements
within the quoted errors of 0.02. First, for the Pb glasses, there
is good agreement between the O 1s XPS results and the 2°Si
and 'O NMR results: all techniques give large FO contents
at > 50 mol% PbO as shown above. Second, for the Na and

K glasses at < 30 mol% Na;O or < 20 mol% KO, the Xgo
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results agree with the theoretical results using Eq. (3), assum-
ing that K3 = infinity. Third, the O 1s XPS results for the Na
and K glasses agree with the properly assigned and interpreted
29Si NMR and Raman results (see below). In summary, the
intensity from a possible NBO surface signal does not affect
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Fig. 4. O 1s XPS spectra of four K silicate glasses of composition: (a)
9 mol% KO, (b) 15 mol% K;O, (c) 23 mol% K;O, and (d) 32 mol%
K,0.121.35] Figure 3(e) shows the plot of mole fraction of BO, NBO and
FO (Xgo, Xno and Xpo respectively) versus the mole fraction of KO
(Xk,0) from our experimental O 1s XPS results (black circles) (from
Fig. 9 in Ref. [35]) and Matsumoto’s O 1s XPS results (open circles), [104]
as well as 22Si NMR results from Malfait*®! (shaded diamonds) and
Maekawal*! (black triangles) after reassignment of the NMR spectra as
detailed in Subsection 2.4. Without the reassignment, all the 2*Si NMR
results lie on the dashed curve for K3 = infinity. The errors on our O 1s
XPS results are given by the error bars on the black circles. The four
curves are: (1) the expected Xpo for K3 = infinity (short-dashed curve);
(2) the best overall fit Xgo for K3 = 8 (solid curve) which goes through all
the Xpo values from XPS and NMR; (3) Xnpo for K3 = 8 (long-dashed
curve); and (4) Xpo for K3 = 8 (dash-dot line). The smaller squares and
circles are the Xgg values calculated from the difference between the two
Xpo curves.

our bulk analysis significantly.

Some of the Xpo values derived from 2°Si NMR
dataB3241:84] (e.g. the X, values from Table 1) are also plot-
ted on Figs. 3 and 4 after converting the Q species distribu-
tions to Npor (Eq. (8)) and Xgo (= Not/O;). For example,
for the 41 mol% NayO sample (third and fourth glasses in
Table 1), Ngor = 1.37 and Oy = 2.70 (Naj 40S10.79), giving
Xgo = 1.37/2.70 = 0.507, which is 0.026 (2.6 mol% FO)
larger than Xgo (and = Xpgp) for the short-dashed line for
K3 = infinity (0.481). These values are within the round-off
error of the 2.8 mol% FO given in Table 1. The solid lines
give a good visual fit to the O 1s XPS data and most of the
29Si NMR data. For the 40 mol% Na,O glass, the four Xpo re-
sults (two from XPS and two from >°Si NMR) given in Fig. 3
are in reasonable agreement and all show mol% FO. These
solid lines are obtained using a K3 value of 30 and 8 for Na
and K glasses, respectively. The K3 value for the Na glasses
is larger than the K3 = 15 given in the initial publication. %4
As pointed out by Stebbins, %3] we should have used the actual
quoted composition (47.6 mol% Na,O) rather than the nomi-
nal composition of 50 mol% Na,O, and this has been corrected
in Fig. 3 for both the XPS? and 2°Si NMR.[%*! This change
results in a smaller FO by ~ 2 mol% from the earlier paper!®4!
with a larger K3; however, FO is still 1.8 mol% (XPS) (Table 3
in Ref. [64]) and 0.6 mol% (NMR). Similarly, accurate com-
positions for the K glasses were essential to obtain accurate
FO and K3 values.??! As indicated in the discussion of the Pb
results in Subsection 2.1 above, the K3 values have large er-
rors; but they do indicate strongly that: (1) in both Na and K
glasses, mol% FO is present for 30—40 mol% glasses, and (2)
that K3 for the K glasses is significantly smaller than for Na
glasses, and is comparable to the K3 for the Pb glasses.

The Xgo and FO values from the 2°Si NMR results for
the ~ 40 mol% NayO glass strongly indicate mol% FO from
several studies (Table 132414264831y Unlike other Na sili-
cate glasses, the 40 mol% Na;O glass gives two intense peaks
with reasonable resolution (Fig. 5(a)) making it possible to
fit the large Q% and Q° peaks without applying constraints
to Gaussian peaks and derive quantitative Q> and Q3 (and
0* from static 2°Si NMR) and Xgo from free fits without
“adjustments”.[%] In contrast, the 33.3 mol% and 50 mol%

[41]

NaO glasses (e.g. the original spectrum and fit"*"! shown in

Fig. 5(b)) have only one intense peak with two small over-

[41,63,64]

lapping peaks. As we discussed in Subsection 1.1 and

later in Subsection 2.5, it is not possible to obtain an objective
fit and quantitative Q species content from this spectrum. 63!
The Q species abundances are listed in Table 1 from four
2981 NMR studies of the 40 mol% Na»O glass. There are three
important observations: (1) the Q species distributions are in
good agreement with each other; (2) they all result in between

1.0 mol% and 2.8 mol% FO; and (3) the BO values derived in
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Fig. 3e are in agreement with the two O 1s XPS results.[6+104]

For example, the average FO for the four NMR studies in Ta-
ble 1 is 1.9 mol%, and the XPS results give 2.0 mol% for the
nominal composition (40%) and 3.0 mol% for the analyzed

composition (41.1%).164

(a)
41% Na,O

Lineshape= Q
100% Gaus.

*3i MAS NMR after

24 } Stebbins (1987)

Q =31%
Q=67%
Q' =2%

Intensity

Y

65 -75 -85 -95 -1056 -115
Chemical shift (ppm)

*Si MAS NMR
after Maekawa
et al. (1991)

(b) 50% Na,O
Na,SiO; glass

Q" =1%
> Q'=13%
D Q*=70%
C 3
IS Q% =16%
£

1 1 1 1
-60 -70 -80 -90 -100

Chemical shift (ppm)

Fig. 5. The 2°Si MAS NMR spectra (a) 41 mol% Na,O glass, and (b)
50 mol% NayO glass redrawn from the original publications (Refs. [32]
and [41], respectively). The fit to the spectrum in (a) is new, and the Q
species abundances are in good agreement with other NMR results (Ta-
ble 1). The fit to the spectrum in (b) is taken from Maekawa’s original
spectrum in his Fig. 3,[*!1 which gives no appreciable FO (Table 2).

Table 1. Q species abundances in 40/41 mol% Na,O glasses from 2°Si
NMR spectra®).

Glass/Melt ot @ 0> 0 Kb FO
Mol% Na, O % % % % Mol %
41.1%152 20 706 274 0 0011832 2.8
40.0%41 20 68 29 1 0.013 1.0
40.0 42 1.6 682 302 0 0.013 1.1
41.1164 35 677 288 0 0.022 2.8
Average 24 688 288 0.0 0.014 1.9

Std. Deviation 1.0 1.6 1.4 0 0.005 0.9

(a) The table has the same numbers as in Ref. [83], but the FO values
are quoted here for the first time.

0% — measured from static 29Si NMR.32 We calculated Q2

and Q3 using the quoted Kp = 0.011 and Q% + Q> + Q* = 100

(see Eqgs. (12) and (13) of text)

The first, and best, 2°Si NMR spectrum (Table 1) for a
~ 40 mol% Na,O glass was published by Stebbins in 1987
(Fig. 5(a))[*?! using an enriched *Si glass. He quoted the Q*
abundance (from the static >Si NMR spectrum), but he did not
quote Q? and Q® abundances; and it is important to show how
we obtained®3! the Q% and Q3 values in Table 1. Although
Stebbins did not show a fit to the spectrum, he obviously mea-
sured the Q2 and Q> abundances because he quoted an equilib-
rium constant Kp (= 0.011) for the disproportionation reaction
(Eq. (7))

20° & 0+ 0",

Kb = [X02][X04/[Xo3)*. (12)
With the mass balance equation

Xoo +Xp3 +Xps =1, (13)

and Xp4 = 0.02, we obtain two equations (Egs. (12) and
(13)) in two unknowns, Xp, and Xp3. Solving the result-
ing quadratic equation gives Xp» = 0.274, Xp3 = 0.706, and
Xp4 = 0.02 (Table 1). To obtain the Xrg for these 41 mol%
Na;O glasses, we use Eq. (14), resulting from the O mass

balance!3°!

Xpo=1— (NQ total/NOtotal)' 14

As previously stated for Eqs. (8)—(11), Nototal 1S the number of
moles of O per mole of Si. Therefore, the composition of the
glass is expressed as Naj 49Si03.79, and Nogota) = 2.70. Then
Norotal 18 given by the sum of the NBO and BO contributions
in Egs. (8) and (9)

No total = 3.0Xp2 +2.5Xp3 +2.0X 4. 15)
Substituting the above Xy values into Egs. (14) and (15) gives
Xro = 1—{3.0Xp2 +2.5Xp3 +2.0Xp4}/2.70, (16)
Xro=1-{2.627/2.70} =1—-0.972 =0.028. (17)

The mass balance shows that the total O from the Q species
is 2.63, which is less than the total O in the sample (2.70).
This discrepancy must be due to the presence of FO. Because
Stebbins did not consider the O mass balance, he assumed that
FO was 0. This significant value of 2.8 mol% FO, demonstrat-
ing the importance of polymerization, was already implicit in
1987! Note that the other FO values in Table 1 lie between 1.0
and 2.8 mol%.

If one relies solely on disproportionation, the above O 1s
XPS and ?°Si NMR (and later Raman spectra) cannot be fully
explained. Moreover, assuming FO = 0 mol% in silicate com-
positions with < 60 mol SiO; is no longer a viable stance, and
the depolymerization reaction must be considered in combina-
tion with the oxygen mass balance. Furthermore, recent papers
have negated oxygen equilibria and undercut further develop-
ment of the analysis of 2°Si NMR spectra by reporting values
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for Q" and O species without explanation of the fitting proce-
dure and assumptions used to obtain them.[%%%3] This amounts
to a step backwards in the quantitative data reduction for any
technique and should cause concern for 2Si NMR users.

The Xpo results shown in Fig. 4(e) for the K,O glasses
are more significant because of the small K3 of 8, with FO >
1 mol% at 30 mol% K,O, projected to increase to > 7 mol%
at 50 mol% K,O (solid line). We have argued strongly in our
2015 papers 33981 that the 2°Si NMR spectrum of the 50 mol%
glass should be re-assigned (see Subsection 2.4), and this re-
assignment yields the Xgo values given in Fig. 4(e) (solid
triangles*!! and shaded diamonds*®!) from the two major 2°Si
NMR studies. They lie right on the line for K = 8. With the
publication of high-quality Raman spectra of the 50 mol%
K,0 glass in 2023,[7°1 combined with the firm assignment

of Raman spectra of Na and Ba glasses, 338!

we can now
show strong new evidence that our proposed >*Si NMR re-
assignment of the 50 mol% K;O spectrum is justified. First,
we address the new advances in Raman spectroscopy of sil-
icate glasses which lead to firm assignments of the Na and
Ba silicate spectra in the next section, before returning to the
assignment of the 50 mol% K,0 2°Si NMR spectrum in Sub-

section 2.4.

2.3. Towards quantitative Raman spectroscopy: Assign-
ment, and quantitative analysis for FO for 40 mol %
Na;0, BaO and KO silicate glasses and melts

Franz and Mysen>?! and McMillan ez al.['%! suggested
that the Raman spectra of silicate glasses could be quantified
by comparing the better resolved Raman spectra directly with
the 22Si NMR spectrum of the same composition. Franz and

Mysen[>?)

showed the two spectra of CaSiO3 glass (Figs. 6(a)
and 6(b)) and proposed that the Raman cross sections for the
three Q species could be obtained from the peak areas, assum-
ing that the 2°Si NMR cross sections were the same for all Q
species. Unfortunately, there was no consensus on the assign-
ment of the high-energy peak (labelled Q3 in Fig. 6(b)1>?!) at
~ 1050 cm™!; and the 2°Si NMR spectrum was too poorly
resolved (more poorly resolved than Fig. 1) to obtain quantita-
tive areas for the three peaks. Although the two spectra (Fig. 6)
are qualitatively similar (an intense Q* peak with two weaker
peaks on either side), the high-energy peak at ~ 1050 cm™!
was assigned to something other than the obvious Q° peak,
mostly because “conventional wisdom” dictated that the Q3
intensity could not be larger than Q' based only on dispropor-
tionation in a 50 mol% glass (see Eq. (7b)). The 1050 cm™!
peak in Fig. 6(b) (and many other Raman spectra) was as-
signed to a peak not related to a symmetric stretch of a Q
species, for example, to an unspecified Si-BO peak sometimes
labeled “Si—Q” 1343774751 or a4 second Q? peak.!>8%76] (see
Ref. [111] for further discussion).

There were five major questions that needed to be ad-
dressed before one could fit and quantify Raman spectra
of silicate glasses/melts with confidence.!®!! First, what line
shapes should be used to fit these Raman spectra: Gaussian,
Lorentzian, or mixed Gaussian—Lorentzian? Second, are the
FWHM well defined, as observed for crystals, and are the
FWHM for all Q species of silicate glasses and melts similar?
Third, are all the peaks contributing to the 800-1200 cm ™! re-
gion due solely to A; symmetric stretches from the SiOy4 tetra-
hedra as in crystals, or are there “additional” peaks? Fourth,
are these peaks located at well-defined frequencies? Fifth, and
most importantly, if there are “additional” peaks in the 800—
1200 cm~! region, what are their origins? In 2015, we re-
examined the previously published Raman spectra of alkali

(271 to address these questions and show that Raman

silicates
spectroscopy could become a quantitative technique for ob-
taining Q species distributions.
First, consider line shapes. The inherent Raman line
shape for inorganic glasses is Lorentzian,[!!>!113] as clearly
stated by Efimov!!'13] (page 100): “the band shape ...

fected by disorder is known to have a Lorentzian contour”.

unaf-

For crystalline silicate minerals, the Raman peaks are also
Lorentzian, 231141151 Ag stated by Rossano and Mysen,!!!°!
disorder in glasses should introduce a Gaussian component
to line shapes; however, all binary alkali and alkaline-earth
glass Raman spectra considered in the recent literature!7°-83]
yield > 50% Lorentzian peaks. It is likely that more complex
glasses will exhibit a larger Gaussian component, but this re-
mains to be tested.

There were early attempts to consider peak shapes other
than Gaussian;?%3%1171 however, most papers, such as Mat-
son’s high-quality Raman spectra of alkali silicates,?”! did not
fit their spectra or comment on line shapes. Mysen (26141 did
fit his spectra, but did not explore alternative line shapes, prob-
ably because Lorentzian and Gaussian—Lorentzian fitting pro-
grams were not available. Mysen states that “it is also assumed
that the individual bands have Gaussian line shape”.[*%! There
was only one publication (in 1984) that strongly indicated that
a Lorentzian line shape yields a better fit than a Gaussian line
shape for a K silicate glass,!!!”! but this paper was largely ig-
nored.

Because of the dominance of Gaussian line shapes in the
literature, it was initially quite surprising that our new spectra
of alkali silicates!””3%! gave consistent peak shapes of high
Lorentzian character (e.g. Fig. 7). It is critical to emphasize
that we do not “choose” a line shape or make any ‘“assump-
tions” (as Mysen!?%! did above) about the peak shape. A large
Lorentzian character is immediately indicated by the “tails”
in Fig. 7 on the narrow, intense Q° peak. An unconstrained
fit, which varies the Lorentzian/Gaussian character as well as
the peak position and width, yields the best fit to the spectra.
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Spectra of CaSiO, collected at ambient temperature
redrawn after Frantz and Mysen (1995, their Fig. 5)

CaSiO,glass 23 MAS NMR CaSiO3lgIass Raman
at ambient spectrum at ambient spectrum
temp.. temp.
Q2
> > Q?
= =
c
3 Q’ o Q%2
IS c
ONy/& ® [o
| | | | | |
-62 -72 -82 -92 -102 788 895 1002 1109 1216

Chemical shift (ppm)

Chemical shift (ppm)

Fig. 6. The 2°Si MAS NMR spectrum (left) and Raman spectrum (right) of CaSiO3 glass at ambient temperature, redrawn
from Fig. 5 of Ref. [52]. Note the disputed Q> assignment in the right-hand peak of the Raman spectrum.

(b)
5 mol% Cs,0

(a) The Q3 peak
Position: 1098 cm™
FWHM: 38.0 cm™
Shape: 100% Gaus.

5 mol% Cs,0

Intensity
Intensity

The Q7 peak (C)
Position: 1098 cm™
FWHM: 40.0 cm"™
Shape: 100% Lorentz

The Q3 peak
Position: 1098 cm™"
FWHM: 40.0 cm™
Shape: 98% Lorentz.

5 mol% Cs,0

Intensity

1050 1150 1250 950 1050

Raman shift (cm™1)

950

Raman shift (cm™!)
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Raman shift (cm™!)

1150 1250 950

Fig. 7. Different peak shapes used to fit the o peak in a 5 mol% Cs,0 glass: (a) Gaussian, (b) Lorentzian, and (c) 98%

Lorentzian-Gaussian, redrawn from Ref. [81].

There are no constraints on the Q° peak parameters (posi-
tion, width, and %Lorentzian) in this fitting procedure. The
Cs and Rb silicate glass spectra are nearly 100% Lorentzian,
with 98% Lorentzian giving the best fit for the spectrum of the
5 mol% Cs,0 glass in Fig. 7(c). The Lorentzian “tails” are
obvious in these spectra; if a Gaussian were used (Fig. 7(a)),
other small peaks would be required to fit the “tails” (e.g., see
Fig. 3 of Ref. [76]). As noted above, the 0 and Q° line shapes
in all other alkali and Ba silicate spectral’*® are 50-80%
Lorentzian. The use of a strong Lorentzian component is es-
pecially important where a major central band is flanked by
two much weaker bands, such as seen in the 2?Si NMR spec-
trum in Fig. 5(b). The line shape of the large central Q” peak
can make a significant difference to the area of the small unre-
solved Q3 peak (see Subsection 2.5 below).

Second, the linewidths (FWHM) for well-resolved peaks
(e.g., the Q° peak in Fig. 7(c) or the Q? peak in Fig. 8) of many
Raman spectra of binary alkaline and alkaline-earth glasses
are similar at 40—55 cm~!1.[7%-831 The Q! linewidths, however,
are appreciably narrower (< 30 cm™!), as evident in spectra

of Ba silicates.3*8! Also, the linewidth of the overall com-
posite O band is broader than that of the Q° band (Fig. 8).
The linewidths are quite constant as a function of composi-
tion in a given binary system. For example, in the Cs spectra
noted above, the Q3 linewidth varies from 40-55 cm™~! over
5-30 mol% Cs,0.17°-3%] In melts, the linewidths are apprecia-
bly larger and often approach 100 cm™! (see later in Subsec-
tion 2.6).1521

We now address the third problem—the assignment of
the peaks. The early Raman studies!”>~?%) assigned peaks
at ~ 850 cm™!, ~ 950 cm™!, and ~ 1100 cm™! to the Q',
Q? and Q° species, respectively (Figs. 6-8). As summa-
rized by McMillan,?1191 these major peaks can be read-
ily assigned to the A; symmetric stretches of SiOy4 tetrahe-
dra of those Q species, and recent calculations confirm these
assignments.!''"] The cross sections for these A; stretches
for different Q species should be similar,[>3-83-118:1191 Fy_
rukawa’s initial calculations!®! indicated that the Q2 cross
section should be ~ 30% larger than the Q3 cross section;

[118,119

however, two later papers I gave virtually equal cross
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sections for 02 and Q3. Also, it was concluded®! from a com-
parison of the Si NMR and Raman spectra of a ~ 50 mol%
Na,O glass that the Q' cross section was similar to those of
Q? and @°. The Q* peak is unusual, because the Q* tetra-
hedron in vitreous SiO; does not have an A; stretch in this
region.!2%] However, a detailed analysis of the Q> and Q* in-
tensities in Cs glasses/®! shows that the Q* cross section is not
appreciably different from the Q3 cross section for > 30 mol%
Cs,0 glasses. For the glasses in this paper (> 40 mol%
M,0), the 0* abundance is small, as shown by static 2°Si
NMR for the 40 mol% Na,O and BaO glasses (2% and 6.7%,
respectively 32-841),

Fourth, the peak maxima for a given Q species are usually
similar, as emphasized by McMillan.?®!119 For example, the
Q3 peak maxima in all alkali and alkaline-earth glasses with
< 40 mol% M,O are at 1080-1105 cm!;[23-28.79-85.110.111]
and for a series of Cs glasses between 5 and 30 mol%, 8% the
range is 1095 to 1099 cm~!.
sition decreases significantly as the electronegativity (EN) of

In contrast, the Q? peak po-

the cation decreases from Li to Cs (e.g., from 954 cm~! for Li
to 928 cm~! for Cs[?7106]) " Also, for > 45 mol% Na, K and
Ba glasses, 7081841 the 03 peak broadens and shifts to signif-
icantly lower energy, as discussed in the next section (Sec-
tion 2.4) on K glasses.

40 mole% After Furukawa et al. (1981)
Na,O glass
=
‘®
c
L
£
Q1
: T~
800 900 1000 1100 1200

Raman shift (cm™1)

Fig. 8. The redrawn Raman spectrum of a 40 mol% Na,O glass from
Fig. 5 of Ref. [25] (1981), showing the Q', 0%, and Q> peaks along with
a dashed, unidentified peak at ~ 1028 cm~!. Note that this spectrum is
virtually identical to the spectrum in the earliest publication in 1975,[?3]
and very similar to the spectra decades later in Fig. 9(c).[57-%3]

(a) After Stebbins (1987) After Koroleva et al. (2023) ()
41% Na,O s Si MAS NMR 40% K,O glass
Lineshapo= 3 Q” peak = 29%
aus. i = 609
o Qz =31% lineshape = 60% Lor.
Q’=67%
02 Q' =2%
=) z
) ‘®
c
g g
£ £
Q4
area remaining
=71%
65 -75 -85 -95 -105 -115 800 900 1000 1100 1200
ppm Raman shift (cm™1)
After Nesbitt et al. (2021) (b) After Moulton et al. (2022) (d)
40% Na,O glass 40% BaO glass: Q =1.4%
2— 0,
Q2 peak = 32% Q =30% _
lineshape = 60% Lor. lineshape = 60% Lor.
Z Q* 2 Q
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Fig. 9. (a) The fitted 298i MAS NMR spectrum of the 41 mol% Na,O glassmj (the same as in Fig. 4(a)), compared directly
with the better resolved Raman spectra of (b) 40 mol% N a,0,57:831 (¢) digitized 40 mol% K,0,17%1 and (d) the original Raman
data of 40 mol% Ba0.13*35] The well-resolved Q> peak in all three Raman spectra is best fit by a 60% Lorentzian line shape.
Note the very similar intensity of that peak (~ 30%) in all four spectra.
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The fifth problem—the origin of “extra” peaks—is ad-
dressed using the 2°Si NMR and Raman spectra in Figs. 9 and
10. Figure 9(a) shows the 2°Si NMR spectrum of the 41 mol%
Na, O glass again!*?! (see also Fig. 5(a)), highlighting the sim-
ilarity of this NMR spectrum with the three Raman spectra of
the 40 mol% Na;0O, 40 mol% K,O, and 40 mol% BaO glasses
(Figs. 9(b)-9(d), respectively). All four spectra consist of two
intense peaks, with the peak on the left being less intense and
narrower than the peak on the right. Because of the poorer
resolution of the 2°Si NMR spectrum, it is likely that some
of the broadening of the 88 ppm peak in Fig. 9(a) is due to
the asymmetric broadening seen on the 1100 cm ™! peak in all
three Raman spectra (Figs. 9(b)-9(d), see later). Perhaps sur-
prisingly, in all four spectra, the left peak is always 30 +2%
of the total intensity of the spectrum (Table 1).

The assignment of the 2°Si NMR spectrum in Figs. 5(a)
and 9(a) is conclusive: 2331 the smaller peak on the left arises
from Q7 and the larger peak on the right arises from Q. The
O mass balance (Eq. (15)) demands that the Q° intensity is
about double the Q7 intensity, as seen from the average 2°Si
NMR values of Xp3 and Xgo of 0.68 and 0.29 in Table 1. Note
the excellent agreement with the observed Raman intensities
of ~ 70% and ~ 30%. This agreement indicates that the as-
signment of the Raman spectrum must be analogous: Q> at
~ 950 cm~! and the broader asymmetric Q3 at ~ 1100 cm™".
This mass balance confirms that the broader Q° peak in the
29Si NMR spectrum, and the asymmetric high-energy peak in
the Raman spectrum, are due solely to the Q3 species. If the
broad 1050 cm~! peak (with about 30% of the area of the total
spectrum[®31) is not due to 03, e.g., from a “Si-O” peak >4
or an SiO; peak,!”>! then the ratio of Q3 /Q? becomes ~ 1.4 in-
stead of ~ 2 required by the O mass balance. If the 1050 cm ™!
peak arises from a second Q? peak,>*3>76] then the Q3 / 0?
ratio is ~ 0.7, which is clearly inconsistent with mass-balance
considerations.

These O mass balances, along with the similarity of the
0? and Q7 intensities in all four spectra, show conclusively:
(1) the asymmetry in the Q° Raman peak arises solely from
0 species; (2) the Raman cross sections for Q% and Q° are
close to unity in all three Raman spectra; and (3) the Q species
distributions in all three Raman spectra are remarkably similar.
As initially suggested by McMillan, 11 the Q3 peak is due to
two or more distinct Q3 environments. We have proposed that
the “extra” Q3 peak(s), shifted by > 60 cm™' from the main
peak in Fig. 8, result from at least one Na atom bonded to
BO as well as NBO. 8!l Our observation of two or more BO
peaks in the O 1s XPS spectra of Na and K glasses (Figs. 2
and 3) arises from these M—BO interactions;[?%21 and this re-
sult pointed us toward the important role of Na—BO bonding in
Raman spectra. When the electropositive Na, K or Ba donates
charge to a BO in the SiO4 tetrahedron, the Si—O Coulombic

interaction is reduced, the Si—O force constant decreases, re-
sulting in a lower Q" Raman frequency of the A| symmetric
stretch, and a decrease in the O s binding energy from BO to
NBO.!?!:122] The same charge-transfer mechanism is respon-
sible for the decrease in Raman frequencies from Q3 to Q'
(~250cm~!)and in O 1s binding energies (~ 2 eV) between
NBO and BO when Na forms an NBO via Eq. (3).

The best fits to these four spectra are shown in Fig. 10.
There are a few important observations. First, the Q3 peak in
the three Raman spectra (Figs. 10(b)-10(d)) has been fit using
three peaks of identical shape (60% Lorentzian for all three
spectra) and equal (but not constrained) widths of 55 cm !,
52 cm~!, and 63 cm™! for Figs. 10(b)-10(d), respectively.
These three peaks represent two M—BO interactions on the
three BOs in this Q® species, e.g., 0°-0, Q3-1, and Q3-2,
where 0, 1, and 2 indicate no, one, and two Na—BO bonds,
respectively. No additional constraints are used other than
peak shape and linewidth equality. Other fits with either two
Q3 peaks!®3! or four Q3 peaks!®! have also been applied suc-
cessfully. A theoretical study also indicates that a range of
different Q-species environments can be used to fit spectra
of Na silicate glasses.!'?*! Second, and most importantly for
quantification, the percentage of Q? in all three spectra in
Figs. 10(b)-10(d) is 30 2%, as in Fig. 9, and the Q2 and Q3
fractions are not dependent on the number of Q3 peaks used
in the fit. Third, each M-BO interaction decreases the SiO4

HBLS] i all

A symmetric stretch frequency by ~ 40 cm™
three spectra, consistent with similar electronegativities (EN)
for Na, K, and Ba (0.93, 0.823, and 0.89, respectively). In-
deed, the 03-0, Q3-1, and Q3-2 peak positions in all three
spectra are similar: 1090 cm~!, 1056 cm™!, and 1015 cm™!
for Na (Fig. 10(b)); 1084 cm ™!, 1044 cm~!, and 995 cm~! for
K (Fig. 10(c)); and 1083 cm™~', 1048 cm~!, and 1013 cm™!
for Ba (Fig. 10(d)). The average of these values (1086 cm™!,
1049 cm~!, and 1007 cm™!) will be used in a subsequent dis-
cussion (and Fig. 11) of the 40-50 mol% samples when dis-
cussing the changes in Raman frequency and linewidth of the
Q3 peak.

The above assignment is now consistent across Na,

S [81,84,85] .

K, and Ba Raman studie the entire asymmetric

1100 cm™! peak arises from Q3 moieties. A recent indepen-

[78

dent paper supports this assignment.!”®] However, resistance

5,[74.76:124] which is not surprising after 40 years of de-

remain
bate.
The 2°Si NMR results from Table 1 (with a new result
from our fit to the spectrum in Fig. 5(a), reported in Table 2,
second line) all yield FO values between 1 and 3 mol%, and
the average of 1.9% likely has an uncertainty of +1 mol%.
The Q? and Q° Raman cross sections were obtained by com-
paring the 2°Si NMR abundances (assuming equal cross sec-

tions) with the Raman intensities. As shown in Table 1, the
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average Q species abundances from the >°Si NMR spectra for
0!, 0%, @3, and Q* for the 40 mol% Na,O glass are: 0.0%,
28.8%, 68.8%, and 2.4%, respectively. The Raman spectral
intensities (taking 2.0% out of the Q° intensity for O* based
on the static 2°Si NMR spectrum) are: 0.6%, 32.2%, 65.2%,
and 2.0%, respectively (Table 2). Considering that the spectral

(og) and mole fraction (Xgn)

IQn = GQnXQn. (18)

The op; is then 0.95 (65.2/68.8), and the ocgy is 1.12
(32.2/28.8).
are expected from previous experimental and theoretical

Similar cross sections for Q" (n = 1-3)

intensity of a Q" species (Ign) is the product of its cross section  results.[31:115:116]
(a) Stebbins (1987) Koroleva et al.(2023) ()
41% Na,O 5 Si MAS NMR 40% K,0 glass
Q2 =319 scanned and fit QZ peak = 20% ,
100% Gaus. 60% Lor. @-0
= Q’ =
£ =
5 g
€ IS
Q*=1.4%
-65 -75 -85 95 -105 -115 800 900 1000 1100 1200
ppm Raman shift (cm™1)
Nesbitt et al.(2021) (b) Moulton et al. (2022) (d)
40% Na,O glass 40% BaO
Q’peak=322% Q-0 Q= 30% Q*0
60% Lor. 60% Lor.
> Q?
= = Q™1
%) 2]
T 3 )
£ < '
Q'=0.6% Q'
800 900 1000 1100 1200 800 900 1000 1100 1200

Raman shift (cm™1)

Raman shift (cm™1)

Fig. 10. (a) The fitted NMR spectrum is identical to Fig. 9(a) but is included for easy comparison with the complete fits to the
three Raman spectra in Fig. 9. Note the nearly constant intensity of the Q* peak (~ 30% in all cases), and the three Q3 peaks
of equal width used to account for the asymmetry of the 0 band.

To quantify other Raman spectra of silicate glasses con-
taining different amounts of Na, or containing other elements
such as K and Ba, these cross sections would need to apply
universally. Is this possible? Considering that the Ba and K
spectra are very similar to the Na spectrum (e.g., uncorrected
% Q', 0%, and Q3 for the 40 mol% BaO spectrum in Table 2
are 1.4%, 29.5%, and 69.1%, respectively!3)), it is worth ex-
ploring this possibility. Our independent fit of the 40 mol%
Ba spectrum (Fig. 10(d)) gives Q species distributions (1.2%,
30.2%, and 68.6%, Table 2) in excellent agreement with Moul-
ton’s values.®* Moulton3+33! derived cross sections from his
own 2°Si NMR spectra of Ba silicate glasses and compared
them with the above values for the 40 mol% Na,O spectrum.

He obtained Q3 and Q7 cross sections close to 1 for Ba glasses
containing ~ 35 mol% BaO, but the difference between o3
and og> became larger for the 40 mol% (1.21 and 0.81) and
45 mol% (1.40 and 0.79) BaO glasses. Note that cp3 > 0p2
for all Ba glasses, whereas 0g3 < 0g, for the 40 mol% Na,O
glass. Most of this difference is likely due to the poor resolu-
tion of the 2?Si NMR spectra of Ba glasses. These 2°Si NMR
spectra, and indeed all 2°Si NMR spectra of alkaline-earth sili-
cates, have no defining features (e.g., see Fig. 6(a) for the spec-
trum of CaSiOj3 glass). As emphasized in Subsection 1.1 and
Ref. [68], it is not possible to obtain quantitative Q species dis-
tributions from an unconstrained three-peak fit to spectra with
no defining spectral features. All such fits to the 2°Si NMR
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spectra in the literature have effectively been constrained to Q
species distributions that yield FO =0 (e.g., Table 2). We sug-
gest that it would be better to use equal Raman cross sections
for Q', 02, and Q3 species and the Q* abundance from static
29Si NMR spectra. With this approach, FO = 2.2% for the
40 mol% BaO glass (Fig. 10(d), Table 2). Using the cross sec-
tions from the 40 mol% Na, O spectrum, FO = 2.9% (Table 2).
These FO values are consistent with other FO values obtained
for alkaline-earth glasses noted earlier (1-2.6 mol%)!®! from
other spectra and MD calculations. This promising result in-
dicates that cross sections very close to unity are appropriate
for alkali and alkaline-earth glasses.

Now we turn to the quantification of the Raman spec-
trum of 40 mol% KO glass (Fig. 10(c), Table 2). The fit in
Fig. 10(c) is remarkably similar to the fit to the Na spectrum
in Fig. 10(b), including the three-peak fit to the Q* envelope.
The 29 mol% Q7 species is substantially lower than the Q2

value for the 40 mol% Na,O fit (31 mol%), indicating greater
polymerization (i.e., more FO) in K than in Na glasses. This
result is consistent with the O 1s XPS results in Figs. 2 and 3.
Using equal cross sections, FO for the K glass (1.2%) is larger
than for the Na glass (0.6%). With 63 =0.95 and 0y = 1.12,
the FO of the 40 mol% K, O glass increases to 1.8 mol%. Note
that we also list the abundances from 2°Si NMR, but Maekawa
does not show his fit for this glass,*!! and Malfait’s spectra of
38.5 and 42.9 mol% K,O glasses!*®! have poor resolution and
cannot be used to standardize the Raman spectra. Note again
that the 2°Si NMR Q values yield an FO of 0. Malfait!46]
demonstrates one of the “adjustment” techniques that had to
be applied to such unresolved spectra.[*>%7! Their initial fits
yielded negative FO values, which they recognized as phys-
ically impossible. They then “adjusted” the numbers in un-
specified ways to enforce FO = 0. Some of these adjustments

were large.[68]

Table 2. % FO in silicate glasses and melts.

ass/Melt echnique o > (% o o o ef.
Glass/Mel Techniq 0* (%) 03 (%) 0? (%) o' (%) FO (%) Ref.
40/41 mol%Na (G) NMR @ 24 68.8 28.8 0.0 1.8 [83], Table 1
41 mol% Na (G) NMR®) 1.4 68.0 30.6 2.0 Fig. 10(a)
40 mol% Na(G) Raman(©) 2.0 65.2 32.2 0.6 Fig. 10(b)
40 mol% Ba (G) Raman(?) 69.1 295 14 [84], Fig. 10(d)
Raman(®) 68.6 30.2 12
Raman(?) 6.7 65.7 26.2 1.4 22
Raman(®) 6.7 68.5 224 1.4 29
NMR 7 55 33 5 0
40 mol% K (G) Raman(® 1.60 69.3 29.1 12 [76], Fig. 10(c)
Figs. 9(c) and 11(a) Raman(® 1.6 72.5 25.9 1.8
NMR 67 32 1 0 [41]
50 mol% K (G) NMR 9 47 37 7 9.7 [41]
Figs. 11(a) and 11(c) NMR0) 56 37 7 8.2 [41]
Raman(® 47.1 51.5 14 7.4 [76], Fig. 11
Raman(®) 51.2 474 1.4 8.5
50 mol% Na(G) Raman 30 64 6 4 [81]
Figs. 11(c) and 5(b) NMR 16 70 13+1 ~0 [41,63]
NMR ) 28.5 66.0 1341 0.6 [64]
50 mol% Na(M) Raman 35 58 7 4.7 [55], Fig. 12(a)
50 mol% Li (M) Raman® 35 60 5 5.0 [55], Fig. 12(b)
50 mol% Ca Raman” 30 60 10 3.3 [52], Fig. 12(c)

(a) Average Q % from Table 1. (b) Our fit to the 41% Na, O spectrum from Ref. [32]. (c) Uncorrected raw data with equal cross sections
and 0* = 2% from static 2°Si NMR. Using Raman cross sections 6p3(1.12) and 62(0.95) from NMR yields FO = 1.8%.
(d) Uncorrected raw data.!®*! (e) Our fit to the same spectrum. (f) Normalized data for the 6.7% 0" from static NMR using equal cross

sections. (g) Same data using 63(1.12) and 62(0.95). (h) Assuming equal cross sections. (i) 0* from extrapolation of static 2°Si NMR
of 33.4 and 36.4 mol% Na, O samples.*1 (j) Added Q* to @°. (k) Using the measured mol% Na,O of 47.6%.164]

Several important conclusions follow directly from our
analysis of Figs. 9 and 10, along with Tables 1 and 2. First,
the best-resolved >°Si MAS NMR spectrum for the 41 mol%
NayO glass, and three other such studies on 40 mol% NayO
glasses (Table 1),13?! provide strong evidence for ~ 2 mol%
FO in these glasses.[*?] As correctly stated by Stebbins, ]
these FO values are quite sensitive to chemical composition
(e.g., a decrease in NayO content of 1% causes a decrease in

FO of ~ 1%) and to small amounts of Q' and Q* species;

however, the overall uncertainty is less than +1 mol%, espe-
cially considering that there are four independent measure-
ments quoted in Table 10324142641 along with our indepen-
dent fit in Fig. 9(a). Second, the quantitative comparison of
the 2°Si NMR and Raman spectra of the 40/41 mol% Na,O
samples shows that the Raman spectrum can be assigned to a
narrow Q° peak and a broader asymmetric Q° peak. Third,
the Raman spectra can be fitted without constraining intensi-

ties, resulting in Raman cross sections that are close to unity.

056102-17



Chin. Phys. B 35, 056102 (2026)

Fourth, for the three 40 mol% samples, the Q3 peak is com-
posed of three components, each separated by about 40 cm™!,
which are attributed to M—BO interactions that decrease the
Q> Raman frequency. Fifth, the remarkable similarity of
the Na, Ba, and K spectra shows that there is a compara-
ble amount of FO (~ 2 mol%) in the three glasses. Sixth,
the similar amounts of FO in these alkali and alkaline-earth
glasses indicate that the thermodynamic treatment of Eq. (1)

based on crystalline phases[61—63]

cannot be applied to homo-
geneous solid solutions, as pointed out by Fraser!!>>:126] and
Nesbitt.[%*] Moreover, the cation field-strength argument used
by Stebbins[®1-931 does not predict the degree of polymeriza-
tion: low-field alkali cations produce FO comparable to that in

alkaline-earth glasses.

2.4. Raman results for 50 mol% K,O glass with rein-
terpretation of the 2°Si NMR spectrum showing >
7 mol% FO

There is strong evidence for FO in the 40 mol% Na,O
glass as indicated by both 2°Si NMR and Raman spectra.
In both cases, the Q3 abundance is greater (i.e., the glass is
more polymerized) than expected if only disproportionation
reactions occurred. Moreover, the similarity of the Raman
spectra of 40 mol% Na,0, K;0O, and BaO glasses indicates
~ 2 mol% FO in all three systems. Even stronger evidence for
FO in potassic glasses is provided by re-analysis of the classic
2981 NMR spectrum of 50 mol% K5O glass (Fig. 11(a)) from

41t was

1991.1411 The original spectrum was misassigned,
misassigned again in 2007,4! and it remained misassigned
in 2020.1931 As now shown, with reassignment, the 50% K,O
glass contains 7-9 mol% FO, which is consistent with the O
Is XPS results in Fig. 3.

Maekawa et al.'*!l noted that the 50% K,O spectrum
(Fig. 11(a)) was different from other metasilicate >°Si NMR
The 50%
Na;O glass spectrum (Fig. 5(b)), as well as all previously
published >°Si NMR spectra of alkali and alkaline-earth sili-

cates, showed no indication of two resolved peaks arising from

spectra in that it contained two intense bands.

a single Q species, and the assignment of the 50 mol% K,O
spectrum was therefore not straightforward. By Ockham’s ra-
zor, the simplest approach would be to assign the four spectral
bands to four different Q species: 0!, 02, @, and 0* at 70.8,
76.2, 81.7, and 89.0 ppm, respectively, as had been done for
earlier NMR spectra. Maekawa et al.'*!! considered this pos-
sibility, but it leads to Q3 > Ql, with NBO/Si = 1.44, which
was inconsistent with the disproportionation reaction (i.e.,
20% < Q' + @°). By “conventional wisdom,” the assignment
was therefore regarded as incorrect (and not publishable).

(a) After Maekawa (b) Q* | Q’peak
K,SiO; glass et al. (1991) [Redrawn after ? 5
Koroleva (2023) Q-0
QZ chain
> or
= 3 .
7] Q" signal?
5 Q2 ring.
E 2
‘@
c
’ 2
c
Q ngr QA -
I . s N
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Fig. 11. (a) The 2°Si NMR spectrum of the 50 mol% K,O glass redrawn
from Ref. [41], including the original fit.[*!) (b) The Raman spectra of
33, 40, and 50 mol% K,O glasses redrawn from Fig. 1 in Ref. [76]. (c)
The Raman spectrum of Na;SiO3 (Fig. 9 in Ref. [52]) with three 02 and
three Q3 peaks redrawn from Ref. [81]. The dashed lines represent the
approximate positions of the Qg, 03, and Q% peaks. Note the similar rel-
ative heights and widths of the Q% and Q3 bands in both the 2Si NMR
spectrum (a) and the Raman spectrum of K,SiO3 glass (top of (b)). (d)
Plot of Raman shift versus 2°Si NMR peak position for the QS, Qz, and
Q' Raman species from Fig. 10(b), along with a visually fitted straight
line through the three data points. The Q? and Q% Raman positions from
Fig. 10 are plotted on the same line to show that the expected Q% position
(see Fig. 10(b)) is < 85 ppm.
The prevailing view required Q' = Q% and NBO/Si = 2.0 for
all metasilicate glasses. Maekawa et al.l*!! thus adopted a
more complex interpretation, stating that: “If we assume in-
stead that two types of the Q? species are present in the potas-
sium silicate glasses and the two (intense) peaks at ~ 82 ppm
and ~ 76 ppm (Fig. 11(a)) are both assigned to Q? species,
the NBO/Si ratio satisfies the stoichiometric value” (2.0). He
acknowledged that there was no direct evidence for two Q>
species in alkali glasses but suggested that Q® species in chain
and ring configurations observed in potassium silicate aque-
ous solutions could give rise to two Q> signals. There was,
however, no evidence for chains in silicate glasses, as noted
in Henderson’s 2005 review (Ref. [17] in 1942), and there is
still no evidence in 2025. Despite this lack of evidence, subse-
quent 2°Si NMR and Raman studies 683! adopted the “two
Q? peak hypothesis,” including Stebbins’ review in 202063
and Koroleva’s work in 2023.17%1 Because of the high reactiv-
ity of this glass, it is important to note that later 2°Si NMR
spectra of 50 mol% K,O glass!*®] are very similar to the
Maekawa spectrum!*!l shown in Fig. 4(b), strongly suggest-
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ing that the composition is close to the nominal 50 mol%, and
that no significant decomposition occurred in these studies.

There is now strong Raman evidence supporting a sim-
ple “one peak per Q species” assignment. It comes from the
latest Raman spectra of 30-50 mol% K,O glasses shown in
Fig. 11(b).l7® Each Q species exhibits a single resolved band
in these spectra. Specifically, Q' appears at ~ 850 cm™!, 0?
at ~ 950 cm™!, and Q3 at 1070-1100 cm™'. The Q3 band
is broadest for the 50% K;O glass (Fig. 11(b)), but impor-
tantly, only one Q° band is observed. The assignments for the
50 mol% K;O glass spectrum (Fig. 11(b)) correlate closely
with the 2Si NMR spectrum (Fig. 11(a)): both exhibit a weak
Q! feature at low ppm/frequency, an intense, relatively narrow
Q7 peak at intermediate ppm/frequency, and a broad, intense
Q3 peak at higher ppm/frequency. If two distinct Q? con-
tributions were present in potassic glasses, they would have
been resolved in the higher-resolution Raman spectrum of the
50 mol% K,O glass. The Malfait er al.!3 spectra for 39.1—
49.4 mol% K,O glasses (their Fig. 6), as well as the 40 mol%
Na, K, and Ba spectra (Figs. 10(b)-10(d)), show the same se-
quence of bands. The correlation of peak assignments between
Raman and 2°Si NMR spectra strongly indicates that the broad
intense peak in the 2°Si NMR spectrum (centered at ~ 82 ppm)
corresponds to a Q3 band, while the weak feature centered at
~ 90 ppm corresponds to a O* band. Ockham’s razor therefore
leads to a simpler and more consistent interpretation of the K
silicate >°Si NMR spectrum.

In both the 2°Si NMR and Raman spectra, the increase
in broadening and the shifting to lower energy of the Q° band
from 30-50 mol% K, O is readily explained using the expected
increase in K-BO interactions with increasing K content. Con-
sider this K-BO effect on the Raman spectrum first. As out-
lined earlier, each K-BO interaction decreases the SiO4 A
symmetric stretch frequency. As already shown for the three
40 mol% Raman spectra in Figs. 9 and 10, the three Q> peaks
(03-0, 03-1 and Q3-2) are at ~ 1090 cm ™!, ~ 1050 cm~! and
~ 1010 cm™! respectively (also see Figs. 11(b) and 11(c)).
The Q-1 and Q3-2 peaks should become more intense with
addition of K from 40 mol% to 50 mol% (Fig. 11(b)). The
increase in Q-1 and Q3-2 peak intensities has to: (1) shift the
Q? peak maximum to lower energy and (2) broaden the over-
all peak, as observed. This effect is even more noticeable in
the Raman spectrum of the 50 mol% Na,O glass (Fig. 11(c)),

23,52,35,127] where the overall Q3

published by several groups,!
maximum is close to 1000 cm~!, and Q3-2 is the most intense
Q3 peak.

Now consider, apparently for the first time, the K-BO ef-
fect on the chemical shifts and peak widths in the 2°Si NMR
spectra. Nearly all the 2°Si NMR studies of Na and K glasses
(e.g. Refs. [32,41,63,64]) show that the full-width at half-

maximum (FWHM) increases markedly from Q1 (<5 ppm)

to 0 (6-7 ppm) to Q° (10-11 ppm), and these linewidths are
independent of the magnetic field strength (4.7 T to 14 T) used
to obtain these spectra (as noted earlier). Note that the Raman

[81-85] although it is more

linewidths also increase similarly,
difficult to obtain a quantitative overall Q3 linewidth from the
asymmetric Q3 peaks in Figs. 9 and 10. For example, the
Q' and Q3 Raman linewidths for the 40 and 50 mol% Na,O
and K,O glasses are ~ 40 cm™! and > 70 cm~! respectively
(Figs. 10 and 11181y, Only Maekawal*!! has mentioned this
large variation in the Q species NMR linewidths, and he at-
tributed the large difference between Q' and Q3 to a larger
distribution in ‘bridging angle, bond length or third neighbor
environments’ as n increases from Q' to Q3. Our K-BO mech-
anism mentioned above for Raman and O 1s spectra can now
explain the broadening and shifting of the Q° peak as K in-
creases.

In Fig. 11(d), we show the strong correlation between the
Raman shift and 2°Si NMR shifts for Q', 0% and Q3. The
29Si NMR Q? and Q° chemical shifts were obtained by av-
eraging values for the 33.3 mol% and 36.4 mol% Na,O and
K,O glasses;*!l and the Q! chemical shift is the average of
the chemical shift from the 50 mol% glasses.!*!! Results from
other NMR studies are in good agreement.[®364] The Raman
frequencies (Q3-0, Q% and Q') are derived from averaging
the frequencies from the three fits in Figs. 10(b)-10(d). The
range of Raman and >°Si NMR shifts are indicated by the
bars. Clearly, when the NMR shift becomes more negative,
the Raman shift increases; and the trend is close to linear be-
tween all five Q species. From the average Q-1 and Q3-2
Raman shifts (1049 cm~! and 1008 cm™'), we can then pre-
dict that the 2°Si NMR chemical shift decreases substantially
from 89.5 ppm (Q3-0) to ~ 86.5 ppm (Q3-1) to ~ 83.5 ppm
(Q3-2) as shown in Fig. 11(d). When Q3-2 is the most in-
tense peak at ~ 1000 cm~! in the Raman spectrum (as in-
dicated in Fig. 11(c) for the 50 mol% Na,O spectrum), the
NMR peak should shift by ~ 6 ppm to ~ 84 ppm as shown
more clearly by the resolved peak in the KO NMR spectrum
at 82 ppm (Fig. 11(a)). Thus, a shift in the Raman Q3 peak
(from Q-0 to Q3-2) by ~ 80 cm™! leads to an NMR shift of
~ 6 ppm. This shift to lower frequency in the Raman spectra
(Fig. 11(b)), and the broadening from larger amounts of Q-1
and Q3-2, should have similar effects on the 2°Si NMR spec-
tra. This expected shift by ~ 6 ppm in the Q3 peak is critically
important for the assignment of both the 50 mol% K;O spec-
trum and the 50 mol% Na,O spectrum in section 2.6 below.
There is no longer any need for a new Q* peak as postulated
by Maekawal*!! and Malfait(®”); their new Q2 peak is indeed
our Q3-2 peak broadened by Q-1 and Q3-0. This confirms our
previous assignment in 2015[%8) and strongly suggests that our
plot of 2°Si NMR chemical shifts for the 50 mol% alkali sil-
icate glasses (Fig. 3 in Ref. [68]) is the meaningful chemical
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shift trend. The trend is no longer “inconsistent with known
chemical shift trends”.[63-67]

A few theoretical comments on the trends of 2°Si
NMR chemical shifts, and the reasons for the correlation in
Fig. 11(d), are warranted. Obviously, the 2°Si peak shifts to
smaller negative ppm with increase in electron density on the
Si from the increase in Na/K content!!2!! on going from Q3 to
QZ. For the 40 mol% Na,O glass (Figs. 4(a), 9(a) and 10(a)),
the Q° and Q? positions are —88 ppm and —77 ppm respec-
tively. As outlined by Maekawa!*!! and Tossell,!!?®! the 2°Si
chemical shift shielding constant (o) consists of three terms,
with the local paramagnetic term, 6P, dominating. It can be

expressed as
o = (CQ(r™3))/AE, (19)

where C is a constant, Q) is the electron density on the Si,
(r~3) is the expectation value of 3 for valence Si 3p elec-
trons, and AFE is the average excitation energy from high-
est occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO). The @ and AE terms dominate.
With the addition of electron density to the SiO4 tetrahedra
from additional Na or K via NBO and/or BO bonds, the @
and AE terms reinforce each other; @ increases while AE
decreases.[!?1:129:130] Changes in the charge and electron den-
sity on the Si from Na and K bonding to the SiOy4 tetrahedra
should have a similar effect on the 2Si NMR as has already
been discussed for O Is XPS and Raman spectra. We pro-
pose that this change in electron density is the major factor
for the NMR chemical shift trend, and a strong contributor to
the increase in NMR linewidths from Q! to Q3. Additional
theoretical and experimental studies are now required.

From the above assignment of the Raman spectrum to Q3,
and the similarities between the Raman and 2°Si NMR spec-
tra, the 22Si NMR spectrum of the 50 mol% K;,O glass must
be assigned as suggested by Ockham’s razor: one peak per Q
species. Without calculating the FO content, it is immediately
obvious that Q3 >> Q! and there is a large FO present. This FO
has been calculated in four different ways in Table 2. The first
FO content from the quoted 2°Si NMR intensities'*!! is 9.7%.
To show the sensitivity of the FO to a change in the assign-
ment, by including the small broad Q* peak as O3, we obtain
8.2 mol%. From our preliminary fit to the Raman spectrum
using equal cross sections, one obtains 7.4%; and by using
the Q cross sections from the 40 mol% Na,O spectrum, %3]
8.5 mol% is obtained. The FO is 7-10 mol%. These values
are in good agreement with those predicted by the O 1s results
(see Fig. 4). Polymerization is important as reflected in the
NBO/Si of ~ 1.5 (1.44 given initially*!!). Further studies of
40-50 mol% K glasses are required to better quantify the FO
content. Unfortunately, the literature >°Si NMR spectra for the

35-50 mol% K,O samples are very poorly resolved. [67-68]

Obviously, the above results (and the O 1s XPS results
in Figs. 3 and 4) show that FO is larger for K glasses than
Na glasses of the same composition because of greater poly-
merization of K glasses. There is additional spectroscopic ev-
idence which supports this conclusion. In the very first 1975
Raman spectra of K and Na silicate glasses (Figs. 2, 3 and
4 in Ref. [23]), it is obvious that the three glasses between
33.3 mol% and 40 mol% MO display a Q” peak in the K
spectrum that is substantially smaller than Q? in the Na spec-
trum. Even for 20 and 25 mol% (K, Naj_,),0 (x =0-1) sili-

cate glasses, recent Raman spectral!3!]

showed that K glasses
are more polymerized than the comparable Na glasses, as in-
dicated by the O 1s XPS spectra in Figs. 3 and 4. All these
spectra show small peaks due to Q2, but the K glasses have

very noticeable smaller Q? than the comparable Na glasses.

2.5. The 2°Si NMR spectrum of 50 mol % Na,O glass: Poor
resolution and “adjustments”

In 2020, Stebbins published the >°Si NMR spectra of a
number of glasses with ~ 50 mol% Na,O and K,0,[03] all
of which were similar to the original spectra published by
Maekawa in 199111 (Figs. 5(a) and 11(a) respectively, with
Maekawa’s fits). He concluded that the FO content in both
cases was “below detection limits of about 0.5 to 1 mol% FO”.
There are three serious problems with his study.

First, and most importantly, the resolution of the weak Q3
shoulder in the 2?Si NMR spectrum of 50 mol% Na,O (Figs. 1
and 5(b)) is not sufficient to obtain an objective estimate of the
Q3 intensity and FO content (see Subsection 1.2). Stebbins
emphasizes the problems by using adjustments such as unre-
ported Lorentzian character for the central Q> peak to account
for the Q7 “tails”,!%%! and an extra Q° peak (of “no structural
significance”[®3). Both of these “adjustments” decrease the
Q3 intensity to give the desired result of FO = 0. Maekawa’s
fit in Fig. 5(b) has similar problems. The Q? peak maximum
in his fit reaches the top of the experimental spectrum, and
this is not possible with an overlapping Q° peak as shown in
Fig. 1. Moreover, the three-peak fits from both Stebbins and
Maekawa are very similar to the fit in Fig. 1(e), which has the
highest RMS value.

Second, his previous 2°Si NMR study of the 41 mol%
Na,O sample (see above) yielded 2.8 mol% FO (Table 1) from
his own data! The equilibrium considerations from Eq. (3)
show that the 50 mol% sample should have about twice the
FO as the 40 mol% sample (Fig. 3). Either one study or the
other is incorrect! The resolution of Q% and Q3 peaks in the
50 mol% spectrum is poorer than in the 40 mol% spectrum
and, as shown above in Subsection 1.1, the 50 mol% spec-
trum cannot be fit objectively to obtain a reliable Q3 amount.
In contrast, we have already shown that the 40 mol% spectrum
can be fit without constraints to give a reliable Q3 content. The
40 mol% spectrum is far more likely to be correct.
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Third, the Raman spectrum of 50 mol% Na,O glass
(Fig. 11(c)) was ignored. This spectrum has been duplicated
by at least five groups, 23233811271 with the first published in
19751231 and the latest in 2013.1127] These Raman spectra all
show the same major features as the >°Si NMR spectrum —
a weak narrow Q' peak, a narrow intense Q” peak and a very
broad unresolved Q3 envelope. As always, the Raman spec-
trum is better resolved than the 2°Si NMR spectrum and fits
to the Raman spectrum (Fig. 11(c))®!) gives FO = 4 mol%
(Table 2) assuming equal cross sections. If the chemical com-
position is only 48 mol% Na,O (unlikely for all five studies),
FO would be ~ 2 mol%. Note also that the Q° envelope in
the 50 mol% Nay; O Raman spectrum (Fig. 11(c)) is very broad
and shifted to lower frequency, as for the 50 mol% K,O spec-
trum in Fig. 11(b). Three peaks of equal width (with no posi-
tion or intensity constraints) give positions of 1079, 1049 and
1015 cm™! as shown by dashed lines on Fig. 11(b). It is per-
haps surprising that these two peak positions are so close to
those in the 40 mol% spectrum Fig. 10(b), namely 1080, 1050
and 1010 cm~!. This agreement gives more credence to the
concept that each of these three Q°-0, -1 and -2 species can be
represented by a well-defined peak.

2.6. The Raman spectra of 50 mol % melts

Several excellent Raman spectra of silicate melts have
been published, and three of these spectra of 50 mol% Na,O,
Li>O and CaO are shown in Figs. 12(a)-12(c).5>%1 Both the
spectra and their reasonable fits are taken directly from the
two publications. 3231 All of these spectra yield much broader
lines and poorer resolution than for the glasses, as expected
from the systematic increase in linewidths as the temperature
increases (e.g. see Fig. 7 in Ref. [81]). The three spectra
are qualitatively similar with two shoulders (at ~ 850 cm™!
and ~ 1050 cm™!) on either side of a strong central peak at
~ 950 cm™!. Using our previous analysis of glass spectra, the

peaks/shoulders can be readily assigned to Q' (weak shoul-
der at ~ 850 cm™'), Q? (strong peak at ~ 950 cm™!) and
Q3 (strong shoulder at ~ 1050 cm™!). Obviously, Q3 > Q!
with this assignment, indicating significant polymerization
and non-zero mol% FO for melts with alkali and alkaline earth
cations. In the previous papers,>>>>! the ~ 1050 cm™! peak
was not assigned to the expected Q3 peak,>>3! mostly be-
cause “conventional wisdom” demanded that Q3 had to be
equal to 0! to obtain FO = 0 (Eq. (7b)). For example, the
1050 cm~! peak in Fig. 12(c) was assigned to a Si-O° bridg-
ing oxygen stretching frequency from all Q species.!>?! This
assignment is now known to be incorrect,[!11:120]
Quantification of these poorly resolved spectra is difficult,
as emphasized in Subsection 1.1. Different linewidths and
lineshapes will substantially affect the Q species estimates.
But in this case, it is obvious (much more obvious than for
Fig. 1) that Q% > Q! indicating non-zero mol% FO in all
cases. The spectra were fit in the original publications>%>]
to three or four peaks as shown in Fig. 12. The “extra” smaller
peak at ~ 1000 cm™! can be readily assigned to our Q3-1, as
in Figs. 9 and 10 for the silicate glasses. The Q species abun-
dances (Fig. 12, Table 2) are taken from Table 1 in Ref. [52] for
CaSiOs (Fig. 12(c)), and from our equivalent fits to Figs. 12(a)
and 12(b) for NaySiO3 and LiSiO3. For a preliminary semi-
quantitative estimate of FO in these three melts, we use the O
abundances in Fig. 12 and Table 2. In all cases, Q° > 3Q".
FO contents of 3.3-5.0 mol% are obtained (Table 2), compa-
rable to the FO of 4 mol% for the 50 mol% Na;O glass in
Fig. 11(c) (Table 2). Note again that the FO abundances for
the alkali cations Na and Li are comparable to, or larger than,
the FO for the Ca melt. This is one more indication that both
Stebbins’ thermodynamic treatment based on crystals, and the
field strengths of cations, %!-%3] are not relevant to the amount

of FO in silicate solid solutions.[!25-126]

Redrawn after

Spectral data from
Richet et al.1996

Frantz and Mysen
1995

(c) CaSiO, melt
(1618 K)

Q? 30% Lorentz. I/\

Intensity

(a) Na,SiO; melt Redrawn after (b) Li,SiO, melt
(1363 K) Richet et al.1996 (1475 K)
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Fig. 12. The Raman spectra (and published fits) of metasilicate silicate melts of (a) Na;SiO3 and (b) Li»SiO3 (Fig. 12 from Ref. [55]), and (c)
CaSiO3 (Fig. 4(c3) from Ref. [52]). The Q3 peak(s) were not assigned in the previous publications, because Q> was assumed not to be larger

than Q' from the “conventional wisdom” of disproportionation.
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2.7. MD simulations on Na;SiO4: Methods and FO

Previous simulations of Na-silicate and Mg-silicate
glasses and melts!!1-10L1321331 indicate the presence of
FO. For example, Na,SiO; glass at 300 K[!l yielded
0.47 mol% FO, whereas MgSiO3 and Mg,SiO4 melt sim-
ulations at 3000 K yielded 12.5 mol% and 15 mol%,

101,132.133] Here, we report ab initio MD simula-

respectively.!
tions on orthosilicate NasSiO4. The orthosilicate composition
was chosen because BO and O?~ disappear simultaneously
from an orthosilicate glass or melt if Rxn. (1) goes to comple-
tion, yielding only NBO: at this composition the presence of
either reactant, BO or O™, necessarily implies the presence of
the other. No previous MD calculations have been performed
on the NaySiO4 composition.

Micro-canonical ensemble (constant-energy, constant-
volume) first-principles molecular dynamics (MD) calcu-
lations were performed on NaySiO4 and Mg;SiO4 using
the Vienna ab Initio simulation package (VASPI!341331)
The core electrons of each atom were replaced by
ultrasoft pseudopotentials.[!31371 The generalized gradi-
ent approximation!'38! with the Perdew—Burke—Ernzerhof
parametrization!'3®! was used for the exchange-correlation
functional. The valence electron orbitals were expanded in
a plane-wave basis set, and Brillouin zone sampling was per-
formed at the I point. To verify the results, calculations were
also performed on NasSiO4 using the more accurate projec-
tor augmented-wave (PAW33) potential.['33] A 396 eV energy
cutoff was used in all calculations.

Following de Koker et al.l'%'l and Tse,!'3* the model
systems consist of 16 formula units (NagSiO4 = 144 atoms
and Mg;SiO4 = 112 atoms). The melted glasses were ob-
tained by heating crystalline NasSiO4!'4%! to between 4000 K
and 5000 K. Such heating is required to rapidly disorder

[141

the crystalline structure.!'*!] Our heating, cooling, and an-

nealing protocol is similar to previous simulations on Mg-

1321331 The systems were melted and annealed for

silicates. !
at least 3 ps at high temperature, then cooled for several ps
per temperature step, with the final structure in all runs being
annealed at 300 K for an additional 3 ps. The full heating and
cooling cycle took over 20 ps.

In one run, NasSiO4 was heated from 300 K to 4000 K,
then cooled in steps to 3000 K, 2000 K, 1000 K, 500 K, and
300 K. In a second run, Na4SiO4 was heated from 300 K in
steps to 3000 K, 4000 K, and 4500 K, then cooled in steps to
2500 K, 1000 K, and 300 K. A third run used the more accu-
rate PAW33 potential. It melted at 4500 K and was then cooled
to 4000 K, 2500 K, 1000 K, and 300 K. With this cooling rate
(necessary for reasonable computational cost), it is not possi-
ble to guarantee that the resulting low-temperature structure is
the true equilibrium glass structure rather than a frozen melt;
nevertheless, we refer to it as a glass. The three runs yield sim-

ilar Si—O bond lengths and O-Si—O angles, as well as similar
numbers of BO atoms at 1000 K and 300 K, indicating that
the results are not particularly sensitive to the pseudopotential
used or the cooling rate.

Figures 13(a) and 13(b) show the silicate network in
NaySi0O4 at 1000 K and 300 K, where Na atoms, Si atoms, and
O atoms bonded to Si are shown to emphasize the abundance
of bridging oxygen atoms present. The snapshots demonstrate
that, upon heating, the structure becomes fully disordered,
with no vestige of the original crystalline NasSiOy4 structure.
Heating to 5000 K results in many dissociated Si—O bonds,
producing SiOy4, SiO3, Si0;, and SipO7 units; there is one BO
in the system. Decreasing the temperature to 3000 K results in
the loss of all SiO; units and all but one SiO3 unit. One Si, O
and one Si3Oj¢ unit are present, indicating three BO atoms.
Below the melting point (1360 K), all Si atoms are coordi-
nated to four O atoms, with three SioO7 units (ringed) present
at 1000 K (Fig. 13(a)) and two at 300 K (Fig. 13(b)), indi-
cating 3 and 2 BO atoms respectively. One FO is evident in
Fig. 13(b). The PAW potential run yielded 4 BO and 4 Si,O7
units at 300 K. These three Na-silicate simulations together
provide results consistent with MD simulations using larger
system sizes, as demonstrated by Van Ginhoven et al.!'4?]

It can be difficult to count the number of FO, as indicated
by areviewer concerned with Na—O and Si—O cutoff distances.
One FO was identified at the top right of Fig. 13(b). For this
orthosilicate glass, it is easier to estimate the FO content from
the number of dimer Si,O7 groups using Eq. (4), because each
dimer gives rise to one FO (Eq. (4))

20° < 20' +FO,
or
2Si04 < Si,0O7 + FO.

From this equilibrium equation, the number of dimers is equal
to the number of FO (and, as an aside, the number of BO,
one per dimer, is also equal to the number of FO). We observe
between 2 and 4 dimers in our calculations, which yields an
average of three FO — about 5% of the 64 O atoms in our
144-atom simulation.

The calculated Si—O bond lengths are within the range
observed by Baur et al."*9) for crystalline NaySiO4 (1.59—
1.68 A) and are similar to bond lengths obtained from neutron
scattering, EXAFS, and MD calculations using empirical po-
tentials for Na silicate glasses (1.61-1.67 AB-13h " Our two
other NasSiO4 simulations yield Si—O average bond lengths
within 0.01 A of the above values. The O-Si—O bond an-
gles are also similar to those obtained for crystalline NasSiO4
(103.10°-116.90° 1491 The simulated Na—O bond lengths
(av. =2.305+0.108 A) are within the range observed for crys-
talline NaySiOy (2.28-2.55 Al'491) and for Na silicate glasses
(2.31-2.4 Ay,
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(a)

Na,SiO,

Fig. 13. Dimers and FO from the 144 atom and 324 atom!'*3] MD simu-
lations. (a) Na4SiO4 at 1000 K; (b) NaySiO4 at 300 K for the 144 atom
simulation (O = red balls, Na = yellow balls, Si = blue atoms or SiO,
units); (c) a blowup of a dimer from the 324 atom simulation (NBO = blue
balls; BO = red ball; Na = yellow balls; SiO4 = green units). Note the
two SiO7 dimers (ringed) in both (a) and (b), and the 02~ (FO) in (b) at
the top right.

In Figs. 13(a) and 13(b) there are two obvious SipO7
One other Si,O7y
As previously noted, the FO content

dimers out of sixteen initial SiO4 units.
unit is less obvious.
of the NasSiO4 glass simulations averages about 5 mol%
of total oxygen (3 out of 64). Its abundance is some-
what greater in simulated high-temperature Mg,SiO4 and
MgSiO; melts, [43:101.103,132,133] The presence of FO indicates
that Rxn. (1) does not go to completion in alkali or alkaline-
earth silicate glasses, as discussed above.

Finally, we have performed a similar MD simulation on a
larger 324-atom cluster of NasSiO4.[143] This simulation also
revealed a number of Si;O7 dimers with associated FO. A 34-
atom cluster from this calculation shows the structure of one
of these dimers in detail (Fig. 13(c)).

2.8. Other physical and chemical evidence for the impor-
tance of FO

There are many examples from the literature which show
that FO is critically important for the physical and chemical
properties of these glasses. Indeed, as mentioned in a pre-
vious paper,®! FO should be treated as a master variable in
silicate melts, just as H* (pH) is in aqueous solutions. Us-
ing both polymerization and disproportionation reactions at
the atomic level,['*+145] we have shown that FO is directly

involved in fundamental physical properties via nucleophilic
substitution (Sy) reactions when Lewis bases such as FO and
NBO attack SiOy tetrahedra to form five-coordinate Si¥. FO
must be a stronger nucleophile than NBO or BO, and FO
should be the dominant nucleophile in basic melts with < 40—
50 mol% SiO,.
earth orthosilicates and metasilicates produces more polymer-

Melting of crystalline alkali and alkaline-

ized melts than their precursor crystals, and FO is directly in-
volved. We have shown, for example, that melting of crys-
talline NaySiO3 2392141 regults in conversion of Q? species
of the crystal to Q° and FO. We have also shown that oxida-
tion of Fe’* to Fe’* in mid-ocean ridge basaltic melts and
glasses (MORBs) with mol% SiO; < 50 mol% is probably
driven by FO present in all alkali and alkaline-earth melts. In
addition, we show that Sy reactions involving FO are critical
for other physical properties such as diffusion, conductivity,
and viscosity.[4]

Regarding the effect of K on other physical properties, it
is well known that replacement of Li, Na, or Mg by K can en-
hance the strength of glasses by 2—4 times, improve hardness,

e.[146:147] Eor example, the Raman

and decrease fragment siz
spectrum of an initial 30 mol% Li,O glass shows a strong Q3
envelope along with a weaker QO peak of about 15% of the

82,1461 After ion exchange of Li for K,

total spectral intensity. !
the Q7 intensity decreases from ~ 15% to about 9% of the to-
tal intensity (Fig. 6 in Ref. [146]). This shows that the K-rich
surface is more polymerized than the Li bulk due to conversion
of 07 to Q° via the polymerization reaction, which produces
more FO. Such polymerization will increase the strength of
the glass surface.

We briefly consider the importance of FO for the chem-
istry of silicate glasses. Stolper(>33#! initially showed from IR
spectra that there were two species in his melts after reaction
with both CO, and H,O: CO, and CO%T and H,O and OH™

respectively, and it was simple to write

CO;(molecular) + OF < CO3™, (20)
and

H,O(molecular) +O; < 20H ™, 21

where O; represents a reactive O species (BO, NBO, or FO).
Stolper noticed that at low Na,O glass compositions, mostly
molecular CO; and H,O were present after reaction with CO,
and H,O respectively; but for higher Na,O mol% glasses,
only CO%‘ and OH™ were present. Both NBO and FO in-
crease with NayO (Figs. 2 and 3), but FO increases much faster
than NBO (Figs. 2 and 3), and FO is likely the reactive O
species. 3]

The Raman and NMR communities did not accept the
presence of FO in these glasses, and, through conventional
wisdom, the community adopted the convention that NBO
was the reactive O species. It is much more likely that FO
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is the reactive species based on expected reactivity and steric
effects.3%! In support, Eggler and Rosenhauer!'*®! in 1979 rec-
ognized that FO is the favorable species because the reaction
“involves no rearrangement of the silicate network and will
be strongly favored if such oxides are present”. Also, there
is good evidence for “free-ionic clusters” (FIC, with CO%f
bonded only to a cation) in low SiO, glasses reacted with
CO,.['*1 FICs would be expected if FO is the reactive O
species in Eq. (20).

There is also evidence that the reactivity of K glasses with
gases such as HyO and CO; is significantly enhanced com-
pared with the reactivity of Na glasses of the same composi-
tion. For example, we have suggested!®! that FO is likely to
have a large influence on the reactivity of K silicate glasses
and may explain their exceptional reactivity with H,O. Also,
in relatively low-SiO, glasses with about 45 mol% SiO, (with
7 mol% Al,O3, 15 mol% (Mg,Ca)O and 20 mol% (Na,,
Ki-x)20 (x =0 to 1)), the uptake of CO, (as shown by the
CO? IR band at 1070 cm™') is significantly enhanced when
Na is replaced by K, as expected from the larger FO content in
K glasses. For example, for glasses equilibrated at high pres-
sure (50 MPa) and high temperature (1250 °C), the CO; solu-
bility is ~ 1.75 wt% in the K-free glass (x = 1) and increases
to ~ 3.0 wt% in the Na-free glass (x = 0).11501

Finally, it seems appropriate to comment on the possible
effect of FO on the bioactivity of soda-lime silicate glasses.
Although commercial bioactive glasses contain several mol%
P>0s, low-silica glasses with ~ 50 mol% SiO» and no P05
have also been shown to promote in vivo bone formation or
osteogenesis. Two recent 2°Si NMR and Raman studies on
soda-lime silicate glasses with ~ 70-50 mol% SiO,, ~ 15—
25 mol% CaO, and ~ 15-25 mol% Na,O have attempted to
correlate the observed Q species distributions with chemical
reactivity.l”778] For example, the 2°Si NMR spectrum of a
metasilicate glass with 50 mol% SiO;, 25 mol% CaO, and
25 mol% NayO shows a poorly resolved spectrum indicating a
weak Q1 peak (4.5%), a strong Q2 peak (71.8%), and a mod-
erate Q° peak (23.7%). Network connectivity (NC)1>1-1521
was used to discuss structural differences, and BO and NBO
can be readily calculated from Egs. (8) and (9). Note that
NC =BO/Si =4— (NBO/Si), where 4 is the number of Si-O
bonds. As discussed above, Q3 > Q! indicates polymeriza-
tion and mol% FO (ignored in Ref. [77,78]). Calculation of
FO using Eqs. (14) and (15) yields 2 mol% FO, as is also sug-
gested by their higher-than-expected NC (BO/Si = 2.19 and
NBO/Si = 1.81) versus the analyzed NC (BO) value of 2.09
(NBO/Si = 1.91). The decrease in NBO/T by 0.1 (1.91 to
1.81) also indicates ~ 2 mol% FO, as noted earlier in this pa-
per and in Table 1 of Ref. [145]. We suggest that this FO is
the most reactive species in these glasses. Obviously, more
research is needed to confirm this suggestion.

3. Conclusion

We have realized our most important objective. We have
presented overwhelming evidence for mol% FO in Na and K
glasses from all three spectroscopies (O 1s XPS, 2°Si NMR,
and Raman), with 1.9 (£1) mol% in 40 mol% Na,O glass and
> 7 mol% in 50 mol% K,O glass. The evidence is too strong
to ignore. The essential solid-solution equilibrium treatment
(Egs. (1)—(3)) shows that significant FO must also be present at
much lower mol% M,0O. For example, for K,O glasses, there
should still be > 1 mol% FO in K glasses with ~ 30 mol%
K5O, as also demonstrated by our O 1s XPS results. MD sim-
ulations on NasSiOy4 are also consistent with substantial FO,
showing ~ 5 mol% FO in a NasSiO4 glass. Also, the 2°Si
NMR spectra of 50 mol% Rb,0 and Cs;O silicates[®”-68) also
show FO contents comparable to K glasses. We conclude that
alkali silicate glasses show comparable (or greater) FO% than
alkaline-earth silicate glasses of comparable composition.

The justification of FO= 0 for alkali glasses using the
thermodynamics of crystalline phases and the low crystal-field
strengths of alkali cations is not appropriate. The >°Si NMR
spectra of the well-resolved 40 mol% Na,O and 50 mol% K,O
glasses are critical to the present analysis; however, the poor
resolution of nearly all other ?*Si NMR spectra of alkali and
alkaline-earth silicate glasses makes it difficult to justify the
use of 2°Si NMR alone to quantify Q species distributions in
most silicate glasses.

After reassignment of the Raman spectra (using
Lorentzian peak shapes and M-BO interactions which
broaden and distort the Q3 peak), we have shown that
the Raman spectra and some 2°Si NMR spectra are semi-
quantitatively consistent, as initially envisaged by Franz and
Mysen? and McMillan.!''%1 For example, in both spectro-
scopies there is one resolved peak per Q species, there is a
good correlation of peak positions for all Q species, and even
the relative widths of the Q species peaks are similar. Most
importantly, the Raman cross sections are close to unity, and
a reasonable estimate of FO can be obtained from the raw Ra-
man spectra. For > 40 mol% samples, these spectra can now
be fit, assigned, and quantified as well as other spectroscopies
such as Mossbauer, XPS, or NMR.

We have also shown the importance of FO for deter-
mining physical and chemical properties such as melting and
strength of glasses, reactions with gases such as HyO and CO»,
and bioactivity. There is a need for more accurate measure-
ments of FO (and more accurate Q species amounts and more
accurate K3 values), which should enable better predictions of
these physical and chemical properties.

Following Richet’s article on the development of scien-
tific truth!®% in the earth sciences, there was a scientific “con-
sensus” in the 1980s, 1990s, and 2000s that disproportionation
alone was responsible for Q species distributions. This led
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to rejection of papers that contradicted the accepted interpre-
tation, along with “adjusting” results®!! to fit the prevailing
model. There are some analogies with the controversy over
the age of the Earth from the 1860s to the 1930s.[9") The geo-
logical community had a consensus from 1860—1905 that the
age of the Earth was 20-100 M years. With the discovery
of radioactivity in 1895, a new scientific community (physi-
cists) using a new technique (isotopic dating) was rejected for
decades by the geological community, which had to “adjust”
their results. Richet concludes that “if truth can only be ap-
proached little by little, the intrusion of outsiders into the de-
bate is certainly not to be rejected but rather encouraged to
break with any group thinking”.
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