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ABSTRACT
The state of ordering among network-modifier cations in molten silicates has a potentially large effect on their overall configurational entropy, on free energies of mixing, and
on viscosity and diffusivity. Most models of thermodynamic and transport properties assume random mixing, but there is relatively little direct microstructural information to
constrain the real extent of this disorder. Two-dimensional 17O NMR can produce spectra
that are free of quadrupolar broadening and thus in which peak widths for non-bridging
oxygen sites directly reflect the extent of disorder in the local structural environment. In
this report, we describe new data from triple-quantum magic-angle-spinning (3QMAS)
NMR for a series of barium and calcium silicate glasses. Results are best explained by
completely random mixing of Ba and Ca, confirming conventional modeling assumptions.
Other recent data show, however, that significant ordering may be present (at least at the
temperature of the glass transition) for modifier cations with greater differences in size or
charge, and among network-forming cations.

INTRODUCTION
The extent of disorder among metal cations has been
a first-order question in the thermodynamics of molten
silicates since the earliest attempts at modeling phase diagrams and activities (e.g., Bowen 1913; Flood and
Knapp 1968). It is generally thought that large differences
in cation size and charge cause major structural ordering
in melts as in crystals. In particular, small, high-charge
‘‘network formers’’ (Si41, Al31, B31, P51 ), which at low
pressure are primarily threefold or fourfold coordinated
by oxygen, are not mixed with lower-charged, larger
‘‘network modifiers’’ (e.g., Na1, Ca21 ) in models of configurational entropy. This separation of role is either
maintained implicitly by the choice of components or explicitly by division of the system into two or more ‘‘sublattices’’ (Weill et al. 1980). The distinction between network modifier and former cations is reasonably well supported by direct, microscopic information: X-ray and neutron scattering, and spectroscopic data in general confirm
that ranges of coordination number and bond distances
for these two categories are non-overlapping (Brown et
al. 1995). This division has recently become blurred,
however, with the finding that Fe31 and even Fe21 and
Mg21 may sometimes be fourfold coordinated in melts
and glasses (Mysen 1988; Brown et al. 1995), and that
even at ambient pressure significant proportions of fivefold-coordinated Si and Al may occur (Risbud et al. 1987;
Sato et al. 1991; Stebbins 1991; McMillan and Kirkpatrick 1992). The consequences of these findings for
entropy models have not been quantified.
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ifiers, random mixing among different cations is almost
universally assumed in models of thermodynamics, in
which at least the mixing entropy (if not the enthalpy) is
taken as the ideal value (e.g., Ghiorso et al. 1983; Ghiorso
and Sack 1994). The importance of disorder among network modifiers in transport properties has recently been
highlighted by calculations relating configurational entropy to viscosity by means of the Adam-Gibbs formulation
(Richet 1984; Richet and Neuville 1992). For the binary
systems CaSiO3-MgSiO3 and Ca3Al2Si3O12-Mg3Al2Si3O12,
random mixing of Mg and Ca gives remarkably accurate
predictions of the changes in viscosity with composition,
over a wide range of temperatures (Neuville and Richet
1991). Disorder among modifier cations also has major
consequences in models of their diffusivity and cationic
conductivity (Greaves and Ngai 1994; Sen et al. 1995).
However, despite the major consequences of cation orderdisorder in such a wide range of models, there is surprisingly little direct microscopic information to evaluate independently the true extent of this randomness.
Some insight into ordering among modifier cations in
melts may perhaps be gained from crystalline silicates.
For example, the extensive substitution of Fe21 and Mg21
in octahedral sites in many silicates, the fairly wide range
of substitution of Ca21 and Mg21 in pyroxenes and garnets
at high temperature, and extensive solid solution of Na1,
K1, and Ca21 in feldspars at high temperature suggest that
these geologically common groups of cations might indeed mix randomly in melts. In ternary systems of alkali
and alkaline earth oxides with silica, extensive solid solution is often noted for neighboring pairs in the periodic
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