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Abstract

The structure of 21 binary potassium, rubidium and cesium silicate glasses (in the range 15-50 mol% alkali oxide) was ana-
lyzed by »Si single quantum and double quantum MAS NMR spectroscopy. Their glass transition temperatures (T,) were
measured by calorimetry. The chemical shifts and the relative abundance of Q" species correlate with the cationic field
strength (Z/r) of the network modifier. A correlation is observed between T, and the inverse of the entropy of mixing of
the different Q" species, which is explained in the framework of the Adam-Gibbs relaxation theory. At high alkali content,
up to 44% of the SiOy4 tetrahedra are part of three-membered rings. At a given alkali content, the abundance of these rings
increases with increasing cation size. The abundance of three-membered rings in K-silicate melts correlates with a temperature
and a non-linear composition dependence of the heat capacity. It is also a possible cause for the anomalous volumetric behav-

ior of potassium silicate glasses.
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The behavior of magmas in the Earth’s crust is mainly
controlled by the physical and thermodynamic properties
of the melt phase. Thus, a detailed understanding of mag-
matic processes has to build on an accurate quantification
of these properties (e.g. viscosity and heat capacity) at var-
ious conditions. In most cases, these properties are not a
simple function of the chemical composition, temperature
and pressure. Indeed, it appears from spectroscopic investi-
gations that bulk properties depend on the short to medium
range structure of the melts (e.g. Stebbins et al., 1995; My-
sen and Richet, 2005).

The structure of silicate melts consists of a three-dimen-
sional network of SiO, tetrahedra linked by bridging oxy-

* Corresponding author. Fax: +41 44 632 1827.
E-mail address: malfait@erdw.ethz.ch (W.J. Malfait).
! Present address: Laboratoire de Planétologie et Géodynamique,
Université de Nantes, 2 rue de la Houssiniere, B.P. 92208, 44322
Nantes Cedex 3, France.

0016-7037/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.gca.2007.09.011

gen atoms (BO). Addition of network-modifying cation
oxides breaks up this network by generating non-bridging
oxygen atoms (NBO). Therefore, the structure of silicate
glasses and melts can be described through the abundance
of Q" species, where n is the number of bridging oxygen
atoms per SiO4 tetrahedron, and the three-dimensional
arrangement of the tetrahedra, e.g. the ring size distribu-
tion. The abundance of Q" species is controlled by the fol-
lowing speciation reactions:

200=0""+ 0" (n=3,2,1) (1)
with the following equilibrium constants K,.
K, =[0""]- /(0T )

In Eq. (2), the assumption was made that the activity coef-
ficients cancel out.

The quantification of the Q" speciation is not possible in
natural composition silicate melts and glasses because the
infrared, Raman and NMR spectra are too complex to be
deconvoluted. To quantify the effect of temperature and
composition on the speciation, binary alkali-silicate glasses
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and melts, and the sodium silicate system in particular, have
been studied extensively by various spectroscopic methods
(e.g. nuclear magnetic resonance (NMR), Raman, infrared
and X-ray absorption spectroscopy). Among those, 28i
Magic Angle Spinning (MAS) NMR spectroscopy has pro-
vided the most accurate information on the Q" speciation in
glasses (e.g. Grimmer et al., 1984; Dupree et al., 1986; Steb-
bins, 1987; Emerson et al., 1989; Maekawa et al., 1991).
More recently, 2°Si double quantum (DQ) MAS NMR
spectroscopy has been successfully applied to study the con-
nectivity between the different Q" species, either through the
dipolar coupling (e.g. Glock et al., 1998; Olivier et al., 1998,
2001) or through the J coupling (e.g. Fyfe et al., 1990).

Sodium silicate glasses have often been used as a model
for other alkali and alkaline earth silicate glasses. There are
significant differences, however, in the spectra of glasses
with different network-modifying cations. For instance,
Maekawa et al. (1991) observed an additional peak in the
spectrum of K-silicate glasses and interpreted it as an
additional Q® peak. This is in contrast to NMR spectra
of Li- and Na-silicate glasses, where each Q" species corre-
sponds to just one peak. They tentatively assigned this addi-
tional peak to a specific type of Q% which is present in a
ring configuration. This peak will be called Q* for the
remainder of this paper. This additional peak is also present
in the spectra of Rb- and Cs-silicate glasses (Dupree et al.,
1984); although it was assigned to Q' in the latter study.

Apart from the differences in the NMR spectra, there
are also distinct differences in the physical properties of
melts with different network-modifying cations. For exam-
ple, in contrast to Li-, Na- and alkaline earth silicate melts,
the heat capacity of K-silicate melts is temperature depen-
dent and shows a non-linear compositional dependence
(Richet and Bottinga, 1985). Also, Bockris et al. (1956)
and Tomlinson et al. (1958) observed an anomalous volu-
metric behavior for K-silicate glasses compared to Li- and
Na-silicate glasses and concluded that the accommodation
of the large potassium cations has to be accompanied by
a structural rearrangement.

The objective of this study is to determine if there is a
link between the anomalous physical properties and the
distinct spectroscopic features of potassium silicate glasses.
We have used 2°Si NMR spectroscopy to quantify the
speciation and to investigate the medium range order of
K-, Rb- and Cs-silicate glasses. With these results, we can
rationalize the temperature and compositional dependence
of bulk properties through changes in the melt structure.

2. SAMPLES

Fourteen K-silicate glasses were prepared in the range
15-50 mol% K,O. Additionally, three K-silicate glasses
(42, 46 and 50 mol% K,0) were prepared from 2°Si
enriched SiO5 (96.74% 2°Si, Isoflex) for the SQ/DQ correla-
tion NMR experiments. Rb- and Cs-silicate glasses at the
disilicate (33 mol% alkali oxide) and metasilicate
(50 mol% alkali oxide) composition were also prepared.
The glasses were prepared by mixing known amounts of
reagent grade SiO, and M,CO; (M=K, Rb, Cs),
0.1 wt% of Fe,O3 was added to the samples to reduce the

T, relaxation time. The mixtures were melted three times
in Pt crucibles for one hour at 100 K above their respective
liquidus temperatures. This was reduced to three times
twenty minutes for the most alkali rich samples to avoid
unnecessary alkali volatization. Two intermediate crushings
under ethanol were performed to ensure sample homogene-
ity. The glasses were quenched by dipping the bottom of the
crucible in water (quench rate of 200-500 K/s). Since most
of the glasses are very hygroscopic, all subsequent handling
(e.g. sample crushing, filling of the NMR rotors) was done
in a glove-bag under an argon atmosphere. The samples
were stored as ~0.5cm® pieces in tightly screwed, argon
filled, glass vials and crushed to ~0.1-1 mm® pieces imme-
diately prior to the filling of the NMR rotors. No changes
in the NMR spectra were observed between samples that
were measured 2 days after synthesis and samples that were
stored for over a year prior to the analysis.

3. ANALYTICAL TECHNIQUES
3.1. Chemical analysis

The most silica rich sample was analyzed with a JEOL
JXA-8200 electron probe micro analyzer (EPMA). The
hygroscopic nature of the more alkali rich samples pre-
vented the necessary sample preparation (polishing and
coating) for microprobe analysis and/or the unstable nature
of the glasses under the electron beam (Gedeon et al., 2000)
rendered an accurate microprobe analysis impossible.
Therefore, the composition of the K-silicate glasses was
analyzed with an Axios XRF spectrometer (PANanalyti-
cal). The Rb- and Cs-silicate glasses could not be analyzed
by XREF since no suitable standards were available for the
unusually high Rb and Cs contents. The samples enriched
in 2Si were not analyzed due to the high cost of the sample.

Despite having been handled exclusively under an Argon
atmosphere, a minimal contamination with water cannot be
avoided because of the extreme hygroscopicity of the K,O
rich samples. The water content of the most hygroscopic
sample (50 mol% K,O) was quantified by proton NMR.
The proton spectra were acquired on a Varian Infinity spec-
trometer equipped with a 7.1 T magnet and operating at a
'H Larmor Frequency of 299.17 MHz with a spinning fre-
quency of 10 kHz. A 90° flip angle was used; 16k datapoints
with a dwell of 3.33 us were collected after a dead time of
6.67 ps. 256 acquisitions with a repetition time of 4 s were
accumulated. The background signal obtained from a
measurement under the same conditions on an empty rotor
was subtracted from the signal. The proton NMR signal,
including the spinning sidebands, was calibrated by the
standard-addition method: first a proton spectrum of the
glass with unknown water content is collected; then, known
amounts of water are consecutively added to the sample
and NMR spectra are collected intermittently to build the
calibration curve (i.e. the NMR intensity versus the
amount of water added); the initial water content is then
determined by extrapolating the calibration curve to zero
NMR intensity. In addition to the 'H NMR, proton to
silicon cross polarization (CP) experiments (Hartmann
and Hahn, 1962) were performed for different contact times
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to investigate if the water is preferentially associated with a
specific silicon site. The CP spectra were acquired on a Var-
ian Infinity spectrometer equipped with a 7.1 T magnet and
operating at a 'H Larmor Frequency of 299.17 MHz, a »Si
Larmor Frequency of 59.42 MHz and a spinning frequency
of 10 kHz. 4k datapoints with a dwell of 25 ps were col-
lected after a dead time of 6.67 ps. 2560 acquisitions with
a repetition time of 2 s were accumulated for different con-
tact times in the range 0.1-7 ms. During the contact period,
and amplitude modulation with a tangential shape (Hediger
et al., 1995) was applied to the >°Si channel. This optimizes
the amount of polarization transferred from 'H to *°Si and
makes the transfer robust towards fluctuations in the rf
amplitude during cross polarization.

According to a study by Bourgue and Richet (2001),
K5O rich potassium silicate glasses have a strong tendency
to retain CO, in their structure. In order to investigate the
CO, content, selected, K,O rich glasses have been analyzed
by coulometry with a Coulomat 702-SO/CS/E at the Center
of Mineral Analysis of the University of Lausanne. The
sample was heated at 1300 °C under a flow of O,. The
released CO, is sent through a Ba(ClO,), solution, which
decreases the pH by the formation of BaCO; from
Ba(OH),. The pH is then restored by the addition of elec-
trons to the solution. The quantity of current necessary to
restore the pH is directly proportional to the amount of
CO, in the sample. Typically, ~200 mg of sample were
heated for 30 min at 1300 °C (the maximum furnace
temperature). No additional CO, was exsolved for longer
dwells at this temperature.

3.2. Calorimetry

The glass transition temperature, 7, was determined by
calorimetry on a Netzsch STA 449 C Jupiter in the Differ-
ential Scanning Calorimetry (DSC) mode. Approximately
30 mg of sample was put in a covered Pt9ORh10 crucible
and the analysis was done with a heating rate of 10 K/
min under a flow of argon. Because of the strong tendency
for crystallization, the glasses could not be analyzed after a
controlled cooling rate. However, all samples were pre-
pared in equally sized batches and quenched in the same
way, thus with the same cooling rate. A rapid increase of
the heat capacity was observed at the glass transition. 7,
was taken as the onset of the jump in the heat capacity at
the glass transition. The uncertainty of the determination
of the onset temperature from the DSC curves was esti-
mated to be +5 K.

3.3. »Si single quantum (SQ) MAS NMR

The °Si SQ MAS NMR spectra were acquired on a
Varian Infinity spectrometer equipped with a 7.1 T magnet
and operating at a 2’Si Larmor Frequency of 59.61 MHz
with a spinning frequency of 15 kHz; no spinning sidebands
were observed at this spinning frequency. A pulse width of
1.0 ps (20° flip angle) was used; 1024 datapoints were col-
lected after a dead time of 20 us with a dwell of 20 ps. A
typical experiment consisted of 7200 acquisitions with a
repetition time of 1s. The repetition time of 1 s is shorter

than 5 times the spin-lattice relaxation time (7 ~ 3s),
but a small flip angle (20°) was used and no differential
relaxation of the various species was observed in spectra
taken with different repetition times (0.1-32's). TMS was
measured as an external shift standard. No apodization
was applied prior to the Fourier transform.

3.4. Si double quantum (DQ) MAS NMR

3.4.1. Principles

The principles and applications of 2D DQ MAS NMR
spectroscopy have been described extensively (e.g. Ernst
et al., 1987) and do not need to be repeated here. In the
present study, the J coupling between pairs of 2°Si is used
to investigate the connectivity between the different sites.
The J coupling is a through-bond interaction, thus, only
29Sj pairs that are chemically bonded to each other through
a single oxygen will be observed in the spectra.

3.4.2. Experimental conditions

The two-dimensional *°Si MAS NMR spectra were
acquired using refocused INADEQUATE experiments
(Bax et al., 1980, 1981; Lesage et al., 1999). The pulse
sequence is shown in Fig. 1. The refocused INADEQUATE
pulse sequence is particularly adequate for the investigation
of disordered solids (Lesage et al., 1999) and, in addition,
has been applied successfully for structure determinations
of zeolites (Fyfe et al., 1990). The spectra were collected
on ~100 mg of ?°Si enriched samples in 4 mm zirconia
rotors on a Varian Infinity spectrometer equipped with a
7.1 T magnet and operating at a 2°Si Larmor Frequency
of 59.61 MHz with a spinning frequency of 10 kHz. 256 ,
datapoints with a dwell of 20 us were collected for 64 t,
increments with a dwell of 40 ps. For the experiments with
A =16ms, 256 acquisitions with a repetition time of 2s
were collected for each 7, increment (total experiment time
is 19 h). For the experiment with 4 =46 ms, 1024 acquisi-
tions were collected for each #; increment (total experiment
time is 80 h). All 2D spectra were processed in the same
way: the t, dimension was zero-filled to 1024 points and
a Gaussian apodization of 64 Hz was applied; the ¢,

preparation | evolution i reconversioni detection

=
2 w2 U \V

/2 b T

Fig. 1. Pulse sequence for solid state, refocused INADEQUATE.
The double quantum coherence is created during a preparation
interval 24, evolves for a variable time interval 7, is refocused into
in-phase, single quantum magnetization during a reconversion
interval 24 and is finally detected during a time f,. Under ideal
conditions, the degree of conversion into double quantum coher-
ence is maximum for 4 = 1/4Jg;s;, with Jgis; equal to the strength of
the J coupling. The reconversion pulses were phase cycled using a
standard phase cycle (Ernst et al., 1987) to selectively filter double
quantum coherences.
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dimension was zero-filled to 256 points and a Gaussian
apodization of 32 Hz was applied.

4. RESULTS
4.1. Sample composition

Where available, there is an excellent agreement between
the EPMA or XRF analysis and the values expected from
the sample preparation for the K,0O/SiO, ratio (Table 1);
for the rest of the paper, the latter values will be used.

The "H NMR results indicate that the potassium metasi-
licate sample contains 0.76 wt% H,O. At most, i.c. if all
protons are present as Si—-OH groups, this will increase
NBO/T from 2.00 to 2.07. Because of their lower hygro-
scopicity, other samples are expected to have lower water
contents.

The *Si signal intensity in the CP spectra is ~56 times
lower than in the one pulse measurement on 2°Si. This
low intensity can either be due to low 'H concentrations,
large 'H/*Si distances or inefficient polarization transfer
(e.g. because of highly mobile H,O). As polarization trans-
fer from 'H to #Si usually is not a problem in hydrous
silicate minerals and glasses (e.g. Oglesby and Stebbins,
2000; Schmidt et al., 2000; Xue and Kanzaki, 2004) and

typically leads to an increase in signal to noise, the low
CP intensity for our sample must be due to low 'H concen-
trations or large "H/?°Si distances. This is consistent with
most of the water being detached from the bulk of the glass
network, i.e. in a thin hydrated surface layer on the glass
grains. In order to check if protons are preferentially
bonded to a specific Si site, CP measurements with different
contact times (from 0.1 to 7 ms) have been carried out. No
changes in the relative peak intensities have been observed
between the spectra from the CP with different contact
times and the direct measurement. This demonstrates that
the protons are not preferentially associated with a specific
silicon site. Thus, the results of the 'H NMR and the CP
measurements indicate that contamination of the samples
with water is small and will only have a minor effect on
the glass structure, spectra and properties.

The CO, content was measured for a few selected sam-
ples and the results are shown in Table 1. The highest mea-
sured CO, content is 0.81 wt%. Bourgue and Richet (2001)
have shown that CO, can be retained in potassium rich
glasses for temperatures up to 1500 °C and the furnace tem-
perature for the CO, analysis was limited to 1300 °C. Thus,
the reported CO, contents are minimum values. Based on
the data by Bourgue and Richet (2001), the maximum
amount of CO, that is still retained in the melts at

Table 1
Sample compositions “as prepared” and measured by XRF (in brackets), glass transition temperatures, 7, and CO, content
No. SiO; (Wt%) M,0 (wt%) Fe,05 (Wt%) T, (K) CO, (Wt%)
Potassium silicate glasses (natural abundance *°Si)
1 79.20 (78.95) 20.70 (20.92) 0.10 (0.13) 785 N.A.
1# (78.78) (21.10) (0.12)
2 71.77 (71.27) 28.13 (28.57) 0.10 (0.16) 741 N.A.
3 71.77 (72.06) 28.13 (27.78) 0.10 (0.16) N.A. N.A.
4 65.61 (65.25) 34.29 (34.60) 0.10 (0.15) 745 0.05
5 60.90 (60.39) 39.00 (39.46) 0.10 (0.14) N.A. N.A.
6 60.43 (59.76) 39.47 (40.08) 0.10 (0.16) 773 N.A.
7 56.37 (54.85) 43.53 (44.98) 0.10 (0.17) 761 N.A.
8 56.01 (55.63) 43.89 (44.21) 0.10 (0.15) N.A. N.A.
9 50.95 (50.04) 48.95 (49.82) 0.10 (0.15) N.A. N.A.
10 50.46 (N.A.) 49.44 (N.A)) 0.10 (N.A)) 747 0.39
11 45.91 (44.95) 53.99 (54.87) 0.10 (0.18) 723 0.81
12 45.77 (45.15) 54.13 (54.68) 0.10 (0.17) N.A. N.A.
13 42.12 (41.58) 57.78 (58.27) 0.10 (0.15) 730 0.64
14 38.91 (37.63) 60.99 (62.15) 0.10 (0.22) 739 0.42
Potassium silicate glasses (96.74% 2°Si)
15 47.21 (N.A)) 52.79 (N.A)) 0.10 (N.A)) N.A. N.A.
16 43.19 (N.A) 56.81 (N.A.) 0.10 (N.A)) N.A. N.A.
17 39.30 (N.A)) 60.70 (N.A.) 0.10 (N.A)) N.A. N.A.
Rubidium silicate glasses
18 39.13 (N.A) 60.87 (N.A.) 0.10 (N.A)) 728 N.A.
19 24.32 (N.A)) 75.68 (N.A.) 0.10 (N.A)) 721 N.A.
Cesium silicate glasses
20 29.90 (N.A.) 70.10 (N.A.) 0.10 (N.A)) 729 N.A.
21 17.57 (N.A.) 82.43 (N.A)) 0.10 (N.A)) b N.A.

N.A., not analyzed.
* EPMA analysis.
b T, could not be determined due to crystallization.
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1300 °C is estimated to be 0.88 wt%. However, as we mea-
sured lower CO, retention up to 1300 °C, we also expect
smaller amounts of CO, to be retained above 1300 °C com-
pared to the Bourgue and Richet (2001) samples. Thus, the
highest CO, content in our samples is in the range 0.81—
1.69 wt%. At most, i.e. if the CO, content is at the top of
the expected range and if all carbon is present as carbonate
groups, this will decrease NBO/T from 1.50 to 1.40. Thus,
the CO, content will only have a limited effect on the glass
structure, spectra and properties.

4.2. Calorimetry

The glass transition temperatures are listed in Table 1.
They span a range between 723 and 785 K and are plotted
as a function of the K,O content in Fig. 2a. Because all
samples have the same thermal history, any trend in T is
due to differences in composition and not to differences in
quench rates. Based on the viscosity data by Bourgue and
Richet, the dissolved CO, can potentially decrease T, by
at most ~15 K for our range in CO, contents. Any poten-
tial changes in T, due to dissolved CO, are expected to be a
monotonic function of the K,O content. For the K-silicate
glasses, the T, values show an overall decrease with increas-
ing potassium content. However, T, is not a monotonic

a Js O T T T T T T T T

goo |- © ]
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. i
720 | . ]
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030L ]

10 15 20 25 30 35 40 45 50
[
K,O (mol%)

Fig. 2. (a) The glass transition temperature as a function of
composition. The results from previous studies are shown for
comparison (M, this study; O, Dietzel and Sheybany (1948); 4,
Boesch and Moynihan (1975); V, Sasek et al. (1975); ¢, Shelby
(1976); «, Bershtein et al. (1980); [, Borisova et al. (1999)). The
large scatter between different studies is due to differences in sample
preparation, measurement conditions and the different character-
istic points on the DSC curves chosen to define 7. (b) The inverse
of the entropy of mixing as a function of composition. For both
1/Smix and T, there are local maxima at the di- and metasilicate
composition.

function of the potassium content: there are local maxima
of T, around the di- and metasilicate composition. Due
to differences in sample preparation (e.g. quench rates),
measurement conditions (e.g. heating rates) and the charac-
teristic points on the DSC curve chosen to define T, it is
generally difficult to compare absolute values for T,
between different studies. Nevertheless, there is a reason-
able agreement with previous studies for the K,O range
where data is available (Fig. 2a). Shelby (1976) measured
the T, of K-silicate glasses in the range 10-37 mol% K,O;
contrary to our results, no 7, maximum was observed at
the disilicate composition. However, T, was found to be
nearly constant in the range 24-36 mol% K,O, in contrast
to a monotonous decrease they observed in the Na-silicate
system. The data by Borisova et al. (1999) points to a sim-
ilar conclusion, i.e. a relatively high T, for K-silicate glasses
at the disilicate composition compared to the Na-silicate
system. Masnik et al. (1993) obtained values for T, from
the discontinuity in the curves of the Brillouin shift as func-
tion of temperature. They did not report the actual values
but noted that “For binary systems, we find the highest
glass transition temperature at the composition with
67.5% SiO,” which is very close to the disilicate composi-
tion and consistent with our results.

4.3. »Si single quantum MAS NMR

The spectra for nine samples in the K;O-SiO, system are
given in Fig. 3. Several effects with increasing potassium
content can be observed: a shift of all the peaks to less neg-
ative ppm values, a change in the relative peak intensities
and the appearance of new peaks. Olivier et al. (2001) inter-
preted the shift of the Q" peaks with increasing potassium
content as the result of a decreasing amount of Si in the sec-
ond shell of cations (i.e. the fourth shell in total) around the
central Q". They described this in terms of a change in the
Q""  distribution, where the additional superscripts
denote the Q group character of the bonded tetrahedra.
These different /"™ species have different resonance
frequencies, thus a change in their relative proportions
results in an overall shift in the Q" peak. For example, Q°
consisting predominantly of 0*??? (typical for a potassium
rich glass) is shifted to less negative ppm values compared
to QO consisting predominantly of Q*** (typical for a silica
rich glass). An alternative interpretation for this shift would
lie in a change of the Si-O-Si bond angles with increasing
potassium content, which would result in a subsequent
change in the chemical shift (e.g. Smith and Blackwell,
1983). The spectra for the K-, Rb- and Cs-silicate glasses
are shown in Fig. 4. For a given M/SiO, ratio (or NBO/
T), the spectra of the alkali-silicate glasses are shifted
towards more negative ppm values in the series K-Rb—
Cs. The magnitude of the shift is correlated with the inverse
of the radius r of the cation (see Fig. 5 for the metasilicate
samples).

4.3.1. Peak assignment

The bands with average positions at —104, —92, —83 and
—73 ppm can be confidently assigned to 0%, Q°, 0? and Q',
respectively (Maekawa et al., 1991). The assignment is
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K,O mol% Q? .
‘ Q°
50.0
46.7
42.9
385

33.3

29.4

200

14.3

-60 -80 -100 -120
Chemical shift (ppm form TMS)

Fig. 3. Si MAS NMR spectra of potassium silicate glasses. The
assignment of the various bands is indicated by the lines (guides to
the eye only). Note the continuous shift in peak position as a
function of composition (see text).

indicated in Fig. 3. The assignment of the narrower peak at
an average position of —77 ppm, which is also present in
the spectra of the Rb- and Cs-metasilicate glasses
(Fig. 4a), is more problematic. Dupree et al. (1984) assigned
the peak to Q!, however, this assignment is not consistent
with the stoichiometry of the glasses, i.e. there would be
insufficient potassium cations available to charge balance
all the NBO. The assignment to a Q° species is consistent
with the stoichiometry of the glasses, i.e. the amount of
NBO calculated from the Q" speciation is equal to the
amount of potassium cations, and Maekawa et al. (1991)
tentatively assigned the peak to a O species in a specific
ring configuration (Q%), but they did not investigate this
any further.

4.3.2. Curve fitting and species abundance

The spectra were fitted with Gaussian peaks, using a
Levenberg-Marquardt algorithm to minimize y°. The use
of constraints on peak position, width or amplitude was
avoided as much as possible. In a few cases however, it
was necessary to constrain the peak position or width to
obtain a meaningful fit. The use of constraints is indicated
in Table 2. For example, the chemical shift of Q' in the
Cs-metasilicate glass has to be fixed to obtain a meaningful
fit -this was done by extrapolating the values obtained from
the K- and Rb-glasses but the resulting fit remains inher-
ently dependent on the value of this constraint. The high
degree of overlap of the peaks in the spectra of the
Rb- and Cs-disilicate glasses (Fig. 4b), and the lack of infor-

a
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k%)
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Fig. 4. 2°Si MAS NMR spectra of potassium, rubidium and cesium
metasilicate (a) and disilicate (b) glass.
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Fig. 5. The 2°Si chemical shifts of potassium, rubidium and cesium
metasilicate glasses as a function of 1/ionic radius. The effective
ionic radii were taken from Shannon (1976) for a coordination
number of 6.

mation on peak widths and positions from spectra for other
compositions, prevent a meaningful fit of these spectra alto-
gether. The abundance of each species is obtained by divid-
ing its peak area by the sum of the area’s of all peaks. The
abundances of the species obtained from the curve fitting
(Table 2) are in good agreement with those obtained by
Maekawa et al. (1991). The NBO/T calculated from



Table 2

Fits without constraints on peak area’s: chemical shift (¢, ppm), half width at half maximum (hwhm, ppm) and Q" abundance (A4, %)

No. M,0 (mol%) ©* 0’ 0? 0% 0! NBO/T (comp.) NBO/T (NMR)

a hwhm 4 o hwhm 4 o hwhm 4 4 hwhm 4 o hwhm 4

Potassium silicate glasses
1 14.3 —1069 5.5 59.8 =955 49 40.2 0.33 0.40
2 20.0 —-104.8 5.7 432 939 49 56.8 0.50 0.57
3 20.0 —104.8 5.5 417 -936 5.1 58.2 0.50 0.58
4 25.0 —104.2 5.0 246 -93.0 5.1 75.4 0.67 0.75
5 29.0 —103.5 44 1.1 -913 52 88.9 0.82 0.89
6 294 —103.4 4.0 83 -91.7 51 89.5 -83.1* 35 22 0.83 0.94
7 33.0 —104.0 42 31 -902 51 83.8 —83.0" 5.1 13.1 0.99 1.10
8 333 —-104.1 34 26 -90.7 5.1 854 —83.0° 5.0 12.0 1.00 1.09
9 38.0 -90.2 47 580 —83.6 4.6 363 -772 24 5.7 1.23 1.42

10 38.5 -90.3 47 559 829 45 377 =712 24 6.5 1.25 1.44

11 429 —89.9* 438 373 -826 4.1 471 -769 2.1 134 -726 3.6 2.2 1.50 1.65

12 43.0 —-89.9 45 352 -82.6 4.0 484 -769 23 16.2 1.51 1.64

13 46.7 —89.0° 5.6 223 -820 39 493 -765 2.0 249 -729 39 35 1.75 1.81

14 50.0 -89.0° 5.3 142  -81.7 37 495 =763 2.0 31,6 =724 29 48  2.00 1.91

Rubidium metasilicate glass

19 50.0 -932 5.3% 62 -853 41 437 -783 2.0 409 -756 3.5 92  2.00 2.03

Cesium metasilicate glass

21 50.0 -98.6  5.3% 42 -893 39 46.8 —81.8 1.9 4.1  —784% 24° 49°  2.00 2.01

# Constrained value.

® Results are very dependent on the constraint for a(Q").
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composition (NBO/T = 2 - [K,0J/[SiO,]) and the speciation
(NBO/T =3-[Q'H2-[Q*1+3-[0°]) show a reasonable
agreement (Table 2). However, this unconstrained fitting
of the NMR spectra consistently overestimates the amount
of NBO. This cannot be due to the presence of water as this
overestimation of NBO/T is also the case for SiO, rich
glasses that are not hygroscopic.

In a second round of fitting, we have constrained the
peak area’s such that the NBO/T calculated from the fit
is equal to the NBO/T calculated from the compositions
(Table 3). An example of such an area-constrained fit is
shown in Fig. 6. The goodness of fit parameter y*> for
the area-constrained fits is only marginally higher than
for the unconstrained fits and the residuals are mostly
indistinguishable. Furthermore, less constraints on peak
positions and widths were necessary to obtain reasonable
fitting results. In addition, the scatter on the peak area’s
and widths as a function of the composition is signifi-
cantly lower for the area-constrained fits. This indicates
that the area-constrained fits (Table 3) are a better repre-
sentation of the speciation in the glasses. For the remain-
der of the paper, the results of the area-constrained fits
will be used; but very similar results were obtained by
using the results from fits where the areas were not con-
strained (Table 2).

4.3.3. Speciation reaction

The measured speciation (with [OF ] = [0°] + [Q”]) is
plotted as a function of NBO/T in Fig. 7. An exact cal-
culation of the error on the speciation is difficult, but
considering the uncertainty in the phasing of the spectra,
the choice of Gaussian lineshapes and the curve fitting,
the absolute uncertainty on the determination of the
abundances of the species is estimated to be a few %.
Note that because T, depends on the composition for a
given quench rate, this plot is not “isothermal”, i.e. the
measured speciation of the glasses represents the specia-
tion of the melts at T, which is at different temperatures
for different compositions. However, the range in T, is
small (Fig. 2) and hence also the expected effect of differ-
ent T,’s on the speciation (e.g. Brandriss and Stebbins,
1988; Mysen and Frantz, 1992; McMillan et al., 1992;
Malfait et al., 2007).

The natural logarithm of equilibrium constant K, of
reaction (1) with n =2 are plotted as a function of 1/r in
Fig. 8. The results from Maekawa et al. (1991) for Li-,
Na- and K-metasilicate glasses are also plotted for compar-
ison. There is a correlation between In(K5) and 1/r. This
correlation has been observed before for Li-, Na- and K-sil-
icate glasses (e.g. Brawer and White, 1975; Emerson et al.,
1989; Maekawa et al., 1991; Mysen and Frantz, 1992); our
data indicates that this trend is also valid for Rb- and
Cs-silicate glasses.

4.4. ”Si INADEQUATE experiments

29Si INADEQUATE experiments were used to investi-
gate the medium range structure of the glasses: the connec-
tivity between the different species and the nature of the
additional peak for Q.

4.4.1. Interpretation of 2D spectra

The interpretation of the 2D DQ spectra will be
explained with a schematic spectrum (Fig. 9). In the two-
dimensional DQ/SQ spectrum (Fig. 9a), the horizontal axis
(w2) is the SQ dimension that contains the chemical shift
information, i.e. the value on the X axis of a peak is the
chemical shift of a single spin. The vertical axis (wl) is
the DQ dimension that contains the information about
the spin pair, i.e. the value on the Y axis of a peak in the
spectrum is the sum of the chemical shifts of two coupled
spins. A pair of spins with identical chemical shifts (w,) will
have one peak in the 2D spectrum at the coordinate
(wa,2w4), 1.€. it is on the DQ-SQ diagonal. A pair of spins
with a different chemical shift (ws and wg) will have two
peaks in the 2D spectrum at the coordinates (wa,wa + wp)
and (wp, wa 1+ wg); they are off-diagonal with respect to the
DQ-SQ diagonal. The DQ-SQ correlation spectrum can be
transformed to a symmetric correlation spectrum (Fig. 9b)
through a shear transformation, which is nothing more
than a linear transformation of the data (Ernst et al.,
1987). Clearly, the sheared spectrum should be symmetrical
around the diagonal. The sheared and unsheared spectra
contain the same information, but the sheared spectra give
a better visual representation of the information. Thus,
only the sheared spectra will be shown, the unsheared spec-
tra can be found in Electronic annex EA-1.

4.4.2. ?°Si INADEQUATE spectra

The one-dimensional, J-filtered spectra of the potassium
metasilicate glass are plotted for various delay times 4 in
Fig. 10. The overall decrease in intensity with increasing
A is due to 75 relaxation during the pulse sequence. The rel-
ative intensity of the peak at —77 ppm, compared to the
—82 peak, increases as a function of 4. This indicates weak-
er J couplings for the —77 ppm peak compared to the
—82 ppm peak, assuming similar transverse relaxation rates
for both peaks. Because of the different J couplings for dif-
ferent Si sites, the relative intensities in the two-dimensional
INADEQUATE spectra are no longer quantitative in nat-
ure. In particular, the intensity of the —77 ppm peak will
be low in the 2D spectra due to the weaker J coupling.

The sheared, 2D spectra for different compositions and
different values of 4 are shown as contour plots in
Fig. 11b; the projections along the single and double quan-
tum dimension are also shown. As expected, the sheared
spectra are symmetrical around the diagonal. The one-pulse
spectra are plotted in Fig. 1la for comparison. Vertical
cross-sections through the SQ-SQ correlation spectra at
the peak positions of Q? and Q® are shown in Fig. llc
and d, respectively. These slices represent the chemical
shifts from sites coupling to 0 and Q7, respectively. Just
as for the SQ spectra, the 2D spectra consist of broad,
highly overlapping peaks. For this reason, we will look in
more detail at the cross-sections (Fig. 11c and d) first and
consider the 2D spectra later.

It is clear from Fig. 11c that Q* is connected to Si with a
chemical shift of —82 ppm, i.e. 07 is connected to itself, and
to Si with a chemical shift of —91 ppm, i.e. Q7 is connected
to @, with more 0°~Q° connections at higher SiO, con-
tents. No connection from Q” to Q% (—77 ppm) is observed.



Table 3
Area-constrained fits: (30" + 20% + 0°)/100 = NBO/T: chemical shift (¢, ppm), half width at half maximum (hwhm, ppm) and Q" abundance (4, %)

No. M,O (mol%) ©O* 0’ 0? 0* 0! NBO/T = (comp.) NBO/T (NMR)
o hwhm A4 o hwhm A4 o hwhm 4 o hwhm A4 o hwhm 4

Potassium silicate glasses
1 14.3 —106.3 6.1 66.7 —948 44 33.3 0.33 0.33
2 20.0 —1040 64 50.0 935 47 50.0 0.50 0.50
3 20.0 —1043 6.3 50.0 —-93.5 47 50.0 0.50 0.50
4 25.0 —-102.7 63 333 925 48 66.7 0.67 0.67
5 29.0 —101.6 6.3* 183 -91.5 5.0 81.7 0.82 0.82
6 29.4 -99.7 6.2% 195 912 47 777 —828 3.0 2.8 0.83 0.83
7 33.0 -99.7 6.2% 77 =927 5.1 86.2 —83.7 3.6 6.2 0.99 0.99
8 333 -99.7 6.2° 57 =903 5.1 88.7 —81.1 3.7 5.7 1.00 1.00
9 38.0 -90.3 54 774 —827 4.0 180 -78.0 2.1 4.6 1.23 1.23

10 38.5 —89.0 5.5 750 —81.3 3.5 189 -769 22 6.1 1.25 1.25

11 429 —88.5 5.6 50.0 —-81.6 4.3 394 -76.7 2.0 10.6 1.50 1.50

12 43.0 —88.9 5.5 49.1 -82.0 3.9 387 -71.1  2.0° 12.1 1.51 1.51

13 46.7 -87.8 6.1 280 -819 3.7 426 -76.6 2.0 263 —72.3* 36 3.0 175 1.75

17°  50.0 —89.3 49 100 —-81.9 3.7 469 -764 2.0 33.0 -723* 3.7 10.0  2.00 2.00

Rubidium metasilicate glass

19 50.0 -924 57° 7.5 —853 4.0 425 -783 2.0 424 -751 33 7.5 2.00 2.00

Cesium metasilicate glass

21 50.0 -97.9 5.7° 47 -893 3.9 463 —81.8 1.9 443 -784 23 4.7 2.00 2.00

# Constrained value.
® No reasonable area-constrained fit could be obtained for spectrum 14, spectrum 17 was used in stead (same composition).
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Fig. 6. Si MAS NMR spectrum and 2 possible fits for the
potassium tetrasilicate glass (20 mol% K,O). For the constrained
fit, the peak area’s were fixed to satisfy the condition
30'+20% + Q* =NBO/T with NBO/T = 2[K,0)[SiO,]. The
residual and »? values are nearly identical for the constrained and
unconstrained fit (> equals 5.35 and 5.68, respectively).
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Fig. 7. Speciation as a function of NBO/T. The solid lines
represent the 0%, Q°, 02, and Q' speciation for log K3 and log K>
equal to —2.4 and —1.8, respectively. Dashed lines show the
speciation for a binary distribution model (BDM), i.e. the
speciation if the equilibrium constants K,, were equal to zero.

In addition, it is clear from Fig. 11d, that Q% is connected
to Si with a chemical shift of —77 ppm, i.e. 0% is connected
to itself, and to Si with a chemical shift of —85 ppm, which
we will assign to Q% (see below). There is a higher propor-
tion of 00 connections at higher SiO, contents, to the
extent that at 42 mol% K0, only 0*~Q° connections can
be observed in the spectra. No connection from Q% to Q°
(—82 ppm) or Q® (—91 ppm) is observed. The weak shoul-
der at the Q° position that is present for the most silica rich
sample (Fig. 11d4), most likely results from Q? species that
have a chemical shift of —77 ppm, i.e. the species from the
tail of the 0% Gaussian peak towards less negative ppm val-
ues (see Fig. 11al). Because of the low Q% contents in this
sample and the weak J coupling for 0%, these Q? species
will contribute significantly to the total intensity in the J
coupled spectra at —77 ppm.

= This study
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- linear fit (Cs data excluded)
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Fig. 8. Correlation between the equilibrium constant of the
speciation reaction, In(K5), and the reciprocal of the ionic radius,
r. The large uncertainty for the Cs data is due to the very small
amounts of Q' and Q® present in the glass. Because of this large
uncertainty, the Cs data were not included for the linear fit. No
errors were presented in Maekawa et al. (1991). The effective ionic
radii were taken from Shannon (1976) for a coordination number
of 6.
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Fig. 10. J-filtered spectra of a potassium metasilicate glass for

different values of 4. The relative intensity at —77 ppm is larger for
larger delays 4, indicating weaker J couplings for Q7.

In the 2D spectra (Fig. 11b), several peaks and shoulders
can be identified at positions that are consistent with the
interpretation of the cross-sections, i.e. there are two, dis-
connected sets of species. The connectivity patterns are
marked on the 2D spectra by the solid lines.

In conclusion, the DQ spectra and their cross-sections
indicate that there are two sets of species, 0" and Q"
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(n=2,3), which show no interconnection through the Q>
and Q7 sites.

It should be noted that the presence of a second type of
0’ species indicates that fitting the SQ spectra with a single
Gaussian for Q° as was done in Section 4.3.2, inevitably
introduces an error (estimated smaller than a few %) in
the determination of the total amount of Q. Unfortu-
nately, the strong peak overlap of 0¥ with 0% and Q° in
the SQ dimension and the uncertainty about the peak posi-
tions and widths, make a sensible fit of the SQ spectra with
separate peaks for both 0* and Q0 impossible.

5. THREE-MEMBERED RINGS

As explained in the previous section, the DQ spectra
demonstrate that there are two sets of Q" and Q" species
(n=2,3) which show no interconnection through 0.
This is a strong indication that Q% is part of a distinct
type of ring, since a Q° species in a ring can only be con-
nected to Q" species that are part of the same ring. The
0% peak is then assigned to a Q° that is part of the same
type of ring. The Q° assignment is based on the connec-
tion between Q% and Q° (evidenced by the cross-peaks in
the 2D spectra). In addition, the difference in chemical
shift between Q°/Q% and Q?/Q? is similar. The presence
of 0% in the Rb- and Cs-disilicate glass could be respon-
sible for the small shoulder at ca. —90 ppm in their NMR
spectra (Fig. 4b); no attempt, however, was made to fit
this.
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Fig. 11. Results from 2°Si INADEQUATE experiments. Single-pulse spectra (a), sheared J coupled correlation spectra (b), vertical cross-
sections from the SQ-SQ correlation spectra at —81 ppm (c) and at —77 ppm (d). The slices in (c) and (d) represent the chemical shift from the
sites coupled to Q% and Q2/, respectively. Columns 1 and 2 are spectra from the same sample, but collected with different mixing times 4 in the
pulse sequence; columns 2, 3 and 4 show spectra collected with the same parameters, but from glasses with different compositions. Contours
were drawn along 12, equally spaced levels from 10% to 100% of the maximum intensity.
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There is evidence from NMR spectroscopy that the ring

structure containing O* and O consists of three silica
tetrahedra.

— The observed linewidth of the —76 ppm peak (Q%) is
only half that of the Q° peak, indicating that there is
less variation in the chemical environments around this
species; this is consistent with a species with a con-
strained geometry, as is the case for a three-membered
ring, which is expected to have a planar geometry
(Galeener, 1982a,b).

— The small J couplings for the Q% site (Fig. 10): for
aqueous silicate solutions, Haouas and Taulelle
(2006) have shown that the J couplings within three-
membered rings are consistently small compared to J
couplings in larger rings or chains.

— The similar difference in chemical shift for Q* species in
chain and ring configurations in K-silicate aqueous
solutions (Harris and Newman, 1977).

— The similar difference in chemical shift for Q* species in
the o~ and the B-form of CaSiO;, known to consist of
three-membered rings and chain configuration,
respectively.

— The similar difference in chemical shift between Q° in
three-membered and four-membered organosiloxanes
(Casserly and Gleason, 2005).

— The Si-O-Si angles in three-membered rings are small
(e.g. 136° in crystalline K,SiO;) compared to those in
larger ring or chain structures. First-principles calcula-
tions of NMR parameters of sodium silicate glasses
show that the isotropic chemical shift for Q* species
are a function of the Si-O-Si angle, with a chemical
shift of —76 ppm for small Si—O-Si angles (134°) and
a chemical shift of —82 ppm for larger Si-O-T angles
(147°) (Charpentier et al., 2004).

There are other indications that three-membered rings

are present in K-, Rb- and Cs-silicate glasses:

— Werthmann and Hoppe (1981) showed that crystalline
K5SiO3, Rb,SiO; and Cs,SiOs3 consists of (Si309)67
rings.

— Yasui et al. (1994) concluded from molecular dynamics
calculations for alkali metasilicate glasses that if the cat-
ion is large, Si—O chain structures are modified to form
small rings. They only observed this for Cs- and Rb-sil-
icate glasses and not for K-silicate glasses however.

— Wicks et al. (1997) observed three-membered rings in
molecular dynamics simulations of K-silicate glasses.
Unfortunately, no ring statistics were presented and
the amount of three-membered rings was constrained
to be zero in their later models.

— Using molecular dynamics calculations, Machacek and
Gedeon (2003) observed that the amount of three-
membered rings in binary Rb- and Cs-silicate glasses
with a bulk NBO per tetrahedral cation (NBO/T) of
0.86 increased with increasing cation size.

— Majerus et al. (2004) observed significant amounts of
three-membered rings in the Reverse Monte Carlo
(RMC) simulations of in-situ, high-temperature neu-

tron diffraction data of disilicate glasses and melts.
The amount of three-membered rings was highly
dependent on the initial configurations, but increased
with increasing temperature for both types of models
used.

— In the Raman spectra of Li-, Na-, K-, Rb- and Cs-sil-
icate glasses, Matson et al. (1983) found that with
increasing alkali content, the relative intensity of the
band at ~600 cm ™' (generally attributed to three-mem-
bered rings, e.g. Galeener, 1982a,b or Kubicki and
Sykes, 1993), decreases in the spectra of Li-silicate
and possibly Na-silicate glasses, whereas the intensity
of this band increases for the K-, Rb- and Cs-glasses
in the order Cs > Rb > K.

Furthermore, large alkali ions also seem to induce the
formation of three-membered rings in more polymerized
glasses and melts:

— Using IR spectroscopy, Simakin et al. (2004) observed
a linear correlation between the area of the peak attrib-
uted to three-membered rings, and the alkali cation
radius for feldspathoid glasses containing Na, K and
Rb, respectively.

— McMillan et al. (1998) observed an increased area of
the peak near 560 cm ™!, attributed to three-membered
rings in the Raman spectra of fully polymerized Rb-
and Cs-aluminosilicates, compared to the Li, Na and
K analogues.

The DQ results, corroborated by information from the
literature, thus provide strong evidence for the presence
of large amounts of three-membered rings in the alkali rich
K-, Rb- and Cs-silicate glasses. Fig. 12 shows a schematic
illustration of such a three-membered ring and the various
0" and Q" species.

The abundance of Q? in three-membered ring structures,
0%, can be measured directly from the SQ spectra and

® Sj

© 5o

Fig. 12. Schematic illustration of a three-membered ring and the
different Q" and Q" species.
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increases with increasing radius of the alkali cation
(Fig. 13). The maximum amount of Q° that was measured
is 44% in the Cs-metasilicate glass. Due to highly overlap-
ping peaks, the amount of 0* and Q% in three-membered
rings, and thus the total amount of rings, cannot be quan-
tified directly from the NMR results.

However, it can be estimated under the assumption that
all silica has the same tendency to go into three-membered
rings as Q* (apart from Q' and Q° of course, which cannot
be part of any type of ring). The tendency for O to go into
rings ([0”]/[0%,.]) Was calculated from the NMR results
for glasses with high K,O content. The amount of rings
in pure SiO, glass was set to be zero, consistent with Gale-
ener, 1982a,b who estimated the amount of rings in vitreous
silica to be in the order of ~1%. The fraction of silica in
three-membered rings is estimated over the entire composi-
tional range by fitting the data with a simple exponential
function (Fig. 14). It should be noted that the choice of
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Fig. 13. The absolute amount of Qz/ in three-membered rings as a
function of ionic radius of the modifier cation (line is drawn as
guide for the eye).
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Fig. 14. Fraction of three-membered rings as a function of K,O
content. The squares are the amount of Q% in three-membered
rings, the diamond is the amount of three-membered rings in SiO,
glass, set equal to O (see text). The dotted lines mark the
compositions for which heat capacity data is available (Richet
and Bottinga, 1985), the amount of rings for these compositions
was estimated from the fit to the NMR data.

an exponential function to fit the data is rather arbitrary
and the obtained values for the fraction of rings are mere
estimates (especially so in the compositional range where
no quantitative information is available). The presence of
silica in three-membered rings at lower alkali content is
qualitatively supported by the double quantum results
(0¥ species detected), molecular dynamics simulations at
the disilicate composition (Majerus et al., 2004) and the
590 cm~! peak intensities in the Raman spectra of K-,
Rb- and Cs-silicate glasses (Matson et al., 1983).

6. VARIATIONS IN MELT STRUCTURE

The strong correlation between the chemical shifts and
1/r (Fig. 5) indicates that the electron density around Si,
and thus also the strength of the Si-Onpo bond, depends
on the electrostatic potential (~1/r) around the different
modifiers. Turner et al. (1986) observed a similar correla-
tion between the 3'P chemical shift and cationic field
strength in orthophosphates with different cations.

The observed correlation between In(K,) and 1/r (Fig. 8)
for the metasilicate glasses indicates that it is the electro-
static interaction between the negatively charged NBO
within a SiO, tetrahedron that determines the equilibrium
constant; this observation is consistent with a model pro-
posed by Gurman (1990). The amount of negative charge
on the NBO depends on the electrostatic interaction of
the NBO with the network modifier, thus also on 1/r of
the modifier. A similar correlation between In(K3) and 1/r
is to be expected, i.e. Kj is expected to decrease in the series
K <Rb <Cs.

The increase of Q° from three-membered ring structures
with increasing radius of the alkali cation (Fig. 13) indicates
that the accommodation of large alkali ions in the structure
becomes increasingly more difficult with increasing cation
size; this apparently causes an increased tendency to form
three-membered rings. This trend is qualitatively consistent
with results from molecular dynamics simulations (Yasui
et al.,, 1994; Machacek and Gedeon, 2003) and spectro-
scopic observations (McMillan et al., 1998; Simakin et al.,
2004) on other systems. However, in the molecular dynam-
ics simulations, the three-membered rings were only present
in Rb- and Cs-silicate glasses, and not for K-glasses and
they were always present in much smaller quantities. The
quantification of the vibrational spectroscopic observations
of these rings on the other hand was difficult due peak over-
lap and unknown scattering cross-sections and absorption
coefficients.

7. STRUCTURE AND PHYSICOCHEMICAL
PROPERTIES

7.1. Glass transition temperature

The Adam-Gibbs relaxation theory (Adam and Gibbs,
1965; Richet, 1984) describes the relation between the vis-
cosity and the configurational entropy. Assuming that T,
occurs at 10'? Pa.s, Toplis (1998) rearranged the Adam—
Gibbs relation to the equation

Ty =B./Sc(Te) *1/(12 — 4.) (3)
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where S.(7) is the configurational entropy, consisting of a
chemical part due to mixing of species or components
and a topological part due to variations in e.g. bond angles
and lengths; B, is related to the potential energy barrier to
viscous flow; the physical meaning of A, is less clear, but
variations in A4, are generally limited.

Assuming ideal mixing behavior, the contribution of the
entropy of mixing of the Q" species to the configurational
entropy can be calculated with

Swix = —R-Y_[0"]In[Q"] 4)

where R is the gas constant and [Q"]is the abundance of the
different Q" species. For Qz, the total amount, i.e. the sum
of [0%] and [Q?], was considered for Sy since the differ-
ence between Q° and Q7 is only topological in nature
(e.g. different Si—O-Si bond angle). If the mixing of the
Q" species, Shix, 18 an important part of S., a relation be-
tween 1/Spix and T, is to be expected for the compositional
range where the same viscosity mechanism (similar values
for B.) is important. This is exactly what is observed in
Fig. 1b, where the entropy of mixing is plotted as a function
of composition. Local minima and maxima occur at the
same positions for both T, and 1/Sy,x as a function of com-
position. Toplis (1998) did not observe such a relation for
Na-silicate glasses, possibly because the variations in Sy,
for Na-silicate glasses are about 4 times smaller than for
K-silicate glasses due to the larger equilibrium constants
K,. The correlation that was observed for the K-silicate
glasses, indicates that the mixing of Q" species contributes
significantly to the configurational entropy and has a pro-
found effect on T,. The more silica rich glasses have a high
T, compared to 1/Spix. This is consistent with the idea that
the mechanism of viscous flow in highly polymerized melts
involves the breaking of strong Si—O-Si bonds as an initial
step (McMillan et al., 1994), resulting in a high activation
energy (thus a high B, parameter and a higher 7;), whereas
this is not the case in melts with sufficient NBO (Stebbins,
1995).

7.2. Heat capacity

Richet et al. (1984) and Richet and Bottinga (1985) ob-
served an anomalous, non-linear composition and temper-
ature dependence of the heat capacity of binary K-silicate
melts, in contrast to the temperature independent, compo-
sitionally linear dependent heat capacity of Li- and Na-sil-
icate melts (Fig. 15).

In order to investigate if the anomalous heat capacity
behavior is related to the presence of three-membered rings,
we modeled the heat capacity as a function of composition
for three different temperatures. We considered the heat
capacity of the melt to consist of two contributions: a tem-
perature independent, compositionally linear dependent
contribution

Cpiiinear = [S10,] - Cg<5ioz) + [K,0] - C&KZO) (%)

as observed in Li- and Na-silicate melts, and a temperature
dependent, compositionally non-linear dependent contribu-
tion that is caused by the presence of the strained, three-
membered rings.

= K, at 1200K
4 K, at 1500K
¢ K, at 1800K
| ——K, calculated
——————— K, linear contribution
Na
Li

©
(&)}

Li]

Na

Heat Capacity (J/mol.K)
©
o

o
(9]

0 10 20 30 40 50
M,O (mol%)

Fig. 15. The heat capacity (Cp) of Li-, Na- and K-silicate melts
(data from Richet and Bottinga (1985), data on SiO, melt from
Richet et al. (1982)). The C, of K-silicate melts consists of a
temperature independent, compositionally linearly dependent part
(analogue to the C, behavior of Li- and Na-silicate melts) and a
temperature dependent contribution due to the three-membered

rings.

Cp,rings = A(T) ) [Q:'?rt;ls (6)

where [SiO,] and [K,O] are the mole fractions of SiO, and
K0, respectively, C&smz) is the heat capacity of the pure
SiO, liquid (81.4 J/mol K, Richet et al., 1984), Cpy o is
the heat capacity of the pure K,O component in the melt,
independent of temperature and composition, [Q;ﬁ,}gﬂ is
the abundance of rings in the melt and A(7) accounts for
the temperature effect on Cp, sings. The heat capacity was cal-

culated by fitting Cpk.0) and A4(7) in the function
Cp = Cp,]incar + Cpxings (7)

because no quantitative information about the abundance
of three-membered rings in the melt is available, the
amount of rings in the melt was approximated by the abun-
dance of three-membered rings in the glasses (Fig. 14).
However, the abundance of these rings is expected to
change as a function of temperature. In fact, it is most likely
the change in the abundances of these rings that is causing
the excess heat capacity Cp rings. During the fitting of the
heat capacity data, the temperature effect on the abundance
of the rings is reflected in the value for A(7).

The heat capacities obtained with this function repro-
duces the measured heat capacities reasonably well, often
within the uncertainty of the measured heat capacities
(Fig. 15). The obtained value for Cpy o is 92.3 J/mol K
and the results for A(7) are 0.16, 0.30 and 0.41 for
1200 K, 1500 K and 1800 K, respectively. Note that these
values are sensitive to the values used for [Q;ﬁ;;], which
in turn depend on the fitting function chosen in
Fig. 14. Nevertheless, the value for Cg(Kjo) of 9237/
mol K obtained here is equal within error to the value
obtained by Stebbins et al. (1984), 97.0 +5.1 J/mol K,
who fitted heat capacity data of multi-component sys-
tems, where no large fraction of three-membered rings
is to be expected. As for most other properties, there is
a systematic variation of the Cg(MjO) with increasing



6016 W.J. Malfait et al. / Geochimica et Cosmochimica Acta 71 (2007) 6002-6018

cation size for Li<Na <K. The Cg is equal to 106.8,
100.6 and 92.3 J/mol K for Li, Na (Richet and Bottinga,
1985) and K (this study), respectively. The contribution
to the heat capacity that is caused by the three-membered
rings increases with increasing temperature, possibly
reflecting a change in the stability of three-membered
rings with temperature. In K-disilicate glasses and melts,
Majerus et al. (2004) observed an increase in three-mem-
bered rings with increasing temperature in the RMC
models of neutron diffraction data. Based on the presence
of three-membered rings in Rb- and Cs-silicate glasses,
we predict a similar temperature and compositional
dependence of the heat capacity.

7.3. Density

Bockris et al. (1956) and Tomlinson et al. (1958)
observed deviations from additivity for the density of
binary alkali and alkaline earth silicate melts, i.e. the
molar volume of a melt is smaller than the weighted
sum of the molar volume of the end members. They
attributed these negative deviations to the accommoda-
tion of the metal cations within the structure. For the
Li, Na, Mg, Ca and Sr systems, these deviations from
additivity are proportional to the cube of the cation
radius. However, for the K- and Ba-silicate melts, the
deviations from additivity are small compared to the
other cations (Tomlinson et al., 1958). It was concluded
that “the accommodation of these large cations is
accompanied by a structural rearrangement involving
an increase in volume.” For the K-silicate melts, we
attribute this anomalous increase in volume (or decrease
in density) to the presence of three-membered rings in
the structure. For Ba-silicate glasses, Schlenz et al.
(2002) observed that considerable numbers of small rings
are present. This indicates that the formation of three-
membered rings could also be the cause of the anoma-
lous volumetric behavior in Ba-silicate glasses.

A decrease in density with decreasing ring size is consis-
tent with Hobbs et al. (1998) who observed a correlation
between the average ring size and the density for different
crystalline and amorphous forms of silica and Stixrude
and Bukowinski (1990a,b, 1991), who observed a correla-
tion between the average ring size and density of crystalline
tectosilicates. The increased abundance of three-membered
rings that was observed by Raman spectroscopy in silica
glass with increasing pressure (e.g. Hemley et al., 1986)
seems to contradict this however.

8. CONCLUSIONS

Our data provide new constraints on the network topol-
ogy, showing that three-membered rings are an abundant
structural motif in K-, Rb- and Cs-silicate glasses. These
rings are responsible for a temperature and non-linear
compositional dependence of the heat capacity. We further
suggest that these rings induce the anomalous composi-
tional dependence of the density. Our data also shows that
the viscosity (as portrayed by T,) is related to the speciation
through the entropy of mixing of the Q" species.

These results emphasize the tight relationship between
the bulk physical and thermodynamic properties and the
melt structure. Hence, a model predicting these properties
over a wide temperature and compositional range can only
be successful if it builds on short- and medium-range struc-
tural information. The identification and quantification of
the structural units in silicate melts remains a necessary step
towards a better understanding of dynamic processes in
magmatic systems.
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