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INTRODUCTION

Chlorine, largely in the form of HCl and volatile metal chlo-
rides, is a significant minor component of fluids that form dur-
ing the degassing of magmas (Carroll and Webster 1994), and
in some cases is abundant enough to lead to the formation of a
third liquid phase (hydrous molten salt or brine) during differ-
entiation. The importance of the solubility of chloride in sili-
cate melts has lead to numerous studies of both natural and
synthetic systems (see Webster et al. 1999 and Signorelli and
Carroll 2000 for reviews). Recent work has suggested, for ex-
ample, that melt composition has major effects, with alkaline
earth network modifiers being particularly effective at increas-
ing solubility, followed by alkali cations (Webster and De Vivo,
unpublished manuscript). Some kind of preferential bonding
interactions in the melt may thus be implied. Reduced solubil-
ity as the ratio of modifier cations to Al approaches the
metaluminous join (e.g., where Na/Al = 1), and as silica activ-
ity increases (Webster and De Vivo, unpublished manuscript),
suggest as well that Al-Cl and Si-Cl bonding is relatively un-
important. The latter may also be indicated by the low stability
toward volatilization and hydration of AlCl3 and SiCl4 com-
pared to NaCl, KCl, BaCl2, etc. Chloride is also a critical com-
ponent of photochromic borosilicate glasses doped with silver
and copper halides, which have seen widespread use in sun-
glasses and more exotic optical components (Araujo 1998).

Despite such interest, direct, atomic-scale information about
Cl– bonding environments in silicate glasses (which are assumed
to represent the structure of the melt at the glass transition tem-
perature) is almost non-existent. Solid-state 35Cl NMR offers
considerable potential for providing some of the first clues about
at least the first-neighbor coordination environment, but is tech-
nically challenging (see Smith 2000 for review). Although the

nuclide comprises 75% of natural Cl, its resonant frequency is
well below those of most commonly studied nuclides in sili-
cates, such as 27Al, 29Si, and even 17O. With a nuclear spin of 3/2
and a relatively large nuclear quadrupolar moment, this means
that NMR peaks can be severely broadened, and, in the case of
highly asymmetric bonding environments as found in organic
compounds, may be unobservable. The exception to this diffi-
culty has been early work on halides with cubic Cl– sites and
hence no quadrupolar broadening, which revealed a large range
in isotropic chemical shift (diso) that correlated well with cat-
ion-chloride bond distance (Weeding and Veeman 1989;
Lefebvre 1992). With the development of NMR spectrometers
operating at very high magnetic fields (e.g., 14.1 and 18.8 Tesla),
35Cl NMR has begun to be explored in a greater range of inor-
ganic and organic solids (Bryce et al. 2001; Skibsted et al. 2001).
A recent study of perchlorates demonstrated the relationship
between the quadrupolar coupling constant (CQ) and crystal
structure (Skibsted and Jakobsen 1999), and 35Cl NMR on
hydrocalumite [Ca2Al(OH)6Cl◊2H2O] and hydrotalcite (in both
of which Cl– is coordinated by H2O) revealed interesting
changes in dynamics with temperature (Kirkpatrick et al. 1999).

In the preliminary study reported here, we have chosen a
few simple silicate glass compositions where Cl– coordination
environments can be directly compared to known crystalline
model compounds. We find that 35Cl MAS NMR spectra are
readily obtainable at fields of 14.1 and 18.8 T even in samples
with <1% Cl, and contain considerable structural information.

EXPERIMENTAL METHODS

Sample synthesis

The identity of a natural sample of sodalite [Na8(Al6Si6O24)
Cl2] was checked by X-ray diffraction. Crystalline NaCl, CsCl,
and BaCl2◊2H2O reagents were dried at 300 ∞C, the latter trans-
forming to orthorhombic BaCl2 (confirmed by XRD). Cl-free
base glasses NS (Na2Si3O7), Ab (NaAlSi3O8), and NAS* E-mail: stebbins@pangea.stanford.edu
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ABSTRACT

Despite the importance of the chloride ion in magmas and the fluids that separate from them,
very little is known about atomic-scale structural environments for Cl– in silicate glasses. We present
here the first solid-state 35Cl NMR data for Cl in silicate and aluminosilicate glasses, made possible
by the availability of very high (14.1 to 18.8 Tesla) magnetic fields. We find that 35Cl has a wide
range in chemical shifts that correlate well with cation-Cl distance and thus contain considerable
structural information. In general, Cl is coordinated primarily by network-modifying alkali or alka-
line earth cations, and we see no evidence for Al-Cl bonding.




