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INTRODUCTION

Discussion of oxide glass structure relies heavily upon the
principle that there are network formers (i.e., Si, Al, B) and
network modifiers (i.e., Ca, Na, K etc.). The network formers
provide the framework and rigidity of the glass while the net-
work modifier oxides break apart this structure through the
formation of non-bridging O atoms (NBO). An NBO is an O
atom bonded to only one network former leaving the network
modifiers to balance the remaining valence charge.

Network connectivity plays a significant role in the ther-
modynamic (Navrotsky 1995; Hess 1995) and transport prop-
erties (Hess et al. 1995, 1996) of magmas and glasses. For
instance, the orthosilicate composition (33 mol% SiO2) of the
binary compositions of SiO2-alkali or alkaline earth glasses is
thought to contain the most NBO of any composition (Hess
1980). In binary silicate glasses, as the amount of silica is in-
creased from the orthosilicate composition (increasing the net-
work connectivity and reducing the number of NBO),
enthalpies, free energies, component activities, and viscosity
are all strongly affected (Hess 1995; Navrotsky 1995; Hess et
al. 1995, 1996). This is the result of increasing the network
connectivity as Q0 species are being converted to Q1, Q2, and
even more connected species, where 0, 1, and 2 represent the
number of bridging O atoms (BO) bonded to the Si tetrahe-
dron. Similar effects are expected for other network forming
cations. The average degree of network connectivity is rela-
tively well known for silicate and aluminosilicate glasses, but

the distribution of NBO on different network cations is much
less well understood. Certain combinations of framework cat-
ions in some composition ranges show no preference in com-
peting for NBO, such as B and Si in the Ba-borosilicates (Zhao
et al. 2000). In contrast, there is much indirect evidence that
suggests that Si has a strong preference over Al for NBO in the
alkali and alkaline earth aluminosilicate systems (Mysen 1988
and references therein).

Most previous studies of NBO preferences in aluminosili-
cates have used relatively indirect methods for NBO detection
such as Raman spectroscopy (Mysen et al. 1981, 1985; Domine
and Pirou 1986), X-ray and/or neutron scattering (Petkov et al.
1998, 2000; Cormier et al. 2000), and 27Al and 29Si magic-angle
spinning (MAS) NMR (Engelhardt et al. 1985). For example,
Engelhardt et al. (1985) used the observed 29Si chemical shifts
to estimate the average Q speciation for Si and Al in “low silica”
(<10% SiO2) glass as Q0 and Q4, respectively. However, the
uniqueness of such conclusions is uncertain because of the lack
of resolution among 29Si peaks for different network species
and the dependence of 29Si MAS chemical shift on both the
average Q speciation and next nearest neighbor effects (Si vs.
Al).

Oxygen-17 NMR can provide a much more direct evalua-
tion of this issue. Previous 17O NMR spectra have shown the
presence of NBO in several calcium aluminosilicate (CAS)
glasses on the CaAl2O4-SiO2 join (Stebbins and Xu 1997;
Stebbins et al. 1999; Oglesby et al. 2002; Lee and Stebbins
2002). The observed 17O MAS chemical shifts for NBO in these
glasses are similar to those found in calcium silicate glasses in
which all NBO are bonded to Si (Stebbins 1995; Stebbins et al.
1997). In addition, a recent 17O MAS study of an NBO-con-
taining impurity phase in crystalline CaAl2O4 showed that the
Al-NBO peak is shifted to a higher frequency by 30 to 40 ppm
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from that of the NBO peak observed for the CAS and Ca-sili-
cate glass spectra (Stebbins et al. 2001). These findings further
suggested that Si is the preferred network cation of NBO in
aluminosilicate glasses and thus in melts at the glass transition
temperature.

An intriguing complication to the conventional network
picture of the melt structure is the possible presence of minor
concentrations of “triclusters” containing three tetrahedral net-
work formers linked to a single O atom (Lacy 1963). These
have been suggested by Toplis et al. (1997) and others on the
basis of viscosity anomalies in Na-aluminosilicate liquids near
the charge-balanced (NaAlO2-SiO2) join, and could increase
the predicted fraction of NBO. Although 17O NMR data on crys-
talline CaAl4O7 indicated a distinct set of NMR parameters for
at least Al3O triclusters, overlap with bridging O atom peak
intensity in the Ca-aluminosilicate glasses has not yet allowed
unambiguous detection of this species (Stebbins et al. 2000).
Low-silica glasses provide an opportunity to more clearly re-
solve such groups.

The observation of small amounts of high-coordinated Al
([5]Al and [6]Al) in some alkaline earth aluminosilicates of glasses
(Toplis et al. 2000; Stebbins et al. 2001) and in the calcium
aluminate glasses (Shelby et al. 1989) can also complicate the
calculation of average Q speciation and the NBO to tetrahedra
ratio (NBO/T). For instance, are O atoms bonded to [5]Al and
[6]Al considered bridging (BO) or non-bridging (NBO) in alu-
minosilicate glass structure? If the higher coordinated Al at-
oms are considered as network forming, should they be counted
in the number of tetrahedra? To make an unambiguous assign-
ment of NBO/T, it must be shown that concentrations of high-
coordinated Al atoms in the glass structure are negligible.
Aluminum-27 MAS NMR data are thus a useful complement
to 17O spectra.

By investigating Si-poor Ca-aluminosilicates with 17O NMR,
it is thus possible to observe to what extent NBO “prefer” Si as
a framework host compared to Al, because Al-NBO can be di-
rectly observed and quantified. Here we describe results for
Al-NBO and Si-NBO in calcium aluminate and low-silica (10,
20, and 33 mol%) calcium aluminosilicate glasses utilizing 17O
MAS and 17O triple-quantum MAS (3QMAS) NMR, where for
the first time both species can be directly quantified, and the
“preference” for Si-NBO rigorously defined.

EXPERIMENTAL PROCEDURE

The eutectic composition of calcium aluminate (62 CaO 38 Al2O3) was cho-
sen due to its low liquidus temperature (1360 C) and relatively good glass-
forming ability; calcium aluminosilicate (CAS) compositions were selected to
keep the ratio of NBO/T (0.62) and the percentage of total O atoms as NBO
(27%) near constant to aid in the direct comparison of spectra.

Glass samples were made using CaO, ~45% 17O-enriched SiO2 (Stebbins et
al. 1997), and ~20% 17O-enriched Al2O3. Some of the latter was made by hydro-
thermal exchange between 17O-enriched water and Al(OH)3, as in Stebbins et al.
(2001). The remainder of the enriched Al2O3 was made using a new method, by
slowly injecting 1 mL of 40% 17O-enriched H2O (Icon Stable Isotopes) into a
water-cooled flask containing the stoichiometric amount (4.6 g) of Al-tri-sec-
butoxide. The reactants were stored in a sealed flask for a week to allow ample
time for the reaction to occur. The resulting Al(OH)3 was then rinsed with iso-
propanol, dried at 120 C, and slowly heated to 1000 C in Ar to form Al2O3.
Calcium oxide was used in place of CaCO3 to avoid loss of 17O during decar-
bonation. Due to the hygroscopic behavior of CaO, it was dried overnight at
1000 C and was used immediately. No significant weight gain occurred during

the weighing of this reagent.
To speed spin-lattice relaxation, 0.2 wt% cobalt oxide was added to the

oxide powders. The 200 mg samples were then melted in Ar (Table 1) and
quenched by dipping the bottom of the Pt crucible in water. Samples were found
to be entirely amorphous when examined with a 400¥ petrographic microscope.
Compositions were measured by electron microprobe using mineral standards
(Table 1). This analysis showed small amounts of unexpected MgO (< 0.5 mol%),
which when compared to the amount of CaO in the sample will cause errors in
data analysis much less significant than some of the other uncertainties. Addi-
tionally, the microprobe data of the CA glass showed 0.6 mol% SiO2 from an
unknown source.

The 17O and 27Al MAS NMR spectra were collected on a Varian Unity/
Inova 600 spectrometer (14.1 Tesla) using a Chemagnetics “T3” probe with 3.2
mm zirconia rotors spinning at 18 kHz. The 17O and 27Al frequencies are re-
ported relative to tap water and 0.1 M acidified Al(NO3)3, respectively. Single
pulse acquisition was used with pulse widths corresponding to approximately
30 rf tip angles for the solid (about 0.3 and 0.2 ms for 17O and 27Al, respec-
tively); one second delays between pulses were used to optimize the signal to
noise ratio and to ensure a nearly fully relaxed sample. The 3QMAS NMR spectra
were collected with a modified Varian VXR/Unity 400S spectrometer (9.4 Tesla),
using a Doty Scientific Inc. “Supersonic” probe with 5 mm silicon nitride rotors
spinning at 15 kHz. The 3QMAS spectra used a shifted echo pulse sequence
consisting of two hard pulses (5.0 ms and 1.5 ms, respectively) followed by a
soft pulse (26 ms) similar to that used by Lee and Stebbins (2000). Delay times
of 2 s and 37 ms were used. Processing of the 3QMAS data was done with the
software package RMN (FAT) (P.J. Grandinetti, Ohio State University). The
resulting 3QMAS spectra are two-dimensional plots in which the isotropic di-
mension is free of second order quadrupolar broadening and the MAS dimen-
sion portrays a somewhat distorted view of the 1-D MAS spectrum.

For nuclides with nuclear spin I = 5/2, such as 27Al and 17O, the spinning side-
bands for the “inner satellite” (±1/2 – ±3/2) transition are much less affected by
quadrupolar broadening than the central transition (–1/2 – +1/2) (Jäger 1994), often
providing enhanced resolution. For each of the 27Al spectra of this study, six inner
satellite sidebands were stacked to enhance the signal to noise ratio and compared to
the main peak to investigate the presence of higher coordinated Al, as in Stebbins et
al. (2000). The largest noise “peak” in the summed spectrum was integrated and
compared to the integral of the main peak to obtain a minimum detection limit for
[5]Al and [6]Al sites of about 0.5 atomic percent.

RESULTS

The 17O MAS spectra for the calcium aluminate (CA) and
aluminosilicate (CAS) glasses are shown in Figure 1. For the
calcium aluminate, there are two main peaks: a large Al-O-Al
peak at 72 ppm (Stebbins et al. 1999) and a smaller peak at 155
ppm. This smaller peak can be uniquely assigned to Al-NBO
because this is the only other major O atom species present.
There is also a small shoulder at about 120 ppm, which can be
assigned to Si-NBO (Stebbins 1995; Stebbins et al. 1997). This
peak was not expected but was later shown to be due to a small
amount of silica contamination of the CA glass. From the CA
glass data and the previously mentioned work, the peak as-
signments of the other CAS glasses are straightforward, as both
Si-NBO and Al-NBO peaks at these same positions are clearly,
if only partially, resolved. As silica is added, the peak assigned
to Si-NBO increases in intensity and the peak assigned to Al-
NBO decreases in intensity. The BO peak in the CA glass spec-
trum shifts to lower relative frequencies as more SiO2 is added
and more Si-O-Al sites are formed (Lee and Stebbins 1999,
2000). The spectrum of the CAS33 glass may also contain a
small, broad shoulder, possibly due to Al-NBO, but its relative
area is difficult to assess accurately.

Several recent reports (Xu and Stebbins 1998; Lee and
Stebbins 2000) describe the interpretation of 17O 3QMAS NMR
spectra of aluminosilicates in detail. Here such data serve to
extend the conclusions drawn from the MAS spectra. For ex-
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ample, the BO peak in the MAS spectrum for CAS20 contains
no discernible components, but the 3QMAS (Fig. 2) data par-
tially resolves the Al-O-Si and Al-O-Al peaks that are expected
from the MAS data and also from previous work in this ternary
system (Lee and Stebbins 1999, 2000; Cormier et al. 2000). In
the 17O 3QMAS spectra of the CAS10 and CAS20 glasses, no
Si-O-Si peak is seen, indicating that less than a few percent of
the total O atoms are Si-O-Si. The peak assigned to Al-NBO is
slightly offset from the Si-NBO peak, which further lends sup-
port to the presence of two distinct types of NBO.

The quantitative nature of MAS NMR allows the percent-
age of each type of O atom to be determined from the relative
area of each peak. For 17O spectra at 14.1 T, for sites with rela-
tively low values of quadrupolar coupling constant (Cq),
quadrupolar peak shapes are not obvious and are often well
approximated by Gaussians, which were used to fit the spectra
(Fig. 3). The average network connectivity of each framework
cation can then be obtained from the fitted areas, because the
total number of Al and Si atoms are known from electron mi-
croprobe analysis (Table 1). As silica is added, the network con-

nectivity of the Al increases markedly (decreasing Al-NBO/Al).
An equilibrium constant formulation with species concen-

trations measured from MAS NMR can be used to predict per-
centages of Al-NBO and Si-NBO for glasses based on
composition. In determining the relevant equilibrium expres-
sion, Si-O-Si was neglected because of its low abundance in
the systems of this study:

Si-O-Al + Al-NBO ´ Al-O-Al + Si-NBO (1)

The resulting idealized equilibrium constant, K1, (ignoring
activity coefficients) is [Al-O-Al][Si-NBO]/[Si-O-Al][Al-
NBO], where brackets denote the fraction of O atoms at each
site type. Atomic percentages of Al and Si-NBO were mea-
sured by fitting 17O MAS NMR spectra. Atomic percentages of
Si-O-Al and Al-O-Al were then calculated from composition
using the approximation that [Si-O-Si] = 0. For the CAS10
glass, in which the two large NBO peaks made peak fitting
relatively straightforward, the calculated value of K1 is 4.1 ±
1.1, where the uncertainty reflects the propagated fitting errors
(Table1). By assuming K1 is constant, predictions of the per-
centages of Si-NBO and Al-NBO can be made for CA (+ 0.6
mol% SiO2), CAS20, and CAS33 and compared to the mea-
sured values (Table 2). These predictions show good agree-
ment with those measured from fitting 17O MAS NMR spectra.
The equilibrium constant formulation can then be used to pre-
dict the amount of Al-NBO in compositions where there are no
suitable data (Fig. 4). An apparent slight, systematic excess of
total NBO (Table 1) may result from a small difference in the
spin-lattice relaxation rate of the NBO vs. the BO.

Of all BO, Al-O-Al groups have the highest frequency
chemical shifts in 17O spectra (Stebbins et al. 1999), allowing a
more definitive look for Al3O triclusters than has previously
been possible in higher silica glasses (Stebbins et al. 2000).
Such groups should produce a peak with a maximum at about
35 ppm at a magnetic field of 14.1 T (Stebbins et al. 2001). The
absence of an obvious feature (other than the “tail” of the Al-
O-Al peak) in this region of the spectrum for CA glass indi-
cated that at least in this composition range, triclusters
concentrations are below the detection limit of about 2%. This
finding does not, however, constrain the concentrations of the
other triclusters species such as (Si2Al)O, or their concentra-
tions in glasses with higher Al/Ca ratios, or their possible ef-
fects on producing a slight excess of NBO above that estimated
from composition (Toplis et al. 1997).

As is typical for glasses, the 27Al MAS spectrum for the CA
glass (Fig. 5) is broad and unresolved and shows only one peak
centered at 74 ppm, which suggests that most Al are Q3 and Q4

species (Stebbins 1995). The peak maximum of the CAS20

TABLE 1.Composition, synthesis temperatures, and MAS fitting results for the three samples of this study

Mole percent Nominal (Measured from MAS fit)

Sample CaO Al2O3 SiO2 T ( C) %NBO NBO/T %NBO* %Si-NBO* %Al-NBO* NBO/Al NBO/Si
CA 61.5 37.9 0.6 1470 26.8 0.62 28.4 ~0.9 27.6 0.6 2.5
CAS10 58.5 29.4 11.8 1606 34.2 0.82 36.0 17.0 19.0 0.5 2.3
CAS20 52.0 28.0 20.3 1542 27.2 0.63 32.4 21.6 10.8 0.3 1.6
Notes:  “Nominal” values are based on stoichiometry only.
* The estimated uncertainties in the measured component peak areas are about 1% absolute, based on sensitivity to fitting and baseline corrections.

FIGURE 1. 17O MAS NMR spectra for calcium aluminate and low-
silica calcium aluminosilicates glasses collected at 14.1 T. Sample
compositions are given in Table 1, except for CAS33 (nominal
composition: 50 mol% CaO, 17% Al2O3, 33% SiO2, CAS312 in Lee
and Stebbins, in preparation).
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spectrum is shifted about 10 ppm to a lower frequency, which
suggests that most Al is present as Q4 species and is consistent
with the 17O results. Within detection limits (~0.5 atomic per-
cent), only [4]Al was detected in the 27Al MAS stacked side-
band spectra of the CA, CAS10, and CAS20 glasses (Fig. 5),
because there was no obvious signal in the regions expected
for [5]Al (30 to 45 ppm) or [6]Al (0 to 16 ppm) (Poe et al. 1994;
Stebbins 1995).

DISCUSSION

Both the qualitative changes in the proportions of the Al-
NBO and Si-NBO peaks with silica content (Fig. 1), and the
calculated value of K1, support and quantify previous conclu-
sions that there is a strong preference for NBO to be localized
on Si (Engelhardt et al. 1985; Mysen et al. 1981,1985; Domine
and Pirou 1986; Petkov et al. 1998, 2000; Stebbins et al. 2001),
presumably because there is less tendency for O atom
“underbonding” (insufficient charge compensation) to occur
with the higher charge network forming cations.

To further extend the equilibrium constant formulation and
make it applicable to more silica-rich, and hence, more geo-
logically relevant systems, the interaction of all three BO spe-
cies should be considered with the reaction:

2Si-O-Al ´ Al-O-Al + Si-O-Si (2)

The work of Lee and Stebbins (1999, 2000), which models
the results of detailed 29Si and 17O NMR studies, has shown
that there is a significant disproportionation in reaction 2. This
leads to, for example, about 14% of the total O atoms as Al-O-
Al in CaAl2Si2O8 (anorthite) glass (Lee and Stebbins 1999). If
Si-O-Si linkages are formed by reaction 2, additional Al-O-Al
is also formed and the fraction of Si-O-Al decreases, resulting
in an increased estimated value for K, as calculated above.
However, the model for network speciation developed by Lee
and Stebbins (1999, 2000) predicts that there will be only about
0.5 atomic% of Si-O-Si for the CAS10 composition, which
would lead to a small correction in K1, which makes K1 = 4.6 ±

FIGURE 2. 17O 3QMAS spectra for CA and CAS20 glasses where the
contour lines are from 7 to 97% spaced at intervals of 10% with an extra
interval placed at 10% to emphasize the peak maximum of Al-NBO.

FIGURE 3. Peak fits for the 17O MAS NMR spectra for calcium
aluminosilicate glasses (CAS10 and CAS20), in which peak shapes
are assumed to be Gaussian.

TABLE 2. Comparison of measured and predicted NBO percent-
ages based on fits of 17O NMR data for CAS10. RNBO =
[Si-NBO]/[Al-NBO]

Measured* Calculated
CA
RNBO 0.03 0.03
% Si-NBO ~0.9 0.9†
% Al-NBO 27.6 27.5†

CAS20
RNBO 1.9 2.4
% Si-NBO 21.6 23.0†
% Al-NBO 10.8 9.6†

CAS33
RNBO 9 – • 10.6
% Si-NBO 36 – 40 36.6
% Al-NBO 0 – 4 3.4
* The estimated uncertainties in the measured component peak areas are
about 1% absolute, based on sensitivity to fitting and baseline corrections.
† The sum of the percentages for NBO species has been normalized to
the total NBO measured from peak fitting (Table 1) to aid in comparison.
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1.1 and the predicted Al-NBO = 18.6 instead of 19.0 atomic%.
In contrast, for a K1 value based on low silica glasses, as is
derived here, neglecting Si-O-Si in higher silica compositions
will lead to an underestimation of the predicted fraction of Al-
NBO.

In Figure 1, the CAS33 17O MAS spectrum has a small shoul-
der at about 150 ppm that might be due to the presence of a
small fraction of Al-NBO, although the presence of this spe-
cies is not clearly required by the data. Our estimated equilib-
rium constant (K1) predicts that this composition could contain
about 3% Al-NBO (Table 2). However, the accuracy of this
prediction from very low silica glasses is probably reduced by
the increase in the Si-O-Si fraction at higher silica contents.

By subtracting Equation 2 from Equation 1, one obtains:

Si-O-Si + Al-NBO ´ Al-O-Si + Si-NBO (3)

Although Equation 3 is more directly applicable to natural
systems, its “equilibrium constant” cannot be calculated directly
from the present data set due to difficulties in measuring very
small concentrations of Si-O-Si and Al-NBO with high accu-
racies. As more data become available on the thermodynamics
of such reactions, especially the effects of temperature, a con-
sistent, predictive formulation of their free energies should
become feasible.

The contour line in Figure 4, denoting regions where the
fraction of O atoms as Al-NBO is less than a few percent, indi-
cates that for most or all geologically “interesting” Ca-alumi-
nosilicate compositions, these species are probably of low
enough concentration to be excluded from thermodynamic
models of overall free energies and chemical potentials. How-
ever, small fractions could remain important in models of dy-

namics. This conclusion also has important implications for the
way thermodynamic models of melts are formulated. If, for ex-
ample, mixing of estimated “Qn” species populations enter into
the formulation of configurational entropy, the distribution of
such species over Si and Al will be quite different (most Al will
be in Q4 groups). Similarly, if silica activity is related to the frac-
tion of SiO4 groups with 4 Si neighbors (Stebbins and Farnan
1989), then it will be overestimated if NBO are assumed to be
equally distributed over Si and Al.

Even with the enhanced resolution provided by the “inner
satellite” spinning side bands (Fig. 5), we see no evidence for
[5]Al and [6]Al in the calcium aluminate glass. This agrees with
the 27Al MAS NMR study of McMillan et al. (1996) at 7.4 T,
but contradicts the study of Shelby et al. (1989), which was
also done at the relatively high frequency of 14.1 T. The latter
showed a small shoulder (~1%) at 9 ppm, which we did not
detect. It is possible that this peak may have resulted from oc-
tahedral Al in a crystalline phase due to the difficulty in quench-
ing large batches of calcium aluminate glasses.

The lack of measurable concentrations of high-coordinated
Al and triclusters supports our study’s assignment of Al-NBO/
Al and Si-NBO/Si ratios (Table 1) because there is no ambigu-
ity in the assignment of NBO and tetrahedral species. How-
ever, the observation that higher-coordinated Al is undetectable
in the glass (which represents the melt at Tg) does not necessar-
ily mean that such groups are not present in the melts at higher
T. Ion dynamics has shown that as the temperature of the melt
increases, the Al-coordination increases slightly (Poe et al.
1994). However, probably a more important factor in the aver-
age Al coordination of aluminosilicate melts is the effect of the
percentage of Al2O3. Poe et al. (1993, 1994) have utilized ion
dynamics and in situ high-temperature 27Al MAS NMR of cal-

FIGURE 4. Ca-rich portion of the CAS ternary showing predictions
for the fraction of total O atoms as Al-NBO, assuming K1 = 4.1. The
dotted lines “A” and “B” reflect the (Si-NBO)/(Al-NBO) ratios (RNBO)
of 1 and 10, respectively. The solid, curved line shows compositions
where Al-NBO are ~2% of the total O atoms and where the “lack of
Si-O-Si” assumption is relatively accurate. This model neglects the
NBO that have been measured in the CAS charge balanced join
compositions so the “2% Al-NBO” predictions will likely be pushed
to more Al-rich compositions. The extrapolated, dashed line, is the
prediction of Al-NBO in the region where the Si-O-Si species become
more significant.

FIGURE 5. 27Al MAS spectrum at 14.1T of the calcium aluminate
glass showing the central transition (ct), and the sum of the six
consecutive (±1/2-±3/2) satellite spinning sidebands (ssb), shifted to
their central frequency for comparison.
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cium aluminates to show that the average aluminum coordina-
tion increases with an increasing percentage of Al2O3. For in-
stance, ion dynamics predicts that there would be an increase
in the average coordination of Al by 0.2 when the percentage
of Al2O3 increases from 38% (this study) to 50% (charge-bal-
anced join) (Poe et al. 1994). This is the same trend as that
seen when these samples are compared to the amount of higher-
coordinated Al measured in samples along the CAS “charge
balanced” join (Toplis et al. 2000; Stebbins et al. 2000). In gen-
eral, temperature effects on all aspects of melt structure should
be carefully considered before extrapolating results from glasses
to liquidus temperatures.
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