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ARTICLE INFO ABSTRACT

Pentacoordinated silicon (SiOs) has long been considered as a possible reactive intermediate in bond-swapping
reactions in even ambient pressure viscous flow, diffusion, nucleation and crystallization. In this paper, new
NMR results are presented for potassium silicate glasses and for two lithium silicates. In the former, SiOs is readily
Five coordinated silicon detectable by 2°Si MAS NMR on **Si-enriched glasses at concentrations as low as about 0.02 mol%; in the latter
i‘li:;e;;zﬁ:;;::e this species is below detection limits. SiOs concentrations are higher at higher fictive temperatures, and first
Alkali germanate glass increase, then decrease, as K,O is added to SiO,. This pattern in compositional variation resembles those long-

known in alkali borate and germanates, although high coordinate species (BO4 and GeOs/GeOg) are orders of
magnitude more abundant than in ambient pressure silicates. A simple thermodynamic model, considering only
the non-ideal mixing of bridging and non-bridging oxygens, at least qualitatively predicts the shape of the
compositional variation of SiOs in the potassium silicates, and is sensible with respect to known tendencies for
clustering and unmixing; such a model also predicts curves of network cation coordination vs. compositon that
resemble those known for borates and germanates, suggesting an underlying similarity in the energetics of
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mixing of anionic species.

1. Introduction

Tetrahedrally coordinated silicon (SiO,) is the archetypical former
of network structures in silicate crystals and glasses. With the excep-
tions of one known calcium silicate hydrate (thaumasite) and crystal-
line and glassy phosphosilicates [1-6], all or nearly all silicon in am-
bient pressure silicates is in SiO4 groups. Higher coordinated silicon
species (penta- and hexacoordinated silicon, SiOs and SiOg in the
context of oxides) are usually considered to be structurally significant
only in high pressure silicates, and indeed the latter species is probably
the most important form of Si in the deep Earth, in the perovskite-
structured (Mg,Fe)SiO3 phase (bridgmanite) that makes up most of the
planet's lower mantle.

SiOs groups were first discovered in high pressure alkali silicate
glasses by 2°Si NMR almost 30 years ago, reaching concentrations of up
to about 4 to 8 M % in Na,Si,O9 and K,Si4O9 glasses quenched from
melts at 6 to 12 GPa (60 to 120 kbar), decompressed, and studied under
ambient conditions [7-9]. Very low concentrations of this species (ca.
0.1%) were then detected by the same methods in several 1 bar glasses
of these compositions [10,11]. Cooling rate experiments demonstrated
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its increasing abundance at higher fictive temperature (Ty). A few more
recent studies of high pressure glasses have confirmed and extended
these results [12-15], but the expense of the isotopically enriched 29gi
that has generally been required has limited the exploration of com-
positional effects on Si coordination, potentially one of the most fun-
damental aspects of the network structure of silicate glasses.

We have recently begun a program to improve and expand these
results, with an initial study that showed that SiOs and SiOe con-
centrations in high pressure K,Si,O9 glasses may be considerably higher
than previously thought, due to transient pressure drop effects on
quench from super-liquidus temperatures in solid-media high pressure
apparatuses [16,17]. That new study also confirmed the fictive tem-
perature effect on SiOs content at 1 bar pressure in this one composi-
tion. The obtainable signal-to-noise ratios for small samples have im-
proved considerably since early work, with faster spinning MAS NMR
probes and higher external magnetic fields, making systematic ex-
plorations of this species considerably more feasible. This is true even
for the low concentrations of SiOs in 1 bar glasses, in which compli-
cations of high pressure experiments such as pressure control, uncertain
thermal history, and, potentially, structural changes during
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Table 1
Concentrations of SiOs groups in alkali silicate glasses (molar % of total Si) and apparent enthalpies for reaction (1). Experimental uncertainties in SiOs contents are
about 10 to 20% relative.

Mole % M,0 Fast quench Fast quench, Slow cooled Slow cooled, AHgpp AHgpp
SiOs est. Ty, K SiOs est. Ty, K kJ/mol” kJ/mol
non-ideal
model®
5% K0 0.23 1125 0.10" 909 - 13
10% K,O0 0.35 989 0.20 813 22 19
15% KO 0.26 959 0.11 793 33 25
20% K0 0.10 930 0.05 773 26 30
25% K»,0 0.03 923 - - 36
20% Li,O n.d.9 (< 0.04%)
33% Li,O n.d. (< 0.02%)

# Slow-cooled 5% K,O sample contained about 20-30% crystalline silica, pushing glass composition to about 6 to 7% K,0. AH,p,, is not given here because of this

additional uncertainty in effects on thermal history.

> Calculated from experimental data for fast quench and slow cooled glasses.

¢ Effects of composition on AH,, as calculated from non-ideal solution model for NBO activities, with interaction parameter W = 60 kJ/mol, and starting value for

AH,,,, fixed at 30 kJ/mol for 20% K,O. See text in Section 4.1.
4 “n.d.” indicates not detected in NMR spectra.

decompression, can be eliminated. Here are presented the results of the
first extensive study of silica content on silicon coordination in any
simple silicate binary.

Such a low-abundance silicate species in ambient pressure glasses
may appear to be a curiosity or a minor correction to standard struc-
tural models. However, SiOs groups, since early work on molecular
dynamics simulations of silicate melt dynamics [18,19], have been
implicated in mechanisms not only by which structure changes with
pressure, but in how the breaking and re-forming of strong network
bonds (bond swapping) takes place as quantified by in-situ high tem-
perature NMR [20,21]. The latter process is thought to be important for
network cation (and anion) diffusion and viscous flow in at least high-
silica liquids [22-25], and has been the subject of numerous recent
theoretical studies [26-33]. Here, as well as in some models of silicate
dynamics in other contexts including aqueous dissolution and crystal-
lization [34-37], low concentrations of over-coordinated Si may serve
as “transition complexes” that are critical to kinetics.

A second type of motivation to improving the scope of data on SiOs
groups in silicate glasses concerns apparently fundamental differences
in the interactions of composition, structure and properties in the three
classical oxide glass forming systems: silicates, borates, and germa-
nates. These are all best known through effects of addition of alkali
oxides (M,0) to the pure oxides SiO,, B5O3, and GeO,, as these systems
have the widest range of glass forming compositions for which liquid-
liquid phase separation (at low M,0) and crystallization (at high M,0)
can be avoided. In low-pressure silicates, the predominant silicon co-
ordination is largely unaffected by addition of alkali oxides, and
properties of both glasses and liquids, such as density (or molar vo-
lume), refractive index, and glass transition temperature vary either
linearly with composition or at least monotonically as bridging oxygens
are converted to non-bridging oxygens, often allowing simple para-
meterization [38]. In marked contrast, variations in properties with
composition in the alkali borate and alkali germanate binary systems
are often non-linear and even non-monotonic, e.g. molar volumes in
both glasses and liquids [39] and observations that T, may increase to a
maximum then decrease with further addition of M,O [40-42]. A
number of structural explanations of such “anomalous” behaviors have
been proposed and extensively studied by spectroscopy, X-ray and
neutron scattering, but most involve the initial conversion of the net-
work cation groups (BO3 or GeO,4) to higher coordination (BO, or
GeOs/GeOg) with M0 addition, with little or no formation of NBO.
Effects on properties are thus drastically different than in silicate sys-
tems. After reaching maxima, boron and germanium cation coordina-
tions then are converted back to the lower coordination state at higher
MO concentrations. In silicates at high pressure when SiOs (and SiOg)

groups become stable enough to have concentrations similar to those of
SiO4, such complex behavior might be expected, but few or no data are
available on either structure or properties of binary composition liquids
under such conditions. Ambient pressure compositional effects on SiOs
contents may thus provide some clues to high pressure property beha-
vior by analogy to borates and germanates [9,42]. Intriguingly, the
results and their analysis in simple thermodynamic terms as presented
here for potassium silicates also suggest that this system may yield new
insights into the underpinnings of cation coordination changes that are
known so much more completely in the borates and germanates.

2. Experimental methods
2.1. Glass synthesis

As described in our recent paper on high pressure K,Si;Og glasses
[17], glasses studied here were made from either 99% or ca. 60% 29gj
enriched silica and high purity anhydrous K,CO3 or Li,CO3, melted in
batches of 100 to 700 mg in a Pt/Au crucible after an initial dec-
arbonation step at ca. 700 °C. Melting was typically done for 1 h at 50 to
100 °C above liquidus temperatures. Given the small sample sizes ne-
cessitated by the expense of the isotopically enriched starting material,
several compositions were made by adding either 2°SiO, or alkali to a
previous sample. Trace element dopants, added to speed spin-lattice
relaxation, varied somewhat. The 20% K,O glass, and compositions
derived from it (15% and 25% K,0) contained about 0.2 wt% Gd,O5 in
order to match the samples of an early study [9], as well as traces of
transition metal contaminants in the silica [43]. The 5% K5O glass, the
subsequent 10% K,O sample, and the Li silicates were doped with 0.1 to
0.2wt% CoO. Compositions (Table 1) are nominal, but controls on
weight loss during melting indicate that these are accurate to within 1
or 2% absolute.

All samples were initial rapidly quenched from above the liquidus
by dipping the crucible base into water, forming a layer of glass typi-
cally < 1 mm thick at a rate estimated to be roughly 500 to 1000 K/s
(fast quenched or “FQ” designation). Portions of glasses with 10, 15 and
20% K,0 were then reheated to about 25 to 50 °C above their reported
glass transition temperatures for about 30 min, then cooled slowly at 10
or 15 K/h to well below T, (slowly cooled or “SC” designation), also as
described recently for the 20% composition, or K,Si4Og. For the latter,
the “SC” glass was then remelted and fast quenched again to demon-
strate reversibility of fictive temperature effects [17]. In contrast, a
portion of the FQ 5% KO glass was re-heated to about 100 °C above its
T, and then slow cooled, resulting in the formation of about 20-30% of
a crystalline silica phase (probably tridymite) that was readily
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detectable by NMR. None of the other samples showed any signs of
crystallization: all were optically clear and bubble-free and showed no
narrow crystal-like peaks in NMR spectra. Only the 20% Li>O glass
(Li»Si4O9) showed any sign of liquid-liquid-phase separation, mani-
fested as pronounced differential spin-lattice relaxation between SiO4
species (see below), as expected from previous work on this composi-
tion [44]. Annealing/slow cooling experiments were not done on the
25% K5O glass or the Li silicates, because initial NMR spectra showed
either very low (25% K,0) or undetectable (Li silicates) SiOs con-
centrations (see below).

2.2. NMR spectroscopy

295i NMR spectra were collected with a Varian Inova spectrometer
at a field of 14.1 T and a frequency of 119.14 MHz, using a Varian/
Chemagnetics T3 magic angle spinning probe with 3.2mm zirconia
rotors, typical spinning rates of 20 kHz, and sample weights of about 30
to 35 mg. One-pulse acquisition was used, with RF tip angles of about
30° (1ps pulses). Frequencies are referenced to tetramethyl silane
(TMS). Spectra were collected with pulse delays ranging from 0.1 to
3600 s as part of an ongoing, in-depth study of line shapes and re-
laxation. Gaussian apodization (smoothing of the time-domain signal)
was limited to values that did not noticeably broaden spectra. In gen-
eral, data shown here were chosen to optimize signal-to-noise ratios
(1500 to 6000:1) needed to accurately measure tiny concentrations of
SiOs groups, typically with a 4 s delay and relaxation to about 65% of
fully relaxed intensity. Spectra shown typically sum data from 10,000
to 40,000 acquisitions, requiring about 12 to 44 h to collect. SiOs re-
sults are given as molar percentages of total silica, and are derived as
previously described by direct integration of the spectra with a linear
baseline interpolation for simplicity of data analysis [17]. These data
are, within uncertainties, independent of the pulse delay used, for
spectra in which signal-to-noise is high enough for accurate detection of
such low concentrations.

3. Results and discussion
3.1. NMR spectra: SiO4 regions

295i MAS NMR spectra for the glasses, showing the regions for the
predominant SiO,4 species, are shown in Figs. 1 and 2. Lineshapes and
positions are similar to those reported in a number of previous studies
[45-48], but with signal-to-noise ratios greatly improved by the iso-
topic enrichment. In this composition range, the potassium silicate
glasses all show two partially resolved peaks due to Q* and Q* sites:
SiO4 groups with 3 or with 4 bridging oxygens, centered at about —95
to —98 ppm and — 105 to —110 ppm respectively. As expected from
previous studies, the lithium silicate spectra also contain a lower Q>
shoulder centered at about —80 ppm (Fig. 2). Q% and Q* peaks move
systematically to slightly lower frequencies (more negative chemical
shifts) with decreasing alkali oxide content, also as previously reported
[46-48]. The size of the Q* peak relative to that of the Q® peak in-
creases as expected with higher silica contents. However, in detail, we
note that as in other recent studies, simple fitting with two Gaussian
components does not give results fully consistent with composition in
this range, requiring area-constrained fitting [48], the addition of a
third peak to represent distinct Q* environments [47], or the possibility
of asymmetric, non-Gaussian lineshapes.

In general, for silicate glasses doped with paramagnetic impurities
to enhance relaxation and obtainable signal-to-noise ratios, lineshapes
(and thus derived SiO,4 speciation) have been found to be independent
of pulse delay, i.e. that all components relax at the same rate. In con-
trast, glasses with phase separation, even at the sub-optical scale, show
markedly slower relaxation of Q* species, as these are concentrated in
the high-silica phases that exclude most dopant cations (e.g. transition
metals and rare earths) [44,49]. The result is that the Q* peak is
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Fig. 1. 2°Si MAS NMR spectra for 2°Si-enriched K,0-SiO, glasses, showing SiO,
regions, with mole % K,O as labeled. “FQ” designates “fast quenched”; “SC”
designates “slowly cooled”. All data shown were collected with a 4 s pulse
delay. Uppermost spectrum (dashed curve) shows data for the slowly cooled 5%
K20 glass, which formed a minor amount of a crystalline silica phase during
cooling from ca. 100 °C above Tg (see text).

underrepresented in spectra collected with pulse delays short enough to
partially saturate the magnetization. This distinction is illustrated here
(Fig. 2) by selected spectra for 20% Li,O glass, with pronounced dif-
ferential relaxation, contrasting with data for 33% Li,O glass with no
detectable change in lineshape with pulse delay. The former composi-
tion lies within the spinodal, which is well above the glass transition
and thus leads to phase separation regardless of quench rate; the latter
lies outside of the solvus. The very high signal-to-noise ratios obtainable
here also suggest a slight differential relaxation for most of the K-sili-
cate glasses, which are not known to phase separate, as the solvus in
this binary apparently is below Ty for all compositions [50,51]. This
finding suggests some heterogeneity in the distribution of paramagnetic
dopant ions, even in single-phase glasses. Detailed analysis of MAS and
static (non-spinning) lineshapes, as well as spin-lattice relaxation
curves, will be presented in a future contribution.

For all glasses except the 5% K-silicate, annealing and slow cooling
of the original fast-quenched samples had only very subtle effects on the
SiO4 lineshapes, typically with a slight narrowing of component peaks
and a slight (< 0.5 ppm) shift down in frequency (Fig. 2a). These effects
were completely reversible when tested in the 20% K,O composition.
Changes in Q species abundance with temperature and with fictive
temperature, known to occur in lower silica compositions [52,53], are
small enough to be negligible in the composition range explored here:
e.g. the 20% K,O glass probably contains only a few % Q2 groups at
most. Effects on SiOs concentrations of thermal history are, in contrast,
large and significant (see below). For the 5% K,O glass, which was
heated much farther above T, than for the other compositions for the
slow cooling (SC) experiment, partial crystallization occurred to form a
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Fig. 2. 2°Si MAS NMR spectra for >°Si-enriched K,0-SiO, and Li,O-SiO, glasses,
showing SiO, regions, as labeled. For all, solid lines show data for fast-quen-
ched glasses with pulse delays of 4 s. In (a), data for the slowly-cooled (SC) glass
is shown with the superimposed dashed curve (blue). In (b), (¢), and (d), data
for fast-quenched glasses with pulse delays of 300, 300, and 60 s respectively
are shown in superimposed (red) dashed curves, illustrating the presence of
obvious differential relaxation between the Q® and Q* peaks (c) or its complete
absence (d). For (b), (c), and (d), spectra are normalized to the same height for
the Q® peak. The longer-delay spectra are fully or nearly-fully relaxed, the
shorter-delay spectra are 66, 24, and 48% relaxed respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

narrower Q* component in the spectrum, centered at about —111 ppm
(Fig. 1, top). This phase is probably a polymorph of tridymite, which
because of its structural complexity has multiple, partially overlapping
295i NMR peaks and thus can give relatively broad overall lineshapes
[54,55]. From the estimated content of this phase (20-30% of the ob-
served 2°Si signal with a pulse delay of 1 h), the glass composition after
this slow cooling experiment was probably enhanced somewhat in K5O,
to about 6 to 7%.

3.2. NMR spectra: SiOs regions

In Fig. 3, spectra are plotted with vertical scales enlarged by about
40 times over those shown in Figs. 1 and 2. As first discovered in early
studies of the K5Si4O9 composition (20% K50) [7,9,10] and recently re-
confirmed [17], the very high signal-to-noise ratios obtainable with
isotopically enriched 2°Si enable low concentrations of SiOs groups to
be detected as peaks near to —150 ppm. Measured SiOs concentrations
(Table 1) are highest in the 10% KO glass, and decrease at both lower
and higher K,O contents. The SiOs peak shifts slightly and progressively
down in frequency (2 to 3 ppm more negative chemical shift) from the
25% to the 5% K50 glass, possibly because of a shift in the number of
bridging vs. non-bridging oxygen neighbors. The latter is suggested by
the partial resolution of what may be two SiOs peaks in a 3 GPa pres-
sure glass containing in total 2.4% of the species [17]. No signals for
SiOg groups at ca. —200 ppm were detected in any of these samples,
with a detection limit in most cases of about 0.02%. This species is well-

Journal of Non-Crystalline Solids: X 1 (2019) 100012

10% K,0

15% K,0

20% K,0

25% K,0

33% Li,0

20% Li,0

NN

-50 -100 -150 -200 -250
ppm

Fig. 3. 2°Si MAS NMR spectra for 2Si-enriched K,0-SiO and Li,0-SiO,, glasses,
showing SiO,4, SiOs, and SiOg regions, as labeled. Vertical scales are expanded
by about 40 times those in Figs. 1 and 2. The SiOs peak location is marked with
a vertical line to illustrate small changes with composition. The SiO¢ peak lo-
cation is based on data for high pressure glasses: this species is not detectable in
these ambient-pressure glasses. Solid curves show data for fast-quenched
glasses with pulse delays of 4 s (except 60 s for 20% Li>O); dashed (blue)
spectra show results for slowly-cooled glasses. The baseline of the latter spec-
trum for 20% K,O curves upward at its low-frequency end because data were
collected with a sample spinning rate of 14 instead of 20 kHz, giving a spinning
sideband (not shown for clarity) at ca. ~200 ppm [17]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

known from glasses formed at pressure of 1.5 GPa and above [7,17] as
well as ambient-pressure phosphate-rich silicate glasses [2-5].

For the 5, 10, 15, and 20% KO glasses, for which portions of the
original fast-quenched samples were annealed and cooled slowly
through T,, the SiOs peak is markedly reduced, as seen in early work
[10,11] and as recently re-confirmed for the 20% composition [17].
The SiOs content (0.03%) for the FQ 25% K,O glass was just above the
detection limit, while those for the Li-silicates were below detection.
The relatively slow spin-lattice relaxation of the phase-separated 20%
Li,O glass resulted in considerably lower practically obtainable signal-
to-noise ratios and a higher SiOs detection limit of about 0.04%.

3.3. Observed compositional variation in SiO5 concentration, formation
mechanism, and correction for temperature effects

For both fast quenched and slowly-cooled K-silicate samples, mea-
sured SiOs contents are lowest for the 5% K50 glass, peak for the 10%
glass, and then decrease through the 15 and 20% compositions to a low
in the 25% K>O glass (Fig. 4). The SiOs content of pure silica glass is
presumed to be very low, although there are only limited constraints on
this: the most accurate upper bound is probably a detection limit of
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Fig. 4. Experimental data and model results for SiOs concentrations (mol %
relative to total Si) as a function of composition and temperature in the K,O-
SiO, binary. Measured values (Table 1, with uncertainties) are shown by solid
circles for FQ glasses and triangles for SC glasses, connected by solid lines for
clarity. The elongated symbol for the 5% K20, SC glass indicates estimated shift
of glass composition due to partial crystallization of a silica phase. The ex-
perimental data have been extrapolated in temperature to predict isothermal
values at 1000 K (blue, upper long-dashed segmented line) and 800 K (red,
lower long-dashed segmented line), using estimated fictive temperatures and a
constant AH,,, for the speciation reaction described in the text. The black
dotted line illustrates ideal solution behavior, adjusted to pass through the
experimental point for the FQ 20% KO glass (K,pp, = 0.0045). The smooth
curves with short dashes show predicted values at these two temperatures using
a simple regular solution model for activities of non-bridging oxygens, with
W =60kJ/mol and AH® for reaction (1) of 66.8 kJ/mol, and
Kgo = 9.72 X 107> at 1000 K chosen to give a curve maximum near to the
experimental maximum. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

0.3% from NMR studies of a 2°Si-enriched SiO, glass quenched from a
melt at 6 GPa [9]. Extrapolating this limit down in pressure, based on
results for K,Si4O9 glass [17] suggests a 1 bar value in pure silica
of < < 0.1%, but more direct measurements would obviously be
helpful.

Given the non-detection of SiOs and SiOe¢ groups in pure, high-
pressure silica, and observed lower contents of these species in
Na,Si,Os glass (33% Na,O) relative to Na,Si4Og glass (20% Na,0) at a
given run pressure, early studies pointed out that a maximum in the
abundance of high coordinated silicon vs. silica content was likely
[7,9], and discussed the possibility that the K,Si,O9 composition (20%
M,0) was especially prone to the formation of such species. The for-
mation of the wadeite polymorph of crystalline K,Si4Og (with 3 SiO4
and 1 SiOg sites) at a relatively low pressure of about 2 GPa, as well as
its possible energetic stability even at ambient pressure [56] also
pointed towards this possibility. Our new data confirm that there is
such a maximum, but that it is located at higher silica content than the
previously-explored compositional range.

As in most studies of effects of composition on glass structure,
elucidation of underlying chemical controls can be confounded by ef-
fects of temperature, if fictive temperatures (T¢) of the glasses in a series
also vary substantially — which is generally the case. If data are ob-
tained on the temperature effects themselves, structures of each com-
position can be corrected back to a constant fictive temperature, as has
been done in several recent studies of boron coordination in borates and
borosilicates [57,58]. In the present study, SiOs concentrations clearly
depend strongly on cooling rate and thus on T¢. Furthermore, Tg, and
thus T for a given cooling rate, is known to vary considerably with
silica content [59,60]. If an isothermal plot of speciation vs.
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composition is the goal, then it is important to correctly define the
equilibrium that controls this aspect of the structure. This can be done
using a well-explored interaction of network cation species with oxygen
ion species in oxide glasses and liquids.

Analogies to alkali borate and germanate glasses [61], in situ
Raman spectroscopy on silicates [62,63], and other evidence has long
suggested a reaction mechanism in which formation of higher-co-
ordinated network species may be balanced by the conversion of NBO
to BO, possibly connecting SiO4 and SiOs groups [9]. This can be ex-
pressed as a reaction,

SiO4 + NBO = SiOs (€D)]

The mass and charge balance of this reaction can be confirmed if it
is re-written in terms of oxygen species, where subscript denominators
mark cation coordination number [42]:

4[0-Siy/4Si1/4]° + [0-Siy/4]'~ = 5[0-Siy4Siy/s V> 2

Charged species are necessarily balanced by modifier cations.
Although these are not explicitly shown, their charge and size may
certainly affect the extent of reaction.

The importance of the presence of NBO to network cation co-
ordination increases is reflected in the non-detectability of high-co-
ordinated Si in silica glass samples recovered from high pressures. It is
further illustrated by the relatively rapid rate of formation of high-co-
ordinated Al species (AlOs and AlOg groups) in NBO-rich alkali alu-
minosilicate compositions compared to ‘fully polymerized’ composi-
tions such as NaAlSi,Og and NaAlSi;Og. In the latter, mole fractions of
alkali oxide and Al,O3 are equal, leading to low NBO contents [16,64].
Direct NMR measurements of changes in proportions of high co-
ordinated Si, Al, and B as well as proportions of bridging and non-
bridging oxygens for a few high pressure (3 to 12 GPa) silicate, alu-
minosilicate, and borosilicate glasses all confirm that this mechanism is
a good description for NBO-rich compositions [13,65-68]. In compo-
sitions with inherently low NBO (e.g. pure SiO,) or at pressures where
NBO have been converted to BO connected to high-coordinated Si,
other reactions will be important [69], most likely the formation of
oxygen sites shared by three SiOs or SiOg groups, as in the transition
from cristobalite to stishovite. The former structure has all SiO4 and
two-coordinated O, the latter all SiO¢ and three-coordinated O.

Reaction (1) can also be considered as a chemical equilibrium
among species. In this case, an “apparent” equilibrium constant can be
defined based on measurable mole fractions instead of thermodynamic
activities, with.

Kapp = Xsios/ [ (Xsios) Xnpo) ] 3

As has been done in a number of studies of the analogous equilibria
among oxygen species and BO3 and BO,4 groups in borates and bor-
osilicates [58,70-74], the effect of temperature (or of fictive tempera-
ture) on speciation can then be characterized by an apparent standard
state enthalpy change for reactions such as (1), which can be expressed
in the integrated form of the van't Hoff equation [75]:

AI_Ia\pp = _2~303R(10g Kapp,TZ_log Kapp,Tl)/(l/Tz_]-/Tl) (4)

Here, the activity coefficients (or at least their products or ratios)
are taken as independent of temperature. As noted below, these ap-
proximations are only a starting point, useful for the relatively small
adjustments from experimental results to an isothermal plot. Xgi04 and
Xsios are relative to total moles of Si; Xypo is relative to total moles of
0O, although the molar basis will cancel out in the AH calculation. At the
low concentrations of SiOs in these samples, Xsi04 = 1 and Xypo can be
calculated directly for each composition and is independent of tem-
perature, with Xypo = 2Xk20/(2 = Xk20)-

To apply this approach to estimating AH,p, values from the present
data set on SiOs concentrations, fictive temperatures for fast-quenched
(FQ) and slowly-cooled (SC) samples must first be estimated. Unlike in
some previous studies, small sample sizes here did not allow ready
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measurement of either Ty or T, by differential scanning calorimetry
[72]. Useful estimates can, however, be obtained by assuming that T¢
for the SC glasses are the same as T, values reported in the literature for
annealed samples of these compositions [59,60]. Tt for the FQ glasses
can then be estimated from the differences in the cooling rates known
for the SC and estimated for the FQ samples, using the well-known
method of Moynihan [71,76] and approximating the activation energy
for viscosity near to Ty as a constant of 460 kJ/mol, based on K;Si,Oq
[77] (Table 1). With uncertainties in cooling rates and SiOs contents,
derived values of AH,p, have large error bars, but are all about 20 to 35
kJ/mol, consistent with previous estimates [10]. Given the partial
crystallization of the 5% K,O glass, estimation of AH,, is especially
uncertain and is not tabulated. Based on the measured SiOs content for
the FQ samples, the estimated Ty, and, for consistency a constant value
for AH,pp of 30 kJ/mol, the speciations at fixed temperatures of 1000
and 800 K were calculated and plotted in Fig. 4. The overall pattern of
an obvious maximum near to 10% K,O remains.

As noted in Section 3.4 below, a non-ideal solution model treatment
for the thermodynamic activity of NBO predicts that AH,p;, should vary
systematically with composition, even with a constant “true” AH® for
reaction (1). These predicted values for one such model are also listed
in Table 1, based on a starting value for AH,p, at the 20% K,O com-
position of 30 kJ/mol. Applying these values to extrapolate experi-
mental data to 1000 K and 800 K isotherms would have only a minor
effect on the plot in Fig. 1, moving the 800 K points for the lower K,0
compositions upwards.

3.4. Thermodynamic analysis of SiOs variation with composition

At the low concentrations of SiOs in these samples, Xypo is ap-
proximately a function of composition only, scaling directly with the
mole fraction of K,O as noted above. Given that Xgio4 = 1, an “ideal”
solution for the binary would suggest that the apparent equilibrium
constant for reaction (1) should actually be constant, and that Xs;os
should thus also increase monotonically (although not linearly) with
K,O content, i.e.:

Xsios ~ Kapp Xngo) (5)
~ Kapp [2Xk20/(2-Xk20) |

The shape of the experimental, and of the estimated isothermal
curves in Fig. 4 show that this is clearly far from the case, i.e. that the
true equilibrium constant Kgo cannot be equivalent to K,p,. Such non-
ideal behavior is also suggested by variations with composition in the
analogous AH,,, values estimated from T effects on BO3-BO, speciation
in borosilicates [72].

This result leads to the question of what modification of the ideal
solution approximation for NBO activity might provide a better match
to the observed SiOs variations. The most common approach to para-
meterizing non-ideality is the “regular solution” model, in which a non-
zero enthalpy of mixing is introduced that is parabolic with composi-
tion. A single energetic interaction parameter, W, is included, which
results in a compositional dependence of activity coefficients, vy, for
each of two (or more) components that mix in the solution [78]:

log v, = (1-X,)? [W/(2.303RT)] ©®)

Here, X; is the mole fraction of component 1, the thermodynamic
activity of which is simply a; = y; X;. W=0 and y =1 in an ideal
solution. A positive value of W reflects a lower energy for like-like pairs
of component species compared to unlike pairs (i.e. clustering vs.
mixing), and may be correlated with physical unmixing (phase se-
paration).

Again given the low concentrations of SiOs species in the glasses
studied here, and the much higher concentrations of NBO, the initial
focus of a non-ideal modification to Eq. (3) should probably be on the
mixing behavior, and thermodynamic activity, of the non-bridging
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Fig. 5. Modeled SiOs concentrations (mol % relative to total Si) at 1000 K for
W = 100, 50, 20, and 1 kJ/mol (left to right, as labeled) to illustrate the wide
range of possible curve shapes. The last of these is close to an “ideal” solution.

oxygen species: ideal solution behavior is often the best approximation
for mixing of dilute components such as SiOs. Thus considering varia-
tion from ideal mixing only for the oxygen species, taken here as simply
NBO and BO, Eq. (3) could thus be re-written as:

Keq = Xsios/[(Xsios) (Yxpo Xneo) | ()]

10g (Yygo) = (1-Xngo)? [(W/2.303RT)] ®

Xsios can then be modeled by choosing composition-independent
values of Kgg and W that yield an SiOs concentration consistent with
experiment at a single Ty and Xk»o, and the variation in speciation
predicted as a function of composition. The effect of temperature can be
introduced as above, with a fixed standard state AH®, which now will be
independent of composition and chosen for consistency with experi-
ment. The value of AH® will be different from AH,,,: because of the
inverse effect of T on ynpo in this model, AH® will be larger than AH,pp
for W > 0. AHC is related to the variation in Kgo with temperature as
AH,,;, is related to the variation of K,p, with T (Eq. (4)). For example,
for AH,p,p, = 30 kJ/mol as used above, and W = 60 kJ/mol as estimated
below, a value of AH® of 66.8 kJ/mol gives the same variation in spe-
ciation with temperature.

The theoretical shapes of the curve predicted for SiO5 concentration
for a wide range of positive values of W are compared in Fig. 5, for 1000
K and a maximum species concentration near that of the observed
maximum. For W near to 0 the curve has the expected direct, mono-
tonic dependence on Xgoo. For a value of W = 20 kJ/mol the predicted
curve reaches a maximum and remains nearly constant over the com-
positional range shown; for higher values of W a rapid initial increase
with Xk»0 is followed by a maximum and a less steep decrease at higher
alkali contents. At higher Xy, above the range plotted, these curves
may show physically unrealistic inflections. None of the curves pre-
dicted with this simple one-parameter adjustment of the ideal solution
model matches the experimental data (adjusted to the corresponding
isotherms) exactly, but W = 60 kJ/mol may give the closest approx-
imation as shown in Fig. 4, given large uncertainties in data and ex-
trapolations in temperature. As in many applications of this type of
model to liquid or solid solutions, for example to match the liquidus
curves in alkali silicate binaries [51], additional parameters could be
introduced (making W a function of X and/or T), or different compo-
nents chosen, to adjust the shape of the predicted curve. Given the
novelty and uncertainties in the results, this fitting exercise is not un-
dertaken here. Instead, the purpose of this rough thermodynamic ap-
proximation is to illustrate possible qualitative relationships among
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energetic interactions between different oxygen anionic species, net-
work cation coordination, and likely effects on melt and glass proper-
ties.

In this model, the highly non-linear shape of the predicted SiOs
curve is a response to an initial steep increase in the activity of NBO
with increasing Xgoo and initially high values of ynpo (high excess
enthalpy and free energy of mixing for the NBO at low concentrations),
promoting the formation of SiOs via reaction (1). This is followed by a
decrease in SiOs as ynpo becomes less predominant according to Eq. (8),
even though Xypo continues to rise with increasing Xg»o. The simple,
parabolic heat of mixing in a one-parameter regular solution model is
likely to be a great oversimplification of energetic consequences of melt
structure, but the form of the NBO activity variation with composition
does reflect the expected tendency of NBO to cluster together for more
effective local charge compensation by available modifier cations: iso-
lated NBO are energetically relatively unfavorable, especially when the
modifier cation is large and monovalent, requiring a high coordination
number of its own. Charge balance of an isolated NBO by one such
cation would result in significant underbonding; correspondingly for
the cation, a single NBO in its first coordination shell would provide a
highly asymmetrical, probably relatively high-energy, environment.

This tendency to cluster can of course be the precursor to physical
liquid-liquid unmixing, as is well known in binary silicate solutions in
systems with alkaline earth oxides, and with Li,O and Na,O, and which
is predicted at sub-T, temperatures in the K,0-SiO, system [50,51]. It
has also been long explored in terms of the “modified random network
model”, especially in relation to ionic transport in interconnected per-
colation domains [79]. As modifier oxide content increases, there is less
drive for clustering as both cation and anion local charge balance be-
comes more favorable. For example, in the low-pressure (all SiO4)
crystalline phase of K,Si,09 (20% K,0), each NBO is coordinated by 3
K*, and each K* has two or three NBO (plus several BO) in its first shell
[80], without the need for a non-homogeneous distribution of cations.
Equilibria such as that expressed in reaction (1) (and corresponding
reactions for borate and germanate systems as discussed below) are
thus shifted back to the lower coordination, left-hand side in high-
modifier compositions. These effects are captured to some degree by the
highly non-linear dependence of the activity coefficient for NBO on
composition as described by the regular solution approximation in Eq.
(8).

It is also important to note that the model described here for NBO
activities and SiOs concentrations is not intended to be a complete
thermodynamic description of this system, as it does not account for
other interactions among either anionic or cationic species that affect
the overall free energy of the solution. This can be seen in the fact that
in a more standard regular solution model, typically designed to de-
scribe all effects of composition on the free energy of mixing, the cri-
tical temperature of unmixing (the top of the solvus) is predicted as W/
2R, which would be about 3600 K for W = 60 kJ/mol, in contrast to the
estimated value of about 830 K for the K,0-SiO, system based on ex-
trapolation of observations in ternary alkali silicate systems [50,51].
The simple approach here is also somewhat unrealistic physically, as
non-ideality of mixing of oxygen species could well be correlated to
non-ideality in mixing of cationic species. For example, if SiOs-SiOs
pairs are considered to be energetically unfavorable for reasons of an
underbonded oxygen linkage (as has long been suggested for BO4-BO4
pairs in alkali borate glasses [58,105]), non-ideality in mixing of SiO4
and SiOs could be introduced into Eq. (7) that could contribute to the
observed speciation. However, unlike BO,4 groups in alkali borate sys-
tems (Section 3.7, below), SiOs species remain at very low concentra-
tions at 1 bar pressures, suggesting that interactions will be limited and
contributions to overall mixing energetics relatively small. A physical
correlation between oxygen species mixing and silicate species mixing
could indeed be expected if NBO are more likely to occur on network
species with lower cation coordination, again in parallel to what is
expected in borate systems.
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3.5. Other compositional effects on SiOs concentrations

Early studies of SiOs in both ambient and high pressure glasses re-
ported concentrations for Na tetrasilicate compositions (20% Na,O)
that were somewhat lower than for K,Si,O9 glass [9,11], and ex-
planations were suggested in terms of modifier cation field strength and
the difficulty of NBO charge balancing by larger modifier cations in
high silica compositions. In 2°Si-enriched, ambient pressure MgSiO;
and CaSiOj3 glasses, no SiOs was detectable, although this species has
been observed in high pressure CaSi,O5 and MgSiOs glasses [12,14]. In
the new results here, the lack of detectable SiOs in 20% and 33% Li,O
glasses may be related to such a field strength trend, but may also be a
consequence of the strongly non-linear shape to the SiOs vs. composi-
tion curve. The 20% Li,O glass is clearly phase separated at the sub-
optical scale [44], likely resulting in regions of very high SiO, content
and regions of much lower silica content, the latter probably close to
the 33% composition. These two compositional domains may lie on
opposite sides of a SiOs maximum in this binary, bringing the con-
centration of this species to levels below detection in both. For Ca, and
Mg silicate binaries at low pressures, liquid-liquid phase separation may
also prevent the formation of single-phase glasses at high enough silica
contents to produce measurable SiOs concentrations; in Na-silicates
single phase glasses may also be restricted to compositions with > 15 to
20% modifier oxide.

3.6. SiOs and silicate melt properties

At the low concentrations reported here for SiOs (< 0.5%), this
species, and its variation with composition and temperature, is unlikely
to have important consequences for models of bulk thermodynamic
properties such as density, heat of formation, or configurational en-
tropy or heat capacity [75], especially at low temperatures near to T,
apart from the implications discussed above for the activities of major
components such as NBO. However, since some of the earliest classical
molecular dynamics (MD) simulations of oxide liquid structure and
dynamics, this species has been suggested as a possible “transition
complex” in the swapping of network bonds that probably controls
network component diffusion and viscosity, at least for high silica
contents [18,81]. This mechanistic role has been explored in detail in
recent theoretical studies [26-33]. Improved experimental determina-
tions of low concentration, but dynamically critical, species should thus
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Fig. 6. Effect of temperature on SiOs concentration for 20% KO liquid, cal-
culated for the ideal solution case and AH,p, = 35, 30, and 25 kJ/mol (upper to
lower solid curves), as well as for the non-ideal solution case with W = 60kJ/
mol and AH® = 66.8 kJ/mol (dashed curve). The low temperature starting
points are chosen to match the non-ideal curve in Fig. 4 for this composition.
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Fig. 7. Possible effects of composition in SiOs concentrations in metastable
K,0-SiO, liquids at 800 K and 3 GPa, based on a recent measurement for a 20%
K,0 glass quenched from this pressure and 743 K (solid circle [17]) and
W = 60 kJ/mol, which roughly matches the compositional dependence at 1 bar
(Fig. 4). As pressure may have as-yet unknown effects on W, a curve is also
shown for W = 30 kJ/mol.

be important in validating such models and their predictions of both
thermodynamic and transport properties. It is important to note that
although extrapolation of the results given here to much higher tem-
peratures has large uncertainties, maximum SiOs contents may exceed
1% at 2000 K, a typical ‘low’ temperature for fully relaxed MD simu-
lations of silicate liquids (Fig. 6). Such concentrations may be high
enough to be modeled with some accuracy by large classical MD
models, which generally treat 1000's of ions, and even possibly ad-
vanced ab initio MD.

It is at higher pressures where SiOs (and SiOg) species must begin to
be important for bulk melt properties, as the denser oxygen packing
resulting from increased cation coordination numbers is favored. Early
experimental and theoretical studies of silicate and aluminosilicate
melts, for example, suggested that anomalous decreases in viscosity
with pressure could be the result of such structural changes [18,82].
Our recent results provide new data on K,Si4Og (20% K50), which show
that SiOs contents may be considerably higher than expected from
previous data because of technical issues involving transient pressure
drops from high initial run temperatures, e.g. 2.4% SiOs near to Tg at 3
GPa [17], compared to 0.05% at 1 bar. The strong non-linearity with
composition in SiOs concentrations seen here for ambient pressure
glasses is expected to also play a role at high pressure where these
species are much more abundant, although mixing properties such as
regular solution interaction parameters may well be pressure-depen-
dent also. Similar effects for SiOg might also be expected. We currently
have very few constraints on such compositional effects at pressure: a
hypothetical prediction at 800 K and 3 GPa, based on recent data for
K5Si4Og is shown in Fig. 7 for W = 60 kJ/mol and for W = 30 kJ/mol.

It is not the purpose of this contribution to try to predict high
pressure silicate melt properties in detail, but it is useful to note ana-
logies between such liquids and other systems better known from 1 bar
experiments. In ambient pressure silicate liquids, molar volumes (gram
formula weight divided by density) are generally close to linear func-
tions of composition, and can thus be predicted with good accuracy by
models with constant partial molar volumes, usually modeled for con-
venience as those of the simple oxide components [38]. Most relevant
here is the finding of a constant partial molar volume for SiO, that
corresponds to the approximation that all silica, the predominant che-
mical component, is in a fixed, tetrahedral coordination of Si. Such
models have been extended to moderate pressures (a few GPa) by
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inclusion of partial molar compressibilities for the same, fixed oxide
components [83].

In marked contrast are the behaviors of other simple glass forming
oxide systems. As illustrated in a recent review [42], for example, molar
volumes as functions of composition in alkali borate glasses and melts,
and in alkali germanate glasses and melts may be highly non-linear
with composition, probably in large part because of well-known initial
increases, maxima, then decreases in network cation coordination as
alkali oxide is added to the pure network former, i.e. BO3 to BO,4 to BO3,
and GeO4 to GeOs (+ GeOg?) to GeO, speciation. Models of such data
can be complex to account for structural details, but at very least must
assume that partial molar volumes of the network oxide components
change significantly with composition as coordination numbers shift. In
the case of silicate melts at pressures high enough for SiOs (and SiOg) to
begin to be major components (perhaps above ca. 20 GPa, representing
most of the Earth's mantle), such non-linearity in composition must be
expected. For example, the known dramatic difference between the
molar volumes of crystalline silica with $i0, groups (25.7 cm®/mol for
cristobalite at 298 K and 1 bar) vs. SiOg groups (14.0 cm®/mol for
stishovite) should be reflected in liquid partial molar volumes of such
components. If their proportions vary in the highly non-linear fashion
as demonstrated here for the K,0-SiO, binary, predictive models of
melt (and glass) properties will have to be correspondingly complex,
especially at higher silica contents. Of course, at pressures where all Si
is in SiOe groups, compositional variation of volume may return to
greater simplicity. The need for such structurally realistic thermo-
dynamic models for silicates at high pressures has been recognized in a
sophisticated development of their form and implications for equations
of state [84], but as yet the required structural constraints are largely
taken from computer simulations [85].
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Fig. 8. Model calculations for mole % BO,4 (out of total B) vs. mole % of alkali
oxide in M,O-BOj,, binaries, the latter component chosen for more direct
comparison with silicate and germanate systems instead of the more conven-
tional B,0s. Note the roughly 100 x difference in vertical scale relative to plot
for SiOs at 1 bar in Fig. 4. Uppermost to lowermost curves are calculated for no
NBO (short dashed line); model with W = 30 kJ/mol at 800 K (solid black line);
with W = 30 kJ/mol at 1000 K (long dashed line); and with W = 40 kJ/mol at
800 K (solid green line). The T effect is based on an estimated AH,,, for reaction
(9) of —30 kJ/mol for a composition near the curve maximum. Also shown are
experimental data for Na borate glasses by high-field MAS NMR (blue dia-
monds) [106]), for Na borate glasses by low-field ‘wideline’ NMR (small open
squares) [107], and for Li borate glasses (small open circles) [108]. See original
publications for estimated uncertainties on experimental data points. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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Fig. 9. Experimental data for SiOs in fast-quenched K-silicate glasses (black
solid circles and line, left side scale) compared with one estimate for high-co-
ordinated Ge (taken for simplicity here as all GeOs), based on 170 NMR (red
open circles and dashed line, right side scale) [93]. Note 100 X larger con-
centration scale for the latter. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

3.7. Analogous behavior of alkali silicate, borate and germanate systems?

In the previous section, contrasting patterns were noted for the bulk
property behavior between alkali silicates, with > 99% SiO4 at ambient
pressure, and alkali borates and germanates, with roughly equal con-
centrations of two or even three network cation coordinations at some
point in their binaries. However, the shape of the SiOs vs. Xko0 curve in
Fig. 4 does have a striking similarity to those of plots of BO, content
when the latter are presented vs. mole fraction of alkali oxide (M,0)
relative to MO + BOj3/5 rather than the more conventional “R” axis
(molar ratio My0O/B,03). On the former basis, the well-known max-
imum at R = 0.5 is equivalent to a maximum at Xyp0 = 0.2. Several
early and recent sets of NMR data for boron coordination are plotted on
this basis in Fig. 8. Germanium cation coordinations are less well
known than those for boron, and there is considerable variation in both
experimental findings from X-ray and neutron scattering [86,87],
Raman [88-90] and NMR spectroscopies [91-93] and in interpretations
of results. Nonetheless, maxima in Ge coordination numbers in alkali
germanate systems have most commonly been indicated near to 15 to
20 mol% M,0. One estimate based on recent 70 NMR data [93]
(choosing GeOs as the only high coordinated species for simplicity) is
compared with the new data for ambient pressure SiOs in Fig. 9, scaled
by a factor of 100 to account for the large differences in absolute
concentrations. As is most commonly the case, neither the borate nor
the germanate data have been corrected for systematic variations in Ty
and hence in T across the binaries, but this is not expected to have a
large effect on the overall curve shapes [58].

As noted above, reactions in which network cations with low co-
ordination are converted to higher coordination through the conversion
of NBO to BO (reaction (1) for silicates) have long been suggested as
important in borate and germanate systems; indeed the direct mea-
surement of NBO concentrations by 7O NMR has been useful for esti-
mating Ge speciation [93,94]. It thus becomes interesting to consider
the effects of a simple variation from non-ideal mixing of oxygen ion
species as explored above for the potassium silicate system, taking
speciation reactions as analogous to reaction (1):

BO; + NBO = BO, (C)]
GeO, + NBO = GeO;s (10)

An analogous reaction to form GeOg groups can be written with the
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“consumption” of two NBO. As above, the mass and charge balance of
these can be confirmed by writing in terms of oxygen speciation:

3[0-By/3B1/3]° + [O-Bys]'~ = 4[0-By3 Bys]V/+ 11)

4[0-Ge,/4Geya]” + [0-Geyyu]'™ = 5[0-Geyy4Geys]'/- (12)

In some ways the silicate and borate or germanate systems are very
different, of course, at least at low pressure: K,,, and Kgg for these
reactions in the borate and germanate binaries are several orders of
magnitude higher than for the silicate system. The high coordinated
states are energetically much more stable in the former, given the
smaller radius of B3™ (favoring BO3 formation but ease of transition to
BO,) and the larger radius of Ge*™ relative to Si** (favoring GeOs and
GeOg formation). In other terms, the standard state free energy changes
for reactions (9) and (10) (—2.303RT log Kgg), although still positive
(since Kgo < 1), are much smaller than for the silicate system. Also in
contrast with the silicates, for the borates the enthalpy change (either
AH,,;, calculated as above from measured concentrations or a constant
AHC in a more complete thermodynamic treatment) for reaction (9) has
long been known to be negative instead of positive [58,73,95], as the
left hand side is favored at higher temperatures instead of the right side.
The effect of temperature on germanium coordination in alkali ger-
manate liquids has apparently not been determined. However, in both
alkali borate and germanates, non-linearities with composition in molar
volumes are qualitatively similar in glasses and liquids, indicating that
elevated temperatures do not fundamentally change effects on network
cation coordination [39].

In spite of these differences, the simple regular solution model de-
veloped above for NBO/BO mixing in alkali silicates can be explored for
the better-known alkali borates. Here, the calculation of speciation
must be done iteratively, as NBO content cannot be approximated from
composition alone but is closely tied to the relatively high concentra-
tions of both BO3 and BO,4 through reaction (9). As for the silicates, a
wide range of curve shapes can be derived, depending on the magnitude
of the single interaction parameter W. However, a value of W = 30kJ/
mol, combined with a value of Kgq to roughly match the BO4 maximum
value at 800 K, yields a curve that strongly resembles the well-known
experimental shape. This is especially true as the temperature of the
calculation is adjusted downwards to values near to empirical Tg's
(about 700 to 800 K), where, at low Xy»0, reaction (9) goes nearly to
completion and NBO contents are minimized. At higher temperatures,
more NBO remain and BO,4 contents are lower, as was clearly seen in
early, more complete statistical thermodynamic modeling of the system
[96]. AH,p, data for alkali borates are actually not very well con-
strained, as most fictive temperature experiments have been done on
borosilicates. The 1000 K curve in Fig. 8 is calculated using a value of
—30 kJ/mol for a composition near the maximum. As for the SiOs
calculations shown in Table 1, the model (W = 30 kJ/mol) yields AH,p,
values for the borate reaction that vary with composition, increasing in
magnitude from about —26 kJ/mol at 5% MO (on an M;0-BO3,,
molar basis) to —32 kJ/mol at 25% M,O. This is the same trend with
composition as estimated from in situ Raman spectroscopy on Na borate
liquids [97], although in that study the apparent range (with large
uncertainties) was from about —20 to —60 kJ. Note that the highest
Na,O concentration in that study (33%) corresponds to 20% on the
BO3,», molar basis used here to facilitate comparisons among silicates,
borates and germanates.

This pattern of variation in boron coordination with composition in
alkali borate glasses has been known since some of the earliest appli-
cations of solid-state NMR spectroscopy in the late 1950's and early
1960's [98-100]. Data have continually improved with the develop-
ment of high-field, high resolution methods (e.g. [101,102]). Observed
boron coordination variation has long been modeled in terms of mix-
tures of “superstructural units” based originally on corresponding
crystal structures, using either strictly empirical formulations of their
proportions (e.g. [103]) or more sophisticated thermodynamic models
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of “associated solutions” [41,104]. Other recent work has considered
primarily the short-range connections among three- and four-co-
ordinated borate groups in constraining network topology and hence
dynamical properties [105]. The structural richness of these models can
allow prediction or parameterization of speciation much more precisely
than the approach taken here, which is not meant to capture a complete
picture of either the structure or the governing thermodynamics. In
particular, the long-suggested ‘avoidance’ of BO4-BO, pairs, because of
energetically unfavorable underbonding on the bridging oxygen, is
likely to be quite important and would introduce substantial non-ide-
ality of mixing in a more complete thermodynamic formuation. None-
theless, the observation that the pattern of silicon coordination changes
with composition at very low concentrations of SiOs (and perhaps at
high concentrations at high pressure) seems to parallel the patterns for
high coordinated B in borates (and for Ge in germanates), and that a
single type of network speciation reaction with a minimum number of
adjustable parameters (three, if temperature effects are included) pre-
dicts curves that strongly resemble experiment, is intriguing and in-
dicates an underlying commonality among oxide melt systems that may
not have been previously appreciated. Just as structure/property re-
lationships in germanate and borate crystals and glasses have been used
at times to help predict how silicates might behave at high pressures,
detailed data on silicate speciation even at ambient pressure may pro-
vide new insights into compositional effects on network cation co-
ordination in germanates and borates.

4. Conclusions

Using isotopically enriched 2°Si, concentrations of SiOs groups can
be readily measured in ambient pressure alkali silicate glasses down to
levels of about 0.02molar percent. SiOs varies systematically and
highly non-linearly with composition from low to high modifier con-
tents in the potassium silicate binary, reaching a maximum at about
10% K,O. This species is below detection limit in lithium silicates,
however. Higher fictive temperatures result in higher concentrations.
The predominant mechanism of formation of SiOs probably involves
the conversion of non-bridging oxygens to bridging oxygens linking
SiO4 tetrahedra to higher coordinate species. If this is the case, then the
observed compositional variation can be at least roughly approximated
by a simple thermodynamic model involving non-ideal mixing of
bridging and non-bridging oxygens, with a single positive interaction
parameter that is consistent with known tendencies for modifier clus-
tering and phase separation. Long-known patterns of network cation
coordination variation with composition in alkali borates and germa-
nates, although involving about 100 times greater concentrations of
higher coordinated species (BO4 and GeOs/GeOg), are qualitatively si-
milar to these new observations for silicates, suggesting an underlying
commonality in the energetics of mixing of oxygen species. Well-known
non-linearities in chemical and physical properties in borate and ger-
manate systems thus suggest that in silicates at pressures where SiOy,
SiOs (and SiOg) groups all have high concentrations, compositional
effects on properties are likely also to be complex, requiring consider-
able new experimental and theoretical efforts to accurately constrain
models.
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