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Si-Al disorder and solid solutions in analcime, chabazite, and wairakite
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ABSTRACT

Quantitative determination of the abundance of Si(nAl) tetrahedral structural units (where n =0,
1,2, 3, or 4) through analysis of >Si magic angle spinning nuclear magnetic resonance (MAS NMR)
spectra was used to assess the state of Si-Al disorder in the zeolites analcime [(NaAl),Sig O 16H,0],
chabazite [(Cays,Na,K) Al Si, ,04,:12H,0], and wairakite [CaAl,Si,0,,-2H,0]. Short-range Si-Al
ordering in chabazite and analcime is a regular function of Al mol fraction and is fully consistent
with Al avoidance, as has generally been reported for zeolites not subjected to heat treatment. The
results of this study and previously reported Si MAS NMR spectra suggest that natural analcime
samples are more Si-Al ordered than either their synthetic counterparts or chabazite. Cluster varia-
tion method (CVM) calculations were used to calculate the configurational entropy (Scon) due to Si-
Al disorder in chabazite and analcime. The calculations predict that long-range Si-Al ordering develops
when Al occupies 5 out of 12 tetrahedral sites in chabazite and synthetic analcime and 17 out of
every 48 tetrahedral sites in natural analcime. The difference between the calculated entropies and
ideal entropies of mixing was used to derive activity-composition relationships for Si-Al substitu-
tion in these frameworks. Comparison between calculated values of Scox and the results of calori-
metric and phase equilibrium studies on analcime indicate that the CVM accurately assesses Scox.
The Si MAS NMR spectrum obtained for natural wairakite indicates that this mineral is largely Si-
Al ordered, but comparison with a previously published spectrum indicates that natural and syn-

thetic wairakites can exhibit significant variation in Si-Al disorder.

INTRODUCTION

Zeolites often exhibit complex compositional variations and
substantial substitutional order-disorder. The energetic conse-
quences of solid solution and disorder can often have a large
effect on phase relations involving these minerals, especially
given the relatively small changes in thermodynamic proper-
ties of reactions that govern zeolite stability (Chipera and Apps
2001; Neuhoff 2000; Neuhoff et al. 2000). With the growing
interest in the use of natural zeolites in industrial processes
and radioactive waste disposal (e.g., Colella et al. 2001; Kallo
2001; Ming and Allen 2001; Tchernev 2001), considerable ef-
fort has focused on understanding the thermodynamic proper-
ties of these minerals. This has led to numerous calorimetric
and phase equilibrium studies of zeolites (e.g., Johnson et al.
1982, 1983; Kiseleva et al. 1996; Liou 1971a, 1971b, 1971c;
Murphy et al. 1996). Despite these efforts, little information
exists concerning the thermodynamic consequences of solid
solution and disorder in zeolites, particularly with respect to
Si-Al substitution in zeolite frameworks.

Neuhoff and Stebbins (2001) recently developed an athermal
solid solution model describing the energetic consequences of
Si-Al substitution in the frameworks of highly symmetrical
zeolites (i.e., those whose crystal structure contains only one
crystallographically distinct tetrahedral site). This model (re-
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capitulated below) was based on calorimetric observations of
negligible excess enthalpies of mixing for Si-Al substitution in
zeolites (Petrovic and Navrotsky 1997; Shim et al. 1999) and
negative excess entropies of mixing based on the compositional
dependence of configurational entropies (Scon) calculated from
»Si magic angle spinning nuclear magnetic resonance (MAS
NMR) observations (cf. Phillips and Kirkpatrick 1994). In zeo-
lites with only one tetrahedral site, up to five peaks can be
present in the *Si MAS NMR spectrum, corresponding to four-
coordinated Si with 4 Al, 3 Al + 1 Si, 2A1 + 2 Si, 1 Al + 3 Si,
and 4 Si second nearest neighbors. These peaks are hereafter
referred to as Si(nAl) pentads, where n is the number of Al
atoms in the second nearest neighbor coordination shell. If Al
avoidance is perfectly obeyed (i.e., there are no Al-O-Al link-
ages in the framework), then the relative intensities of peaks in
the Si MAS NMR spectrum exactly constrain both the frame-
work composition and the distribution of Si-Al clusters in the
framework up to the size of the pentads. Neuhoff and Stebbins
(2001) applied this model to synthetic zeolites of the FAU and
LTA structure types (cf. Meier et al. 2001) for which copious
»Si MAS NMR spectra have been published. The veracity of
this model for describing the energetic consequences of Si-Al
substitution in these zeolites could not be tested because suit-
able experimental observations of equilibria involving these
phases have not been conducted.

Equilibria involving natural zeolites have received consid-
erably more attention and potentially provide a means of test-
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ing the models of Neuhoff and Stebbins (2001) and Phillips
and Kirkpatrick (1994). Two rock-forming zeolites, analcime
and chabazite (ANA and CHA structure types, respectively;
Meier et al. 2001), exhibit tetrahedral frameworks that are char-
acterized by a single tetrahedral site and thus potentially pro-
vide a means of testing these models. Analcime, in particular,
has been the subject of numerous equilibrium studies (e.g., Liou
1971a; Murphy et al. 1996; Redkin and Hemley 2000; Thomp-
son 1971; Wilkin and Barnes 1998). However, relatively few
»Si MAS NMR studies have been performed on these materi-
als. Consequently, results are reported here for new *Si MAS
NMR spectra on analcime and chabazite, which along with
previously published results, are used to derive activity-com-
position relationships for Si-Al substitution in these minerals.
Published experimental and geologic observations of equilib-
ria between analcime and albite are then used to assess the va-
lidity of Scon derived from *Si MAS NMR spectra for analcime.
In addition, a new *Si MAS NMR spectrum is presented for
wairakite, which shares the ANA framework topology with
analcime.

MATERIALS AND METHODS

Samples and characterization

The samples investigated in this study (Tables 1 and 2) were
all hand-picked separates of natural minerals that were subse-
quently ground in an agate mortar (with the exception of
ANAOQ04, which was obtained in a powdered form). Sample
identification and purity were confirmed through X-ray pow-
der diffraction (XRPD) using a Rigaku 6-0 diffractometer with
CuKa radiation operating at 35 kV and 15 mA. No anomalous
or previously unreported behavior was observed in the XRPD
patterns for the samples studied. The compositions of minerals
used in this study were determined by electron probe mi-
croanalysis (EPMA) with an automated JEOL 733A electron
microprobe operated at 15 kV accelerating potential and 15 nA
beam current using natural samples for calibration. Beam width
was varied between 10 and 30 um depending on grain size and

TaBLE1. Sample provenance and compositions for ANA structure

zeolites
Sample ANA001* ANA002t ANA003%f ANA004§
Mineral analcime analcime analcime wairakite
Locality Mont St. Hilaire, Manillat, ~ San Benito Co., Onikobe,
Canada West Greenland California Japan

Si 32.25 32.83 32.05 4.02
Al 15.73 15.14 16.01 1.97
Ca 0 0 0 0.94
Na 15.84 15.25 15.84 0.08
Cs 0 0 0 0

K 0 0 0.24 0

Li 0 0 0 0

Rb 0 0 0 0

(6] 96 96 96 12
Si/Alanayzeq) 2.06 2.15 2.02 2.04
Si/Al 1.95 2.10 1.86 -

* Purchased from Ward’s Scientific.

1 Geological Survey of Denmark and Greenland sample number 413386.
1 Donated by S. Kleine, Great Basin Minerals.

§ Donated by J.-G. Liou.

raw counts were collected for 20 s and converted to oxide weight
percents using the CITZAF correction procedure after account-
ing for unanalyzed O atoms following the methods of Tingle et
al. (1996).

The ANA framework samples used in this study are all phase
pure natural samples. Sample ANAOO1 (the same analcime
sample as that studied by Zhao et al. 2001) was purchased from
Ward’s Scientific and consisted of a several 0.5 to 8 mm grains
of glassy to slightly opaque analcime from the Mt. St. Hilaire
alkaline intrusive complex in Quebec, Canada. ANA(0O2 was
collected by the first author from a zeolite-facies metabasalt
outcrop at Manillat on the island of Qeqetarssuaq in West
Greenland and prepared from a 1.5 cm euhedral crystal of
opaque analcime. The third analcime sample, ANAOO3, was
donated by S. Kleine of Great Basin Minerals and was sepa-
rated from a small sample of hydrothermally altered basalt (that
also contained natrolite) from the Junnila benitoite claim in
San Benito County, California. Sample ANA0O4 is a natural
wairakite sample from the Onikobe geothermal system (see Seki
et al. 1969 for details about this sample) that was donated by
J.-G. Liou from stock remaining from his previous phase equi-
librium studies on this mineral (Liou 1970, 1971Db).

All of the chabazite samples used in this study are also phase
pure. Sample CHAOO1was collected by the first author on the
Gronau West Nunatak in East Greenland from a zeolite facies
metabasalt and consisted of 2 to 3 mm sized pseudocubic crys-
tals of slightly opaque chabazite. CHA002 was purchased from
Mineralogical Research Company as a set of small samples of
zeolite facies metabasalt containing subhedral glassy chabazite
and gonnardite (same sample as the pure chabazite described
by Neuhoff et al. 2002). Samples CHA003 and CHA004 were
collected by the first author from different outcrops of zeolite-
facies metabasalt near Breiddalsheidi, eastern Iceland. CHA003
was prepared from 1 to 2 cm penetration twins of pseudocubic
chabazite that had weathered into the colluvium. CHA004 oc-
curred as vesicle fillings along with thomsonite as 1 to 2 mm
pseudocubic glassy crystals.

TABLE2. Sample provenance and compositions for CHA structure

zeolites
Sample* CHAO001t CHAO002t CHAO003 CHAO004
Mineral ~ Chabazite Chabazite Chabazite Chabazite
Locality Gronau West Antrim County, Breiddalsheidi, Breiddalsheidi,
Nunatak, Ireland Iceland Iceland
East Greenland
Si 8.15 7.66 7.74 8.25
Al 3.91 4.35 4.22 3.72
Ca 1.78 0.98 1.98 1.47
Na 0.04 0.38 0.23 0.75
K 0.07 1.17 0.13 0.16
Sr 0.00 0.35 0.03 0
(0] 24 24 24 24
Si/Alanayzeq) 2.08 1.76 1.83 2.22
Si/Al g 2.14 1.84 217 2.37

* Samples from first author’s research collection unless otherwise noted.
1 Geological Survey of Denmark and Greenland sample number 421552.
} Purchased from Mineralogical Research Co, San Jose, California.
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NMR spectroscopy

The ¥Si MAS NMR spectra were collected on a modified
Varian VXR/Unity-400S spectrometer with a 9.4 Tesla (T)
magnet (79.46 MHz for #Si). Approximately 300 mg of each
sample were packed into 7 mm rotors and spun at 4.7 kHz.
Spectra (consisting of 1000 to 10000 transients) were collected
using a single 2 s pulse (radio frequency tip angle of ~30°)
using a relaxation delay of 10 s. This latter value was chosen to
maximize signal to noise in the spectrum. Test spectra collected
using longer relaxation delays exhibited identical relative peak
intensities, indicating that differential relaxation between the
signals was minimal. Spectra and chemical shifts (8) were ref-
erenced to external tetramethyl silane. Peaks in 2Si MAS NMR
spectra were fit by least squares regression using the Varian
VNMR software package. Errors in the fits are assumed to be
on the order of 1% based on repeated fitting of the spectra us-
ing different starting values and peak shape models.

RESULTS

Analcime

Figure 1 shows the Si MAS NMR spectra for analcime
samples ANAOO1, ANA002, and ANAOO3 along with the fit-
ting results listed in Table 3. Repeated attempts at fitting these
spectra indicated that a pure Gaussian peak shape best described
the observed resonances model and the spectra were fit accord-
ingly. As can be seen in Figure 1 and Table 3, five sites were
observed in ANAOO1, which were assigned to Si with zero to
four Al next nearest neighbors based on the respective d values
and the approximately 5 ppm separation between the peaks
(Engelhardt and Michel 1987; Phillips and Kirkpatrick 1994).
The spectra for samples ANA002 and ANAOO3 did not exhibit
signals from Si(4Al) and Si(0OAl) pentads, respectively. Rela-
tive intensities of the various signals observed in the analcime
samples change systematically with Si/Al ratio, in accordance
with previous observations (Phillips and Kirkpatrick 1994).
Comparison between the Si/Al ratios determined by EPMA and
those calculated from the NMR spectra using the equation

~ 4

si/ __ 4

AL= 0
xne ISi(nAl)

n=1

TABLE 3. 2°Si NMR data for analcime

Sample Site 8 (ppm) /*
ANAO0O1 Si(4Al) —-86.4 0.011
Si(3Al) -91.0 0.195
Si(2Al) -96.2 0.637
Si(1Al) —-101.0 0.145
Si(0Al) -106.0 0.111
ANA002 Si(3Al) -91.4 0.164
Si(2Al) -96.5 0.594
Si(1Al) -101.6 0.222
Si(0Al) —-107.0 0.020
ANA003 Si(4Al) —-86.9 0.020
Si(3Al) -91.2 0.227
Si(2Al) —96.4 0.642
Si(1Al) -101.3 0.111

* Relative intensity (peak area).
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FIGURE 1. Si MAS NMR spectra at 9.4 T for analcime samples
ANAO0O1 (a), ANAOO2 (b), and ANAOO3 (c¢). In each case, the upper
spectrum is the experimental result and the lower corresponds to the
fits listed in Table 3.
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where I, is the observed relative intensity of the Si(nAl)
line in the Si MAS NMR spectrum (Klinowski et al. 1982)
indicate generally good agreement (corresponding to variations
in the mole fraction of aluminum in the framework, X, of less
than 0.02) between the two methods (Table 1), suggesting that
Al avoidance holds in these samples. Note also that the frame-
work compositions determined by EPMA are slightly more Si-
rich than those calculated from Equation 1; the reverse
relationship would be expected if Al-O-Al linkages were
present. The & values listed in Table 3 for all three samples are
consistent with those reported previously for analcime (e.g.,
Joshi et al. 1991; Kohn et al. 1995; Lippmaa et al. 1981;
Murdoch et al. 1988; Nagy et al. 1985; Phillips and Kirkpatrick
1994). No resolution of signals arising from Si on crystallo-
graphically distinct sites is observed in the spectra of Figure 1,
despite evidence from crystal structure determinations that the
true symmetry of analcime results in two to three distinct tetra-
hedral sites (Mazzi and Galli 1978). As noted by Murdoch et
al. (1988), this likely reflects the very similar T-O-T bond angles
among tetrahedral sites in analcime.

Chabazite

Figure 2 shows *Si MAS NMR spectra for chabazite
samples CHA001, CHA002, CHA003, and CHA004 along with
the fitting results listed in Table 4. As observed above for anal-

Si(2Al
(2A0) CHAOQ01

Si(3Al)
Si(4Al)
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cime and in previous studies of chabazite (e.g., Akporiaye et
al. 1996; Bodart et al. 1988; Nagy et al. 1985; Thrush and
Kuznicki 1991), five signals are present representing tetrahe-
dral Si surrounded by zero to four Al next nearest neighbors.
This is consistent with published structures of chabazite (Mazzi
and Galli 1983), which suggest that only one crystallographi-
cally distinct site is present. The spectra were adequately de-
scribed by these five signals assuming pure Gaussian lineshapes.
In the case of CHA002, a small shoulder is present on the
Si(4Al) peak toward the deshielded side which may indicate
some sample heterogeneity (i.e., more than one chabazite phase
with different T-O-T angles resulting in multiple peaks). Chemi-
cal shift values refined for the chabazite samples (Table 4) are
consistent with those observed previously (e.g., Akporiaye et
al. 1996; Bodart et al. 1988; Joshi et al. 1991; Lippmaa et al.
1981; Nagy et al. 1985; Takaishi and Kato 1995; Thrush and
Kuznicki 1991). Aside from sample CHAO003, Si/Al ratios de-
termined by EPMA and Equation 1 are generally in good agree-
ment (Table 2). The source of the discrepancy in the Si/Al values
determined for CHA0O3 is unclear, but may in part be due to
the fact that the Si/Al ratio determined from Equation 1 is an
average (bulk) value, whereas the EPMA analysis listed in Table
2 is the average of several spot analyses. This conclusion is
supported by the fact that our (unpublished) analyses of
chabazite samples from the same outcrop as CHA003 span the

Si(2Al)
~

b CHA002

Si(1Al)
/

Si(0Al)
/
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FIGURE 2. ”Si MAS NMR spectra at 9.4 T for chabazite samples CHA001 (a), CHA002 (b), CHA003 (c¢) and CHA004 (d). In each case, the
upper spectrum is the experimental result and the lower corresponds to the fits listed in Table 4.
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TABLE 4. 2°Si NMR data for chabazite
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TABLE 5. 2°Si NMR data for wairakite (ANA004)

Sample Site 3 (ppm) /* Site* 3 (ppm) /t
CHA001 Si(4Al) —88.8 0.036 T11B(4Al) + T12A(4Al) -82.1 0.089
Si(3Al) ~93.1 0.171 T12B(4Al) -85.0 0.017
Si(2Al) —08.7 0.464 T11B(3Al) + T12A(3Al) -897.4 0.032
Si(1A) -104.5 0.283 T12B(3Al) -89.3 0.007
Si(0Al) -110.0 0.046 T11B(2Al) + T12A(2Al) -92.9 0.439
T12B(2Al) —95.4 0.197
CHAO002 Si(4Al) —88.6 0.093 T11A(2Al) -97.6 0.209
Si(3Al) -93.2 0.249 T12B(0Al) -103.6 0.009
Si(2Al) 985 0.425 * Site nomenclature after Takeuchi et al. (1979).
Si(1Al) -104.2 0.209 t Relative intensity (peak area).
Si(0Al) -109.7 0.023
CHA003 Si(4Al) _88.3 0.032
Si(3Al) -930 0.170 Si(2Al)
Si(2Al) -98.6 0.454 Si2Al) — || T128 ANAO004
Si(1Al) —104.6 0.295 T11B + T12A
Si(0Al) -109.8 0.049 /
CHAO004 Si(4Al) —88.1 0.012 Si(2Al)
Si(3Al) —92.7 0.124
Si(2Al) —98.6 0.467
Si(1Al) ~104.5 0.336
Si(0Al) -109.9 0.061

* Relative intensity (peak area).

range in Si/Al determined by *’Si MAS NMR. The relative di-
rection of the discrepancy is not consistent with an explanation
based on the presence of Al-O-Al linkages.

Wairakite

The ¥Si MAS NMR spectrum obtained for natural wairakite
(ANAO004) is shown in Figure 3 along with the provisional fit
reported in Table 5. Three prominent signals are present in the
spectrum of Figure 3 at —-92.9, -95.4, and —97.6 ppm, similar
to the spectrum for a synthetic wairakite sample reported by
Henderson et al. (1998). All three of these peaks likely repre-
sent Si(2Al) sites consistent with the structural model for
wairakite presented by Takeuchi et al. (1979). As suggested by
Henderson et al. (1998) on the basis of correlations between
average T-O-T bond angles and & for Si(2Al) sites, the —92.9,
-95.4, and —-97.6 ppm signals probably correspond to *Si on
tetrahedral sites T11B + T12A, T12B, and T11A, respectively
(site designations from Takeuchi et al. 1979). The spectrum
was fitted assuming pure Gaussian peak shapes and is consis-
tent with the approximate 1:1:1:1 relative intensity of the four
Si-dominant sites in wairakite. However, some additional in-
tensity is present that is not associated with the three main sig-
nals, particularly on the high frequency (left, as plotted) side
of the spectrum. The fit shown in Figure 3 and Table 5 sug-
gests that approximately 15% of the intensity of the spectrum
is present at higher frequencies than the T11B + T12A(2Al)
peak. The poor resolution of features outside of the three main
peaks precluded unique fitting of these portions of the spec-
trum. The fitting results shown in Table 5 are thus only sugges-
tive of the real distribution of signals and ignores the possible
contribution of other signals that are coincident with the re-
gion of the three main peaks. Nonetheless, all attempts at fit-
ting the spectrum of Figure 3 indicate that at least 15% of
spectrum is due to signals other than Si ordered onto T11A,
T11B, T12A, and T12B.

————

-90 -100  -110 -120

o (ppm)

FIGURE 3. Si MAS NMR spectra at 9.4 T for wairakite sample
ANAOO04. The upper spectrum is the experimental result and the lower
corresponds to the fits listed in Table 5.

DISCUSSION

Disorder and configurational entropies in chabazite and
analcime

Based on *Si MAS NMR studies, chabazite and analcime
do not appear to exhibit long range Si-Al order in their tetrahe-
dral frameworks. Structures of both minerals have been refined
in space groups that lead to several crystallographically dis-
tinct tetrahedral sites (Mazzi and Galli 1978, 1983; Vezzalini
et al. 1997; Yokomori and Idaka 1998; Cruciani and Gualtieri
1999); however, the framework topologies of both the CHA
and the ANA generic structure types have higher symmetries
(rhombohedral and cubic, respectively; Meier et al. 2001) with
only one distinct tetrahedral site. However, the Si MAS NMR
spectra shown above for analcime and chabazite, and those
published previously (see below), exhibit signals from only one
site. As noted by Murdoch et al. (1988), the lack of resolution
of signals from multiple tetrahedral sites in analcime is likely a
manifestation of the very similar average T-O-T bond angles
for these sites, and the same argument could be made for
chabazite. One could argue that the true Si-Al ordering of anal-
cime and chabazite cannot be resolved from *Si MAS NMR
spectra if this is in fact the case. The evidence presented below
suggests, however, that the crystallographically distinct tetra-
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hedral sites in analcime and chabazite may not be energeti-
cally distinct, and that consideration of only short range Si-Al
disorder is appropriate for assessing the stability of this phase.

In zeolite frameworks with only one tetrahedral site, the
problem of characterizing Si-Al configurations in the structure
is analogous to that of characterizing magnetic spins. Conse-
quently, numerous attempts have been made to apply the Ising
model (originally developed for the problem of describing
magnetic spin states) to the description of short-range Si-Al
ordering in zeolites (Gordillo and Herrero 1996; Herrero 1990,
1993; Herrero et al. 1991, 1992; Neuhoff and Stebbins 2001;
Phillips and Kirkpatrick 1994). The most common method used
to characterize local Si-Al configurations described by *Si MAS
NMR spectra is the cluster variation method (CVM,; cf. Kikuchi
1951). Phillips and Kirkpatrick (1994) derived a CVM rela-
tionship that relates the distribution of Si-Al configurations (£2)
in a tetrahedral framework to the distribution of Si(nAl) and
Al(0Si) pentads (where o is the number of Si second nearest
neighbors around an Al atom on a tetrahedral site) and the dis-
tribution of Si-O-Si, Si-O-Al, and Al-O-Al dyads (all of which
can be calculated from *Si MAS NMR spectra assuming Al
avoidance). The resulting relationship is given by

InQ=-%d,x,;Inx,; + 2Zid, x4 ; Inxg; 2)
where i span all possible pentad configurations (p) with degen-
eracy and probability d,; and x,;, respectively, and j span all
possible dyad configurations (d) with degeneracy and prob-
ability d,; and x ;, respectively. The probabilities of the Si(nAl)
pentads (x, si,an) are given by

Xp.Si(nAl) = X (ISi(nAl)/dp,Si(nA])) (€))
and that of the Al(4Si) pentad (x, aiusy) is equal to X, Degen-
eracy represents the number of different configurations pos-
sible for the pentad or dyad; for instance, there are four possible
configurations of next nearest neighbor Al and Si around the
central Si atom in a Si(3Al) pentad and six around the Si(2Al)
pentad. The probabilities of the Si-O-Al and Si-O-Si dyads
(xy.sio-a1 and Xggi.0.5 TESPEctively) are equal to X, and (1-2X ),
respectively.

Table 6 summarizes Scox due to short-range disorder for the
chabazite samples discussed above calculated using the above
method (on the basis of 24 framework O atoms in the CHA
unit cell). Also included in Table 6 are the corresponding cal-
culations for all other chabazite samples with reported Si(nAl)
distributions from the literature of which we are aware along
with data for synthetic zeolite samples with the closely related
GME framework. The GME framework, represented in nature
by the mineral gmelinite, contains only one tetrahedral site
(Vezzalini et al. 1990; Sacerdoti et al. 1995) For comparison,
Scox values calculated for these framework compositions that
correspond to a purely random Si-Al distribution and that pre-
dicted assuming Al avoidance as the only ordering mechanism
for these framework compositions (calculated from the equa-
tions of Phillips and Kirkpatrick 1994) are also presented in
Table 6. It can be seen from the data in Table 6 that all CHA
and GME framework materials studied exhibit Scox values sig-
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nificantly less than that predicted for a fully disordered Si-Al
distribution. Most of the experimental values in Table 6 ap-
proach the theoretical values based on Al avoidance, consis-
tent with this phenomenon being the main source of ordering
in these materials.

The experimental Scox data in Table 6 are plotted in Figure
4a (symbols), which illustrates the variation of Scoy in chabazite
as a function of framework composition (calculated from Eq.
1). Shown for reference in Figure 4a is the Scoy predicted as-
suming Al avoidance is the only ordering mechanism and as-
suming purely random mixing of Si and Al (curves; cf. Phillips
and Kirkpatrick 1994). Taken together, all of the data in Figure
4a define a trend of Scoy as a function of X,,. Thus, within the
limits of the scatter in the data plotted in Figure 4a (which is in
large part due to variations in the quality of spectra and fits
obtained in the studies listed in Table 6), it appears that at a
given framework composition, the degree of short-range Si-Al
ordering is very similar for all of the GME and CHA materials
studied, although synthetic chabazite may be more disordered

80
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E
3 40 3 Al avoidance
z
o)
o /
n 20 - O natural A
O  synthetic
A gmelinite
0 T T T T
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FIGURE 4. Configurational entropies calculated from reported Si
MAS NMR line intensities (Tables 6 and 7) for CHA and GME structure
zeolites on a 24 tetrahedral site basis (a) and ANA structure zeolites on
a 48 tetrahedral site basis (b) as a function of X,;. Shown for comparison
are theoretical curves depicting full disorder and pure aluminum
avoidance.
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TABLE 6. Calculated framework compositions and configurational entropies of chabazite and related compounds

Scon' ¥ (J/mole<K)

Study Sample Provenance* Si/Alt Xut Measured Random Al avoidance
This study CHAO001 Greenland 2.14 0.32 29.81 62.41 31.58
This study CHA002 Ireland 1.84 0.35 23.37 64.76 24.24
This study CHAO003 Iceland 217 0.32 30.43 62.19 32.08
CHAO004 Iceland 2.37 0.30 31.69 60.68 34.86
B1988 § CHA(Az) Arizona 3.20 0.24 39.65 54.76 39.66
B1988 § CHA(Ic) Iceland 1.99 0.33 27.89 63.58 28.47
B1988 § CHA(Cdn) Nova Scotia 2.48 0.29 35.43 59.80 36.09
B1988 § GMEII Synthetic 1.98 0.34 28.00 63.66 28.24
A1996 § CHA-1 Synthetic 2.63 0.28 34.84 58.74 37.28
CHA-2 Arizona 3.09 0.24 35.88 55.48 39.42
CHA-3 Synthetic 5.12 0.16 37.12 44.44 38.02
CHA-4 Synthetic 7.65 0.12 31.20 35.73 32.70
N1985§ - Synthetic 2.63 0.28 33.23 58.70 37.32
TK1995§ - Japan 2.41 0.29 32.43 60.39 35.29
J1991§ bll Synthetic 2.41 0.29 32.43 60.39 35.29
J1991§ cll Synthetic 2.52 0.28 34.23 59.51 36.45
J1991§ dll Synthetic 2.44 0.29 31.83 60.12 35.67
J1991§ ell Synthetic 2.14 0.32 29.81 62.41 31.58
KT2000 Ell Khazakhstan 1.86 0.35 18.62 64.58 24.97

* Locality names given for natural samples.
1 Calculated from 2°Si MAS NMR spectrum (see text).
1 Based on 24 framework O atoms.

§ References: B1988 (Bodart et al. 1988); A1996 (Akporiaye et al. 1996); N1985 (Nagy et al. 1985); TK1995 (Takaishi and Kato 1995); J1991 (Joshi et

al. 1991); KT2000 (Kato and Takaishi 2000).
Il Gmelinite.

than natural chabazite. The variation (and magnitude when
normalized to the same number of framework O atoms) in S¢oy
with X, illustrated in Figure 4a is similar to that observed pre-
viously for FAU and LTA structure zeolites (Neuhoff and
Stebbins 2001).

Using calculations analogous to those described above,
Neuhoff and Stebbins (2001) demonstrated that S¢oy in FAU
and LTA framework zeolites is also a regular function of X,,.
Significantly more *Si MAS NMR data is available for mate-
rials with these frameworks over a much wider range of Xy,
(effectively from O to 0.5) which allowed identification of two
compositions for which Scox Was zero, implying an absence of
short-range disorder. The first composition was at X, = 0, for
which the framework must be fully ordered as only Si is present
at tetrahedral sites. The second composition was at approxi-
mately X,, = 0.417, corresponding to the point at which five
out of every twelve tetrahedral sites was occupied by Al. At
this composition, long range ordering develops among the
double hexamer rings that make up these frameworks as was
suggested previously from Monte Carlo modeling and varia-
tions in cell parameters as a function of X}, in these materials
(Dempsey et al. 1969; Herrero 1993; Herrero et al. 1991, 1992).
This ordering is consistent with the requirement that as the Al
content of the framework increases, Al arrangement in meta
configurations (with Al and Si atoms alternating in the hexamer
rings) is required for Al avoidance (as opposed to the para con-
figuration where Al-bearing tetrahedral can be separated by 2
Si-bearing tetrahedra in a hexamer ring). Values of Scox calcu-
lated using the CVM method for FAU and LTA samples with
X greater than ~0.417 were always negative, illustrating the
fact that the assumptions of the Ising model break down when
long-range order develops. Samples with X, greater or less
than ~0.417 thus constitute distinct solid solutions for these
frameworks. Configurational entropies calculated for compo-

sitions where long range ordering did not occur were well rep-
resented by the relationship

SCON = W(XaluminouslnXu]uminuus + XailiceouslnXsiliceous) (4)

where W is an empirical fitting parameter and the mol frac-
tions of the aluminous and siliceous end-members are given
by

Xu]uminuus = 1 - Xsiliceous = }(Al/-x'>’K (5)

where x” is the mol fraction of Al in the aluminous end-member.

Regression of the data for natural chabazite samples in Fig-
ure 4a indicate that this framework becomes long-range or-
dered at the same framework composition as FAU and LTA
(i.e., Scon is zero at Xy, = x" = 0.417), corresponding to a frame-
work composition of Al;Si,O,,. This is consistent with the pres-
ence of double hexamer rings in the CHA structure (and that of
GME, which appears to follow a similar trend; Fig. 4a). On the
basis of Monte Carlo modeling of Si and Al distribution in
chabazite, Gordillo and Herrero (1996) concluded that long
range ordering of Si and Al develops in chabazite at very simi-
lar compositions, being nearly complete at X, of 0.44 or greater.
It is interesting to note that natural chabazite exhibit frame-
work compositions with 0.2 < X, £0.42, with the more alumi-
nous boundary corresponding almost exactly to the point at
which long range order appears to develop in this framework.
Willhendersonite, a natural CHA framework zeolite with X, =
0.5, does occur in nature, but exhibits a triclinic symmetry as
opposed to the generally rhombohedral symmetry of chabazite
(Peacor et al. 1984) reflecting the long range ordering required
by an Si/Al ratio of 1.

Table 7 gives Scox calculations analogous to those described
above for the natural analcime samples in this study, as well as
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TABLE 7. Calculated framework compositions and configurational entropies of analcime

Scont,F (J/mol-K)

Study Sample Provenance* Si/Alt Xut Measured Random Al avoidance
This study ANAO0O1 Canada 1.95 0.34 47.70 255.53 110.03
This study ANA002 Greenland 2.10 0.32 82.91 250.83 123.48
This study ANA003 California 1.86 0.35 25.90 258.40 99.61
PK1994§ Mt. St. Hilaire Canada 1.95 0.34 50.46 255.42 110.38
PK1994§ UIUC 1904 ? (natural) 2.18 0.31 81.28 248.44 128.99
PK1994§ Barstow California 2.58 0.28 129.19 237.86 146.01
PK1994§ Mohave Arizona 2.52 0.28 126.63 238.14 145.67
M1988§ - Colorado 2.14 0.32 83.34 249.80 125.94
K1995§ - Synthetic 1.95 0.34 -5.23 255.54 110.00
KH1998§ A Synthetic 1.55 0.39 45.97 267.25 48.37
KH1998§ B Synthetic 1.71 0.37 76.08 262.69 79.44
KH1998§ C Synthetic 1.92 0.34 102.17 256.55 106.54
KH1998§ D Synthetic 2.22 0.31 123.45 24712 131.72
KH1998§ E Synthetic 2.30 0.30 130.63 24475 136.12
Y1998§ - Synthetic 1.92 0.34 102.45 256.55 106.57
H1995§ - Synthetic 1.82 0.35 94.37 259.42 95.35
HK1995§ - Synthetic 2.63 0.28 128.00 234.87 149.20
J1991§ Synthetic 2.71 0.27 131.70 232.62 151.25

* Locality names given for natural samples.
1 Calculated from 2Si MAS NMR spectrum (see text).
1 Based on 96 framework O atoms.

§ References: PK1994 (Phillips and Kirkpatrick 1994); M1988 (Murdoch et al. 1988); K1995 (Kohn et al. 1995); KH1998 (Kato and Hattori 1998); Y1998
(Yamazaki personal communication to Takaishi 1998); H1998 (He et al. 1995); HK1995 (Herreros and Klinowski 1995); J1991 (Joshi et al. 1991).

those of natural and synthetic analcime samples reported in the
literature (calculated on the basis of 48 tetrahedral sites). Note
that the calculations for the samples of Murdoch et al. (1988)
and Phillips and Kirkpatrick (1994) were previously reported
by the latter authors. The data of Table 7 are plotted in Figure
4b, again with theoretical lines for Scoy assuming random Si-
Al distributions and Al avoidance. As seen in Figure 4b, the
data for analcime appear to define two trends, one composed
entirely of synthetic samples that closely follows the Al avoid-
ance curve and another, composed largely of natural samples,
that exhibits significantly lower degrees of Si-Al disorder (i.e.,
lower values of Scox for a given composition). These trends
are subsequently referred to as the synthetic and natural trends,
respectively. The synthetic samples listed in Table 5 were syn-
thesized by a wide variety of methods under different condi-
tions. This may account for the fact that the samples prepared
by Herreros and Klinowski (1995) and Joshi et al. (1991) fol-
low a different trend (that of the natural samples) than the other
synthetic samples. This is the first example we are aware of in
which a single material exhibits two distinct states of short-
range Si-Al ordering. Of special note is the sample reported by
Kohn et al. (1995) for which the calculated Scoy is negative,
implying that this sample is long-range ordered (see discus-
sion in Neuhoff and Stebbins 2001). This result may in part
reflect the fact that the data used in the calculation were from a
cross polarization experiment (and thus not truly quantitative);
however, visual inspection of their single pulse *Si MAS NMR
spectrum supports the conclusion that this sample is anoma-
lously ordered and may represent yet a third state of ordering
in analcime beyond those of the two trends in Figure 4b.
Fitting of the analcime data in Figure 4b to Equation 4 indi-
cates that x” for the synthetic and natural zeolite trends corre-
sponds to X, values of ~0.417 and 0.357, respectively. The
former value is essentially identical to that found for CHA,
FAU, and LTA zeolites, and suggests that this set of samples
develops long-range ordering when linked pairs of hexamer

rings making up the ANA framework reach a collective Al con-
tent of 5 out of 12 tetrahedral sites (and thus Si and Al must
alternate between sites in the two rings in a meta configura-
tion). This behavior is analogous to that of the double six rings
in CHA, FAU, and LTA. The composition at which the natural
sample array develops long range ordering is very similar to a
composition with 17 Al atoms for every 48 tetrahedral sites
(Xa1 = 0.354). At this degree of Al loading, development of
meta configurations in hexamer rings is required in the unit
cell for analcime (which contains 48 tetrahedral sites).

The presence of two (and perhaps three) trends in Figure 4b
suggests that different short range ordering mechanisms are
possible in this structure. The similarity between the Al avoid-
ance curve and the synthetic trend suggests that this is the main
short range ordering mechanism in this array. The samples in
the natural trend are significantly more ordered than required
by Al avoidance alone, as noted by Phillips and Kirkpatrick
(1994). Although Takaishi (1998) rejected minimization of Al-
0O-Si-O-Al linkages as a short-range ordering mechanism in
analcime (i.e., Dempsey’s rule; Dempsey et al. 1969), it ap-
pears, as Phillips and Kirkpatrick (1994) concluded, that natu-
ral analcime samples are ordered in such a way as to minimize
these linkages. This can be demonstrated from a moment analy-
sis (cf. Vega 1983) of the data for the samples in Table 7 which
indicates that the density of Al-O-Si-O-Al linkages is lower
for the natural array than for the synthetic array. The sample
studied by Kohn et al. (1995) has an even lower Al-O-Si-O-Al
density than the natural array.

Natural analcime samples (mostly from low-grade meta-
morphic and diagenetic environments) typically have X, be-
tween 0.26 and 0.34. The only exceptions to this are samples
of potentially primary igneous analcime from theralites, which
exhibit an X, of 0.4 (Wilkinson and Hansel 1994). This X, is
larger than x” for the natural array, which suggests that these
samples are either long range ordered, or exhibit a greater de-
gree of short range disorder than metamorphic and diagenetic
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analcime samples and potentially fall along the synthetic curve
in Figure 4b. The latter conclusion would be consistent with a
higher temperature of formation for primary igneous analcime.
Characterization of such samples by *Si MAS NMR would
prove very interesting. If the latter case were true, it would
support the conclusion of Kim and Burley (1980) that anal-
cime undergoes a phase transition to a more disordered phase
at high temperatures.

A series of papers have demonstrated distributions of Si and
Al in the unit cells of the GME, CHA, and ANA framework
that lead to Si(nAl) pentad distributions consistent with those
of the chabazite and synthetic analcime trends of Figure 4 (Kato
and Hattori 1998; Kato and Takaishi 2000; Takaishi and Kato
1995). Although both the present and earlier works primarily
use Al avoidance as a constraint on the distribution of Si and
Al in the lattices, this study only considers connectivity at the
level of a pentad in constraining tetrahedral cation configura-
tions whereas unit-cell-scale connectivity relations were taken
into account by the previous authors. Facially, the conclusions
of the present study appear at odds with the contentions of Kato
and Hattori (1998), Kato and Takaishi (2000), and Takaishi and
Kato (1995) that Si and Al are long-range “ordered” over the
unit cells of these materials: the positive values of Scox calcu-
lated above inherently imply long-range and short-range dis-
order. However, as noted by these authors, the “ordered”
configurations determined in their work are not unique; in fact,
numerous equivalent configurations are possible because of the
high symmetries of the GME, ANA, and CHA structure types.
Distribution of these equivalent configurations among unit cells
in a sample would actually represent long-range disorder, which,
as Kato and Takaishi (2000) noted, is a probable explanation
for the fact that space groups implied by structural refinements
for these materials tend to have higher degrees of symmetry
than those determined for individual “ordered” unit cells.

Energetics of framework solid solutions in chabazite and
analcime

The Scon data presented in Figures 4a and 4b and Tables 6
and 7 are recast in Figure 5 as a function of the mol fractions of
the aluminous end-members (calculated assuming x" corre-
sponds to 5 Al atoms out of every 12 tetrahedral sites for natu-
ral chabazite and synthetic analcime solid solutions and 17 Al
atoms in every 48 tetrahedral sites for natural analcime) for the
three solid solutions discussed above. Note that a mol fraction
of 0 for each of these solid solutions corresponds to a pure
silica framework, following the treatment of Neuhoff and
Stebbins (2001) for FAU and LTA zeolite samples. Purely sili-
ceous framework compositions are unknown in the ANA frame-
work, and are thus hypothetical. Purely siliceous chabazite has
been synthesized (Woodcock et al. 1999) but is not known in
natural parageneses and is thus also hypothetical. The data in
Figure 5 were regressed to Equation 4. The corresponding val-
ues of W are —56.0 J/(mol-K) for natural chabazite (R?> = 0.940),
—256.6 J/(mol-K) for natural analcime (R?=0.975), and —219.0
for synthetic analcime (R*> = 0.995).

Shown for comparison in Figure 5 are the corresponding
curves for the ideal configurational entropy of mixing for these
solid solutions, Sconsigea, @S @ function of X, uminess Which was
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FIGURE 5. Configurational entropies for chabazite (a), natural
analcime (b) and synthetic analcime (c) solid solutions as a function of
the mol fraction of the aluminous end-member (see text for details).
Curve labeled “Scon” is a regression of the experimental data to Equation
2. Curve labeled “Scon e’ represents the ideal configurational entropy
arising from mixing between the aluminous siliceous end-members for
each solid solution.

calculated from the expression
Sconsidens = —MREXINX, (6)

where subscripts k denote the compositional end-members in
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the solid solution and m is the number of tetrahedral sites in
the molar formula used for the calculations (m = 48 for anal-
cime and m = 12 for chabazite). Assuming the absence of an
excess calorimetric contribution to the entropy (S) of these zeo-
lites (which seems reasonable given the general success of ox-
ide summation algorithms for predicting S in zeolite samples
of variable composition; Neuhoff 2000), the difference between
the regressed (Scox) and Sconsigen CUrves in Figures Sa—c repre-
sents the excess entropy of mixing (SEX) in these solid solu-
tions (cf. Neuhoff and Stebbins 2001):

SEX = SCON - SCONaideal (7)

Note that the excess entropy is negative. Combining Equa-
tions 4, 6, and 7 leads to:

SEX = W(Z X InX,) + nR(ZX,InX)) (8)

The excess Gibbs energy of mixing (G**) for a composition
within a solid solution is given by:

GEX - HEX _ TSEX (9)

where H®X is the excess enthalpy of mixing. Enthalpies of for-
mation (AH;) determined for hydrated and dehydrated
chabazites (X, between 0.27 and 0.49) by lead borate drop
solution calorimetry are nearly linear functions of X, (Shim et
al. 1999). This suggests that HEX for Si-Al substitution in
chabazite is negligible. The AH; data currently available for
analcime cover too small a range in composition to make a
similar analysis. However, negligible H** for Si-Al substitu-
tion in zeolites appears to be quite common, being observed
not only in chabazite, but also faujasite (Neuhoff and Stebbins
2001; Petrovic and Navrotsky 1997) and is consistent with the
behavior of stilbite-stellerite solid solutions (Fridriksson et al.
2001). It is thus assumed that HEX = 0 for all of the solid solu-
tions considered here. As a consequence of this assumption,
Equation 9 reduces to:
GEX = _T*§EX (10)
The activities of the end-members in these solid solutions
are given by
ax = (Xip)" (11
where 7, is the activity coefficient and the exponent accounts for
the stoichiometry of tetrahedral sites. The activity coefficients can
be assessed through the equations above by noting that
RTIny, = G — (1 = X)[8G™/8(1 =X )] 1p x, (12)
where the right hand side is an expression of the partial molar
Gibbs energy of mixing of end-member k. Combination and
rearrangement of Equations 8, 10, and 12 leads to an explicit
expression for y;:

Iny, = —«(W/R + m)In(X,) (13)

Note that 7y, is not a function of temperature as a conse-
quence of the assumption H** = 0 (i.e., an athermal solution).
The consequences of this type of solid solution are discussed
by Neuhoff and Stebbins (2001).

Validity of Scon calculations

The magnitudes of the Scon values calculated above sug-
gest that short-range disorder can have a significant effect on
the energetics of analcime and chabazite. For instance, calori-
metrically determined (“Third Law”) entropies for analcime
and chabazite at 298.15 K (Sys5) are approximately 3600 J/
(mol-K) (on a 96 framework O atom basis; Johnson et al. (1982)
and 1200 J/(mol-K) (on a 24 framework O atom basis; Belitsky
et al. 1982), respectively. The actual entropies of these materi-
als at 298.15 K (S), are given by the relationship

S = 85515 + Scon (14)
assuming no entropic contribution from phase transitions be-
low 298.15 K. Thus, the configurational entropies of chabazite
and analcime (cf. Tables 6 and 7) add an additional 1 to 4% to
their entropies at 298.15 K. Given the relatively small entro-
pies of reactions governing many zeolite phase relations, this
increase in S5 ;5 can have a disproportionately large effect on
calculated equilibria. However, to our knowledge, the validity
of the quantitative results of CVM calculations for framework
silicates have not been rigorously tested, which requires an in-
dependent observation of the configurational entropy of these
materials. Analcime presents an opportunity to test the validity
of the Scox calculations described above. Figure 6 shows ex-
perimental observations by J.J. Hemley (cited as a personal
communication to Helgeson et al. 1978 and tabulated in Johnson
et al. 1982) of the activity of aqueous silica (@sio2.q) in equilib-
rium with ordered albite and analcime (latter from lava flows
on Table Mountain, Colorado, the same locality and sample
composition as the sample of Murdoch et al. 1988 listed in
Table 7). Based on the composition of the analcime in these
experiments, these observations pertain to the reaction

Nays 36Al5 36913006 16H,0 + 13.44 SiO,
analcime

15)

=15.36 NaAlSi;O; + 16 H,0
low albite

These observations present a unique opportunity for assess-
ing the magnitude of Scoy in analcime, as the heat capacity and
calorimetrically determined entropy of analcime of this com-
position were measured by Johnson et al. (1982), which as
shown below permits direct determination of Scoy for analcime
from the temperature dependence of the data in Figure 6.

The curves in Figure 6 were calculated with the aid of the
SUPCRT92 software package (Johnson et al. 1992; see also
Helgeson et al. 1978). Thermodynamic data for low albite,
water, and aqueous silica were taken from the SUPCRT92 da-
tabase. The temperature dependence of the heat capacity
[C,(J/mol-K) =2111.5+4.098 T + 3949000 7] and S,s ;5 [3628
J/(mol-K)] were calculated from the calorimetric data of
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FIGURE 6. Calculated effects of various disorder models on the
stability of analcime. The experimental data from Hemley (1973;
personal communication to Helgeson et al. 1978) pertain to the activity
of aqueous silica (SiO,,,) in equilibrium with albite and analcime as a
function of temperature at 1 kb. The curves correspond to calculated
equilibrium compositions of SiO, ,, in equilibrium with these minerals
assuming different values of Scox. See text for details of the calculations.

Johnson et al. (1982). The molar volume (1548 cm?/mol) was
assumed independent of temperature and pressure and was cal-
culated from the determinative curves of Coombs and Whetten
(1967). The curves in Figure 6 differ in the magnitude of Scox
assumed in the calculations and correspond to values of 0
J/(mol-K) (i.e., assuming that Si and Al are fully ordered; curve
labeled “ordered”), 81.92 J/(mol-K) (calculated from the ex-
perimental data of Murdoch et al. 1988; curve labeled “CVM?”),
125.92 J/(mol-K) (assuming maximum disorder complying with
Al avoidance; curve labeled “Al avoidance”) and 249.76
J/(mol-K) (assuming random Si-Al distribution; curve labeled
“random”). The Gibbs energy of formation (AG; ) from the el-
ements and AH; were arbitrarily adjusted so that each curve
passed through the data point at 200 °C, 1 kb.

Figure 6 shows that the magnitude of Scox chosen for anal-
cime has a dramatic effect on the calculated temperature de-
pendence of as;o, ., in equilibrium with Table Mountain analcime
and low albite. Assuming that analcime is fully ordered leads
to an underestimation of the temperature dependence of @g;os 4
whereas assuming Al avoidance alone or a completely random
Si-Al distribution leads to a significantly greater temperature
dependence than indicated by Hemley’s data. In contrast, Scox
calculated using Equation 2 leads to a calculated curve that is
in excellent agreement with the experimental results. This sug-
gests that the methodology of Equation 2 leads to values of
Scon that are consistent with the thermodynamic behavior of
this phase and in part validates this method. The apparent va-
lidity of the Scoy calculations for the Table Mountain analcime
sample is further supported by the fact that AH; consistent with
the curve labeled “CVM” in Figure 6 (52738 kJ/mol) is within
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error of the calorimetric determinations by Barany (1962; re-
calculated by Johnson et al. 1982 to be —52774 * 42 kJ/mol)
and Johnson et al. (1982; —52750 % 53 kJ/mol) on samples of
the same composition (the sample used by Barany 1962 was
from Table Mountain). The fact that it appears that only Si-Al
distribution need be considered in assessing Scon, as opposed
to consideration of the occupancy of Na sites, may reflect the
fact that Na and water site occupancy is inherently linked
through charge balance constraints to the presence of Al.

Alberti (1991), using the method of Alberti and Gottardi
(1988), calculated the distribution of Si and Al across two tet-
rahedral sites in analcime from structural refinements of seven
analcime samples reported by Mazzi and Galli (1978). His re-
sults suggest that different analcime samples vary widely in
the degree of long-range Si-Al ordering across sites. Configu-
rational entropies arising from the distribution of Si and Al
across the T1 and T2 sites in analcime were calculated from
Alberti’s (1991) results via the standard expression for Scoy
arising from long range disorder:

Seon = —RENEAX, ;In X, ; (16)
i

where the summation is over all sites i having a multiplicity of
n in the structure and all species j (i.e., Si and Al) at the site.
The values of Scoy calculated in this manner ranged from 12.9
to 15.4 J/(mol-K), nearly as large as that calculated assuming
random mixing of Si and Al. This would lead to a curve similar
to the one labeled “random” in Figure 6. It thus appears that
Scon derived from estimates of long range order in analcime do
not accurately reflect the energetics of disordering.

Recently, Cheng et al. (2000) presented ’O MAS NMR and
triple quantum (3Q) MAS NMR data that demonstrated the
presence of ca. 4% Al-O-Al dyads in a sample of analcime
from Table Mountain. This clearly in conflict with the assump-
tion of perfect Al avoidance used in the above calculations.
The energetic consequences of Cheng et al.’s (2000) observa-
tions are difficult to quantify using Equation 2, as no informa-
tion is available to assess the relative abundances of Al-centered
pentads in the absence of Al avoidance. Nonetheless, it seems
likely that the presence of additional Al(nSi) pentads will in-
crease the entropy of analcime above that calculated by apply-
ing Equation 2 with the assumption of Al avoidance. It is
possible to calculate an Scoy value arising from the distribution
of dyads in the structure by using the equations of Phillips and
Kirkpatrick (1994). The result is ~11.1 J/(mol-K), which would
lead to a curve plotting between the “Al avoidance” and “ran-
dom” curves in Figure 6 that thus overestimates the tempera-
ture dependence of aso,,, in equilibrium with analcime and
albite. These dyads are not present in ANAOO1 (Zhao et al.
2001) and the essentially exact correspondence between the
Si/Al ratio determined from the original Si MAS NMR data
and chemical analyses of Murdoch et al. (1988) for analcime
from the same location as the sample of Cheng et al. (2000)
both strongly support Al avoidance. It is possible that the pres-
ence of Al-O-Al dyads was induced during initial high-tem-
perature dehydration (prior to ?O-enrichment) of Cheng et al.’s
sample. This change may have gone undetected in their study
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as all Si MAS NMR peaks were broadened by the heating
process. In addition, the anomalously small quadrupolar cou-
pling constant for the observed Al-O-Al peak in the "O-ex-
changed analcime may have exaggerated its intensity to an
extent greater than that originally estimated. Nevertheless, more
work is clearly needed to address the degree to which Al avoid-
ance is present in analcime.

Disorder in wairakite

The ¥Si MAS NMR spectrum obtained for wairakite clearly
illustrates long-range Si-Al ordering in this material, as sug-
gested previously (Henderson et al. 1998; Takeuchi et al. 1979).
The specimen investigated in the present study, as well as those
studied by Takeuchi et al. (1979) and Henderson et al. (1998)
are all monoclinic, with the low symmetry being a consequence
of the large degree of Si-Al ordering. Numerous studies have
synthesized tetragonal wairakites (Liou 1970), often referred
to as Ca-analcimes. Although to our knowledge no spectro-
scopic or diffraction studies have been performed on such ma-
terial, it would appear likely that Liou’s (1970) conclusion that
tetragonal wairakite (Ca-bearing analcime) is Si-Al disordered,
leading to the higher symmetry, is correct. Liou (1970) synthe-
sized tetragonal wairakite and then transformed it to mono-
clinic wairakite by isothermal-isobaric treatment at
temperatures of 300 to 400 °C indicating that the disordered
form is metastable in this temperature range. This is notewor-
thy because this temperature range includes the probable maxi-
mum thermodynamic stability limit for wairakite. Coombs
(1955) suggested that the lamellar twinning often observed in
wairakite is a consequence of a transition from a nominally
cubic, high temperature phase to the monoclinic phase observed
at room temperature. If this is true, the transition probably did
not arise from ordering of Si and Al upon cooling, but rather,
as Coombs (1955) suggested, was due to the non-quenchable
and rapid transition similar to that in leucite and other materi-
als that share the ANA framework (Hovis et al. 2002; Kohn et
al. 1997; Xu et al. 2001).

Liou (1970) suggested that the spacing between the 004 and
400 reflections in wairakite (effectively the difference in the a
and ¢ unit-cell dimensions) increases with increasing order. This
appears to be qualitatively consistent with the Si MAS NMR
data gathered to date for wairakite. The a-c difference in sample
ANAO04 from the original batch of starting materials was re-
ported to be 0.09 (Liou 1970). The equivalent value for the
synthetic sample studied by Henderson et al. (1998) is 0.118
(T. Bell, personal communication, 2000), making their sample
considerably more ordered than ANAOO4 or any produced by
Liou (1970) even during much longer experimental runs. The
»Si MAS NMR spectrum for Henderson et al.’s (1998) sample
revealed somewhat less disorder than the natural sample in this
study, with only ~10% of the signal lying on the high frequency
side of the main peaks whereas in our sample ~15% of the total
signal was in this region. Assuming that a-c does reflect the
degree of disorder, comparison of the results summarized above
and other d-spacings reported in the literature (Aoki and Minato
1980; Takeuchi et al. 1979) suggest that a range of ordering
states are present in natural and synthetic wairakite. Indeed,
most of the samples studied by Aoki and Minato (1980) have

a-c values that are greater than those of Henderson et al.’s (1998)
sample and thus likely exhibit greater degrees of Si-Al order.
As Liou (1970) demonstrated, disordered wairakite samples
can represent metastable states. However, the possibility re-
mains open that some of the variation in Si-Al ordering in
wairakite suggested by reported unit-cell parameters may re-
flect significant temperature-dependent equilibrium disorder-
ing in the range of temperature and pressure over which this
phase forms in natural and laboratory systems. The significantly
lower ordering state for Liou’s (1970) starting material (and
apparently his run products, which never exceeded this order-
ing state) than most of the natural samples studied by Aoki and
Minato (1980) suggests that the equilibria determined in his
study may be metastable, or at least not directly comparable to
equilibria involving most natural wairakite samples.
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