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Abstract—The local configurations around sodium ions in silicate glasses and melts and their distributions
have strong implications for the dynamic and static properties of melts and thus may play important roles in
magmatic processes. The quantification of distributions among charge-balancing cations, includimy Na
aluminosilicate glasses and melts, however, remains a difficult problem that is relevant to high-temperature
geochemistry as well as glass science.

Here, we explore the local environment around*Nia charge-balanced aluminosilicate glasses (the
NaAlO,-SiO, join) and its distribution using®Na magic-angle spinning (MAS) nuclear magnetic resonance
(NMR) spectroscopy at varying magnetic fields of 9.4, 14.1, and 18.8 T, as well as triple-quantum (3Q)MAS
NMR spectroscopy at 9.4 T, to achieve better understanding of the extent of disorder around this cation. We
quantify the extent of this disorder in terms of changes in Na-O distadi¢¢a{O]) distributions with
composition and present a structural model favoring a somewhat ordered Na distribution, called a “perturbed”
Na distribution model. The peak position3#Na MAS spectra of aluminosilicate glasses moves toward lower
frequencies with increasing Si/Al ratios, implying that the averd@&a-O) increases with increasimy The
peak width is significantly reduced at higher fields (14.1 and 18.8 T) because of the reduced effect of
second-order quadrupolar interaction, &ida MAS NMR spectra thus provide relatively directly the Na
chemical shift distribution and changes in atomic environment with composition. Chemical shift distributions
obtained fron?*Na 3Q MAS spectra are consistent with MAS NMR data, in which deshielding decreases with
R. The average distances between Na and the three types of bridging oxygens (BOs) (Na-{Al-O-Al},
Na-{Si-O-Al}, and Na-{Si-O-Si}) were obtained from the correlation betwefNa-O) and isotropic chemical
shift. The calculatedd(Na-{Al-O-Al}) of 2.52 A is shorter than thed(Na-{Si-O-Si}) of 2.81 A, and
d(Na-{Al-O-Al}) shows a much narrower distribution than the other types of B&Na chemical shifts in
binary (Al-free) sodium silicate glasses are more deshielded and have ranges distinct from those of alumi-
nosilicate glasses, implying that(Na-NBO) (nonbridging oxygen) is shorter thatfNa-BO) and that
d(Na-{Si-O-Si}) in binary silicates can be shorter than that in aluminosilicate glasses. The results given here
demonstrate that high-fieltfNa NMR is an effective probe of the Naenvironment, providing not only
average structural information but also chemically and topologically distinct chemical shift ranges (distribu-
tions) and their variation with composition and their effects on static and dynamic propes@iegyright ©
2003 Elsevier Science Ltd

1. INTRODUCTION In spite of these advances, the distributions of non-network-
forming cations, such as €aand Na’, are still poorly known
and remain controversial (e.g., random or clustered, coordina-
tion number [CN], etc.) (Gaskell et al., 1991; Jund et al., 2001).
The local configurations around those cations are important
because several fundamental properties of glass-forming lig-
uids, including viscosity and the diffusion through the network,
are affected by their local coordination and their bonding with
the framework. For example, Na-O distance is one of the key
factors in controlling the Na transport through the percolation
channels or among available hopping sites for Na (Houde-
walter et al., 1993). The extent of disorder in nonnetwork
cations also has strong implications for the intermediate struc-
éure. However, despite various efforts to determine the local
configuration of nonnetwork cations in aluminosilicate glasses,
estimates of the CN of Naand its compositional dependence
vary from 5 to 8 depending on the spectroscopic method used.
For example, Na k-edge extended X-ray absorption fine struc-
ture (EXAFS) studies of binary sodium silicate glasses have not
* Author to whom correspondence should be addressed, at GeophysicalShOWn differences in the coordination environment around Na
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Rd., Washington DC, 20015 (s.lee@gl.ciw.edu). Mazzara et al.,, 2000). On the other hand, recent quantum
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Essential to the macroscopic thermodynamic and transport
properties of aluminosilicate melts and glasses is the full un-
derstanding of the atomic arrangements and the extent of dis-
order among atoms. Recent quantification of the disorder and
site connectivity among framework cations and oxygens in
aluminosilicate and borosilicate glasses using nuclear magnetic
resonance (NMR) spectroscopy allowed us to evaluate the
extent of disorder in terms of the degree of Al avoidan@ (
and degree of phase separatiBhdnd provided improved under-
standing of the configurational properties of corresponding
melts (Lee and Stebbins, 1999, 2000a, 2000b; Lee et al., 2001).
Therefore, we can now determine the distribution of framework
cations and anions in some classes of network structured glasse
and are able to predict the extent of disorder and the micro-
scopic origin of macroscopic properties and how they change
with temperature and composition (Lee and Stebbins, 2002).
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chemical calculations support preferential interaction of Na*™
with different types of oxygens (bridging oxygens [BOs] vs.
nonbridging oxygens [NBOs]) in the network (Uchino and
Yoko, 1998) as well as with different types of BOs such as
Al-O-Al and Si-O-Al.

Important progress in determining loca Na™ environments
in glasses has been made through solid-state Na NMR stud-
ies, which can provide severa key aspects of the extent of
disorder around both charge-balancing and charge-modifying
cations (Oestrike et al., 1987; Xue and Stebbins, 1993). High-
temperature NMR spectroscopy on melts has been particularly
useful in yielding one of the structurally most relevant NMR
parameters, the isotropic chemical shift (8,4,), which is a sen-
sitive probe of the local environment (George and Stebhins,
1996; Maekawa et al., 1997). 2Na magic-angle spinning
(MAS) NMR spectroscopy at multiple magnetic fields has been
used to estimate average §,, values of silicate glasses (Gee and
Eckert, 1996; Kohn et al., 1998; Rata et al., 1998). Variations
of Na MAS NMR peak positions in aluminosilicate glasses
and melts with respect to composition have been reported
(Oestrike et al., 1987; Xue and Stebbins, 1993; George and
Stebbins, 1996; Maekawa et al., 1997, Schmidt et al., 2000a).
From the detailed analysis of §;o, and atomic environments in
crystalline silicates combined with recent ab initio molecular
orbital calculations, severa significant correlations between
8iso @nd d(Na-0) (the mean first-shell distance), CN, net neg-
ative charge (or excess electron density, free valence) on oxy-
gen, and bond valence sum have been reported (Xue and
Stebbins, 1993; Koller et al., 1994; George and Stebbins, 1996;
Tossell, 1998). Although there is relatively good correlation
between average d(Na-O) and the isotropic chemical shift, it is
important to note that the latter may result from the combina-
tion of severa factors. For example, correlations between 8,
and d(Na-O) show different trends for silicates, borates, ger-
manates, and carbonates (Stebbins, 1998). In addition, the
results from NMR spectroscopy on glasses are not in good
agreement with those from other spectroscopic methods, in-
cluding EXAFS (Houde-walter et al., 1993).

Although the average *Na §,, and thus the average local
environment have been investigated, among the most funda-
mental aspects of glasses are the distributions of internal vari-
ables, including Na-O and other structural units, which are
essential for modeling structure and properties. This kind of
information has generally not been treated in detail in studies of
glasses and is lost by motional averaging in high-temperature
NMR spectroscopy. This difficulty of determining the chemical
shift distribution and thus the distribution of internal variables
from 2°Na NMR spectroscopy originates from the fact that
#’Nais a quadrupolar nuclide (spin 3/2) with a relatively large
quadrupolar moment. The conventional MAS NMR spectra at
lower fields, such as 7.1 and 9.4 T, are therefore severely
broadened by second-order quadrupolar interactions (SQIs),
masking the true distribution in §;,. One partial solution to this
problemisto analyze MAS spectraat different fieldsto yield an
estimate of the range in §,,, as was done recently for a series
of Na aluminosilicate glasses (Schmidt et al., 2000a). MAS
NMR spectroscopy at higher fields is especially helpful be-
cause the effect of SQIs decreases dramatically with increasing
field (Kohn et al., 1998; Stebbins et al., 2000). Although
high-field NMR spectroscopy cannot completely remove the

effect of SQIs, the recent development of triple-quantum
(BQ)MAS can be promising, even at lower fields, becauseit can
yield distributions of both §;o, and the quadrupolar coupling
constant (C,) (e.0., Lee and Stebbins, 2000b; Lee et al., 2001).
2°Na3Q MAS NMR spectra free from quadrupolar broadening
have proved to be very efficient in investigating short-range
order in glasses and crystalline materials and can be a useful
tool for exploring the local environment of Na, including Na-O
distances, their compositional variation, and the existence of
hydration products (Angeli et a., 1999, 2000; Egan and Muel-
ler, 2000; Lim and Grey, 2000; Accardi et al., 2001). Recently,
23Na 3Q MAS combined with structural correlation of NMR
parameters was used to obtain Na-O distance distributions in
severa glasses, revealing that d(Na-O) varies with composition
(Angéli et al., 2000).

This paper describes our investigation of the distribution of
Na" in charge-balanced sodium aluminosilicate glasses (a
model system for rhyolitic magmas) and binary sodium silicate
glasses using solid-state Na MAS NMR spectroscopy at
varying fields (9.4, 14.1, and 18.8 T) and 3Q MASNMR at 9.4
T. We explore the d(Na-O) distribution and its compositional
dependence and present a model of Na distribution that is tied
to the presently known ordering state of the aluminosilicate
glasses. We then discuss the effect of Na environment and its
distribution on the macroscopic properties of silicate melts. As
far as we know, thisis the first attempt to explore the d(Na-O)
distribution in charge-balanced aluminosilicate glasses in terms
of Na-BO interactions using the information from both *’O and
2°Na NMR spectroscopy. We aso report the first high-field
(18.8 T) 2°Na MAS NMR spectra for sodium silicate glasses
that are useful in the quantification of disorder.

2. EXPERIMENTAL
2.1. Sample Preparation

Sodium aluminosilicate glasses along the “charge-balanced” join
with varying Si/Al (R) ratios (NaAlSigO,x. », Where R ranges from 0.7
to 6) were synthesized from oxides (SiO,, Al,O;) and carbonates
(Na,COs3) by melting at 1873 K for 1 h and then by water quenching
(for more detail, see Lee and Stebbins, 1999, 2000a, 2000b; Lee et a.,
2001). Sodium silicate glasses with varying Na/Si ratios (Na,O - SIO,
and Na,O - 2Si0,) were also synthesized from these reagents by
melting at 1673 K for ~1 hr. About 3% weight |oss was observed for
N&a,O - SiO,, presumably because of alkali volatilization. About 0.2%
of cobalt oxide was added to all samples to reduce spin lattice relax-
ation times.

2.2. NMR Spectroscopy

2NaMAS NMR spectra were collected at three magnetic fields (B,)
with a modified Varian-VXR400S spectrometer (9.4 T) at a Larmor
frequency of 105.9 MHz and with Varian Inova 600 and Inova 800
spectrometers (14.1 and 18.8 T) at Larmor frequencies of 159 and
211.6 MHz, respectively. A 5-mm MAS probe (Doty Scientific, Inc.)
was used to collect the spectraat 9.4 T, with a spinning speed of 14 to
15 kHz. At this field, the relaxation delay for Na MAS NMR
spectroscopy was 0.3 s, with aradio frequency pulse length of 0.25 us,
which is about a 15° tip angle for the central transition in solids. At 9.4
T, the shifted-echo pulse sequence (Baltisberger et a., 1996), com-
posed of two hard pulses of durations of 5.3 and 1.8 us, a selective
pulse with a duration of 26 us, and an echo time of ~0.8 ms, was used
for the 2Na 3Q MAS NMR experiment to ensure maximum intensity.
A 3Q MAS NMR spectrum for crystalline Na,HPO, was obtained
under the same experimental conditions to estimate the C, dependence
of 3Q MAS efficiency (see below) (Medek et a., 1995).
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Fig. 1. Namagic-angle spinning spectra of glasses on the NaAlO,-
SO, join with varying Si/Al ratios (R) as labeled, collected at 14.1 T.

At 14.1 T, a 3.2-mm Varian/Chemagnetics T3 MAS probe with a
recycle delay of 0.1 s, a radio frequency pulse length of 0.2 us, and
spinning speed of 18 kHz was used for MAS experiments. °Na MAS
spectrawere also collected using asimilar probe at 18.8 T. Therecycle
delay and the pulse length at 18.8 T were identical to those at 14.1 T
and were determined to provide quantitative intensity information for
Na sites with a distribution of quadrupolar parameters. The spinning
speed at 18.8 T was 20 kHz. All spectraare referenced to 1-mol/L NaCl
solution.

3. RESULTS AND DISCUSSION
3.1. Na NMR Results for Aluminosilicate Glasses

Figure 1 illustrates the >NaMASS spectra of charge-balanced
aluminosilicate glasses with varying Si/Al (R) at a relatively
high field of 14.1 T. The peak maximum varies with compo-
sition from —10.3 ppm (R=0.7) to —200 ppm (R=6),
consistent with systematic peak shifts as previously reported
(Oestrike et a., 1987; Maekawa et a., 1997; Schmidt et al.,
2000a). If we apply the inverse correlation between *Na 8,
and average d(NaO) established from crystalline silicates,
d(Na-O) appears to increase with increasing Si content (see
below for more discussion) (Xue and Stebbins, 1993; George
and Stebbins, 1996). The line shapes show asymmetric extra
intensity at higher frequencies (left side as plotted), which
suggests that the chemical shift distribution is predominant
over the quadrupolar broadening: the latter, relative to the
former, scales inversely with the square of magnetic field.
Figure 2 illustrates 2Na MAS spectra of auminosilicate
glasses at 18.8 T that are only slightly narrower than those at
14.1 T and have similar shapes. At 18.8 T, the second-order
quadrupolar broadening would contribute ~30% of the peak
width for a typica C, value of 2.5 MHz, confirming that the
isotropic chemical shift distribution is predominant. Again, the
peak maximum systematically moves toward lower frequencies
with increasing R values from —5.9 ppm ( R= 0.7 ) to-17.1
ppm ( R=6 ), probably because of the increasing Na-O
distance or CN. The decreasing net negative charge on BOs as
Si increases may also affect 2>Na §,,. The effect of quadrupo-
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Fig. 2. 2*Na magic-angle spinning spectra of charge-balanced alu-
minosilicate glasses with varying R ratios as labeled (18.8 T).

lar broadening on the peak shape is more clearly manifested in
spectra collected at 9.4 T, at which “tails’ toward lower fre-
guencies are obvious. This characteristic shape is due to the
distributions of C, and §;,. At this field, the peak maximum
varies from —19.5 ppm (R=0.7) to —27.6 ppm (R=6)
(Fig. 3).

Figure 4 shows the >*Na MAS spectra for NaAISi,O (ja
deite composition) glass at avarying magnetic field from 9.4 to
18.8 T, summarizing the effects noted above: increasing field
leads to narrowing of the peak width by reducing the broaden-
ing due to SQIs, as previously described (Kohn et a., 1998;
Schmidt et al., 2000a). With values for *Na C,, of 1.5 to 3.5
MHz, typical for Na silicates, the quadrupolar broadening can
be effectively reduced at 14.1 T if high spinning speeds such as
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Fig. 3. Na magic-angle spinning spectra of charge-balanced alu-
minosilicate glasses with varying R ratios as labeled (9.4 T).
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Fig. 4. >®Na magic-angle spinning spectra for NaAlSi, O glass at
94, 14.1, and 18.8 T, showing dramatic reduction in quadrupolar
broadening.

18 kHz are used, indicating that such spectralargely reflect real
distributions of chemical shift. From the systematic variation of
this distribution with composition, it can be deduced that the
high-frequency tail is largely due to an increase in the number
of Na environments with shorter d(Na-O), smaller CN, or
increased proximity to BOs with larger free valence (such as
Al-O-Al and Si-O-Al) with decreasing Si content. This type of
skewness of the high-field spectra increases with increasing
silica content, as shown in high-field data

The variation of peak shape and position with composition is
relatively large near to R = 1, which may reflect the relatively
rapid variation in oxygen site populations (Si-O-Al, Si-O-Si,
and Al-O-Al) in this range, as has been shown in our previous
1’0 NMR study of aluminosilicate glasses (Lee and Stebbins,
2000a, 2000b). In addition, the peak widths (full width at
half-maximum) of the spectra at higher fields (14.1 and 18.8 T)
are only ~20 ppm, clearly revealing variations of peak shape
and position with structural change. The observation that the
Na" environment in charge-balanced aluminosilicate glasses
strongly reflects the variation in BO population impliesin turn
that the distribution of Na* isrelatively homogeneous through-
out the framework, whose distributions are also homogeneous:
if Na* showed a strong preference for sites surrounded only by
Si-O-Al groups, for example, much less variation with Si/Al in
the MAS spectra would be expected.

As mentioned above, athough broadening due to SQIs is
inherent in MAS NMR spectra, 3Q MAS NMR spectroscopy is
particularly useful in eliminating this effect and can be done
with a conventional MAS probe using a pulse sequence that
produces a two-dimensional spectrum with correlation between
multiple-quantum and single-quantum coherence. Figure 5
shows the 2Na 3Q MAS NMR spectra for sodium alumino-
silicate glasses. Here, the isotropic dimension is free of quadu-
polar broadening, but peak positions are controlled by both &,
and the quadrupolar coupling products (P,) for given sites
(Pq = Cql[1+ n?3]¥?, where 0 = n = 1 is the quadrupolar
asymmetry parameter). It is clear that with increasing Si/Al, the
chemical shift movestoward lower frequencies, consistent with
25NaMAS spectra. At the same time, the width of distributions
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Fig. 5. 2Na triple-quantum magic-angle spinning spectra of sodium
aluminosilicate glasses with varying Rratios as labeled, collected at 9.4
T. Vertical line is to show shift in peak position, and asterisks refer to
spinning side bands.

in 8,5, and C, decrease slightly, as manifested in the widths of
the spectrain both MAS and isotropic dimensions (Fig. 6). The
local environment of Na thus varies with Si/Al, reflecting
oxygen site populations, consistent with the MAS results. To
more quantitatively utilize the 3Q MAS results, isotropic chem-
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Fig. 6. Isotropic projection of ?*Na triple-quantum magic-angle
spinning spectra, as in Figure 5, with R ratios as shown.

ical shift can be obtained from the center of gravity of the peak
in both isotropic and 3Q MAS dimension (e.g., Lee and Steb-
bins, 2000b). In addition, 3Q excitation and reconversion effi-
ciency depends significantly on the magnitude of the quadru-
polar interactions, and therefore, it is necessary to calibrate the
spectrum for quantification (Medek et al., 1995; Angeli et a.,
1999). This process and the results are discussed in the next
section.

3.2. Distribution of Charge-Balancing Cationsin
Aluminosilicate Glasses

As demonstrated above, 2*Na §,o, is a strong function of
composition, and high-field 2Na MAS and 3Q MAS NMR
spectroscopy can thus be effective probes for estimating not
only average local environments but real distributionsin struc-
tural parameters. A fundamental aspect of the inherent disorder
in glasses and their precursor liquids is bond angle and length
distribution that can contribute to the topological disorder in
glasses and melts, affecting macroscopic transport properties,
including viscosity and diffusivity of Na (Lee et al., 2001).
Variation of 8., with Si/Al could be affected by structural
variations with composition such as d(Na-O), CN, or the char-
acteristics of the oxygensin the first shell such as the degree of
underbonding, or by combination of these effects (Tossell,
1998). Here, we discuss the local environment of Na and
attempt to obtain useful distribution functions of such internal
variables.

In aluminosilicate glasses, changes with composition in Na
oxygen coordination shells, including CN and bond angles
(T-O-T, where T is the framework cation), are not well known.
In particular, there is only limited experimental evidence for
such changes with Si/Al (Oestrike et a., 1987; Xue and Steb-
bins, 1993; George and Stebbins, 1996; Maekawa et ., 1997,
Schmidt et a., 2000a). For example, in recent Na- k-edge

EXAFS studies, the Na environment appears to be rather in-
variant with composition (McKeown et ., 1985). On the other
hand, molecular dynamics simulations of sodium aluminosili-
cate liquids showed that average T-O-T bond angle decreased
with increasing Na content and decreasing R, suggesting a
possible slight decrease in average CN with R (Scamehorn and
Angell, 1991). Recent 2NaMAS NMR spectroscopy for high-
silica aluminosilicate glasses also shows a trend of increasing
shielding with increasing Si, consistent with the results given
here (Schmidt et al., 2000a, 2000b). Previous *Na NMR data
on charge-balanced joins suggested that CN of Nain alumino-
silicate liquidsis ~7 to 8, dropping to 6 to 7 in Al-free sodium
silicate gasses (George and Stebbins, 1996), while EXAFS
results reported a CN of 5 for Al-free silicate glasses (Houde-
walter et d., 1993; Mazzara et a., 2000). This noticeable
discrepancy in CN values may be due to the processes associ-
ated with phase shift correction in EXAFS or the fact that >>Na
chemical shift is rather insensitive to CN, with significant
overlap between CN values of 5 and 6 (Koller et al., 1994).
Therefore, a more detailed look at the effect of the oxygen-
bonding environment around Na is needed.

In aluminosilicate glasses on the NaAlO,-SiO,, join, the most
obvious effects of silicate structure on §;, for 2*Na will be the
type and distances of BO in the first shell. Recent 'O NMR
data clearly demonstrated that there are three different types of
BO clusters (Si-O-Si, Si-O-Al, and Al-O-Al) whose popula
tions are controlled by the degree of Al avoidance (Q) of ~0.94
as well as Si/Al (Lee and Stebbins, 2000a) (Q values of 1 and
0 refer to complete Al avoidance and random distribution of Si
and Al, respectively.). Figure 7 shows 'O MAS and 3Q MAS
NMR spectra of NaAlISiO, glasses. Oxygen clusters are not
well resolved in the MAS NMR spectrum because of quadru-
polar broadening, whereas clear resolution among the different
types of BOs is obvious in the 'O 3Q MAS NMR data (Lee
and Stebbins, 2000b). All three oxygen clusters interact with
Na*, as demonstrated by their variation of C, and 8, with Na
content (Lee and Stebbins, 2000b). That result aso suggests
that network “cages’ comprising only a single type of oxygen
cluster (e.g., Al-rich microsegregation) are negligible aswell as
that the probability of Na* located only in asingle type of cage
is low.

These three types of oxygen clusters have different amounts
of excess negative charge and thus variable tendencies to
donate electrons, which may have some effect on the **Na
chemical shift depending on the number of different types of
the clusters around a given Na* site. Quantum chemical cal-
culation is useful to reveal the quantitative effect on §;, of
changes in the oxygen free valence associated with NBO con-
tent (Tossell, 1998) as well as with Si/Al. On the other hand, a
more obvious correlation between §;, and atomic configuration
can be attributed to variation of the mean first shell distance,
d(Na-0O), on the basis of detailed analyses of data from crys-
taline silicates (George and Stebbins, 1996; Maekawa et al.,
1997). A similar correlation can be made with data from only
crystalline auminosilicates, including nepheline (Na site), ja
deite, anhydrous sodalite, albite (see Xue and Stebbins, 1993),
and microcline (Phillips et al., 1988), yielding 6,,, = —64.4 X
d(Na-O) + 168.3 ( R = 0.984 ) (Fig. 8). This correlation is
similar to that used in a previous study (Angeli et al., 2000) for
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Fig. 7. Comparison of (A) O magic-angle spinning (MAS) spectra
and (B) triple-quantum MAS nuclear magnetic resonance spectra for
NaAISIO, glass (Lee and Stebbins, 2000a, 2000b). One-dimensional
spectrum in (B) is the isotropic projection.

the chemical shift range of aluminosilicate glasses (—15 ppm
< 8 < 15 ppm). Therefore, in further analysis of chemical
shift distributions, we assume that changes in 6,y result only
from variation in d(Na-O). Distributions in §,, thus depend on
composition and reflect the change in d(Na-O) with composi-
tion.

As demonstrated in Figure 7 and in our previous 'O NMR
results, amajor contribution to d(Na-O) distributionsin sodium
aluminosilicate glasses must be the variation of the relative
population of different types of BOs around Na*. In glasses
with Na/Al > 1, variation in populations of BOs and NBOswill
have similar effects. Recent ab initio molecular orbital calcu-
lations show that the greater interaction of Na* with more
highly charged BOs leads to shorter Na-O distances for Al-
O-Al than for Si-O-Si and thus affects the d(Na-O) distribution
as afunction of Si/Al. These theoretical results can be used to
construct d(Na-O) distribution functions.

In spite of the improved resolution in 3Q MAS NMR spectra,
peak intensities from this method are not quantitative unless
corrected for the effect of varying C,. 3Q MAS efficiency (3Q
excitation and single-quantum conversion) depends on severa

d(Na-0) (A)
2.6 2.8 3 3.2
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This study

-
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-20 { Angeli et al. 2000
-30
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diso (PPM)

Fig. 8. ®Na §,4, vs. d(Na-O) for aluminosilicate glasses. Closed
sguares show data for jadeite, anhydrous sodalite, albite (data are from
Xue and Stebbins, 1993) and microcline (Phillips et al., 1988). Open
circles denote data for nepheling; Na* site (8,o, and d[Na-O] of-5.5
ppm and 2.61 A, respectively) and K™ sites (—19.5 ppm and 2.88 A).
The data points from nepheline were not used because of uncertainty in
structure and isotropic chemical shift (Stebbins et al., 1989). The
correlation (thick solid line) is, however, close to these data points.
Thin solid line is the trend line by Angeli et a. (2000).

factors, including radio frequency field strength and the mag-
nitude of quadrupolar interactions. In particular, the depen-
dency on the latter (C,) of the intensity in the 3Q MAS
experiment has been extensively studied (e.g., Vega and Noar,
1981; Medeck et al., 1995; Amoureux et a., 1996; Wu et al.,
1996; Ding and McDowell, 1999; Lee and Stebbins, 2000b).
Recent progress on quantification of 3Q MAS NMR spectrafor
oxide glass includes the full simulation of two-dimensional
spectra with consideration of C, dependence, thus obtaining
distributions of NMR parameters (Charpentier et al., 1998;
Angelli et a., 1999). Here, we use a method of quantification
similar to that reported in our previous study (Lee and Stebbins,
2000b). The isotropic projections of the 2Na 3Q MAS NMR
spectra were corrected considering the variation of 3Q MAS
efficiency with C, using data from crystalline Na,HPO,, in
which there are three Na sites with C,, values of ~1.4, 2.1, and
3.7 MHz and occupancies of 1:1:2, respectively (Fig. 9).

C, vaues for Na environments in aluminosilicate glasses
range from ~1.2 to 3.55 MHz from the **Na 3Q MAS NMR
result obtained here, a range also comparable to that observed
in crystalline silicates and aluminosilicates (Koller et al., 1994).
It is thus likely that only small fractions of Na sites have
smaller or larger C, than the range covered by Na,HPO,, and
thus this phase provides good constraints for this procedure.
The fitted calibration function (F[P,]) is exp(—[P, — 0.8]/
1.16). For further NMR data analysis, we assume that the
quadrupolar asymmetry parameter (1) equals 0. The quadru-
polar coupling product, P, (C, [1 + 0?/3]"?), therefore, is
assumed to be identical to the quadrupolar coupling constant,
C,: variations of n from 0 to 0.5 and from 0.5 to 1 lead to
differences of ~4 and 11%, respectively, between C, and P,

We compared the experimental 3Q MAS efficiency for
Na,HPO, with that from numerical simulations using the soft-
ware program Simpson (Bak et a., 2000), as shown in Figure
9. 3Q MAS efficiency from these two methodsis similar for C,
ranges from 2 to 4 MHz but is rather different if C, is < 2
MHz. It is thusimportant to check the validity of simulated 3Q
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Fig. 9. Experimental dependence of triple-quantum magic-angle
spinning (3Q MAY) efficiency on C, for Na sites in Na,HPO, (See
text). Closed circles represent the experimental intensity of each sitein
Na,HPO, relative to that expected from stoichiometry, and dotted line
is fitting results (see text). Solid line denotes the 3Q MAS efficiency
calculated using the software program Simpson (Bak et al., 2000) for
spin 3/2 nuclei. Radio frequency field strength is 84 kHz, and al the
simulation conditions are equivalent to the experimental setup (see
section 2.2 in text), with a fixed n of 0. Solid line in inset shows the
simulation results for the C, ranges from 0.25 to 4 MHz.

MAS efficiencies using experiments on standard samples with
known C, values and site multiplicities, as was performed here
and in our previous studies of other quadrupolar nuclide such as
27Al and YO (Lee and Stebbins, 2000b).

Slices of the two-dimensional data, parallel to the MAS axis
dimension in the 3Q MAS spectra, were taken and analyzed to
yield estimates of C, at each position in theisotropic dimension
(83qmas). Here, C, values were obtained from the center of
gravity in the MAS dimension (8,9 and the position of the
dlice assuming 7 of O, as has been discussed (Baltisberger et a.,
1996; Lee and Stebbins, 2000b); 7 is not well constrained by
the broad, featureless projections in the MAS dimension of
these types of spectra. From each two-dimensional NMR peak
shape, it is rather clear that there is a systematic increase in C
with increasing 85,4 that can be well approximated by single
values of mean §;, and C, at each 834as This analysis leads
to correlations among 3qmas and C, as well as &5, These
results were used both to correct intensity and to convert 3Q
MAS peak positions (8zqmas) 10 8. It sShould be mentioned
that this approach of obtaining NMR parameters from the
one-dimensional projections could be problematic if there are
multiple sites with the same 834, and widely varying C,
values and hence very different intensity corrections. This
appears not to be the case for the glasses studied here, although
in principle, this possibility is allowed by the fact that S3qmas iS
alinear combination of C, and 8.

Figure 10 shows corrected intensity distributions in the 3Q
MAS isotropic projections. We fitted data simultaneously for
four compositions with three gaussians representing the contri-
bution to mean d(Na-{ T-O-T}), where T is Si or Al. Each fitted
gaussian had a constant width and position, and the areas were
constrained by *’O 3Q MAS NMR spectroscopy and modeling
of oxygen site population (Lee and Stebbins, 1999, 2002). This
approach thus assumes that the average d(Na-{ T-O-T}) isfixed
with respect to composition for each BO type and that the

0.7 Na-{Si-O-Si}

120 80 40 0 40 -80 -120
Frequency (ppm)

Fig. 10. Total isotropic projections of 2°Na triple-quantum magic-
angle spinning (3Q MAS) spectra of aluminosilicate glasses with R
ratios as shown, corrected for 3Q MAS efficiency (thick solid line, see
text). Thin solid lines show gaussian components whose areas were
obtained from "0 nuclear magnetic resonance results and modeling
(Lee and Stebbins, 2000a, 2000b).

probability of agiven type of BO interacting with Na* depends
only on the concentration of the oxygen cluster.

Figure 11 shows the average d(Na-O) distributions obtained
from the **Na 3Q MAS NMR spectra using the correlation
between §,., and average d(NaO) from crystalline alumino-
silicates. As expected, d(Na-O) increases with increasing Si
content because of the increased faction of Si-O-Si, whose
average distance from Na s longer than the average d(Na-{ Si-
O-Al}) and d(Na-{ Al-O-Al}). The Na-O distributions are dif-
ferent for the three BO types, reflecting different distances and
degrees of interaction. Figure 11B shows the individual com-
ponents of the total distribution, which demonstrate that d(Na-
{Al-O-Al}) at 2.52 = 0.03 A is shorter than d(Na-{ Si-O-Si}) at
~2.81 + 0.025 A (Table 1). The most probable Na-{ Si-O-Al}
distance is intermediate at ~2.65 = 0.025 A. The mean dis-
tances obtained using a previous correlation (Angeli et al.,
2000) are 2.54, 2.64, and 2.77 A for Na{Al-O-Al}, Na{Si-
O-Al}, and Na-{Si-O-Si}, respectively. The width of the dis-
tributions for Na-{ Si-O-Si} and Na-{ Si-O-Al} are amost iden-
tical, with standard deviations of ~0.1 A. On the other hand,
that for Na-{ Al-O-Al} of ~0.05 A is much narrower, suggest-
ing arelatively high chemical affinity between Naand Al-O-Al,
as has been shown in our recent quantum chemical calculations.
The most probable d(Na-O) and its standard deviation for our
R = 1 glass (~2.65 and 0.13 A, respectively) are similar to the
results for an R = 1.5 glass in a previous NMR study (~2.6
and 0.1 A, respectively) (Angeli et al., 2000). Thisresult isalso
consistent with average d(Na-O) from EXAFS data (~2.63 A)
(McKeown et al., 1985). Some EXAFS data using NaCl or
NaNO; as a phase standard show an average Na-O distance of
2.3 A (Mazzara et al., 2000). The d(Na-O) information ob-
tained here is of course dependent on the 6,o, vs. d(Na-O)
correlation used, and the effect of d(Na-O) on §,., may possibly
be exaggerated by ignoring a contribution of the BO charge on
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Fig. 11. (A) d(Na-O) distributions with R ratios as |abeled in sodium
aluminosilicate glasses obtained from 2*Na triple-quantum magic-angle
spinning (3Q MAS) nuclear magnetic resonance spectra. (B) Contri-
butions from each component for the samples. (C) d(NaO) calculated
from 3Q MAS spectra without considering effect of C, on 3Q MAS
efficiency.

8« Proper correction of 3Q MAS intensity is aso important:
Figure 11C shows d(Na-O) obtained without correction, for
which the derived average d(Na-O) would be longer.

Table 1. Estimated Na-{ T-O-T} distances from fitting of ZNatriple-
guantum magic-angle spinning spectrum for sodium auminosilicate
glasses. The standard deviation (o) describes the width of the distri-
bution, not uncertainty.

d(Na-0) (A) o (A)
Na{Si-O-Al} 2.65 (+0.025) 0.10 (+0.004)
Na{Si-O-Si} 2.81 (+0.025) 0.10 (0.004)
Na{Al-O-Al} 2,52 (+0.03) 0.048 (+0.004)

Figure 12 illustrates the variation with Si/Al of **Na §, C,,
and average d(Na-O) (for al BOs), derived by the methods
described above. Values of §;, are also compared with those
obtained from the variation of the center of gravity of the MAS
NMR peak (8.) with B, (Schmidt et a., 2000a, 2001), which
shows close similarity between the two methods. The 8,
values derived here are in good agreement with results from
aluminosilicate melts at high temperature, especialy consider-
ing possible temperature effect on structure (Xue and Stebbins,
1993; George and Stebbins, 1996; Maekawa et a., 1997). On
the other hand, our value for §;, of NaAISi;Og glass (R = 3,
~810 9 ppm) isless shielded than the value obtained in another
recent study (Kohn et a., 1998), perhaps because the latter
values were obtained at lower field than we used or because the
small errorsin 8., in either study could lead to afew parts per
million variation, which can be accepted as the experimental
uncertainty. C, and §;, increase roughly linearly with X, (the
mole fraction of Al relative to Al + Si), which implies that
clustering among framework cations is unlikely, consistent
with our previous results from *’O NMR spectroscopy. Al-
though **Na C, is not as useful as &, as a local probe of
d(Na0) and CN because of its sensitive variation with loca
site distortion (Koller et al., 1994), it is still interesting to
observe that C, also shows systematic variation with compo-
sition in this system. The results show that Na-O distance is
strong function of composition and that Na* has different
proximities to different types of BOs (Figs. 11 and 12C),
suggesting that Na™ distribution is not random. Here, a “ran-
dom” distribution refers to the homogeneous distribution of
Na* without any differential interaction with differing frame-
work oxygensin anetwork that does not have microsegregation
into Si- and Al-rich regions. Thus, we define a“ perturbed” Na
distribution in which Na distributes homogeneously and thus
probes the types of BOs determined by composition and the
degree of network disorder, but the distance between Na and
these clusters reflects their reactivities. Such a distribution is
distinct from a random Na distribution and from the “modified
random network” (MRN) model in which Na* is clustered in
regions rich in NBO or Al (Gaskell et a., 1991; Greaves and
Ngai, 1995).

3.3. Na NMR Results for Sodium Silicate Glasses and
Distribution of Network-M odifying Cations

In some recent studies of Al-free silicate glasses, it has been
proposed that Na* is mainly surrounded by NBO, forming
Narich channels (MRN model) (Gaskell et al., 1991; Greaves
and Ngai, 1995; Cormack and Du, 2001). Recent MD simula-
tions, on the other hand, do not provide clear evidence for static
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Fig. 12. Variation of (A) average i, (B) C, and (C) average
d(Na-0) with composition (X,, isthe mole fraction of Al relativeto Al
+ Si). Two different values of &y, were obtained, the first from ZNa
triple-quantum magic-angle spinning (MAYS) (filled squares) and the
second from 2NaMASS nuclear magnetic resonance using the variation
in the center of gravity with field (filled circles). Open square denotes
the average §,, from Kohn et al. (1998). Open trianglesrefer to the data
from Maekawa et a. (1997) for aluminosilicate melts. Filled triangle
(Xa; = 0.33) and open circle (X,; = 0.25) denote the data from Xue
and Stebbins (1993) and George and Stebbins (1996), respectively.

clustering of Na* (Jund et al., 2001). It is also possible that
Na" can be near to some BO depending on the degree of
disorder in the Na* distribution, either “random” or “per-
turbed.” Systematic variations of NMR chemical shift with
composition may thus provide some clue to Na™ distributions

Na:Si20s

Na:SiOs

0.7 12

aluminosilicates

60 40 20 0 -20 -40 -60 -80
Frequency (ppm)

Fig. 13. 2 Namagic-angle spinning spectraof aluminosilicate glasses
with Rratios as labeled and sodium silicate glasses collected at 18.8 T.

in binary silicate glasses as well as aluminosilicate glasses. If
Na* is mainly surrounded by NBO and increasing Na content
only increases the volume fraction of the percolation channel
(or akali sublattice), the NMR chemical shift would not be
expected to be strongly affected by the addition of Na unless
the increasing fraction of percolation channel is due to increas-
ing size (volume) of a single channel rather than increase in the
number of channels with similar volume, which seems un-
likely. On the other hand, if Na* seesboth NBO and BO in the
first shell, as suggested by “random” and “ perturbed” distribu-
tions, increasing Na content should lead to an increase of §,,
because the deshielding of Na increases with increasing nega-
tive charge on the oxygens coordinating Na* as the ratio of
NBO to BO increases. Recent MD simulation and &b initio
molecular orbital calculations aso show that d(Na-NBO) is
shorter than d(Na-BO) (Uchino and Y oko, 1998; Cormack and
Du, 2001), indicating that the mean Na cage size and Na-O
distance is likely to decrease with increasing Na, which will
also tend to increase 8, in either of these scenarios.

Figure 13 shows the >Na MAS NMR spectra for binary
sodium silicate and sodium aluminosilicate glasses at 18.8 T, at
which peak shapes are dominated by the real chemical shift
distributions. As previously reported at lower field, chemical
shift increases with decreasing Na content and thus degree of
polymerization (NBO/T) (Xue and Stebbins, 1993). Peak max-
ima in Na,O - SO, (NS11, NBO/T = 2) and Na,O - 250,
(NS12, NBO/T = 1) glasses are ~6 and 0.4 ppm, respectively.
The origin of small shoulder at ~2 ppm peak (Fig. 13, arrow)
isnot clear in NS11, but this feature may be due to an impurity
resulting from absorption of H,O and CO, in this hygroscopic
glass. The Lorentzian peak shape for this spectrum may aso
reflect arelatively high Na™ mobility. The >*Na chemical shift
range in sodium silicates is distinctly more “deshielded” (high-
er frequency) than that in sodium aluminosilicate glasses. The
chemica shift variation with Na content in binary silicate
glasses is intriguing because this trend seems to be consistent
with the MRN model only if the size of individual Na* chan-
nels, and thus the size of the cage available for Na* decreases
with increasing Na, which seems less likely. The data thus
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appear to be consistent with either “random” or “perturbed” Na
distributions, as discussed above.

As previously mentioned, the observed trend of increasing
8« With increasing Na/Si can be attributed to two factors. First,
deshielding increases with increasing net negative charge on O
as Na is coordinated by more NBO. Second, 8., increases
because Na-NBO distances are likely to be smaller than Na-BO
distances, although a previous EXAFS study could not detect
significant variation of Na-O distance with composition (Maz-
zara et a., 2000). These results suggest that average d(Na-O)
increases with increasing Si content in binary silicate glasses as
average d(Na-O) increaseswith increasing Si in aluminosilicate
glasses. This pictureis clearly consistent with a*“ perturbed” Na
distribution model; Na* can sample various oxygen environ-
ments such as Na surrounded by only NBO, by a fraction of
NBO and BO, or mainly surrounded by BO whose fractions are
dependent on BO/NBO, as Na* in aluminosilicate glasses in
which Na* could be surrounded only by AI-O-Al or Si-O-Si,
depending on composition.

The °Na 3Q MAS NMR spectra for binary sodium silicate
glasses show some exaggerated features of hydration, making
quantitative analysis similar to that for sodium aluminosilicate
glasses difficult (Egan and Mueller, 2000). However, because
MAS NMR peak shapes at 18.8 T roughly reflect the true 8,
distribution, it can be shown that the fraction of Na-BO in-
creases with increasing Si content (Fig. 13) in sodium silicate
glasses (~66 and 40% Na-NBO in NS11 and NS12, respec-
tively), and Na-BO appears to have longer distance than Na-
NBO. Also, d(Na-{ Si-O-Si}) in sodium silicate glasses appears
to be shorter than that in sodium aluminosilicate glasses, as can
be seen by the distinct chemical shift range between sodium
silicate and aluminosilicate glasses at high R.

3.4. #Na §,, vs. Atomic Configurationsin
Aluminosilicate and Silicate Glasses and Dynamic
and Static Properties of Silicate Melts

The observed relatively narrow ranges of chemical shift,
quantified using the data from 3Q MAS NMR and MAS NMR
spectroscopy at high static fields (14.1 and 18.8 T) show that
Na* distribution in silicate glasses is not completely random.
These methods can also be applied to other Na-containing
oxide glasses to quantify the local configuration around Na and
the extent of disorder among charge-balancing and modifying
cations, which will eventually be helpful in establishing *Na
chemical shift systematics, as has done for other nuclides, such
as 2°Si. A more detailed discussion and extension to the other
multicomponent silicate glasses will be given in a future con-
tribution.

The distribution of Na* bonding environment is also clearly
important to the static and dynamic properties of silicate melts,
such as ionic diffusion and conductivity as well as viscosity.
The structural disorder inherent in Na-O distance distributions
givesinsight into not only the spatial distribution of sodium in
silicate glasses but the motions of Na™. Na-O distance is an
essential factor for ionic transport because it determines the
binding energy that significantly contributes to the total acti-
vation energy barrier for Natransport. From the results givenin
this study, not only the average contribution to such energy
barriers but also the distribution of energy barriers can be

deduced. It should be noted that ionic transport is a complex
function of several independent structural parametersincluding
the number of available sites and density of Na*, variations of
the high-frequency dielectric constant, as well as long-range
interactions (Greaves and Ngai, 1995). The spatial distribution
of Na*, as manifested as the d(Na-O) distribution, can also
contribute to the topological entropy of sodium aluminosilicate
glasses (Lee and Stebbins, 1999. Thisin turn contributes to the
total configurational entropy of the system, which has been
correlated with viscosity of silicate magmas through Adam-
Gibbstheory (e.g., Richet, 1984). Other methods, such as X-ray
absorption spectroscopy and quantum chemical calculations,
can be potentially useful in providing constraints on Na distri-
butions in silicate glasses that are critical in estimating these
contributions (Greaves and Ngai, 1995).

4. CONCLUSIONS

Data from 2Na MAS NMR spectroscopy at high field and
3Q MAS NMR spectroscopy at 9.4 T provide chemical shift
data in sodium aluminosilicate glasses free from or with min-
imal second-order quadrupolar effects and are clearly an effec-
tive probe for local Na* ion environments and their distribu-
tions. The distributions of NaO distances in sodium
aluminosilicate glasses can be obtained from the distribution of
8o Combined with previous studies of the disorder of Si and
Al. Na chemical shifts are mainly due to differences in
d(Na-{T-O-T}) resulting from variations of the types of oxygen
clusters around it, and the variation of bond length reflects the
different degree of interaction between Na and each type of BO
cluster. The d(Na-O) distribution functions show clear compo-
sitional dependence and manifests the differential reactivity
between Na* and different types of bridging oxygens such as
Si-O-Si, Si-O-Al, and Al-O-Al. Therange of Na-O distancesto
each type of BO is relatively narrow, especially for Al-O-Al,
suggesting less disorder than in traditional “random network”
model. A similar trend can be found in binary silicate glasses,
in which d(Na-BO) is apparently longer than the d(Na-NBO)
but shorter than the d(Na-BO) in framework aluminosilicate
glasses. This variation of isotropic chemical shift and d(Na-O)
trend is consistent with a “perturbed” Na distribution model.

In this study, we provide new insights into the nature of
disorder for non-network-forming cations in silicate glasses,
which should contribute to a more complete, atomic-level un-
derstanding of the thermodynamic and dynamic processes in
silicate magmas.
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