
American Mineralogist, Volume 79, pages 1025-1031, 1994

Short-range Si-Al order in leucite and analcime: Determination of the configurational
entropy from 27Al and variable-temperature 2esi NMR spectroscopy of leucite, its Cs-

and Rb-exchanged derivatives, and analcime

Bnr.lN L. Pnrr-r,rps *
Earth Sciences Division, Lawrence Livermore National Laboratory, P.O. Box 808, L-219, Livermore, California 94550, U.S.A.

R. J.qltnns Krnxplrnrcx
Department of Geology, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, U.S.A.

Ansrnl,ct

We have examined a natural leucite sample, its Rb- and Cs-exchanged derivatives, and
analcime using 'zeSi and 27Al MAS NMR spectroscopy, with the objective of providing a
better understanding of the Si-Al distribution in these phases. Spectra were obtained at
temperatures from 25 to 600 'C for leucite and from 25 to 200 "C for the Cs-exchanged
Ieucite through its tetragonal-to-cubic structural phase transition. The "Si NMR spectrum
ofcubic Cs-exchanged leucite contains five peaks corresponding to the single tetrahedral
site having from 0 to 4 next nearest neighbor Al cations. The populations ofthe five local
Si environments indicate the presence ofslight additional short-range Si-Al order beyond
that produced by Al-Al avoidance. We present expressions from which the configurational
entropy (S") due to Si-Al disorder can be calculated from the populations of tetrahedral
cation clusters determined from NMR spectra or the assumption of Al-Al avoidance. For
cubic leucite, the NMR data indicate that ,S" due to Si-Al disorder is 6.6 + 0.2 J/(mol'K),
which is comparable with the value of 6.9 J/(mol.K) obtained with the assumption of only
Al-Al avoidance. The short-range Si-Al order was also investigated for several samples of
the structurally related mineral analcime, which show a wide variation of S", from 3.1 to
8.1 J/(mol.K). The 2eSi NMR spectra of the Rb- and Cs-exchanged leucite resemble closely
those of the natural leucite at 300 and 600 "C, respectively. The 'z7Al chemical shifts for
all leucite samples display a linear correlation with the mean bridging-bond angle.

IxrnooucnoN

Leucite, KAlSi2O6, comprises an aluminosil icate
framework of four-, six-, and eight-membered rings of
SiOo and AlOo tetrahedra that exhibits cubic topological
symmetry (space group la3d). At room temperature, leu-
cite is tetragonal (space grotp 14r/a: Mazzi et al., 1976),
but it becomes metrically cubic near 650 "C through a
series of structural phase transitions (e.g., Lange et al.,
1986, and references therein). The topology ofthe leucite
framework is compatible with a fully ordered 2:l Si-Al
distribution containing no Al-O-Al linkages (for example,
the synthetic leucite analogue KrMgSirO,, displays com-
plete Mg-Si order: Kohn et al., 1991), but no fully ordered
natural leucite has been reported, and there remain some
questions about the state ofSi-Al order.

The tetragonal phase of leucite at room temperature
contains three inequivalent framework sites (designated
Tl,T2, and T3), for which no long-range Si-Al order with
respect to the site occupancies was detected by XRD
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(Mazzi et al., 1976). Boysen (1990) noted that fitting the
Si-Al site occupancies improves Rietveld refinements of
neutron scattering data, but that the site occupancies and
displacement factors are correlated and cannot be deter-
mined independently. Previous NMR spectroscopic stud-
ies reported some long-range order of Si and Al on the
three crystallographic sites of the tetragonal structure.
However, distinctly different site occupancies were ob-
tained from interpretations of the '?eSi (Murdoch et al.,
1988) and '??Al (Phillips et al., 1989) NMR data. Al-
though uncertainties in the analysis ofboth the'zeSi and
'z?Al NMR spectra make it difficult to determine the site-
occupancy factors by these methods, there seems to be
general agreement on the magrritude of the long-range
order, with each of the three T sites containing between
0.2 and 0.5 Al atoms.

Only one crystallographically inequivalent tetrahedral
site exists in the high-temperature, cubic form of leucite,
which precludes any long-range Si-Al order (Peacor, I 968).
However, the observation in the metrically cubic phase
of twin boundaries (Heaney and Veblen, 1990) and X-ray
reflections (Palmer et al., 1989; Ito et al., l99l) that vi-
olate the apparent cubic symmetry suggests that the high-
temperature phase might remain locally tetragonal. The
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Si-Al distribution is one possible source of local order in
the metrically cubic phase, and several studies have ad-
dressed the possible role ofSi-Al order on the phase tran-
sitions in leucite (Palmer et al., 1989; Hatch et al., 1990;.
Heaney and Veblen, 1990). On the basis of lattice-energy
calculations, Dove et al. (1993) concluded that the strains
associated with the cubic-to-tetragonal transition are not
related to the state ofSi-Al order and that the transition
would occur in fully Si-Al-disordered leucite. A better
understanding ofthe relationships in leucite between the
Si-Al order, the structural phase transitions, and the true
symmetry of the high-temperature phase requires a more
thorough characteization of its Si-Al distribution than is
currently available.

From a thermochemical standpoint, the energetically
significant effects ofthe Si-Al distribution can be related
to the degree ofshort-range order. For the present study,
we describe the state of short-range order in terms of
population distributions of small clusters of tetrahedral
cations. From 2eSi MAS NMR spectra one can obtain
information on the populations of clusters ranging in size
from cation pairs (e.g., Si-O-Si, Si-O-Al, Al-O-Al) up to
the five-membered clusters designated in the Q notation
as Q(nlJ), where Q denotes I4rSi, the superscript the
number of bridging O atoms, and n the number of next
nearest neighbor (NNI\Q Al atoms (0 - n < 4). Much of
the decrease in configurational entropy relative to a pure-
ly random Si-Al distribution can be obtained from the
distribution of these small clusters, owing to the rapid
decrease of the combinatorial with the increase in cluster
size. In contrast, site-mixing models that ignore short-
range correlations can significantly overestimate the con-
figurational entropy (McConnell, I 985).

The purpose of this study is to determine the state of
short-range Si-Al order in the aluminosilicate framework
of leucite. Experimentally, this measurement is easiest to
make for the cubic phase, without the spectral compli-
cations caused by the tetragonal structural distortion. That
the cubic and tetragonal phases have the same state of
short-range Si-Al order can be expected on the basis of
the greatly different time scales for Si-Al diffusion and
the reversible cubic-to-tetragonal phase transition. The
cubic phase of leucite occurs at temperatures just beyond
the reach of current commercial MAS NMR instrumen-
tation, but the substitution of larger alkali cations for K
lowers the transition temperature while leaving the
framework essentially intact (Taylor and Henderson,
1968). Cs-exchanged leucite is cubic above 97 "C (Palmer
et al., in preparation), which is well within the reach of
our MAS NMR probes.

Below, we present 2eSi and ,?Al MAS NMR data for
leucite and its Rb- and Cs-exchanged derivatives at room
temperature (RI), as well as for leucite from RZ to 600
'C and the Cs-exchanged sample from R?"to 150 "C. The
2eSi spectrum of cubic CsAlSirOu contains five peaks cor-
responding to a single crystallographic site with local con-
figurations E@AI) to 0(0Al). The relative populations
of these Si environments indicate only a small degree of
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short-range order beyond Al-Al avoidance. However, the
configurational entropy for this Si-Al distribution, 6.6
J/(mol.K), is less than half that computed only from the
long-range site occupancies obtained from earlier studies.
For comparison, we also present data for several samples
of the structurally similar mineral analcime that show
large variations in the state oforder for this phase.

ExpnnruBxrAt, METHoDS

Sarnples

The leucite used for this study is L999 from the Harker
Collection of the University of Cambridge and was de-
scribed more fully by Palmer et al. (1988). Cs- and Rb-
exchanged derivatives (nominally, CsAlSirOu and Rb-
AlSirO5) were prepared by ion exchange of the leucite in
molten bromide salt at 1073 K for 3 d. Details of the
cation exchange process and compositional and neutron
powder-diffraction data are presented in Palmer et al. (in
preparation).

Results were also reported for several analcime sam-
ples that span a range of composition with respect to Si./
Al. The first analcime sample is from Mont Saint Hilaire,

Quebec. The second sample was taken from a trapezoidal
crystal about 2 cm in diameter, labeled no. 1904 from
the University of Illinois mineralogical collection, but of
unknown origin. Two fine-grained authigenic analcime
samples were examined, one from Barstow, California,
and the other from Mojave County, Arizona. All samples
appeared to be monomineralic by powder XRD except
for some quartz detected in the Barstow sample, which
is also evident in the NMR spectra.

NMR spectroscopy

The '?eSi MAS NMR spectra of leucite were collected
at Ho: 8.45 T (71.5 MHz) with a homemade spectrom-
eter based on a Nicolet 1280 computer and a 2908 pulse
programmer. For all the spectra at RZ, and for those of
the Cs-exchanged leucite from RZ to 200 "C, we used a
Doty Scientific MAS probe, with the sample contained in
a 7-mm sapphire rotor spinning at 3-4 kHz. Variable-
temperature (VT) spectra for leucite from RZ to 600 "C
were taken using a Doty Scientific high-temperature MAS
probe. The spinning rate in the high-temperature probe
was 3 kHz at RI but decreased to about 1.2 kHz at 600
"C. The "Si NMR spectra at RZ were taken with 45'
pulse lengths and a 5-s recycle delay. The 'zeSi spin-lattice
relaxation time (I,) was <2 s for all the leucite samples.
Spectra collected for varying recycle delay showed no
change in the relative intensities, but a symmetrical
broadening was noted for spectra obtained with recycle
delays less than about I s.

The 'z?Al MAS NMR data were obtained at Ho: 11.7
T (130.3 MHz) with a spectrometer similar to the one
described above using a Doty 5-mm MAS probe and
samples spinning at 8 kHz in zirconia rotors. The spectra
were obtained using a 1-ps pulse length (the nonselective
90" pulse was 12 ps) and 0.5-s recycle delay, but no change
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TABLE 1. Results of the least-squares fit of the ssi NMR spec-
trum of Cs-exchanged leucite at 150'C

5 t

environ-
menl

d
(ppm)

Calculated
intensity

FWHH Relative (Al-Al
(ppm) intensity avoidance)

600 
4Al
3Al
2Al
1A l
0Al

-87.1(21
-91.7(1)
-96.0

- 100.4
-104.8

3.7(3)
4.3(1)
3.3
3.5
2 n

0.037(5)
0.277(6)
0.427(5)
0.221(1)
0.038(1)

0.070
0.264
0.374
0.236
0.056

Note.'numbers in oarentheses refer to estimated uncertainty; otherwise
uncertainty is less than one unit in the last digit. Calculated intensities are
with the assumotion of a random Si-Al distribution after the exclusion of
Al-O-Al linkages.

Fig. r. rhe'?eSi t"r;J:;ectra at 7r.5 MHz of (a) leu-
cite and its Rb- and Cs-exchanged derivatives and (b) leucite
with increasing temperature. Asterisks denote spinning side bands.

in the central transition envelope was observed by vary-
ing the pulse length from I to 5 ps and the recycle delay
from 0.5 to 5 s.

The analcime "Si NMR spectra were obtained at 59.6
MHz with a Chemagnetics CMX 300 spectrometer and
a 7-mm pencil probe. The sample spinning rate was 4-5
kHz. The 90" pulse width was 6 ps, and pulses of 3-6 ps
were used to collect the data. The recycle delay varied
from 15 to 2000 s, depending on the sample I', which
varied from 5 s for the Mojave sample to >1000 s for
the UIUC 1904 sample. Total accumulation time for each
spectrum was from 0.5 to 4 d. For each sample, we col-
lected several spectra, which differed by the recycle delay
used. We found no significant change in the peak inten-
sities with recycle delay except for the Barstow sample,
which showed an increase in the intensity of the qtarlz
peak with increasing recycle delay.

The 'zeSi chemical shifts were referenced to an external
sample of tetramethylsilane, and the 2?Al shifts were ref-
erenced to an external l-M AIC\ solution.

Rrsur,rs
The'zeSi MAS NMR spectra at RZfor the series leucite,

RbAlSirO6, and CsAlSirOu @ig. la) show a continuous
variation caused by changes in the overlap ofsets ofpeaks
arising from the three crystallographic sites, as discussed
for leucite by Murdoch et al. (1988). For each crystallo-
graphic site, there are five peaks corresponding to the
local Si environments / (aAl) to /(0AI). The spectrum
of the leucite sample is nearly identical to those presented
by Murdoch er al. (1988) and Phillips et al. (1989).

For the Cs-exchanged leucite above the tetragonal-to-
cubic transition, which occurs at T" : 97 "C (Palmer et

al., in preparation), the 'zeSi NMR spectrum consists of
five well-resolved peaks due to the single crystalloglaphic
site"having from 4 to 0 Al NNN (left to right in the spec-
trum of Fig. l). Additional peaks in the RZ spectrum of
CsAlSirOu support the conclusion of Palmer et al. (in
preparation) that the Cs-exchanged leucite is tetragonal
at RI (cf. Taylor and Henderson, 1968). The results of
least-squares fits of the spectrum of cubic CsAlSirO. to a
sum of Gaussian curves are presented in Table l. The
value of Si/Al computed from the intensities of the '?eSi

NMR peaks with the assumption of no Al-O-Al linkages

S i / A l : 4 / > n ' I p o , n a ,  ( l )

(Corbin et al., 1987) is 1.95 + 0.05 and agrees well with
that obtained by electron microprobe: 1.99 t 0.I0 (Palmer
et al., in preparation). Spectra for CsAlSirOu were taken
at 25, 100, 120, 150, and 200'C. The changes in the
spectrum from 25 to 150'C are continuous, but we ob-
served no significant difference between the spectra taken
at 150 and 200 'C.

The changes in the'?eSi NMR spectrum of leucite with
increasing temperature (Fig. lb) parallel those that occur
with increasing size of the alkali cation. Specifically, the
spectra of the parent leucite at 300 and 600 oC are very
similar to those of the Rb- and Cs-exchanged leucite at
RI, respectively (cf. Fig. l). The spectrum of leucite is
best resolved near 500 "C, which probably indicates that
near this temperature the chemical-shift difference be-
tween the crystallographic sites is about the same as the
separation between the E@AI) and Ul@ + 1) All peaks.
The peak separations at 500'C are from 4.2 to 4.8 ppm,

and the separations between the Et(n{l) peaks for cubic
CsAlSirO. arc 4.4 + 0.2 ppm.

The'zeSi MAS NMR spectra of analcime show system-
atic changes consistent with the values of Si/Al (Fig. 2).
The spectrum of sample UIUC 1904 is very similar to
that presented by Murdoch et al. (1988). With increasing
Si content, the intensity ofpeaks corresponding to Si-rich
Iocal configurations increases [e.g., 0(1Al) and /(0Al)
ar -102 and -107.5 ppm, respectivelyl. We obtained
relative intensities from least-squares fits of the spectra

, 1  1 0



1028

1 . 9 5

-70 -80 -90 -' l  00 -1 1 0 -120 ppm

Fig.2. The ,,Si MAS NMR spectra of various analcime sam-
ples studied. The Si-Al ratios listed to the right of the spectra
were calculated from the peak intensities using Eq. l. From top
to bottom: Mojave County, Arizona, recycle delay 15 s, 4320
acquisitions; Barstow, California, recycle delay 300 s, 240 ac-
quisitions; UIUC 1904 (locality unknown), recycle delay 2000
s, 80 acquisitions; Mont Saint Hilaire, recycle delay 1200 s, 2gg
acquisitions. No line broadening has been applied to the spectra.

to a sum of Gaussian curves (Table 2). For each sample,
the spectra obtained with different recycle delays gave
best-fit relative intensities that were constant within + lolo
(absolute). Fits to the spectra of the Barstow sample in-
cluded an additional, narrow peak for the quartz com-
ponent, the intensity ofwhich increased with recycle de-
lay, although the distribution of the remaining intensity
among the analcime peaks did not change appreciably.
All the fitted peak positions are in good agreement with
the results of Murdoch et al. (1988).
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Fig. 3. The 27Al MAS NMR spectra of leucite and its Rb-
and Cs-exchanged derivatives taken at 130.3 MHz. (left) Central
transition and (right) one of the spinning side bands of the +(%,D
satellite transitions at the same horizontal scale and 20 x vertical
scale.

The 'z7Al NMR spectrum of the Rb-exchanged leucite
(Fig. 3) is similar to that reported previously for leucite
(Phillips et al., 1989) but is slightly less resolved. Fitting
this spectrum with Voigt line shapes gives peak intensi-
ties the same within experimental error as those present-
ed by Phillips et al. (1989) for the parent leucite sample
(also shown in Fig. 3). The Cs-exchanged leucite gives a
single ,7Al MAS NMR peak with a full-widrh at half-
height (FWHH) of 5.6 ppm, although, on the basis of the
difference of average T-O-T angles from the crystal-struc-
ture refinement of this sample and the line widths of the
peaks for the K and Rb forms, we expected to resolve
separate peaks for T3 and Tl + T2.

For the Rb-exchanged leucite, the !(%,t/) satellite-
transition spinning sidebands exhibited better resolution
than the center band, which allowed a third peak to be
clearly distinguished, as was noted previously for leucite
(Phillips et al., 1989). However, the satellite spinning
sidebands for CsAlSirOu showed only a slight narrowing
with respect to the center band (from 5.6 to 5.2 ppm,
FWHH). This result may indicate greater dispersion of
chemical shifts or quadrupolar coupling constants for the
Cs-exchanged leucite than for the Rb-exchanged and par-
ent leucite samples.

The isotropic chemical shifts for all resolved peaks (Ta-
ble 3) were obtained from the center of gravity of the
satellite transitions as described by Phillips et al. (1989).
These chemical shifts correlate linearly with the mean
intertetrahedral angle per T site ((0): Fig. 4), giving a
slope very similar to those presented by Lippmaa et al.
(1986) and Phil l ips et al. (1989):



Traue 2. Best-fit intensities of €Si NMR peaks for analcime
samples studied

Peak intensity
Si/AI

(+0.05)Sample

0.157 0.695
0.119 0 .619
0.090 0 463
0.087 0.446

r029

TABLE 3. The 2?Al chemical-shift data for the leucite samples
studied

Sample Site (1T-O-T) f) 6, (PPm)
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1Al T1't2

T3
T1
r2
T3
T1
r2
T3

145.3
138.4
129.7
147.5
141 4
133.0
147.7't44.8
139.4

6 1 . 0
64.7
69.2
59.7
62.8
67.0
60.5'
60.5.
60.5'

Mont Saint Hilaire 0.016
UIUC 1904 n.d.
Barstow 0.005
Mojave 0.008

ivote.' n.d. means none detected. Estimated uncertainties for the oeak
intensities are +0.005 absolute, except where noted.

D, :  138.8  -  0 .538(d) ,  r ' z  :  0 .98 . (2)

The values of (d) were obtained from structure refine-
ments of powder neutron difraction data for a similar set
of samples (Palmer et al., in preparation). For the Cs-
exchanged leucite, we used the average of the three crys-
tallographic sites because only one peak was observed.
Although the correlation expressed in Equation I is useful
for assigning the NMR peaks, we note that the interte-
trahedral angles are averages over both the Si and Al
atoms that occupy a given T site. Therefore, the corre-
lation expressed in Equation 2 may not hold for other
systems.

The relative shift of the central transition and +(1/2,'/z)
satellite-transition centers ofgravity is 1.1 + 0. I ppm for
both RbAlSirOu and CsAlSirO., giving a quadrupolar
coupling constant of 1.5 + 0.2 MHz (Samoson, 1985).
These values are slightly smaller than those for leucite:
1.2 I 0.1 ppm and 1.7 + 0.2 MHz (Phil l ips et al., 1989).

DrscussroN

Comparison of the intensities of the 2eSi NMR peaks
of the cubic Cs-exchanged leucite with the populations
computed for a Si-Al distribution that is random after
the exclusion of Al-O-Al linkages (Table l) shows that
the leucite framework contains a slight degree of short-
range order beyond Al-Al avoidance. The similarity of
the Si-Al ratios determined by NMR and electron micro-
probe and the presence of only one peak in the'??Al NMR
spectrum indicate that there is no detectable population
of Al-O-Al linkages in this leucite sample. These results
for the Cs-exchanged leucite can be taken as general for
leucite because the relatively low temperatures and short
times required for the alkali exchange should not signif-
icantly affect the distribution of Si and Al atoms. Fur-
thermore, no changes in the NMR spectra have been ob-
served after prolonged heating at 1400 "C (Murdoch et
al., 1988; Phillips et al., 1989), which would seem to in-
dicate that even this degree of heat treatment does not
affect the average Si-Al distribution ofleucite.

The principal difference between the observed Si-Al
distribution and one that is random after excluding Al-
O-Al linkages is that the observed distribution contains
more Q(2Al) and correspondingly fewer /(4Al) and
Cf(0Al). This short-range ordering pattern corresponds
to a partial decrease of the number of Al-O-Si-O-Al and

RbAtsi,o6

Note; bond angles from Palmeret al. (in preparation); uAlchemicalshifts

were determined from the l(%,y2) satellite-transition spinning side bands.
- Only one peak was detected for CsAlSirO6.

Si-O-Si-O-Si linkages in favor of Si-O-SiO-Al linkages
(e.g., Dempsey's rule: Dempsey et al., 1969). A similar
short-range ordering pattern has been observed in layer
silicates (Herrero and Sanz, l99l) and in synthetic fau-
jasite-type zeolites (Herrero, 1991), for which the driving
force for Si-AI order beyond Al-Al avoidance was deter-
mined to be a homogeneous distribution of Al-atoms
rather than minimization of the number of Al-O-Si-O-
Al linkages (Herrero and Sanz, l99l).

For leucite, the Si-Al order indicated by the popula-
tions of the U@AI) tetrahedral cation clusters (pentads)
corresponds to only a small decrease of configurational
entropy relative to a distribution governed only by Al-Al
avoidance. An estimate of the configurational entropy at-
tributed to Si-Al disorder can be obtained from the 2eSi

NMR results by adapting an algorithm for the cluster-
variation technique described by de Fontaine (1979). For
any tetrahedral aluminosilicate framework, the logarithm
of the number of Si-Al configurations (O), including cor-
relations up to those that affect the pentad populations,
is given by

ln o : - 
) do,,xo,,ln xe,i * 22 du.ixo,,ln xo" (3)

where i spans the six possible pentad configurations

tS(4Al), S(3AD, "' S(0Al), A(4Si)l having probability
x and degeneracy d(2, d,x, : l), and similarly, jt covers
the possible dyads (pairs) Si-Si, Si-Al, and Al-Al (x^-^
is assumed to be 0). From the intensities of the 'zeSi

NMR peaks given in Table 1, the configurational entropy
per mole [AlSirO5]-, ^S" : 3R ln o, is 6.6 J/(mol'K)
(Table 4).

For comparison, a similar technique can be applied to
calculate the number of Si-Al configurations considering
only pairwise correlations:

h a : -2 
) do.,xo.,ln xo,, * 3[xoln xr, * x^ln x^]

(4)

whereT spans the possible dyads as for Equation 3, and
x' and xN are, respectively, the fraction of Si and Al.
Provided Al-Al avoidance can be assumed (xa'-ar: 0) and
there is only one crystallographic site (or all crystallo-
graphic sites have the same Si-Al occupancy), then x.'-^

0.122 0.010
0.239 0.023
0.365 0.077
0.402 0.058

1 .95
2 . 1 8
2.s3
2.52

CsAlSi,O"
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70 TABLE 4. Configurational entropy attributed to Si-Al disorder at
various levels of approximation for leucite and anal-
cime samples studied

S. U/(mol.K)l

Sample

AI.AI
avoid-

Random ance
bb

i;'fi 64 6.9 6.61999

Murdoch et al. (1988)
Mont Saint Hilaire
uruc 1904
Barstow
Mojave

Leucite
1 .95 16.0
Analcime
2 .13  15 .6
1 .95 16.0
2 .18  15 .5
2.53 14.9
252 14.9

7.9 5.2
6.9 3.1
8 .1  5 .1
9 .1  8 .1
9 1  7 . 9

130 135 140 145 150
<T-O-T> f)

Fig. 4. Variation of ,7Al isotropic chemical shifts at room
temperature for leucite and its Rb- and Cs-exchanged deriva-
tives with average bridg.ing bond angle (Palmer et a1., in prepa-
ration). Line is a linear least-squares fit, including the average
for the three sites of CsAlSirOu (only one peak is observed).

: x^ and xs,_si : | - 2x^, which reduces Equation 4 to

lnO : 3(l - x^)ln(l - x,c,) - x^ln Jr^
- 2(l - 2x.)ln(l - 2xo). (5)

This result can be applied generally to framework alu-
minosilicates to compute the maximum value for the
configurational entropy consistent with Al-Al avoidance.
For example, Equation 5 gives an improved estimate for
S" of hieh albite [13.] J/(mol.K)] that is slightly higher
than the value of 12.2 J/(mol.K) estimated by Kerrick
and Darken (1975) and significantly lower than that for
complete Si-Al disorder [8.7 J/(mol.K)].

Application of Equation 5 to the present leucite sam-
ples gives a configurational entropy of 6.9 J/(mol.K),
which differs from that computed from Equation 3 by
only 0.3 J/(mol.K). That the values obtained from Equa-
tions 3 and 5 are similar indicates that the entropy de-
crease attributed to correlations extending beyond two
neighboring tetrahedral cations (e.g., Dempsey's rule) is
not energetically significant for leucite and that good ap-
proximations for S" can be obtained simply from Equa-
tion 5.

The value of S" we obtained for leucite, 6.6 J/(mol.K),
is significantly lower than those obtained by assuming a
purely random Si-Al distribution and simple mixing
models based on the long-range ordering patterns pro-
posed by other NMR studies. Commonly accepted values
for the standard entropy of leucite (e.g., Robie et al., 1978)
contain no zero-point entropy, whereas Ulbrich and
Waldbaum (1976) proposed a value of 15.9 J/(mol.K),
corresponding to a fully disordered aluminosil icate
framework. Our data indicate that the zero-point entropy

ivofe.'estimated uncertainties are a0.05 for the Si-Al ratios and +0.2
for S". SLA| ratios were computed from Eq. 1, and entropy values tor the
last two columns were calculated from Eqs. 5 and 3, respectively.

is about 6.6 J/(mol.K). Previous NMR studies (Murdoch
et al., 1988; Phillips et al., 1989) reported some long-
range order on the three crystallographic sites of tetrag-
onal leucite. Although the site occupancies proposed by
these studies differ significantly from each other, each gives
a value of about 15.0 + 0.2 J/(mol.K) for S" in a simple
mixing model, which is only slightly smaller than the
value for complete disorder. However, combination of
the site-occupancy factors proposed by these studies with
a short-range distribution that is random after exclusion
of Al-O-Al linkages gives S" values in good agreement
with that for cubic leucite: 6.8 J/(mol.K) for the site oc-
cupancies given by Murdoch et al. (1988) and 6.6 J/(mol.
K) for those of Phillips et al. (1989). This resulr suggests
that there may be a close relationship between the site-
occupancy factors oftetragonal leucite and the short-range
Si-Al order beyond Al-Al avoidance in cubic leucite.

A broad range ofsite occupancies for tetragonal leucite,
including those of the aforementioned studies, are con-
sistent with the average short-range Si-Al distribution in
cubic leucite (Table l). In this sense, the results of the
present study do not provide a test ofthe accuracy ofthe
proposed long-range ordering patterns. In addition, the
value for the Si-Al configurational entropy reported here
is not likely to be changed significantly by further refine-
ment of the site-occupancy factors, as suggested by the
small entropy decrease upon the inclusion of correlations
beyond tetrahedral cation pairs [0.3 J/(mol'K) from Eqs.
3-51 and the relatively minor amount of long-range order
indicated by the proposed site-occupancy factors.

Equations 3-5 can be applied directly to other frame-
work aluminosilicates such as analcime, which has the
same framework topology as leucite but is usually met-
rically cubic at R?"(although, see Mazziand Galli, 1978).
The results for the spectra presented here and the data
given by Murdoch et al. (1988) indicate that natural anal-
cime exhibits a wide variation in the state of Si-Al order
(Table 4), amounting to differences in S" of up to 5 J/(mol.
K). A close relationship appears to exist between the Si-
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Al order and the composition, as indicated by the general
trend of increasing value of S" with Si-Al ratio, from 3.1
J/(mol.K) for the Mont Saint Hilaire sample (Si/Al :

1.95) to ca. 8 J/(mol.K) for the authigenic samples (Si/
Al : 2.5). This relationship between S" and composition
arises from a nearly constant fractional decrease in the
number of Al-O-Si-O-Al and Si-O-Si-O-Si linkages (and
corresponding increase of Si-O-Si-O-Al) relative to that
for a Si-Al distribution, which is random except for Al-
Al avoidance. These analcime samples contain between
19 and 22.50/o fewer Al-O-Si-O-Al linkages than would
occur for a random distribution (containing no Al-O-Al
linkages), compared with a 70lo decrease for leucite. In
absolute terms, the decrease of S" relative to that due only
to Al-Al avoidance varies from about I J/(mol.K) for the
authigenic samples to 3.8 J/(mol'K) for the Mont Saint
Hilaire sample.

These results suggest that thermochemical calculations
for reactions involving analcime may contain a large un-
certainty caused by the variability ofthe configurational
entropy term. For example, the addition of a zero-point
configurational entropy of 8 J/(mol.K) for analcime in-
creases the solubility product ofthe reaction

NaAlSirO. + 4H+ + Na+ + 2SiO2("q) + Al3* + 2H2O

by about 0.5 log units at 25 "C. The present results in-
dicate that using only Al-Al avoidance (Eq. 5) gives too
large a value for the configurational entropy ofanalcime.
However, the trend of S. with composition suggests that,
with additional study on more and better characterized
analcime samples, a general model may be developed for
determining the configurational contribution to the en-
tropy from the composition. Further work is also needed
to determine the relative importance of thermochemical
and kinetic factors governing the degree of short-range
Si-Al order and its efect on the stability field of analcime
(e.g., Johnson et al., 1982). The results of the present
study, however, indicate that much information on the
Si-Al distribution and improved estimates for S" can be
obtained from 2eSi MAS NMR data.
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