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Reactive Al-O-Al sites in a natural zeolite:
Triple-quantum oxygen-17 nuclear magnetic resonance
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ABSTRACT

In framework aluminosilicate materials (e.qg., feldspars, zeolites and many others), it is generally
assumed that Al(etrahedra 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, bd€eiliple-
guantum magic-angle spinning nuclear magnetic resonance (3QMAS NMR). We show that thermo-
dynamically significant concentrations of Al-O-Al sites can be observed in a naturally occurring
zeolite (stilbite), and that these sites react faster wi@ hpor than do Si-O-Si and Si-O-Al sites.

INTRODUCTION ordering state. However, it is less useful in complex structures

Framework aluminosilicates, which are based on three-&fiat have multiple, overlappirigSi peaks. The most general
mensional networks of corner-shared Ahd SiQ tetrahe- conclusion from many diffraction and NMR studies (Engelhardt
dra, comprise the most common minerals of the Earth’s cr@d Michel 1987) is that in systems where the molar ratio R =
(feldspars), are the predominant components of many natupdfl i greater than or equal to 1 (by far the most common
magmas and glasses, and are important constituents of mifiyation), Al-O-Al oxygen sites are absent or are at least mini-
glasses and ceramics used in technology. Zeolites are a grBliged With respect to mixtures of Si-O-Al and Si-O-Si sites.
of aluminosilicate minerals that are common in natural lowhis conclusion is supported by theoretical and experimental
temperature hydrothermal systems and are of widespread (@filimates of relative energetic stability (Navrotsky et al. 1982;
ity as catalysts in petroleum refinement and in industridPSSell 1993). Although this “aluminum avoidance principle”
chemical synthesis. One of the most important aspects of {f°/dsmith and Laves 1955) or “Lowenstein’s rule”
structure of such materials is the arrangement of at@ Siq ~ (Loewenstein 1954) is acknowledged by many crystallogra-
groups in the tetrahedral network. The extent of ordering amoPige"s to be only a first approximation (Smith 1988), it is al-
these groups has a major influence on the configurational &#2St always as;umed in models qforder-d@order in framgwork
tropy of the material and hence on temperature and compgdiicates. Experimental observation of variations from ideal
tional conditions of formation, in either nature or the laboratory2luminum avoidance” have been limited, primarily occurring
Al-Si order-disorder affects reaction kinetics as well, for ex? @lkaline-earth containing aluminosilicates with SifAlL
ample in the distribution and number of acid sites in catalyst§hillips et al. 1992; Putnis 1992; Benna et al. 1999).

and in the rate at which different sites react with water (Xu and The utility of high-resolutiort’O nuclear magnetic reso-
Stebbins 1998a, 1998h). nance (NMR) spectroscopy in measuring structural disorder

Direct determination of the extent of Al-Si ordering in aluin solid silicates has advanced significantly with the introduc-
minosilicates is often difficult because of the similarity of x{ion of techniques that average out second-order quadrupolar
ray scattering by the Al and Sf* (T) cations. Long range effects, which can severely broaden conventional magic-angle

average Al-Si site occupancies must therefore often be eSfinNing (MAS) spectra (Chmelka et al. 1989; Fernandez and
mated from average T-O bond lengths. Data on short rarfiy@oureux 1995; Frydman and Harwood 1995; Baltisberger et
order, which is generally of greater energetic significance, hade 1996; Florian et al. 1996). In particular, the triple quantum
recently been greatly extended by high-resolutiShmagic- MAS technique (3QMAS) is rellatlvely easy to implement, and
angle spinning (MAS) NMR (Engelhardt and Michel 1987)although r\ot st.nct.ly guantitative, has been §hown to clgarly
This technique, when applied to relatively simple structure§Selve Si-O-Si, Si-O-Al, and other oxygen sites in alumino-
can quantify the concentrations of Si sites with varying nurfilicates (Dirken et al. 1997; Stebbins and Xu 1997; Xu et al.

bers of Al first neighbors and hence elucidate the framewotR98; Xu and Stebbins 1998b). Recently, Al-O-Al sites were
observed by’O 3QMAS NMR in model compounds and in

Al-rich aluminosilicate glasses and shown to be clearly distin-
guishable from Si-O-Si and Si-O-Al sites (Stebbins et al. 1999).
*E-mail: stebbins@pangea.stanford.edu This report useS0 3QMAS NMR to show that in many cases
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the direct detection and, potentially, the quantitation of Al-O- RESULTS AND DISCUSSION
Al sites in aluminosilicate crystals and glasses is possible, antkssj mMaAS NMR spectra (Fig. 1) as well as previous NMR
hence, the extent of aluminum avoidance can be directly evalyy X-ray diffraction studies (Xu and Stebbins 1998b; Xu and
ated. We also present evidence for the existence of a signgffeppins 1998a) showed no changes in the aluminosilicate frame-
cant concentration of Al-O-Al sites in an aluminosilicate zeolitgork connectivity either during initial exchange or in subsequent
with R >> 1, and show that such sites have a relatively highack reaction” with isotopically normal water vapor at low pres-
reactivity toward oxygen exchange with® sure. The two-dimension&D 3QMAS spectrum of the enriched
stilbite (Fig. 2). has three clearly identifiable peaks. The largest
EXPERIMENTAL METHODS two peaks are unambiguously attributable to Si-O-Si and Si-O-
Using a naturally occurring zeolite starting material (stilbite| sjtes (Timken et al. 1986; Engelhardt and Michel 1987;
"O-enriched samples were prepared by hydrothermal excharggnbins 1995; Dirken et al. 1997; Xu et al. 1998; Xu and Stebbins
with isotopically enriched bD. Stilbite samples from Nasik, 1998b). The third, smaller, peak is similar in position to Al-O-Al
India, approximately Na«Ca :Al4sSihs Oz 10.8HO (Xu and  sjtes connecting pairs of Ai@roups in crystalline NaAlGand
Stebbins 1998a) were crushed and reacted with a roughly eq4a| A|-rich Na-aluminosilicate glass (Stebbins et al. 1999). Pre-
weights of 4596’0 H,O in sealed gold tubes at 200 for sev-  yious 170 3QMAS studies of stilbite (Xu and Stebbins 1998b;
eral weeks in cold-seal reaction vessels. Subsequent “back reqcang Stebbins 1998a) did not report this third peak, because
tion” with isotopically normal water vapor at about 21 torjis intensity was not much above noise in spectra collected with

pressure was done on dehydrated samples at elevated tempgaiyer-field spectrometer, and its position had not yet been pre-
ture, followed by re-hydration at 2& (Xu and Stebbins 1998a). yicted from studies of model compounds.

All NMR spectra were collected with a Varian Inova 600 spec- The observation of Al-O-Al sites in a zeolite is unexpected
trometer, at 119.1 MHz féfSi and 81.3 MHz fot'0. A3.2mm iy yiew of conventional models of Si/Al ordering in alumino-

Varian/Chemagnetics MAS probe, with sample spinning ratggicates. It is thus important to ensure that the observed third
of about 16 kHz, was used. Spectra are referenced to extemgl\mRr peak cannot be explained otherwise. Powder X-ray
tetramethy! silane fof'Si and water foO, and were collected iffraction showed no impurities with a detection limit of a
with delay times that were tested to ensure against differentig), percent’Al MAS NMR showed only AlQgroups, ruling
relaxation among sites. Single-pulse acquisition with delay timgg; contamination by clays, micas, prehnite and aluminum ox-
of 30 s were used for tf#€Si spectra. A three-pulse 3QMASjqes or hydroxides at a detection limit of a fraction of 1%.
sequence with a 18@elective echo, followed by shear transforgyides and hydroxides, as well as non-bridging oxygen sites,
mation, was used fdfO spectra as described previously (Xre also ruled out by knowiO NMR parameters for these
and Stebbins 1998b). An rf (radiofrequency pulse) power of ab@yifases (Stebbins 1995). Among other contaminants that might
80 kHz was used for excitation and reconversion pulses, whigh expected from mineralogical studies of Deccan Traps zeo-
were 5 and 1.6is long. lites (Sukheswala et al. 1974), apophyllite, gyrolite, and okenite
have expectetiSi peaks that were not observed in our samples
(Stebbins 1995). Chlorite and related minerals are Fe-rich and
would not produce detectable spectra. Small amounts of other
zeolites or other framework aluminosilicates could be present,
but would contribute primarily to the Si-O-Si and Si-O-Al peaks
in the'’O spectra.

From the positions of the new peak in the two dimensions,
its mean isotropic chemical shifd{, = 21+ 3 ppm) and
quadrupolar coupling produd®§= 3.8+ 0.3 MHz) can be es-
timated as discussed previously (Baltisberger et al. 1996;
Schaller and Stebbins 1998), and are consistent with the ob-
served quadrupolar line shape if the quadrupolar asymmetry

N parametem is between about 0 and 0.2. [Wi@ as the
quadrupolar coupling constaiy = C, [1 + (n?)/3]¥2 For*O
in silicates,Pq typically exceedsCq by only 0 to 4%

b (Baltisberger et al. 1996).] The shdt, resembles values for
Al-O-Al sites previously determined in NaAj@nd a sodium

a aluminosilicate glass [19-31 ppm (Stebbins et al. 1999)], but

Py is significantly greater (1.8—1.9 MHz). The latter difference
T SR SN PR SR is probably caused by the association gdHnolecules with
-80 -90 -100 -110 -120 -130  the highly charged Al-O-Al sites, as is known to occur for Si-
frequency, ppm O-Al sites in zeolites. The exact effect of this association is not
FIGURE 1.29Si MAS spectra ofd) unmodified stilbite; I§) stilbite ~ predictable, but it is well known that OH groups in hydrated
after initial hydrothermal enrichment #0; (c) stilbite after “back oxides tend to have larg®, values (Xu et al. 1998).
reaction” at 200C for 40 h. The slight broadening in the latter case is The average (X-ray diffraction) structure of stilbite is dis-
probably caused by a slight variation in the hydration state. ordered, with equal and random distributions of Al on all tetra-
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hedral sites (Slaughter 1970), although optical properties have
0 Al-O-Al Si-O-Si suggested some Si-Al ordering (Akizuki and Konno 1985).
Long-range disorder does not, however, constrain short-range
aluminum avoidance or the lack thereof. Isotropic projections
of the ™0 3QMAS spectra can, on the other hand be used to

% 10 estimate the relative abundance of Al-O-Al sites. In general,

c oC 3QMAS peak intensities depend @, with excitation and

g reconversion efficiencies both decreased for sites with higher

é 20 Co. However, thé®, and henc€, of the Al-O-Al and Si-O-Al

5 sites [3.5 MHz (Xu and Stebbins 1998b)] are quite similar, sug-

) gesting that their relative intensities should also be comparable.

% 30 Relative site occupancies were derived from the isotropic di-

~ mension projections. The area of the projection of the total spec-

* trum of the Si-O-Al site was compared with that of a partial
40 projection in the region of the Al-O-Al peak to avoid the con-

tribution from the overlapping high frequency shoulder of the
Si-O-Al peak. We estimate that the ratio of Al-O-Al to Si-O-Al
T HL e e e LB AE e e sites is about f 0.5%. Given the bulk Si/Al ratio of the stilbite
-20 -30 -40 of about three (Xu and Stebbins 1998a), this is equivalent to 3
F1 (Isotropic) dimension, ppm + 0.5% of the total O atoms in the structure as Al-O-Al.
A simple model of the configurational entro®)(of frame-
FIGURE 2.170 3QMAS spectra ofO-enriched stilbite. In these 2- work aluminosilicates, which assumes ideal mixing of the three

dimensional spectra, isotropic spectra appear in the F1 dimension Qﬁggen_ specles (_Lee and Stebbins 1999), l.ndlcates that for an
are free of second-order quadrupolar broadening. In the F2 dimensRfierwise fully disordered structure, the difference between
spectra that are somewhat distorted versions of standard MAS speg@iplete aluminum avoidance (0% Al-O-AL55.76 J/K per
appear. Plotting conventions are as described previously (Baltisbergele of O) and the observed deviation from aluminum avoid-
etal. 1996; Schaller and Stebbins 1998); contour lines mark intensiti@gsce [3% Al-O-Al, $= 6.60 J/(K-mol)] is about 15% of the
atequal intervals from 3 to 100% of the maximum with an extra contatal. This variation could be important in models of free en-
at 4.2% inserted to show the shapes of the low-intensity features. ‘& y and phase equilibria, which almost invariably assume com-

marks the Al-O-Al peak center predicted from recent data on crystalli fote aluminum avoidance particularly for reactions with small
NaAlO,; “G” marks that for an aluminous sodium aluminosilicate glas, '
(Stebbins 1999). dverall entropy changes.
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FIGURE 3. Isotropic dimension projections 80 3QMAS spectra of stilbite. In each part, the two spectra are normalized to the same
maximum peak heightaj Projections of total spectreb)(Projections of spectra in region of Al-O-Al peak.
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The observed extent of violation of aluminum avoidand®le centers associated with Al-O-Al sites have been detected
can be analyzed in terms of an order parani@teshich varies by electron paramagnetic resonance (EPR) in radiation-dam-
from 1 for complete Al-avoidance to 0 for a fully random araged potassium feldspars (Si/Al >> 1) and even in quartz (Speit
rangement of Al and Si tetrahedra (Lee and Stebbins 1999)ad Lehmann 1982; Weil 1984; Hofmeister and Rossman 1985).
recent?®Si NMR study of Ca-aluminosilicate glasses, equiliEvaluation of the broader implications of our finding of reac-
brated with liquids at roughly 1000 K, estima@dralues as tive Al-O-Al sites in a zeolite will require the study of many
low as 0.8 (Lee and Stebbins 1999). Thealue derived from more materials, but certainly suggests that conventional struc-
the Al-O-Al content of stilbite is 0.72, which is surprisinglytural models should be re-examined.
low, especially given that the temperature of formation is likely
to be less than about 420 K (Kristmannsdoéttir and Tomansson ACKNOWLEDGMENTS
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