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Silicon cations with five or six oxygen first neighbors (SiOs and SiO¢, pentacoordinated and hexacoordinated)
are known primarily from alkali and alkaline earth silicate glasses melted at pressures up to about 12 GPa, where
NMR their formation is thought to be an important part of the densification of the liquid. These species, especially SiOs
Five coordinated silicon groups, have also been proposed as high-energy intermediate structures in the bond-swapping that controls
network cation and anion diffusion, and hence viscous transport, in high temperature, silica-rich melts, as well as
in low-temperature liquid-state silicate reactions, and have thus been the subject of numerous recent theoretical
studies. In spite of this interest, the amount of experimental data on controls of pressure, temperature, and
composition on concentrations of penta- and hexacoordinated silicon is very limited. Here we report new results
from 2°Si MAS NMR on high pressure glasses with the model composition K,Si,Og, which show that because of
transient pressure drop during quench, previous studies probably significantly underestimated SiOs and SiOg¢
concentrations. In addition, we refine the earlier results on SiOs even in 1 bar glasses, and demonstrate a strong
increase in its concentration at higher fictive temperature. A positive enthalpy for the reaction forming this

Potassium tetrasilicate
High pressure
Fictive temperature

species is consistent with its role as an energetically important transition complex in melt dynamics.

1. Introduction

In nearly all crystalline silicates formed at low pressures, all Si is
present in tetrahedral SiO,4 groups. Known exceptions are limited to two
crystalline silicon phosphates and the calcium silicate hydrate thau-
masite, in which all Si is octahedrally (hexa-)coordinated. In marked
contrast, most of the Si in the deep interior of planet Earth is in SiOg
groups, primarily in the mineral bridgmanite (perovskite-structured
[Mg,Fe]SiOs3), which makes up most of the lower mantle at pressures
greater than about 24 GPa (240 kbar) and depths greater than about
670 km. In silicate crystals, pentacoordinated silicon (SiOs) has been
observed only in a single phase, the probably-metastable triclinic
polymorph of CaSi,Os that forms at pressures of about 10 to 12 GPa
[1-4].

At very high pressures, in situ X-ray scattering and other measure-
ments on SiO, and other glasses suggest bond distances and densities
that are consistent with complete conversion to octahedral coordination
[5,6], and this is also the most likely structure for molten, multi-
component silicates in the deep Earth, perhaps at pressures above
roughly 20 to 30 GPa. However, structures in liquids at intermediate
pressures, which are the sources of most magmas in the modern Earth,
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and the effects of temperature, pressure, and composition on them, are
much less well constrained because of the difficulties of detecting lesser
concentrations of SiOs and SiOg by in-situ methods. Effects on physical
properties such as density, viscosity, and the free energies that control
phase equilibria are even less well known. Aside from the obvious ef-
fects on density of pressure-driven conversion to high-coordinated Si
(densification due to closer oxygen packing), a key role for SiOs groups
as intermediate ‘transition structures’ in network cation diffusion, and
hence viscous flow, has long been suggested based on early molecular
dynamics simulations [7-9] and on observations of anomalous viscosity
decreases in some high-silica liquids with pressure [10]. The role of
unusual, energetically less stable, high cation coordinations as pro-
viding insights into transition states in reaction pathways has long been
appreciated in organometallic chemistry, leading to the synthesis of
dozens of molecules containing pentacoordinate Si [11], including a
small number containing SiOs5 groups [12,13]. Such species have also
been proposed as reaction intermediates in the synthesis of zeolites
[14], in aqueous silicate reactions [15], crystal nucleation [16] and
even possibly in biological processes [17,18].

SiOs groups in silicates were first discovered by 2°Si MAS NMR on
K3Si4O9 glasses quenched from super-liquidus melts at the relatively
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modest pressure of 1.9 GPa [19]. SiOg groups were also detected, and
both were seen in higher-pressure (to 12 GPa) Na,Si4O¢ and Na,Si»Os
glasses as well [4,20-22]. The low concentrations of these species (as
low as 0.2% of total Si), as well as the small size of high pressure glass
samples, required in most cases the use of expensive, 2°Si-enriched
starting materials and days-long spectroscopic experiments. These and
other findings helped to reinforce a possible role for SiOs (and AlOs)
groups in models of viscosity and network diffusivity of high pressure
liquids, despite the limited spectroscopic constraints on these structures
[23-26]. Shortly after its discovery in high pressure glasses, penta-
coordinate Si was detected by NMR in 1 bar glass samples of K5Si,Oq
and comparable Rb and Cs silicates [27,28]. In 1bar glasses, SiO¢
groups, and, later, small concentrations of SiOs groups, were known
only in compositions rich in the extremely electronegative phosphorus
cation [29-32] and have been studied by advanced double resonance
NMR methods [33].

In these early studies of SiOs groups in ambient pressure alkali
tetrasilicate glasses, significant effects of cooling rate, and hence of
fictive temperature (Ty), were also discovered [27,28]. The substantially
lower concentrations of this species in annealed, slowly cooled glasses,
when compared to those in rapidly quenched samples, suggested that
SiOs could indeed behave as a high-energy ‘transition’ species (with
both enthalpic and entropic drives for formation). Although it would be
desirable to study high pressure samples with a range of T¢'s to better
constrain these connections, obtaining a suitably large span in thermal
histories is experimentally difficult. Thus, data from 1bar samples,
where T¢ can be better controlled and characterized, remain an im-
portant starting point for systems where high coordinated species are
more abundant.

NMR on quenched (and decompressed) glasses still remains the only
method that can accurately quantify the proportions of penta- and
hexacoordinated silicon in glasses, at least in materials where these are
subordinate species, although recent progress in in-situ, high pressure
NMR is promising [34]. Most such early studies were made on glasses
that were initially equilibrated at high pressure and temperatures above
the liquidus (often 1000 or more °C above Tg), to ensure complete
melting and to increase the probability of a completely glassy product
[4,19,21,22]. Solid media high pressure apparatuses were generally
used to reach high enough pressures to produce measurable structural
changes, including piston-cylinder equipment (pressures to about
3GPa) and multi-anvil ‘Kawai-type’ apparatus (to about 12 GPa).
However, in several reports glasses were heated only to metastable
equilibrium at or just above the glass transition temperature, producing
in some cases substantial increases in Al and/or Si coordination
[35-37]. In recent, systematic studies, focusing on more readily de-
tectable, and much larger, pressure-induced coordination changes of B
and Al cations in multicomponent glasses, we showed that the latter
approach yields substantially higher (often > 50%) recoverable co-
ordination and density increases, and concluded that this effect was the
result of large, transient drops in pressure when quenching from super-
liquidus temperatures in solid media apparatus [38-41]. A new range of
studies, primarily of multicomponent compositions of interest in pro-
blems of hardness and fracture toughness of glasses of interest in
technology, have heated samples near to T in gas-pressurized appa-
ratus to about 1 GPa, where changes in B and Al coordination can be
large enough to be measured by NMR after quench and decompression,
and effects on bulk glass properties quantified [42-44].

Pentacoordinate Si (as well as other high-energy, ‘defect’ sites) in
silicate liquids and glasses have been the subject of a considerable
number of recent molecular dynamics and other theoretical studies,
many of which have focused on the role of this species in bond swap-
ping mechanisms in cation diffusion and viscous flow [45-52]. Pre-
dicted concentrations of this species have also been used to evaluate the
accuracy of models of inter-atomic potentials in such simulations.
However, the very limited number of experimental studies of pressure
and temperature effects on Si coordination can be a major hindrance to
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progress in this area.

It is clear that much more experimental data is needed on SiO5 and
SiOg groups in silicate glasses and liquids with simple model compo-
sitions, to better constrain their roles in pressure and temperature ef-
fects on thermodynamic and transport properties. In this report, we
describe new studies of both pressure and temperature effects on the
concentrations of these species in K,Si4O9 glass, as the first part of a
larger study detailing compositional effects. We show that indeed,
previous results on high pressure glasses quenched from high tem-
perature liquids probably significantly underestimated such con-
centrations because of pressure drop effects. In 1 bar glasses, we con-
firm and significantly improve measurements showing enhanced SiOs
concentrations at higher fictive temperature. Finally, in high pressure
samples that fortuitously contained minor amounts of the crystalline,
high pressure form of K,Si,Oo, we find that this melts to a liquid at low
temperature instead of reverting to the stable, low pressure crystal, as
has been seen in the ‘amorphization’ of some other high pressure
phases.

2. Experimental
2.1. Glass synthesis

Data presented here were collected on samples made from a single
700 mg batch of 2°Si-enriched K,Si4Os glass. This was made by mixing
stoichiometric quantities of dried, high-purity K,COs; (J.T. Baker
‘Ultrex’) and 99% 2°Si SiO, (Isonics), with 0.2 wt% Gd,Os to speed
nuclear spin relaxation [21], decarbonating for 12h at 730 °C, then
melting in a 3%Au Pt crucible at 1130 °C for 1h. This was rapidly
quenched by dipping the bottom of the crucible in water, resulting in an
optically homogeneous, bubble-free glass that was light blue in color,
possibly due to a trace of CoO that may be a contaminant in the silica
starting material [53]. The glass was coarsely crushed for high pressure
and NMR experiments.

2.2. High pressure experiments

Following procedures used in our recent studies of aluminosilicate
and aluminoborosilicate glasses [38-41], high pressure samples were
prepared using a piston cylinder (solid medium) apparatus in the U.S.
Geological Survey laboratory in Menlo Park CA, with assemblies con-
sisting of 25.4 mm diameter calcium fluoride cylinders and graphite
tubular heaters. Crushed glass samples of 50 to 100 mg were welded
into 5 mm Pt tubes. Most samples were heated to temperatures near to
those of the ambient pressure glass transition (Table 1) to allow equi-
libration to the metastable liquid state but to avoid significant transient
pressure drops on quench, as discussed in detail previously [38]. One
experiment was done at 1.5 GPa with heating well above the liquidus
temperature (to 1250 °C) to verify this effect. Samples were held at
temperature for 1.5h to allow thermal and mechanical equilibration,
then quenched by cutting power to the heater.

2.3. Annealing experiments

A portion of the original, fast-quenched, 1 bar pressure glass was re-
heated above the glass transition (to 520 °C) for 30 min, then cooled at a
fixed rate of 10 °C/h to 320 °C, to form a glass with a much lower fictive
temperature. After NMR data were collected, this glass was remelted
and fast quenched as for its original synthesis. As described below,
glasses from runs at 3 GPa contained about 20% crystals of the high
pressure “wadeite” phase of K5Si4Og, as readily detected by NMR. One
of these samples was annealed for several times and temperatures
(Table 1) to explore effects of re-equilibration of these crystals at 1 bar
pressure.
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Table 1
Concentrations of SiOs and SiOg groups in K,Si4Og glass (molar % of total Si).

Pressure Run T or % SiOs = 0.02 % SiOg = 0.02 % crystals"
cooling in glass in glass
rate”
1 bar FQ 0.1 n.d. (< 0.02) n.d. (< 0.01)
1 bar FQ then SC  0.05 n.d. (< 0.02) n.d. (< 0.01)
1 bar FQ, sC 0.1 n.d. (< 0.02) n.d. (< 0.01)
then FQ
1.5GPa 470°C 0.61 0.09 n.d. (< 0.01)
1.5GPa 500°C 0.61 0.11 n.d. (< 0.01)
1.5GPa 1250°C 0.22 0.03 n.d. (< 0.01)
3.0 GPa 470°C 24 = 0.1 2 =05 17
3.0 GPa 500°C 1.8 £ 0.1 31 19
3GPa=»1 bar® 520°C,1h 0.05 n.d. (< 0.02) 19
3GPa=1 bar® 520°C, 0.06 n.d. (< 0.02) 18
22h
3GPa=>1bar® 706°C,1h, 0.1 + 0.03 n.d. (< 0.02) n.d. (< 0.01)
then FQ

¢ Initial equilibration temperature for high pressure experiments; cooling
rate from above Ty, for 1 bar experiments, with FQ about 500-1000 °C/s and SC
10°C/h.

b Wadeite phase of K,Si4Oo; “n.d.” indicates “not detected”.

¢ Initial 3 GPa, 500 °C sample, annealed at 1 bar, successively at tempera-
tures and times listed.

2.4. NMR experiments

All 2°Si NMR spectra were collected at a field of 14.1T (119.14 MHz
for this nuclide) with a Varian Inova spectrometer and a Varian/
Chemagnetics “T3” magic angle spinning (MAS) probe with 3.2mm
zirconia rotors. For most spectra, a spinning frequency of 20 kHz with
sample weights of about 30-35mg was used; some spectra were also
collected with 30% larger samples and a thin-walled rotor that limited
spinning rates to 14 kHz. Simple one-pulse acquisition was used, with
radiofrequency tip angles of about 30° (1 us pulses) and pulse power
levels of about 90 kHz. Frequencies were referenced to external tetra-
methyl silane (TMS), instrumental deadtime was 15-20 ps. Extensive
study was made of nuclear spin relaxation by varying pulse delays from
0.1 to 1500s. Most spectra shown here were chosen to provide the
maximum signal-to-noise ratios (typically 1500 to 6000:1) required for
accurate characterization of low concentrations of SiOs and SiOg
groups, with pulse delays of 4s and typically 10,000 to 40,000 acqui-
sitions. These spectra are not fully relaxed, with total integrated signals
about 65% of fully relaxed values, but results at longer delays give very
similar results with lower precision. Data from longer-delay spectra
were used to estimate crystal contents when present. Concentrations of
high-coordinate Si are expressed as percentages of total Si and were
derived by direct integration of the spectra with a linear baseline in-
terpolation. These were normalized to the total intensity derived by
integrating all components of the spectra, including spinning sidebands
when observed.

3. Results and discussion
3.1. Pressure effects on silicon coordination

Samples from the 1 bar and 1.5 GPa experiments showed no signs of
crystalline phases. As shown in Fig. 1, the central regions of the spectra
containing signal from four-coordinated Si (—60 to —120 ppm) are
very similar to those in several previous NMR studies of this glass
composition [19,21,54,55], with broad, partially resolved contributions
from SiO, groups with three bridging oxygens (Q®), centered at about
—94.8 ppm and from those with four bridging oxygens (Q*) centered at
about —104.2 ppm. The spectra for 1bar and 1.5 GPa glasses are si-
milar as well.

The spectra for the 1 bar and 1.5 GPa glasses also show small, broad
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Fig. 1. 2°Si MAS NMR spectra of 99% 2°Si K,Si4Os glasses, showing SiO, region.
Solid curve: quenched from 1.5 GPa, 470 °C; dashed curve: quenched from li-
quid at 1 bar. Here and in all except Fig. 6, spectra were collected with a sample
spinning frequency of 20 kHz and spinning sidebands are absent from the fre-
quency ranges shown.

Sio,
SiO;
Si0s  1.5GPa,
470°C
I.'---..-.-_.._..."..-‘_. ,.‘,._'....-."
1.5 GPa,1250 °C
’ | | 1 bal;, fast quench |
-50 -100 -150 -200 -250
ppm

Fig. 2. 2°Si MAS NMR spectra of 99% 2°Si K,Si4O, glasses, including regions for
SiO4, SiOs and SiOe. Vertical scale is enlarged by about x40 relative to Fig. 1.
From top to bottom, spectra are for glasses quenched from 1.5 GPa, 470 °C;
1.5 GPa, 1250 °C (dashed line), and 1 bar (fast quench).

peaks near to —149.5 + 0.5 ppm that are now well-known to be due to
SiOs groups [19,21]; the data for the high pressure glasses contain as
well small peaks for SiOg groups at —200 * 0.5ppm (Fig. 2). The
latter species is absent from the 1 bar glasses at a detection limit of
about 0.02%. Concentrations of these minor species are listed in
Table 1. The spectra for glasses from two different temperatures near to
T, at 1.5GPa are nearly identical, suggesting that the run conditions
allowed full relaxation to the metastable liquid structure. In marked
contrast, the SiOs and SiOg contents of the sample melted above the
liquidus at 1.5 GPa, then quenched, are greatly reduced. Our previous
measurements of cooling rates in this high pressure apparatus demon-
strated that this results not from differences in fictive temperatures but
from transient pressure drops during rapid cooling of the sample and
heater assembly [38].

In contrast, spectra for samples from two near-Ty temperatures at
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Fig. 3. 2°Si MAS NMR spectra of 99% 2°Si K,Si4Os, quenched from 3 GPa and
470°C. Narrow peaks in SiO, and SiOg regions are due to the crystalline
K,Si,09 “wadeite” phase; broad components in these regions and that for SiOs
are from the glass. Vertical scale in upper spectrum is X 10 relative to lower
spectrum.

3 GPa (Fig. 3) contained, in addition to broad components for SiOy,
SiOs, and SiOg groups, narrow peaks at —96.5 and —203.4 ppm known
to be due to the crystalline, high pressure “wadeite” phase of K,Si4Oo,
in which 1/4 of the Si cations are octahedrally coordinated and the
remainder tetrahedral [56,57]. This different behavior is not un-
expected: the low temperature polymorph of K,SisOg9 (all SiO,) is
known to be slow to crystallize at 1 bar pressure and is probably stable
at 1.5GPa [58]; the “wadeite” phase becomes stable near to 2 GPa
[19,59,60]. In addition, crystallization in these samples could have
been accelerated if Ty is significantly reduced at 3 GPa, as expected
from the known anomalous decrease in viscosity with pressure for this
composition liquid [10]. In these mixed glass/crystal spectra, for the
larger, SiO4 contribution, the intensity of the glass peak can readily be
estimated by simple baseline interpolation, allowing a good estimate of
the total spectral intensity from the glass alone. The broad SiOs peak is
due to the glass only; the SiOg glass peak is narrower and more difficult
to separate from the overlapping crystal peak, increasing the un-
certainty in the SiOg content of the glass. We estimated the area of the
overlapping crystalline SiOg peak as 1/3 of the area of the crystalline
SiO4 peak, given the known crystal structure, and obtained the SiOg in
the glass by difference. In Table 1, SiOs and SiOg contents for these
samples are normalized to the total signal from the glass only. Because
the glass and crystal have the same compositions, partial crystallization
does not change the remaining glass, allowing results from these sam-
ples to be compared directly with those of crystal-free glasses. The SiOs
content of the 3 GPa, 500 °C sample was slightly lower than that of the
470°C sample (Table 1), suggesting a minor pressure drop during
quench for the former.

Even in partially crystalline samples, the high concentration of SiOs
in the 3 GPa glasses allows the most detailed look so far obtained at the
chemical environment of this species (Fig. 4). The chemical shift of the
peak maximum (—149.5ppm) and width (FWHM of 10 ppm) are si-
milar to those previously reported for alkali silicates [4,19,21] but are
more accurate because of the higher spinning speeds, better signal-to-
noise, shorter instrumental deadtime, and consequently flatter base-
lines than previously obtainable. This peak has generally been attrib-
uted to SiOs groups with five oxygen bridges to other Si, primarily
because of the low network modifier content of this composition. Such
species could be designated as “P>” groups (P for “pentacoordinate,” as
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Fig. 4. 2°Si MAS NMR spectra of 99% 2°Si K,Si,Os, quenched from 3 GPa and
500 °C, showing SiOs region, for data with an especially high signal-to-noise
ratio (ca. 6000:1). Vertical scale is enlarged by about X 60 relative to that of the
lower spectrum in Fig. 3. “P>” labels the main component, probably due to
pentacoordinate Si with 5 oxygen bridges to other Si; “P*” labels a higher fre-
quency component possibly due to pentacoordinate sites with 4 oxygen bridges
to other Si. Dashed lines show straight baseline, as used here to integrate SiOs
and SiOg peak areas (Table 1), vs. minor effect of a slightly more accurate
curved baseline.

“Q” in “Q™ species is derived from “quaternary”). The chemical shift of
the only known SiOs site in crystalline silicates (in a high pressure
phase of CaSi»Os [1,3]) is at —149.5 ppm and the refined structure of
this phase does indeed have this type of structural connectivity, al-
though two of the five Si neighbors to the SiOs groups are octahedral
instead of tetrahedral [2]. In addition, a low shoulder in the 3 GPa
K5Si4Og data at about —138 ppm, apparently well above noise level, is
consistent with the presence of a small fraction of SiOs5 groups (ca. 5 to
10%) with one non-bridging and four bridging oxygens, which could be
denoted as “P*”. Definitive assignment of this feature of the spectra will
require further study of a range of compositions, however. In high
pressure glasses of lower silica contents, and hence greater proportions
of NBO, broad SiOs peaks have been reported at — 143 ppm in CaSi,Os
glass from 10 GPa [3] and at —124 ppm in a 10 GPa MgSiOs glass [37].
These shifts are consistent with higher proportions of sites with one or
more NBO, as this progression towards less negative values is well-
known for Si0, groups (i.e. from Q* to Q* to Q? groups). A similar effect
can also be seen for chemical shifts of SiOg groups in crystalline sili-
cates, although the data set is much smaller [61]. Indeed, in the study of
MgSiO3 [37], theoretical calculations yielded a similar value for what
would be denoted here as “P>” groups, i.e. 3 BO and 2 NBO. We do not
yet have other clear experimental constraints on the geometry of the
SiOs sites, e.g. trigonal bipyramid or square pyramid, although recent
theoretical calculations suggested the former [46,52]. However, the
ability to observe spinning sidebands for these groups in the 3 GPa
samples, with proportional intensities at a spinning speed of 20 kHz
(=168 ppm) of 2-3% of the central SiOs glass peak, suggests a sig-
nificant chemical shift anisotropy (CSA) roughly comparable to that of
the Si04 Q3 groups.

Fig. 5 summarizes our new results for SiOs and SiO¢ concentrations
and compares them with data previously obtained in experiments that
quenched high temperature K,Si4Og liquids to glasses in solid-medium
high pressure apparatuses (piston-cylinder below 3 GPa, ‘multi-anvil’ at
4 GPa and above). Even without extrapolating our new data to pres-
sures above 3 GPa, it is clear that the previous studies probably con-
siderably underestimated the abundances of both high-coordinate spe-
cies that can be recovered on decompression of high pressure liquids,
presumably because of significant transient pressure drops when high
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Fig. 5. Concentrations of SiOs and SiOg species (per cent, out of total Si) vs. run
pressure for K,Si4O9 glass. Squares: SiOs; circles: SiOg; open symbols: high run
temperatures, above liquidus; closed symbols: low run temperatures, near to Tg.
Red symbols and solid lines show new data presented here. Black symbols and
dashed lines show data from early studies with high run temperatures: 1.9 GPa
data from [19], 4 and 6 GPa data from [21], 5.7 GPa data from [4]. Arrow for
new data set at 1.5 GPa shows large drop in SiOs from experiment near to T vs.
from above liquidus, caused by transient pressure drop during quench of latter.
Lines are to ‘guide the eye’ only and are not meant to represent assumed lin-
earity of pressure effects on structure. Uncertainties are probably smaller than
symbol sizes when not shown explicitly. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

initial temperatures are used. The variations among results in previous
studies with high initial temperatures, especially in SiOg¢ concentra-
tions, may result from differences between different apparatus and
high-pressure assemblies in the extent of this pressure drop. The limited
data set suggests that the rate of increase in both high coordinate Si
species may steepen at higher pressure, as was observed for the tran-
sition from AlO,4 to AlOs and AlOg groups in a number of alkali and
alkaline earth aluminosilicates studied by this same approach and high
pressure apparatus [38,41]. We cannot yet predict however, whether
this non-linearity continues at higher pressures.

3.2. Temperature effects on silicon coordination at ambient pressure

As in our previous 1 bar pressure studies, new results for rapidly
quenched K5Si4Og glasses show much higher concentrations of SiOs
groups than in annealed, slowly cooled samples, by more than a factor
of 2 for experiments described here (Table 1 and Fig. 6). In our previous
work, we showed that these effects were reproducible and reversible by
collecting spectra on an annealed sample, then fast quenching the glass,
collecting further spectra, and finally re-annealing the fast quenched
sample [27]. This procedure also demonstrated that the thermal history
experiments did not cause changes in composition that could bias re-
sults. In the present study, we switched this procedure by initially
forming a fast quenched glass, then annealing this product and cooling
at a very low rate, then finally remelting and fast quenching the same
sample a second time, collecting spectra at each step. Again, effects of
thermal history and hence of T were completely reversible, and again
the chance of an effect of compositional change is eliminated.

As discussed in several previous studies of fictive temperature
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Fig. 6. 2°Si MAS NMR spectra of 99% 2°Si K,Si,Oo glasses, quenched rapidly
(“FQ”) or slow-cooled (“SC”) from above T, at 1 bar. For the upper two spectra,
a larger-volume sample rotor limited the spinning frequency to 14 kHz and one
spinning sideband (“ssb”) is present in the range plotted. This is absent from a
spectrum collected with a smaller-volume rotor and a spinning speed of 20 kHz
(below), which also illustrates that any signal from SiO¢ groups (expected at ca.
—200 ppm) is below the noise level. Vertical scale is enlarged by about x40
relative to Fig. 1.

-200 -250

effects on silicate glass structure [28,62-67], these observations have
implications for the thermodynamics of equilibria among network
species. It has long been pointed out that formation of SiOs groups in
alkali silicates liquids is likely to involve the conversion of non-bridging
oxygen (NBO) species, probably to oxygen anions linking SiO4 and SiOs
groups, with

Si04 + NBO = SiOs (€]

An ‘apparent’ equilibrium constant for such a reaction (ignoring
non-ideality and thus activity coefficients) can be written as.

Kapp = Xsios/(Xsios Xngo) 2)

where “X's” are mole fractions of Si species out of total Si and of NBO
out of total NBO. The change in speciation with T¢ is manifested by a
change in K,pp, and is characterized by an apparent standard state en-
thalpy of reaction (AH,pp) by the integrated form of the Van't Hoff
equation:

”

AHapp =-R [(11’1 Kapp,TfZ_ln Kapp,Tfl)/(l/TfZ_l/Tﬂ)] 3

In the present study, available sample sizes did not permit direct
measurement of T¢ from differential scanning calorimetry [66]. To es-
timate the change in T¢ in our thermal history experiments, we instead
simply take Tf (for the slow cooling rate of 10 K/h) as the published,
annealed Ty of 773 K [68], and calculate T, for the fast quench glasses
from their estimated cooling rates of 500 to 1000 K/s, yielding 930 to
940 K. The well-known dependence of T¢ on cooling rate discussed
previously [69,70], with the activation energy for viscosity near to Tg of
460 kJ/mol [71], and uncertainties in cooling rate, species proportions,
and the viscosity curve, gives an estimated value for AH,p, of
25 = 5kJ/mol, similar to that derived in our early study [27]. Extra-
polation to temperatures far above T¢'s obtainable in the laboratory is
highly uncertain, but predicted SiOs contents may approach the percent
level at 2000 K. The key issue of temperature effects on silicon co-
ordination at high pressure remains largely unexplored by experiment.

3.3. ‘Amorphization’ of partially crystalline 3 GPa K,Si,O9

The partial crystallization of both high pressure samples of K,Si4O9
at 3 GPa provided an opportunity to study the pathways and kinetics by
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which both glass and crystal revert to the stable (or metastable) low
pressure states on annealing at 1 bar pressure. Annealing near to T, for
1 h caused little change in the content of the high pressure crystalline
phase but reduced the SiOs content to the level of the 1bar glass
(Table 1). A subsequent 22h anneal at this temperature resulted in
about an 8% reduction in the signal from the high pressure crystal, but
no development of the well-know group of four SiO4 peaks character-
istic of the low pressure stable crystal [56]. A final anneal for 1h at
706 °C (followed by rapid cooling) yielded a completely amorphous
glass with no crystalline NMR peaks, with a spectrum essentially
identical to that of the fast quench 1 bar glass. This temperature is far
above T; but below the melting point of the stable 1 bar polymorph.
This finding of metastable melting of a high pressure silicate, without
crystallization to the stable 1bar phase, is consistent with previous
detailed calorimetric studies of this composition [58] and is analogous
to what has been observed for the high pressure phase of silica,
stishovite in which all Si is in octahedral coordination [72]. In both
cases, the high pressure crystal rapidly transforms to a metastable liquid
or glassy phase once a certain temperature is reached: the slow step is
the crystallization of the stable, 1 bar crystalline polymorph.

4. Conclusions

New, much improved NMR data confirm that SiOs and SiOg groups
can be detected in K,Si,O9 glasses quenched from both stable and
metastable melts at moderate pressures of 1.5 to 3 GPa. As has recently
been found in studies of Al and B coordination changes, high (super-
liquidus) initial run temperatures in high pressure apparatuses can re-
sult in large transient drops in pressure during quench and significant
underestimation of recoverable increases in coordination number.
Samples equilibrated to the metastable liquid state just above T, give
higher concentrations of these species by largely eliminating pressure
drops prior to quenching in of the structure at Tg.

SiOs, but not SiOg groups are also clearly measureable in 1 bar
glasses, with concentration strongly dependent on cooling rate and thus
on fictive temperature, confirming and improving the accuracy of re-
sults of a small number of experiments conducted decades ago. A simple
thermodynamic analysis of the formation reaction for SiOs yields an
apparent standard state enthalpy change of 25 + 5kJ/mol, consistent
with previous studies. The proposed role of SiOs as a high energy
‘transition complex’ in network bond swapping, diffusion, and other
transport properties is thus still an interesting possibility, but may be
difficult to confirm experimentally given its likely short lifetime at high
temperatures. Future theoretical and simulation studies of dynamics
will continue to explore the validity of this model. Experimental work
on fictive temperature effects on structure at high pressure, including
the ratio of SiOs to SiOg groups, could be especially important in better
understanding high pressure behavior of silicate liquids in nature and in
technology.
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