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ABSTRACT

Eight glasses with molar Mg/2Al = 1 in the system MgO-Al,0;-SiO, have been studied by magic
angle spinning (MAS) NMR spectroscopy. Using triple quantum (3Q) NMR techniques we find
evidence for significant concentrations of Al coordinated to five O atoms in all glasses, the propor-
tion increasing with decreasing Mg/Al and decreasing silica content. In glasses with Mg/2Al = 1, up
to 6% of the Al is estimated to be coordinated to five rather than four O atoms. Calculations of the
polymerization state of these liquids made assuming that all aluminum is in tetrahedral coordination
charge balanced by magnesium are thus seriously in error. Such errors may be of even greater impor-
tance at the high temperatures and pressures relevant to the Earth and materials sciences.

INTRODUCTION

The continuous random network model (Zacharaisen 1932)
has been a remarkably useful basis for understanding the struc-
ture and properties of silicate melts. An essential feature of
this model is the assignment of cations to network forming and
network modifying roles (e.g., Mysen 1988). The former are
generally small, highly charged cations tetrahedrally coordi-
nated to oxygen, while the latter are larger monovalent and
divalent cations which are coordinated to more than four O
atoms. This concept may be used to quantify the “polymeriza-
tion” of the melt, for example, by taking the ratio of the num-
ber of non-bridging O atoms (NBO) to the number of
tetrahedrally coordinated network forming cations (T). This
molar ratio “NBO/T” has been extensively used to rationalize
the variation of physical and thermodynamic properties of sili-
cate melts as a function of composition. The distinction be-
tween network forming and network modifying is somewhat
artificial as there is obviously a continuum of behavior between
these two extremes. Furthermore, it is difficult to account for
unusual coordination states within this framework. Nonethe-
less it provides a simple starting point, upon which a more so-
phisticated treatment can be built. For Al**, which has an
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intermediate charge and radius, it is generally assumed that
association with “charge balancing” cations (M"*, e.g., Na*,
Ca®") will stabilize aluminum in tetrahedral coordination wher-
ever possible (Mysen 1988). Therefore, addition of aluminum
to a depolymerised silicate melt will remove metal cations from
network modifying roles until no more non-bridging O atoms
remain. If all Al is incorporated in this way, NBO/T will fall to
zero when the molar ratio M"*/nAl = 1 (the “charge balanced
join”). If further Al is added, the “excess” Al may play a net-
work modifying role, thus depolymerising the network, or al-
ternatively may remain tetrahedrally coordinated, but associated
with a three coordinated oxygen in a configuration known as a
tricluster (Lacy 1963). It has been recently proposed that such
triclusters may even occur in compositions with M"*/nAl > 1
(Toplis et al. 1997; Stebbins and Xu 1997). On the other hand
no evidence for more than 1% high coordinated Al has been
reported in glasses with M"*/nAl = 1 (Baltisberger et al. 1996;
Stebbins et al. 2000), although early 1D ?’Al magic angle spin-
ning nuclear magnetic resonance (MAS NMR) spectra of mag-
nesium aluminosilicate glasses with Mg/2Al slightly less than
1 demonstrated that five and six coordinated aluminum (YAl
and Y'Al) are present (McMillan and Kirkpatrick 1992).

To establish whether Al with a high coordination number is
present in glasses with Mg/2Al > 1 we applied state-of-the-art
NMR techniques to study the local environment of Al in glasses
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from the system MgO-Al,O;-Si0,. The compositions were cho-
sen to determine how the proportion of highly coordinated Al
varies as a function of Mg/Al ratio and silica content.

EXPERIMENTAL METHODS AND RESULTS

Three series of glasses at fixed silica content (nominally
50, 67, and 75 mol%) were synthesized, each one spanning the
charge balanced join (Mg/2Al = 1) from compositions with an
excess of Mg to an excess of Al. For each series two end-mem-
ber glasses were made from mixtures of reagent grade oxides
fused at 1600 °C at one atmosphere. Intermediate composi-
tions were mixtures of weighed proportions of the two end-
members, mechanically stirred at 1600 °C for periods up to 12
hours to ensure homogeneity. Of the 24 glasses synthesized in
this way, four with 50 mol% SiO, and two each with 67 and 75
mol% SiO, were examined here. Sample compositions were
determined using an SX50 electron microprobe (Nancy, France)
running at 15kV, 10nA, and a defocused beam diameter of 20
micrometers.

All 7 Al NMR spectra were collected using a Chemagnetics
Infinity 600 operating at a resonance frequency of 156.38 MHz
and a 3.2 mm magic angle spinning (MAS) probe with MAS at
~18 kHz. The 1D MAS spectra (Fig. 1) were collected under
excitation and relaxation conditions that ensured the quantita-
tive integrity. The resulting spectra show evidence for VAl in
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FIGURE 1. Al MAS NMR spectra of glasses with 50 mol% SiO,.
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addition to 'VAl, but because of quadrupolar broadening of the
peaks, it is not possible to quantify their relative proportions.
To resolve the two components of the spectra, triple quantum
(3Q) MAS NMR was used (Medek et al. 1995). The phase
modulated split-t] method (Brown and Wimperis 1997) was
employed, with a 145 kHz excitation on resonance radio fre-
quency (r.f.) field. The spectra were accumulated with an echo
time of 0.5 ms with ~1000 scans for each of the 80 to 100
slices spaced by 20 ms. A relaxation delay of 0.5 s was used
with total spectral widths of 50 and 65 kHz in the F1 and F2
directions respectively. Resonance and MAS frequencies were
those employed for the 1D MAS spectra. The 3Q ?’Al spectra
confirm that YAl is present in all of the studied glasses, but no
evidence for Y'Al was found (Fig. 2).

The concentrations of 'YAl and YAl were quantified by pro-
jecting the 2D 3Q data onto the isotropic axis, then fitting the
resulting one-dimensional spectrum with two Gaussian peaks
(Fig. 3). One potential problem in extracting quantitative in-
formation from MQ MAS spectra is that the efficiency of ex-
citing multiple quantum coherence depends in a complex way
on the magnitude of the quadrupole coupling constant and the
r.f. field (Iuga et al. 1999). The NMR interactions can be esti-
mated from the positions of the signals in both spectral dimen-
sions (Brown and Wimperis 1997) and give mean values for
the quadrupole interaction (C,) of ~6 MHz for 'VAl and <5 MHz
for YAl The main problem with this approach in amorphous
materials is the asymmetry of the lineshape in the F2 dimen-
sion resulting from the distribution of interactions, which makes
it difficult to estimate the center of gravity. However these val-
ues for Cy agree well with those determined for the same units
in yttrium and lanthanum aluminosilicate glasses (Schaller and
Stebbins 1998). Therefore, the values of YAI/'YAl + YAl (Table
1) probably require a correction of less than 20%.

DISCUSSION

Comparison with simple structural models

When the measured proportion of fivefold-coordinated alu-
minum (Table 1) is compared with the prediction of currently
employed structural models (which assume that wherever pos-
sible, all Al will be tetrahedrally coordinated charge balanced
by metal cations) several discrepancies are apparent (Fig. 4).
First, up to 6% (relative) five coordinated aluminum is shown
to exist in glasses with Mg/2Al>1 where none would be ex-
pected. Second, although the concentration of YAl systemati-
cally increases with decreasing Mg/Al ratio at constant silica
content, the measured number of YAl in glasses with the lowest
Mg/Al ratio studied is significantly less than the total number
of “excess” Al required by stoichiometry (Fig. 4). This result
implies that in this compositional range some of the Al present
in tetrahedral coordination is not associated with charge bal-
ancing Mg ions. The most plausible mechanism for this frac-
tion is as part of a tricluster (Lacy 1963) as recently proposed
for sodium and calcium aluminosilicate glasses (Toplis et al.
1997, Stebbins and Xu 1997). Third, the concentration of YAl
decreases with increasing SiO, at constant Mg/Al. This obser-
vation can be explained if incorporation of VAl requires asso-
ciation with “normal” tetrahedral Al (thus there is more at high
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lous behavior of Mg?*, for example a higher proportion of Mg**
behaving as a network forming cation at high MgO concentra-
tions (Angell et al. 1987).

The structural role of the observed YAl should be consid-
ered. At one extreme, YAl may play a purely network forming
role, i.e., all five Al-O bonds are bridging to other network
forming Al or Si. In this case, two positive charges (i.e., an
Mg?* cation) are required to stabilize the Al in pentahedral co-
ordination. Transformation of a tetrahedrally coordinated Al
(charge balanced by 0.5Mg*) to a network forming YAl there-
fore requires consumption of an additional 0.5 network modi-
fying Mg ion. The observed increase in proportion of YAl in
glasses with decreasing number of available Mg ions is there-
fore inconsistent with this hypothesis. This latter observation
suggests that the structural role of VAl in these glasses does not
require the presence of Mg at all, and we therefore infer that
one or more of the Al-O bonds may be network modifying in
character.

If it is assumed that each observed VAl is associated with
one non-bridging O atom, the recalculated value of NBO/T at
the charge balanced join along the 50 mol% silica isopleth is
0.12, because of the presence of the 6 mol% NBO. If such NBO
play a similar role to those associated with addition of mono
and divalent metal cations, melt transport properties (Hess et
al. 1996; Liang et al. 1996), volatile solubilities (Brooker et al.
2000), and element partitioning (Kohn and Schofield 1994) are
likely to be affected. For example, at 1273 K, addition of 6
mol% NBO associated with alkalis and alkaline earths to a
haplogranitic melt results in a decrease in viscosity of 2 to 4
orders of magnitude (Hess et al. 1996).

How common is YAI?

The presence of YAl in all the glasses studied here contrasts
with other glasses close to the charge balanced join, such as
anorthite, where less than 2% have been found (Stebbins et al.
2000; Baltisberger et al. 1996). The greater proportion of YAl

ppm

FIGURE 3. (a) Projection of 2-D data (obtained using the same
conditions as in Fig. 2) for sample MAS 50:47 onto the isotropic axis;
(b) simulation of this projection; (¢) the two Gaussian components
and (d) the difference between a and b.

in magnesium aluminosilicate glasses may be related to the
relatively low stability of tetrahedral aluminate complexes
charge-balanced by magnesium compared with those charge-
balanced by K*, Na*, or Ca** (Roy and Navrotsky 1984). This
finding is also consistent with ion dynamics simulations of alu-
minate compositions which predict greater concentrations of
VAl in magnesium compared to calcium bearing compositions
(Poe et al. 1993). An alternative explanation is that some pro-
portion of the Mg has a low coordination number (Angell et al.
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TABLE 1. Compositions and measured proportion of VAl
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Sample wt% SiO, wt% Al,Os wt% MgO Mol% SiO, Mg* %VAl/ZAI
MAS50:54 48.78(61) 34.90(45) 16.21(25) 52.2 54.0 2.3
MAS50:50 47.59(46) 36.83(49) 14.85(13) 52.2 50.5 6.0
MAS50:47 46.46(19) 39.55(39) 13.84(20) 51.4 46.9 8.4
MAS50:44 45.17(60) 41.70(38) 12.73(26) 50.9 43.6 8.9
MAS67:53 62.28(25) 26.11(46) 11.43(26) 65.8 52.6 2.8
MAS67:48 61.98(42) 27.52(49) 10.03(23) 66.5 48.0 6.3
MAS75:51 71.58(31) 19.74(37) 8.04(15) 75.2 50.7 2.9
MAS75:49 71.22(37) 20.40(27) 7.62(13) 75.3 48.6 1.0

Notes: Mg* is 100 times the molar ratio MgO/(MgO+ Al,O;). Numbers in parentheses correspond to uncertainty in terms of the least units cited.
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FIGURE 4. The uncorrected YAl/("VAl + VAl) ratio determined by
fitting the MQ projections (Fig. 3) plotted as a function of the MgO/
(MgO + Al,O;) ratio of the glass. The solid line is the predicted ratio
assuming that all Mg?* charge balances YAl and that any “excess”
aluminum is YAl

1987; Waseda and Toguri 1990) and acts as a network forming
cation, leading to a reduced availability of Mg as a charge-
balancing cation for AI**.

It should not be forgotten that the structure of a glass is
essentially the same as that of the equivalent liquid at the glass
transition temperature and that at higher temperature and/or
pressure the relative proportions of YAl and 'VAl in MgO-Al,0;-
Si0, glasses may be different from those measured here (Fig.
4). Ion-dynamics simulations and in-situ high temperature NMR
spectroscopy have both been used to suggest that high coordi-
nate Al is favored with increasing temperature (Poe et al. 1994).
Furthermore, because of their smaller volume YAl should be
also favored over VAl with increasing pressure. This would
imply that the proportions of YAl measured here represent lower
bounds for the proportions of highly coordinated Al present at
the temperatures and pressures relevant to geological processes.
Also, although YAl has not been described in other charge bal-

anced glasses, highly coordinated aluminum is common in
molecular dynamics simulations of liquids at very high tem-
perature (Scamehorn and Angell 1991; Stein and Spera 1995),
and has been inferred from viscosity measurements in the sys-
tem Ca0O-Al0;-Si0, at 1600 °C (Toplis and Dingwell 1998).
Future studies should be aimed at determining if network modi-
fying YAl is a general feature of silicate liquids at temperatures
well above the glass transition.
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