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ABSTRACT
In framework aluminosilicate materials (e.g., feldspars, zeolites and many others), it is generally
assumed that AlO4 tetrahedra do not share corners, i.e., that Al-O-Al oxygen sites are avoided when
stoichiometry permits. This assumption plays a key role in models of thermodynamic properties and
of reaction kinetics. We present a new approach to directly test this assumption, based on 17O triplequantum magic-angle spinning nuclear magnetic resonance (3QMAS NMR). We show that thermodynamically significant concentrations of Al-O-Al sites can be observed in a naturally occurring
zeolite (stilbite), and that these sites react faster with H2O vapor than do Si-O-Si and Si-O-Al sites.

INTRODUCTION
Framework aluminosilicates, which are based on three-dimensional networks of corner-shared AlO4 and SiO4 tetrahedra, comprise the most common minerals of the Earth’s crust
(feldspars), are the predominant components of many natural
magmas and glasses, and are important constituents of many
glasses and ceramics used in technology. Zeolites are a group
of aluminosilicate minerals that are common in natural lowtemperature hydrothermal systems and are of widespread utility as catalysts in petroleum refinement and in industrial
chemical synthesis. One of the most important aspects of the
structure of such materials is the arrangement of AlO 4 and SiO4
groups in the tetrahedral network. The extent of ordering among
these groups has a major influence on the configurational entropy of the material and hence on temperature and compositional conditions of formation, in either nature or the laboratory.
Al-Si order-disorder affects reaction kinetics as well, for example in the distribution and number of acid sites in catalysts,
and in the rate at which different sites react with water (Xu and
Stebbins 1998a, 1998b).
Direct determination of the extent of Al-Si ordering in aluminosilicates is often difficult because of the similarity of Xray scattering by the Al3+ and Si4+ (T) cations. Long range
average Al-Si site occupancies must therefore often be estimated from average T-O bond lengths. Data on short range
order, which is generally of greater energetic significance, have
recently been greatly extended by high-resolution 29Si magicangle spinning (MAS) NMR (Engelhardt and Michel 1987).
This technique, when applied to relatively simple structures,
can quantify the concentrations of Si sites with varying numbers of Al first neighbors and hence elucidate the framework
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ordering state. However, it is less useful in complex structures
that have multiple, overlapping 29Si peaks. The most general
conclusion from many diffraction and NMR studies (Engelhardt
and Michel 1987) is that in systems where the molar ratio R =
Si/Al is greater than or equal to 1 (by far the most common
situation), Al-O-Al oxygen sites are absent or are at least minimized with respect to mixtures of Si-O-Al and Si-O-Si sites.
This conclusion is supported by theoretical and experimental
estimates of relative energetic stability (Navrotsky et al. 1982;
Tossell 1993). Although this “aluminum avoidance principle”
(Goldsmith and Laves 1955) or “Lowenstein’s rule”
(Loewenstein 1954) is acknowledged by many crystallographers to be only a first approximation (Smith 1988), it is almost always assumed in models of order-disorder in framework
silicates. Experimental observation of variations from ideal
“aluminum avoidance” have been limited, primarily occurring
in alkaline-earth containing aluminosilicates with Si/Al ≤ 1
(Phillips et al. 1992; Putnis 1992; Benna et al. 1999).
The utility of high-resolution 17O nuclear magnetic resonance (NMR) spectroscopy in measuring structural disorder
in solid silicates has advanced significantly with the introduction of techniques that average out second-order quadrupolar
effects, which can severely broaden conventional magic-angle
spinning (MAS) spectra (Chmelka et al. 1989; Fernandez and
Amoureux 1995; Frydman and Harwood 1995; Baltisberger et
al. 1996; Florian et al. 1996). In particular, the triple quantum
MAS technique (3QMAS) is relatively easy to implement, and
although not strictly quantitative, has been shown to clearly
resolve Si-O-Si, Si-O-Al, and other oxygen sites in aluminosilicates (Dirken et al. 1997; Stebbins and Xu 1997; Xu et al.
1998; Xu and Stebbins 1998b). Recently, Al-O-Al sites were
observed by 17O 3QMAS NMR in model compounds and in
Al-rich aluminosilicate glasses and shown to be clearly distinguishable from Si-O-Si and Si-O-Al sites (Stebbins et al. 1999).
This report uses 17O 3QMAS NMR to show that in many cases
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