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Abstract

Estimation of the framework connectivity and the atomic structure of depolymerized silicate melts and glasses (NBO/T > 0) remains a
difficult question in high-temperature geochemistry relevant to magmatic processes and glass science. Here, we explore the extent of dis-
order and the nature of polymerization in binary Ca-silicate and ternary Ca-aluminosilicate glasses with varying NBO/T (from 0 to 2.67)
using O-17 NMR at two different magnetic fields of 9.4 and 14.1 T in conjunction with quantum chemical calculations. Non-random
distributions among framework cations (Si and Al) are demonstrated in the variation of relative populations of oxygen sites with
NBO/T. The proportion of non-bridging oxygen (NBO, Ca–O–Si) in the binary and ternary aluminosilicate glasses increases with
NBO/T. While the trend is consistent with predictions from composition, the detailed fractions apparently deviate from the predicted
values, suggesting further complications in the nature of polymerization. The proportion of each bridging oxygen in the glasses also var-
ies with NBO/T. The fractions of Al–O–Si and Al–O–Al increase with increasing polymerization as CaO is replaced with Al2O3, while
that of Si–O–Si seems to decrease, implying that activity of silica may decrease from calcium silicate to polymerized aluminosilicates
ðX SiO2

¼ constantÞ. Quantum chemical molecular orbital calculations based on density functional theory show that a silicate chain with
Al–NBO (Ca–O–Al) has an energy penalty (calculated cluster energy difference) of about 108 kJ/mol compared with the cluster with Ca–
O–Si, consistent with preferential depolymerization of Si-networks, reported in an earlier O-17 NMR study [Allwardt, J., Lee, S.K., Steb-
bins, J.F., 2003. Bonding preferences of non-bridging oxygens in calcium aluminosilicate glass: Evidence from O-17 MAS and 3QMAS
NMR on calcium aluminate glass. Am. Mineral. 88, 949–954]. These prominent types of non-randomness in the distributions suggest
significant chemical order in silicate glasses that leads to a decrease in silica activity coefficient and will be useful in modeling transport
properties of melts.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The degree of polymerization and network connectivity
are among the most critical variables that control the prop-
erties of silicate glasses and melts. For instance, the melt
viscosity increases several orders of magnitude with
decreasing degree of polymerization (e.g., Bottinga and
Weill, 1972; Mazurin, 1983; Giordano and Dingwell,
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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2003). Configurational thermodynamic properties are also
affected by the fraction of non-bridging oxygens (NBO).
Although they are often not based on spectroscopic and
other observations of structure, detailed thermodynamic
models of silicate melts have been developed which are of-
ten based on structural assumptions (and see Hess, 1995 for
review and references).

Because the degree of polymerization plays such an
important role in the properties of silicate melts and
glasses, it is critical to describe their polymerization states.
While there are a number of ways to describe the degree of
polymerization, it has often been parameterized with the
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mean number of non-bridging oxygen (NBO)/tetrahedron
(similar to the classification of crystalline silicates, e.g.,
for orthosilicates, NBO/T = 4, for chain silicates, NBO/
T = 2 etc. e.g., Mysen, 1988) or by the fraction of non-
bridging oxygen (XNBO, non-bridging oxygen/total oxy-
gens) that is determined simply from the concentrations
of network modifying cations (Ca2+, Na+, etc.) (e.g., Lee,
2005; Mysen and Richet, 2005). Another effective way to
describe the degree of polymerization utilizes either an ‘‘an-
ion speciation constant’’ (Ko) based on Temkin’s ionic
model (Ko = [O�]2/[O0][O2�] where O�, O0, and O2� refers
to NBO, BO, and metal oxide, respectively) (e.g., Toop and
Samis, 1962), or Q species distribution constants (e.g.,
KQ = [Qn]2/[Qn�1] [Qn+1], where Qn refers to tetrahedral
Si groups with n number of bridging oxygens, Masson,
1977; Mysen, 1988). Among these inter-related descriptions
of polymerization, parameters are generally based on com-
position alone, without experimental verification of the
structure and speciation, with the possible exception of
the Qn species description. However, XNBO as deduced
from composition may not necessarily be consistent with
the real XNBO in glasses, as shown by previous O-17
NMR studies of Ca-alumionsilicate glasses where non-neg-
ligible fractions of NBO were found for compositions on
the charge-balanced join (Ca/Al = 1) (Stebbins and Xu,
1997). Because its fraction can be directly estimated by
O-17 NMR, XNBO from O-17 NMR could provide a con-
venient way to describe the polymerization state more
accurately than can be obtained from the composition.
To better understand the variation of mechanical, thermo-
dynamic, and transport properties of silicate melts and
glasses with the degree of polymerization, it is fundamental
to investigate the evolution of their atomic and molecular
structures with the degree of polymerization. Here, we ex-
plore the structure of calcium silicate and aluminosilicates
glasses and melts that have important implications for di-
verse geological processes in the Earth (e.g., Stebbins
et al., 1995; Mysen and Richet, 2005). These systems are
also the basis of multi-component glasses that have been
widely used in technological applications such as glass fiber
composites.

The structures of calcium silicate and aluminosilicate
glasses have been extensively studied using various scatter-
ing and spectroscopic methods or simulations (see Engel-
hardt and Michel, 1987; Mysen, 1988; Stebbins et al.,
1995; Mysen and Richet, 2005 for review, and McMillan
et al., 1982; Merzbacher and Hinggby, 1985; Murdoch
et al., 1985; Oestrike and Kirkpatrick, 1988; Eckert, 1992;
Stein and Spera, 1995; Stebbins and Xu, 1997; Hwa
et al., 1998; Lee and Stebbins, 1999; Petkov et al., 2000;
Allwardt et al., 2003; Cormier et al., 2003; Neuville et al.,
2004; Iuga et al., 2005; Mysen and Richet, 2005). In gener-
al, by replacing Al2O3 or SiO2 with CaO content, the de-
gree of polymerization decreases (i.e., NBO/tetrahedron
increases) and the fraction of non-bridging oxygen
(NBO) is expected to increase. Details of the cation
coordination environments also, of course, have strong
implication for their thermodynamic mixing properties.
For example, a recent detailed Al-27 3QMAS (triple quan-
tum magic angle spinning) NMR study at high field
(17.6 T) quantified the variation in the concentrations of
[5]Al and [6]Al (five- and six-coordinated Al) with composi-
tion in the peralkaline CaO/Al2O3/SiO2 system (Iuga et al.,
2005; Neuville et al., 2006), as previously observed in per-
alkaline Mg-aluminosilicate and quaternary aluminosili-
cates glasses (Toplis et al., 2000; Allwardt et al., 2005;
Lee et al., 2005). However, detailed atomic and nanoscale
structures (e.g., distributions among framework units,
[4]Si, and [4]Al, fractions of NBO) of calcium silicate and
aluminosilicate glasses (NBO/T > 0) as a function of
NBO/T have not been fully explored. This may be due to
broad electromagnetic responses (optical spectroscopy,
conventional NMR, and X-ray scattering) from these sys-
tems, typical of alkaline earth aluminosilicate glasses.

It has recently been shown that various aspects of struc-
ture and disorder of covalent oxide glasses can be deter-
mined by exploring their fractions and distributions of
oxygen anion environments (Stebbins et al., 2001; Kohn,
2004; Lee, 2005). Element-specific and mostly quantitative
solid-state NMR, particularly, O-17 MAS and 3Q (triple
quantum) MAS NMR, has been effective in resolving var-
ious oxygen environments in aluminosilicate glasses, allow-
ing the detailed quantification of disorder (Kirkpatrick
et al., 1986; Dirken et al., 1997; Stebbins and Xu, 1997;
Stebbins et al., 1997). This method provides unprecedented
resolution of oxygen environments among several element-
specific techniques, including X-ray absorption spectrosco-
py and X-ray photo electron spectroscopy. Ternary
aluminosilicate glasses along charge-balanced joins have
drawn particular attention and we recently quantified the de-
gree of framework disorder in such glasses (nominal NBO/
T = 0) and quantified the degree of Al-avoidance (see below
Lee and Stebbins, 2002). Compositional effects on oxygen
environments in low silica calcium aluminosilicate glasses
with ‘‘peralkaline’’ compositions (NBO/T = 0.6–0.8) have
been systematically explored and revealed that the Si–NBO
is more energetically favorable than Al–NBO (Allwardt
et al., 2003), which is consistent with suggestions from earlier
Raman studies (Mysen et al., 1981; Mysen, 1988). The degree
of non-randomness in the distribution of NBOs in the
peralkaline calcium aluminosilicate would provide key
information about configurational thermodynamic and
transport properties (Mysen, 1998).

Quantum chemical calculations have provided useful in-
sights into the structure and reactivity of covalent oxide
glasses (Tossell, 1993). The structure and energetics of rep-
resentative oxygen clusters in silicate glasses and melts can
be calculated, which helps to predict the properties and to
intepret experimental spectroscopic data (e.g., Tossell and
Cohen, 2001; Kubicki and Toplis, 2002). While the energet-
ics of bridging oxygen clusters have been explored using
quantum chemical methods (Tossell, 1993; Lee et al.,
2001), those involving NBOs in calcium aluminosilicate
glasses have not been investigated in detail. Calculation
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of the relative energetics of various types of NBO would be
a useful comparison to the experimental data, and have
thus been included here.

Upon describing the various aspects of disorder in the
system, we used the following definitions (Mysen and
Richet, 2005). ‘‘Chemical disorder’’ is used to describe the
distribution of framework units ([4]Si and [4]Al) and non-
framework cations (Ca2+) and is further divided into the de-
gree of framework disorder (distribution of framework
units) and the degree of polymerization (defined by XNBO).
‘‘Topological disorder’’ refers to disorder due to bond angle
and length distributions (see Richet and Neuville, 1992; Lee,
2005 for more details). It is important to note that the main
focus of this paper is the structure of glass, which represents
the structure of the supercooled melt as ‘‘frozen in’’ at the
glass transition temperature. Implications for the structure
of melts can be deduced by thermodynamic modeling of
glass structure which includes the effects of temperature.
For instance, recent statistical thermodynamic modeling
based on quasi-chemical approximations enabled us to pre-
dict the structure and the variation in the extent of Si/Al
disorder with temperature in aluminosilicates (Lee, 2005).
Alternatively, experiments exploring the effect of Tg on glass
structure can provide a more direct view of temperature
effects on melt structure, and have in fact recently quantita-
tively confirmed our previous results (Dubinsky and
Stebbins, 2005; Dubinsky and Stebbins, 2006).

Here, we explore the structure of Ca-silicate and alumi-
nosilicate glasses with varying NBO/T using O-17 MAS
and 3QMAS NMR to provide additional details of the ex-
tent of polymerization and disorder. The NBO/T range of
the systems (0–2.67) studied here extends from the most
polymerized natural melts to well beyond the least poly-
merized. We also have utilized quantum chemical calcula-
tions to investigate the energetics of NBO clusters and
preferential depolymerization in silicate networks. We
finally discuss the importance of these structural findings
for melt properties.

2. Experimental and quantum chemical calculation methods

2.1. Sample preparation

Ca-silicate and aluminosilicate glasses were synthesized
from mixtures of oxide (Al2O3, 40% O-17 enriched SiO2)
and CaCO3 reagents (Stebbins and Xu, 1997). About
0.2 wt% Co oxide was added to enhance spin–lattice relax-
ation and thus reduce total NMR signal acquisition time.
The mixtures (typically about 250 mg) were decarbonated
at around 800 �C and fused at about 1500–1670 �C (above
the melting temperature) in Ar for an hour and then
quenched. Negligible weight loss was observed after con-
sidering decarbonation. The nominal compositions of the
binary calcium silicate glasses are CaO/SiO2 = 4:3 (CS43)
and CaO/SiO2 = 38.5:61.5 mol% (CS46, Lee and Stebbins,
2003b). Those of the calcium aluminosilicate glasses are,
CAS312 (CaO/Al2O3/SiO2 = 3:1:2 mole ratio), relatively
depolymerized CAS313 (grossularite garnet composition
CaO/Al2O3/SiO2 = 3:1:3), and CAS223 (CaO/Al2O3/
SiO2 = 2:2:3), which is on the charge-balanced join. The
melts were quenched into glasses by dipping a Pt crucible
into water. The resulting glasses were optically transparent
and no evidence for the presence of crystalline phases was
found under polarizing microscope. While we have not
done probe analysis for the sample and the sample may
be chemically heterogeneous, the weight loss during synthe-
sis is negligible considering decarbonation, suggesting that
the resulting glass composition should be close to the nom-
inal values.

2.2. NMR spectroscopy

O-17 NMR experiments (9.4 and 14.1 T) were per-
formed on a modified Varian VXR-400s spectrometer
(9.4 T) and Varian Inova 600 (14.1 T) with a Doty Scientif-
ic, Inc. MAS probe (4 mm silicon nitride rotor) and a Var-
ian T3 probe (3.2 mm zirconia rotor), respectively. O-17
MAS NMR spectra were collected with single pulse acqui-
sition with a pulse length of 0.25 ls (about 15� radio fre-
quency tip angle for solids), a recycle delay of 1 s with
15 kHz spinning speed at 9.4 T, and 0.15 ls pulse, recycle
delay of 1 s, and 18 kHz spinning speed at 14.1 T. O-17
3Q MAS NMR spectra at 9.4 T were collected using shift-
ed-echo pulse sequences as previously described (5.25 ls-
delay–1.75 ls-delay–20 ls) with recycle delays up to 10 s
for calcium aluminosilicate glasses. O-17 NMR frequencies
are reported relative to 20% O-17 water as an external stan-
dard. Detailed information on NMR conditions can be
found in our previous reports (Lee et al., 2001; Lee and
Stebbins, 2002). Here the O-17 3QMAS NMR spectra were
processed with a shear transformation with isotropic
dimension frequencies scaled as described by earlier study,
using the software package ‘‘RMN’’ (P. Grandinetti, Ohio
State University) (Baltisberger et al., 1996).

2.3. Quantum chemical molecular orbital calculations

Quantum chemical molecular orbital calculations
(geometry optimization and single point energy) were per-
formed on model Ca-aluminosilicate clusters to explore the
energetics of non-bridging oxygen distribution in calcium
aluminosilicate glasses with Gaussian98 (Foresman and
Frisch, 1996; Frisch et al., 1998). The three clusters studied
are a chain aluminosilicate (CaAl2Si1O2(OH)8) where all
the oxygens are BO, a cluster with 1 NBO on Si (CaAl2-

Si1O2OSi–NBO(OH)7), and a cluster with 1 NBO on Al
(CaAl2Si1O2OAl–NBO(OH)7). All the oxygens except bridg-
ing oxygens (Si–O–Al and Al–O–Al) were terminated with
hydrogen for charge balance. The geometry of each cluster
was optimized at the Hatree-Fock (HF) level of theory with
a 6-311G(d) basis; the single point energy was then calcu-
lated at the B3LYP level of theory with the 6-311G(2d,p)
basis set with local density approximations. Upon optimiz-
ing the geometry of each cluster, bond lengths (Si–O, Al–O,
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Al–OH) and angles (Al–O–H and Si–O–H) in each cluster
were fixed while other internal variables (e.g., Si–O–Al and
Al–O–Al angle and Ca–O distance) are allowed to be fully
relaxed (see below for limitations of these approaches). The
purpose of these quantum chemical molecular orbital cal-
culations is to yield qualitative theoretical interpretation
of the relative stability among NBOs (i.e., Ca–O–Si and
Ca–O–Al), as Ca–O–Al is not present in the glasses
described here. Future modeling efforts with varying
Ca/Al ratio (number of Ca around NBO and BO as well
as Si/Al ratio) and with larger clusters would provide a
more quantitative description of the experimental spectra.

3. Results and discussion

3.1. O-17 MAS and 3QMAS NMR

3.1.1. Binary calcium silicate glasses

Fig. 1 shows O-17 MAS NMR spectra for binary calci-
um silicate glasses with varying CaO/SiO2 ratio [at 14.1 (A)
and 9.4 T (B)] where a non-bridging oxygen peak (a narrow
component around 100 ppm, Ca–O–Si) and a bridging
oxygen peak (a broad component around 30–50 ppm, Si–
O–Si) are clearly resolved. The proportion of NBO in the
binary calcium silicate glasses increases with increasing
CaO content from about 50% (CS46) to 79% (CS43) (ob-
tained from by fitting MAS NMR spectra with two Gauss-
Fig. 1. 17O MAS spectra for binary calcium silicate glasses CaO/
SiO2 = 4:3 (CS 43) and CaO/SiO2 = 4:6 (CS 46) at 14.1 T (A) and 9.4 T
(B).
ian functions) as expected from the stoichiometry (50% and
80%, respectively).

NBO and BO peak positions move toward higher fre-
quency (larger chemical shift) with increasing CaO content.
For instance, the NBO peak position for CS46 is about
100 ppm and that of CS43 is centered at around 109 ppm
(at 14.1 T, Fig. 1B). These changes could stem from both
variations of isotropic chemical shift (diso) and quadrupolar
coupling constant (Cq). Those NMR parameters for CS46
were previously reported, with diso of 104.7 (±2 ppm) and
Cq (assuming that quadrupolar asymmetry parameter g is
0.5) of about 2.1 MHz (Lee and Stebbins, 2003b). Those
for CS43 obtained from 3QMAS NMR (see below) are diso

of 116 (±2 ppm) and Cq (g � 0.5) of about 2.1 MHz. The
variation of NBO peak position with composition is, there-
fore, mostly due to changes in isotropic chemical shift. This
variation with Ca/Si suggests some change in atomic con-
figurations around the NBO. According to ‘‘the perturbed
distribution of network modifying cations’’ (extension of
the ‘‘perturbed Na distribution model,’’ Lee and Stebbins,
2003a), Ca cations would see an average NBO/BO ratio in
their proximity (i.e., mostly the first coordination shell),
where the average Ca–O distance is shorter for Ca–NBO
than Ca–BO (a similar trend can account for Na NMR
spectra for Na-silicates and aluminosilicates). Therefore,
with increasing Ca content, Ca ‘‘sees’’ oxygens in a higher
NBO/BO ratio, lowering the average Ca–NBO distance.
This could lead to an increase in Si–O bond length. Recent
NMR studies of crystalline chain silicates reported that
O-17 isotropic chemical shifts do tend to increase with
Si–NBO bond length (Ashbrook et al., 2002), which could
account for the trend observed here for NBO.

BO clusters (Si–O–Si) are likely to show a similar trend:
the O-17 diso of Si–O–Si appears to increase with CaO con-
tent. This trend may be due to an increasing number of Ca
around BO as also has been reported for Ca-aluminosili-
cate glasses on the charge-balanced join (Lee and Stebbins,
2000), and is consistent with that reported for binary sodi-
um silicate glasses (Xue et al., 1994). Our recent quantum
chemical calculations of sodium aluminosilicate rings also
predict that oxygen chemical shift increases with increasing
Si–O bond length in bridging oxygens (Lee, 2004).

3.1.2. Calcium aluminosilicate glasses

Fig. 2 presents O-17 MAS NMR spectra for Ca-silicate
and Ca-aluminosilicate glasses in the CS43–CAS223 pseud-
obinary join where the degree of polymerization from stoi-
chiometry (e.g., X CaO � X Al2O3

) gradually increases. The
Al-free Ca-silicate glass [CS43, XCaO = CaO/(CaO +
Al2O3) = 1] has a larger fraction of NBO (Ca–O–Si) that
decreases with increasing Al content to CAS313 (XCaO =
CaO/(CaO + Al2O3) = 0.75) and CAS223 (XCaO = 0.5).
There is a non-negligible fraction of NBO in the CAS223
glass as previously reported in the other charge-balanced
(Ca/Al = 1) calcium aluminosilicate glasses (Stebbins and
Xu, 1997; Stebbins et al., 1999; Lee and Stebbins, 2002;
Oglesby et al., 2002). Note that the NBO peak in the



Fig. 2. 17O MAS NMR spectra (9.4 T) for calcium aluminosilicate glasses on the calcium silicate–calcium aluminosilicate join at 14.1 T (A) and 9.4 T (B).
Spectrum with red color refers to CAS312.
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spectra of CAS223 and CAS313 glasses corresponds to pre-
dominantly Ca–O–Si (around 100 ppm). A recent O-17
NMR study of peralkaline, silica-poor Ca aluminosilicate
glasses showed that Ca–O–Al can be observed exclusively
at very high Al/Si ratios and its diso is about 150 ppm
(Allwardt et al., 2003). While there could be a few % of
Ca–O–Al in CAS313, its presence is not clear. While the
proportions of the three types of BO (Si–O–Si, Si–O–Al,
and Al–O–Al) cannot be uniquely obtained from O-17
MAS NMR, the fraction of total BO clearly does increase
with Al content and the extent of polymerization.

As has been previously demonstrated, two-dimensional
3QMAS NMR (Frydman and Harwood, 1995; Medek
et al., 1995; Amoureux et al., 1996) provides improved res-
olution among oxygen clusters over one-dimensional MAS
NMR (e.g., Dirken et al., 1997; Stebbins and Xu, 1997).
Fig. 3 shows O-17 3QMAS NMR spectra for the CS43–
CAS223 series where the variation of populations of
NBO clusters as well as BOs with XCaO are clearly shown
and thus reflect the effects of the degree of polymerization.
Fig. 3b shows the ranges of peak positions in the spectrum
for CAS313, where there is considerable peak overlap
among the different types of bridging oxygens, unlike in
previous results for alkali aluminosilicates (e.g., Dirken
et al., 1997; Lee and Stebbins, 2000). The peak position
for each bridging oxygen site as drawn with ellipses in
the 2D NMR spectra (Fig. 3B) does not vary much with
composition in Ca-aluminosilicate glasses. The Ca–O–Si
peak is well resolved at around 100 ppm in the MAS
dimension and �67 ppm in the 3QMAS dimension. The
NBO fraction (Ca–O–Si) decreases with decreasing XCaO,
consistent with O-17 MAS NMR results (Fig. 2). BO
clusters [Si–O–Si (�50 ppm in the 3QMAS isotropic
dimension), Si–O–Al (at about �40 ppm in the isotropic
dimension), and Al–O–Al] are partially resolved. Qualita-
tively, it is clear that the fractions of Si–O–Al and Al–O–
Al increase with increasing Al and decreasing XCaO from
CS43 to CAS223 while the proportion of Si–O–Si appears
to decrease with decreasing XCaO, all as expected from the
composition (see below for quantification of oxygen site
populations). Fig. 4 shows the total isotropic projections
of the O-17 3QMAS NMR spectra for the glasses on the
CS43–CAS223 join, where similar variations of oxygen
cluster populations are observed. Total isotropic projection
(sum of data along the lines parallel to the MAS axis) al-
lows us to have higher S/N than in an individual slice.

While some effects of composition on the structure (e.g.,
Al coordination) in calcium aluminosilicate glasses has
been extensively studied, the changes in oxygen anion envi-
ronments remain to be explored in detail. Fig. 5 shows the
O-17 3QMAS NMR spectrum for the partially depolymer-
ized Ca-aluminosilicate glass, CAS312 (CaO/Al2O3/
SiO2 = 3:1:2). Compared with CAS313, the NBO (Ca–O–
Si) fraction is clearly larger and the proportion of
Al–O–Al is also more prominent. The Si–O–Si fraction is
obviously smaller for CAS312. Fig. 6 shows the total iso-
tropic projection for the CAS312 and CAS313 glasses,
manifesting the changes in oxygen cluster fraction and
environments with X SiO2

.
Finally, while it is not directly relevant to the structure-

property relations of the CS and CAS glasses, it is worth
noting the effects of the external magnetic field on the spec-
tra, which are one of the fundamental aspects of solid-state
NMR of quadrupolar nuclei including O-17 (e.g., Kohn
et al., 1998; Gan et al., 2002; Stebbins et al., 2002). Recent
high field NMR studies of quadrupolar nuclides yield



Fig. 4. Total isotropic projections of O-17 3QMAS spectra (9.4 T) of
glasses along the CS43–CAS223 join.
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improved resolution in the spectra with reduced perturba-
tion by quadrupolar broadening. Fig. 7 shows O-17 MAS
NMR spectra for the two calcium silicate binary glasses
at both 9.4 T and 14.1 T (Reorganized from Figs. 1 and
2) demonstrating the effect of magnetic field on the peak
shape and positions. The peak positions move to higher
frequency with increasing field, as the 2nd order quadrupo-
lar shift and broadening decreases. Because the Cq of NBO
(about 2.1 MHz) is smaller than that of BO (about
4.5 MHz), the effects of increasing the external field are
considerably more prominent for the latter.

3.2. Degree of polymerization and framework disorder

Framework disorder in aluminosilicate silicate glasses
and melts depends on temperature, composition and prob-
ably pressure. With increasing temperature, the deviation
from a random distribution among framework units
decreases (Dubinsky and Stebbins, 2005; Lee, 2005; Dubin-
sky and Stebbins, 2006). The field strength of the modifier
cation(s) has been identified as one of the important factors
controlling the extent of chemical disorder, as suggested
both spectroscopically and thermodynamically (e.g., Nav-
rotsky et al., 1982; Murdoch et al., 1985; Mysen, 1988;
Hess, 1995; Navrotsky, 1995). The degree of polymeriza-
tion is a convenient parameter with which the atomic and
nanoscale structures and the macroscopic properties can
be described. O-17 NMR probes the fraction of non-bridg-
Fig. 3. (A) 17O 3QMAS NMR spectra (9.4 T) for Ca-silicate and
aluminosilicate glasses along the CS43–CAS223 join. Contour lines are
drawn from 8 to 98% of relative intensity with a 5% increment and an
added line at 4%. (B) 17O 3QMAS NMR spectrum for CAS313 where
three ellipses for the oxygen clusters were added to roughly show the
contributions from the various oxygen species as discussed in the text.

b



Fig. 5. 17O 3QMAS NMR spectrum for CaO/Al2O3/SiO2 = 3:1:2 glass at
9.4 T. Open square shows the center of the peak position for Ca–O–[4]Al
(Allwardt et al., 2003). Contour lines are drawn from 8 to 98% of relative
intensity with a 5% increment and an added line at 4%. See also Fig. 3B
caption for the ranges of peak position for each bridging oxygen.

Fig. 6. Isotropic projection of the 17O 3QMAS NMR spectra (9.4 T) for
CAS 312 and 313 glasses.

Fig. 7. Effect of external magnetic field on the O-17 MAS NMR spectra
for Ca-silicate glasses (14.1 T and 9.4 T). (A) CS43 and (B) CS46.

Fig. 8. Variation of oxygen cluster populations with varying degree of
polymerization (NBO/T, or CaO/(CaO + Al2O3)). Open circle denotes
calculated NBO fraction from composition.
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ing oxygen and thus can directly characterize the degree of
polymerization. In order to better constrain the macro-
scopic properties, estimation of the fractions of all the oxy-
gen clusters is important. Fig. 8 shows the oxygen cluster
populations for glasses on the CS43–CAS223 join as a
function of NBO/T. Here, the fraction of Ca–O–Si was
quantified from O-17 MAS NMR as previously mentioned.
Then, the total isotropic projections of the O-17 3QMAS
NMR spectra the glasses in the CS43–CAS223 were fitted
using four Gaussian functions representing each NBO
and BO cluster.

Because of the considerable peak overlap for the CS43–
CAS223 glasses, we describe this fitting procedure in some
detail. Several types of constraints were applied. The posi-
tion and width of the Ca–O–Si (NBO) peak are relatively
well constrained by the spectrum for CS43. These were thus
used in fitting the data for the aluminosilicates, with small
ranges of variation allowed for compositional effects:
�67.5 ± 2 ppm for the position and 7 ± 1 ppm for the
width. The initial Si–O–Si peak positions and widths were
also obtained from the two-dimensional 3QMAS spectrum
of CS43, and were constrained to be �54 ± 2 ppm and
3.7 ± 0.7 ppm for the ternary compositions. The Al–O–Al
peak position was from our previous report (Lee and Steb-



4282 S.K. Lee, J.F. Stebbins 70 (2006) 4275–4286
bins, 2002) for charge-balanced Ca-aluminosilicate glasses
with low Si/Al ratio of 0.5 and thus high contents of this
species, and was fixed at �34 ppm in initial fitting, with
7 ± 1 ppm width. The initial estimate of the Si–O–Al peak
position (�40 ppm) is also from the previous paper (Lee
and Stebbins, 2002) and allowed to vary within ±3 ppm,
with the width as 6 ppm ± 2 ppm. With these constraints,
the isotropic spectra for CAS223 and CAS313 were then
fitted simultaneously, using the same component positions
and widths for both. We then fitted the spectra again after
removing the constraint on �34 ppm for the Al–O–Al peak
position, improving the fit. Results were given in Fig. 9.
Due to the peak overlap, the fits are rather non-unique
and represent one of the many possible solutions. The XSi’s
(=Si/(Si + Al)) for CAS223 and CAS313 are 0.43 and 0.6,
respectively while those obtained from the fitting results are
0.46 (CAS223) and 0.54 (CAS313), suggesting that the fit-
ting result is not ‘‘perfect’’ and this slight deviation is due
to the fact that the peak positions and widths are fixed in
the fitting. However, they at least represent a plausible
and consistent model of the distribution of oxygen species
as a starting point for discussion and future studies. We
note that fitting of the 2D spectrum (instead of fitting the
1D projection) would be desirable if the peak overlap
among oxygen clusters is significant (Massiot et al.,
2002). Our routine here using Gaussian functions for the
fitting of the 1D isotropic projections is identical to 2D fit-
ting with an assumption of a Gaussian peak shape for each
oxygen cluster. The actual peak shape may deviate from
Gaussian and thus contribute to the sources of uncertainty
in the calculated intensity as previously mentioned.

Because the relative peak intensities in 3QMAS NMR
depend to some extent on the experimental conditions as
well as the quadrupolar interactions (e.g., Cq), the 3QMAS
signal intensity of each peak was calibrated considering all
the experimental details (power and duration of pulses, de-
lays, and quadrupolar interactions) (Medek et al., 1995;
Fig. 9. Fitting results of total isotropic projections for O-17 3QMAS
NMR spectra for CS43–CAS223 join, as discussed in detail in the text.
Wu et al., 1996; Massiot et al., 2002; Lee and Stebbins,
2003a). The methods used were described previously (Bak
et al., 2000) and were applied in earlier studies (Lee and
Stebbins, 2003a; Lee, 2004). The differences in NBO frac-
tions in the glasses obtained here from the MAS vs. the cal-
ibrated 3QMAS intensities (considering Cq dependences of
the NBO and BO) are quite small, suggesting the calibra-
tions were reasonably accurate. Because Cq values for the
NBO are considerably lower than those for BO, the
3QMAS intensities of the former are over-represented by
roughly 10% for the experimental conditions used here.
We note that for higher pulse power and external fields,
comparisons of O-17 data for borosilicate glasses have
yielded experimental corrections that were small enough
with respect to experimental error to be not included
(Du and Stebbins, 2005).

Calibrated NBO fractions along the CS43–CAS223 join
increase with increasing NBO/T from about 8% [NBO/
T = 0, CaO/(CaO + Al2O3) = 0.5] to 79% [NBO/T =
2.667, CaO/(CaO + Al2O3 = 1)]. While the fraction of
NBO for the binary calcium silicates as well as the overall
trend in the variation of NBO fraction with XCaO are con-
sistent with those expected from composition, those in the
calcium aluminosilicate glasses are somewhat different
from the predicted values. The presence of NBO in glasses
on the charge-balanced join has already been demonstrated
(Stebbins and Xu, 1997). On the other hand, the fraction of
NBO in the grossularite composition glasses (about 26–
27%) appears to be smaller than the predicted value of
33%, possibly because of the presence of [5]Al. Indeed, re-
cent Al-27 3QMAS NMR spectra at 17.6 T indicated the
presence of about 7–8% [5]Al in similar composition glasses
(Iuga et al., 2005). A trend of decreasing fraction of NBO
with an increase in Al coordination number in aluminosili-
cates has indeed been reported for aluminosilicate glasses
quenched from melts at high pressure (e.g., Yarger et al.,
1995; Lee et al., 2004; Allwardt et al., 2005). We note how-
ever, that an 27Al 3QMAS NMR spectrum collected at
9.4 T for CAS313 does not provide definite evidence for
[5]Al (detection limit of about 1–2%). The reason for the
difference is likely due to the different radio frequency
(RF) power levels of the two experiments (17.6 vs. 9.4 T),
as experiments at higher RF field often lead to more signal
intensity from larger Cq sites such as [5]Al.

The fractions of the various BO clusters provide unique
constraints on the degree of framework disorder. For
aluminosilicate glasses, this can often be parameterized
using the degree of Al avoidance (Q) that varies from 1
(complete Al-avoidance) to 0 (random distribution of Si
and Al) (see Lee and Stebbins, 1999; Lee and Stebbins,
2002 for definition). The degree of Al avoidance is also
affected by the cation field strength of non-framework cat-
ions, ranging from about 0.94 (for Na+) to 0.75 (for Mg2+)
(Lee et al., 2005). Previous quantification of the degree of
Al avoidance in calcium aluminosilicate glasses showed
that Q varies from 0.8 to 0.875 and does not vary much
with Si/Al along the charge-balanced join (Lee and Steb-
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bins, 1999; Lee and Stebbins, 2002). However, Q, as man-
ifested in the fractions of BO clusters, could be affected by
the degree of polymerization or XCaO. For example, the Q

value for CAS223 glasses calculated from the data present-
ed above is about 0.84, which is consistent with values for
other calcium aluminosilicate glasses on the charge-bal-
anced join. On the other hand, the Q value for CAS313
is about 0.6, suggesting a greater degree of framework dis-
order. While the confirmation of this trend requires more
systematic study with varying compositions, this effect
could result from increasing interaction between network
modifying cations and BO clusters, leading to an increase
in the extent of disorder (e.g., a more effective compensa-
tion of the partial negative charge on Al–O–Al oxygens).
Finally, we note again that there is considerable intrinsic
uncertainty in the fitting results due to peak overlaps. Thus,
although the results shown here can be useful to provide
new information on trends of oxygen cluster populations
with composition, care must be taken not to draw overly
definitive conclusions.

3.3. Insights from quantum chemical molecular orbital
calculations

As has been demonstrated in previous O-17 NMR stud-
ies of calcium aluminosilicate glasses (Allwardt et al.,
2003), NBO in the glasses studied here is predominantly
Fig. 10. Model Ca-aluminosilicate clusters. (A) Ca aluminosilicate clusters
Al–NBO (CaAl2Si1O2OAl–NBO(OH)7), (C) Ca-cluster with Si–NBO (CaAl2Si1O
linked by bridging oxygen as is clear from the composition.
Ca–O–Si, while Al–NBO (Ca–O–Al) appears to be energet-
ically much less favorable, as its concentration is below
detection limits. Quantum chemical calculations can pro-
vide additional insights on the NBO distributions. Fig. 10
shows the optimized geometry of the model Ca-aluminosil-
icate clusters, where Ca2+ is coordinated by 4 oxygens. The
Ca–[O–Al] distance (Fig. 10b) is 2.089 Å and Ca–[O–Si]
(Fig. 10c) is about 2.12 Å. Note that Ca clusters with
NBO were originally optimized from the cluster without
NBO (Fig. 10a) by removing one hydrogen from a terminal
Al–O or from a terminal Si–O (Fig. 10c). The calculated
energy difference between Al–NBO and Si–NBO at the
B3LYP/6-311G(2d,p) level is 108 kJ/mol, suggesting a
large energy penalty for the formation of Al–NBO. We
note that the accuracy of this model is limited because cal-
culated energies are expected to depend on composition
(Si/Al, number of Ca, etc.) and on constraints in optimiza-
tion. For example, further relaxation of the clusters by
eliminating these constraints could lead to lower configura-
tion energies and thus to changes in the energy differences
between the clusters. In addition, the cluster sizes are too
small to capture some relevant features of the real local
structure, particularly the high likelihood that NBO have
multiple Ca cation neighbors. While it is desirable to have
larger clusters with minimum perturbation by hydroxyl
groups, small clusters have often been used to provide qual-

itative interpretation of experimental data as is the case
without non-bridging oxygen (CaAl2Si1O2BO(OH)8). (B) Ca-cluster with

2BOOSi–NBO(OH)7). Note that all the framework cations (Si and Al) are
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here. Despite the utility of small cluster calculations in
roughly estimating energy differences, further analysis with
larger clusters would provide more realistic atomic struc-
tures around NBO and BO with several network modifying
cations (e.g., coordination of Ca is close to 6.5 from earlier
X-ray and neutron scattering experiments Richet et al.,
1993; Zhao et al., 1997; Cormier et al., 2000) and thus yield
a more accurate energy penalty for the formation of Al–
NBO.

3.4. Implications for macroscopic properties of melts

From the experimental data presented here, insights into
the corresponding macroscopic properties can be obtained.
While better quantification of oxygen cluster populations
(bridging oxygen and NBO) could yield more quantitative
macroscopic properties, the trends shown are useful. the
trends shown above are helpful in accounting for macro-
scopic properties (i.e., viscosity) and their microscopic ori-
gins. Here, we attempt to obtain composition dependent
activation energies of viscous flow from the experimentally
measured viscosity data and NBO fractions from O-17 sol-
id-state NMR. As previously reported, the NBO fraction
(XNBO) can be directly correlated to the melt viscosity
(Mazurin, 1983; Giordano and Dingwell, 2003; Lee,
2005). For instance, a decrease in XNBO of 0.1 along the
Ca-silicate binary (from 0.5 to 0.8) results in a almost linear
change in viscosity at 1500 �C of about 0.256 log units
(Mazurin, 1983). This relationship and the effect of temper-
ature may also be expressed as follows:

o ln g
oX NBO

� �
T

/ ENBO � EBOð Þ
kT

ð1Þ

Here, g is the viscosity of melts at high temperature where
the flow process follows Arrhenian behavior. ENBO and
EBO are defined previously to be the activation energy bar-
riers responsible for viscous flow when the system is com-
posed of exclusively NBO and BO, respectively; k is the
Boltzman constant. The relationship is derived from Eq.
(4) of Lee et al. (2004). Since ENBO � EBO is negative, the
dependence of viscosity on XNBO increases with decreasing
temperature. At lower temperatures, [o lng/oXNBO] is also
dependent on [oTg/oXNBO] and on [oF/oXNBO], where the
derivatives indicate the dependencies of viscosity, glass
transition, and fragility (F) on XNBO, respectively. Eq. (1)
demonstrates that the relationship between experimentally
measured viscosity and NBO fraction from O-17 NMR can
potentially yield information about relative magnitudes of
ENBO and EBO if there is any compositional dependence.
Further modeling of melt properties can utilize the frac-
tions of XNBO (that can be directly determined from exper-
iment) as a model parameter to constrain melt properties
quantitatively.

While quantitative assessment on the thermodynamic
properties of multi-components melts and glasses is com-
plex and model dependent, our preliminary semi-quantita-
tive calculation of configurational enthalpy in the CS43–
CAS223 join using the oxygen cluster populations
(Fig. 8) is negative (with minimum in the CAS313) (Lee
and Stebbins, 2002). We also note that the fraction of Si–
O–Si is probably directly related to the activity of SiO2 in
the glasses and melts, and in turn helps to determine the
composition of melts generated in equilbrium with crystal-
line phases (see Hess, 1995; Lee, 2005 for review and the
references therein) in such a way that the silica activity
increases with XSi–O–Si. Therefore, the trend observed along
the CS43–CAS223 join (constant X SiO2

) as a function of
NBO/T (i.e., decreasing XSi–O–Si with decreasing NBO/T)
suggests that the silica activity should decrease from
CS43 to CAS223. Such considerations should be useful in
helping to understand the effects of multi-component vari-
ation in compositions of melts in systems (such as the
upper mantle) where silica activity is fixed by host rock
mineral assemblages.
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