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Si-Al ordering in leucite group minerals and ion-exchanged analogues:
An MAS NMR study
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AssrnA.cr

Two series of leucite group materials, with K, Rb, and Cs as extra-framework cations,
have been synthesized by ion exchange from a natural well-ordered analcite and a natural
disordered leucite. "Si and ,?Al MAS NMR data for the analcite-derived series provide
complementary information on tetrahedral cation ordering. The ordering in terms of the
number of Al next-nearest neighbors, Q.(nAl) (short-range order), does not change sig-
nificantly during ion exchange, indicating that Al and Si remain essentially fixed in their
original positions. In contrast, the ordering of Al over Tl,T2, and T3 (long-range order)
for the analcite-derived series changes dramatically with changing alkali cation; the Al
occupancies for the three analcite-derived samples expressed as T1:T2:T3 are approxi-
mately 0.25:0.50:0.25 for KAlsi,ou, 0.40:0.20:0.40 for RbAlsiro6, and 0.15:0.70:0.15 for
CsAlSirOu. During the ion exchange, at temperatures above the cubic-tetragonal phase
transitions, only one symmetrically distinct T site is present. It is proposed that on cooling
through the cubic-tetragonal phase transition the sffucture collapses around the non-frame-
work cations to give the lowest energy Si-Al distribution over the three T sites irrespective
of the original T-site ordering in the starting material. Our data suggest that the identity
of the cation in the W site affects the orientation of the framework distortions associated
with the cubic-tetragonal phase transition and leads to the possibility that a particular
tetrahedral cation site can take on the characteristics of a T1. T2. or T3 site. The data and
their interpretation have important implications for the mechanism of this type of structural
phase transition.

INrnonucrroN

There has recently been considerable interest in the or-
dering behavior and sffuctural phase transitions in leucite
group minerals. As well as studies of natural KAlSirOu
leucite (e.g., Phillips et al. 1989; Hatch er al. 1990; Ito et
al. l99l: Kohn et al.1995; Baltisberger et al. 1996) there
have been studies of leucite samples with Rb or Cs re-
placing K (Phillips and Kirkpatrick 1994; Palmer et al.
1997), leucite with Fe3* replacing Al (e.g., Lange et al.
1986; Bell and Henderson 1994), and examples with di-
valent cations, such as Mg,Zn, Cd, Ni, and Mn, replacing
Al (Kohn et al. 1991, 1994;Bell et al. 1994a,1994b; Bell
and Henderson 1996).

Kohn et al. (1995) studied the SiAl ordering in rwo
contrasting samples of leucite using MAS NMR. One
sample was natural and the other was synthesized by ion
exchange from an analcite with a small distribution of Al
next-nearest neighbors (NNN). In the ion-exchange-de-
rived specimen, the restricted range of NNN environ-
ments enabled a good estimate of the ordering pattern of
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Si and Al over the three T sites. The T2 sites contained
45-50Vo of the Al with the remainder distributed approx-
imately equally between the Tl and T3 sites. It was found
that the 'eSi spectrum of the natural leucite sample could
be fitted with a wide variety of Al distributions including
either Al ordering onto T2 or with Al ordering onto Tl
and T3. By analogy with the analcite-derived sample, and
considering previous neutron and X-ray data, Al ordering
onto T2 was preferred over alternative schemes

The present paper represents an extension of the work
of Kohn et al. (1995) in that Rb- and Cs-substituted an-
alogues of the natural leucite and analcite samples were
prepared and studied using MAS NMR. The NMR data
complement the information on framework geomeffies re-
cently reported by Palmer et al. (1997), but in addition
the changes in short- and long-range order during ion
exchanges probed by NMR provide a novel insight into
the nature of the cubic-tetragonal phase transition.

ExpnnrunxrAI, METHoDS

Samples

Two natural starting materials were used in this study:
analcite M4l6 from Monteccio, Maggiore, Italy, and leu-
cite from Alban Hills, Italy. These were converted into
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Taele 1. List of samples, ion-exchange conditions, and partial
chemical analyses

Starting
Sample material

lon exchange

Salt f ("C) Duration

4600 n a
2 x 6 h  1 8 0  1 2 0 0
4 x 6 h  5 0 0  1 . 5 4 w 1 " / "
2 x 3 h  3 1 0  n a
2 x 6 h  6 4  3 2
2 x 6 h  1 3 4 0  n d .

Notesj n.a = not analyzed: n.d - none detected

two series of leucite analogues by ion exchange in KCl,
RbCl, or CsCl at temperatures between 700 and 850 "C,
then cooled, leached, and thoroughly washed. In all cases
the temperature of ion exchange is higher than the tetrag-
onal-cubic phase transition temperature of the product;
the transition temperatures are about 660, 480, and 120
'C for the K, Rb, and Cs analogues, respectively (Taylor
and Henderson 1968; Palmer et al. 1997). The degree of
exchange was checked by powder XRD, and additional
exchanges were performed to produce structurally ho-
mogeneous products. The final products were partially
analyzed by atomic absorption spectroscopy for Na or K
depending on the starting material. The ion-exchange
conditions and partial chemical analyses of the products
are given in Table 1. The spectra for analcite, Alban Hills
leucite, and KAlSirOu leucite prepared by ion exchange
from analcite were presented by Kohn et al. (1995) and
are not discussed again in detail. The specffa nonetheless
are included here to facilitate comparison with the Rb and
Cs analogues.

NMR

The '?eSi NMR data were acquired using a Bruker
MSL360 spectrometer operating at 71.535 MHz with
MAS at 3.5-4.0 kHz. The analcite-derived series were
found to have extremely long Zl relaxation times, re-
quiring the use ofrecycle delays up to1200 s. The delays
made data acquisition very time consuming and results
in poor signal-to-noise ratios for some samples.

For 27Al spectra, resolution of the different Al environ-
ments required the use of the highest possible field avail-
able to us, l4.l T. Therefore a Varian VXR 600 was used
with a home-built probe based on a Doty Scientific spin-
ning assembly capable of MAS up to 14 kHz. No re-
solved second-order quadrupolar line shapes were ob-
served, and no attempts to exffact quadrupolar parameters
were made.

Rnsur,rs
.Si MAS NMR

Analcite-derived series. The specffum for analcite it-
self (Kohn et al. 1995) consists of a peak at -96.6 ppm
due to Q4(2Al) Si aroms, with small peaks ar -91.5 ppm
and -102 ppm due to Qa(3Al) and Qa(1Al) Si atoms,
respectively. A fit of a cross-polarization spectrum of

.80 100 -120 '140
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FtcunB 1. MAS NMR spectra for leucite samples synthesized
by ion exchange from M416 analcite. The left column displays
the '?eSi spectra, and the 'z7Al spectra (14.1 T) are in the right col-
umn. (top) KAlSi,Ou (after Kohn et al. 1995); (center) RbAlSi,O6
('?eSi spectrum acquired using 215 2 pr,s pulses, 240 s recycle de-
lay); (bottom) CsAlSi,O,, ("Si spectrum acquired using 48 2 ps
pulses, t h recycle delay). All '??Al spectra were acquired using
4032 I ps pulses and a recycle delay between 0 1 and 1 s

analcite (Kohn et al. 1995) showed that 80Vo of the Si
atoms have two Al NNN, i.e., a smaller distribution of
Al NNN than samples studied previously (e.g., Murdoch
et al. 1988; Phillips and Kirkpatrick 1994). This provides
an excellent opportunity to synthesize leucite samples by
ion exchange, with a similarly nalrow distribution of Al
NNN, and this is the key to the most interesting data
presented in this paper.

The "Si MAS NMR spectrum of KAlSi,Ouleucite ob-
tained by ion exchange from analcite was reported by
Kohn et al. (1995), and is shown in Figure 1. The three
main peaks at -97.3, -91.25, and -84.8 ppm are due to
Q'(2AD Si atoms on three tetrahedral sites, Tl, T2, and
T3. The spectrum can be simulated in different ways, but
the one preferred by Kohn et al. (1995) implies that72-
74Vo of the Si is in Q'(2Al) sites, and that the Al occu-
pancies are approximately g, :0.25, g: :0.5, and g. :
0.25 [see Kohn et al. (1995) for details and estimates of
errors].

The 'zeSi spectmm of the Rb member of this series is
similar to that for the KAlSirO6 leucite, but the spectrum
is of better quality because of more rapid spin-lattice re-
laxation (presumably because of dipolar relaxation from
the abundant Rb nuclei). As found for the KAlSi,Ou leu-
cite, the three peaks at -98.2, -93.3, and -86.7 ppm
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27 Al

T1
N a K

(ppm) (ppm)

KAS2 Alban Hills
RAS1 Alban Hills
CAS4 Alban Hills
KAS3 Analcite
RAS2 Anatcite
CAS2 Analcite

Rbct 770
CsCl 7O0
KCI 850
Rbct 770
CsCl 700
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correspond to Q.(2Al) Si in T1, T2, and T3 sites, respec-
tively. A major difference, however, is that the T2 peak
is clearly more intense than the other two. The small
shoulders at about -83 and -102 ppm are probably due
to T3(3Al) and T1(lAl) Si, respecrively, and are similar
in size to the analogous peaks in the KAlSirOo leucite
member of this series. The Q.(nAl) distribution appean
therefore to be comparable with that for the KAlSirOu
leucite. The other small 3Al and lAl peaks that are likely
to be present are not resolvable from the much larger 2Al
peaks (the three main peaks in the specffum). We do not
intend to report rigorous fits for the Rb and Cs series in
this paper, but on the basis of a three-peak fit to the spec-
hum we estimate that 42 + 2Vo of the Si is in T2 sites,
with 29 -+ 4Vo in each of Tl and T3. This corresponds
to T site Si occupancies of 0.58 -r 0.08, 0.84 -r 0.04, and
0.58 * 0.08 for Tl, T2, and T3, respectively. Thus by
difference, the Al occupancies are predicted to be g, :
0.42 '+ 0.08, g, : 0.16 r- 0.04, md g. : 0.42 + 0.08.

The appearance of the spectrum for the analcite-de-
rived CsAlSirOu leucite is somewhat different, although
since CsAlSirOu leucite is also tetragonal at room tem-
perature (Palmer et al. 1997), three T sites are expected.
The spectrum is indeed consistent with the presence of
three peaks attributed toTl,T2, and T3 sites, and can be
simulated with peaks at -98.9, -96.1, and -92.7, re-
spectively. Q"(nAl) appears to be consistent with the K
and Rb series, but the 1Al and 3Al peaks are so poorly
resolved that only a three-peak fit to the spectrum was
attempted. The best simulation suggests that the relative
areas of the three peaks are 4l%o, l5Vo, and 38Vo. How-
ever, the SilAl ratio of two and the small concenffations
of Si with other than two Al NNN constrain the Si oc-
cupancies of the Tl and T3 sites to be the same (Kohn
et al. 1995). Therefore we take the mean and assume
relative concentrations of 42.5 + 6Vo in Tl and T3 and
15 + 47o in T2, giving Al occupancies of gr : 0.15 *
0.12, g,: 0.70 -r 0.08, and g. : 0.15 + 0.12. Thus, in
marked contrast to the RbAlSirOo leucite, it appears, that,
as for KAlSirOu leucite, Al is panitioned sffongly onto
the T2 site (though even more strongly than in KAlSi,O6).

In addition to the remarkable changes in T-site order-
ing described above, ,eSi MAS NMR also provides in-
formation on the intertetrahedral bond angles (T-O-T) and
thus the degree of collapse of the framework. If all the
2eSi spectra in Figure I are compared, it can be seen that
the differences between the peak positions of the three
sites become smaller as K is replaced by the larger alkali
cations, as would be expected. This is consistent with the
reduction in the tetragonal distortion reported by Taylor
and Henderson (1968) and Palmer at al. (1991). Com-
pared with KAlSi,Ou leucite, the Rb analogue has peaks
with more negative shifts, i.e., larger T-O-T angles, and
for CsAlSirOo leucite the T3 and T2 peaks are at even
more negative shifts whereas the Tl peak is only slightly
more negative. The change to more negative shifts can
be correlated with increasing mean T-O-T angle and in-
creasing T-T distances, and thus to a more expanded

2esi 27 Al

Frcun.e ,. 
"to, 

.t;',r..::". ^** t,u. t*.,* *
samples synthesized by ion exchange for which Alban Hills leu-
cite was used as a starting material. The left column displays the
'?eSi spectra, and the'?TAl spectra (14.1 T) are in the right column.
(top) Alban Hills KAlSi,Ou leucite (after Kohn et al. 1995); (cen-
ter) RbAlSi,Ou ('?eSi spectrum acquired using 3600 2 ps pulses,
1 s recycle delay); (bottom) CsAlSirOu ('nSi spectrum acquired
using 484 2 ps pulses, 120 s recycle delay). '??Al spectra were
acquired using 4032 I ps pulses and a recycle delay of 0.1 s.

framework for the larger cations. Such changes agree
with the data of Palmer et al. (1997\.

Alban Hills leucite-derived series. The 2eSi spectrum
for natural Alban Hills leucite is given in Figure 2. It
consists of a relatively broad resonance with eight dis-
cernible narower features (peaks or shoulders). This
spectrum was presented by Kohn et al. (1995), who dis-
cussed the fitting in detail. For the purposes of this paper
the important points to note are that the three largest
peaks are in approximately the same positions as those in
the analcite-derived sample, and that for each of the three
T sites there is a fairly wide distribution of numbers of
Al NNN. Thus, whereas the analcite-derived leucite con-
tains mostly Q'(2AD Si, with small numbers of Qn(3Al)
and Q(lAl) Si, the natural specimen contains a wider
distribution of numbers of Al NNN, i.e., Q(4Al) and
q(OAl) in addition to Q"(3Al), Q'(lAD, and Q'(2Al).
Kohn et al. (1995) used the ordering pattern for analcite-
derived KAlSi,O6 leucite to help in fitting the more com-
plex spectrum of natural Alban Hills leucite. They pro-
posed a model (based largely on comparison with the
analcite-derived sample) in which Al is partitioned onto
T2 sites with g, : 0.25,8, = 0.5, and g. : 0.25. This
scheme is different from those proposed previously
(Brown et al. 1987; Murdoch et al. 1988; Phillips et al.
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1989), despite the similarity of the spectra in all four stud-
ies, and illustrates the difficulty in uniquely fitting a poor-
ly resolved spectrum containing up to 15 contributing
peaks.

The spectrum for RbAlSi,Oo Alban Hills leucite is sim-
ilar to that of the Alban Hills leucite itself, but the spread
of shifts is 1.5 ppm smaller. As for the KAlSi,Ou leucite
samples, the three largest peaks correspond closely in po-
sition to the three peaks in the rrSi spectrum of the anal-
cite-derived RbAlSi,Oo.

The "Si spectrum of the CsAlSirOu from ion exchange
of Alban Hills leucite consists of a broad resonance, with
no peaks resolved for the individual T sites or Al NNN.
The spectrum reported by Phillips and Kirkpatrick (1994)
for a CsAlSirOu leucite synthesized by ion exchange from
a natural leucite is somewhat different from ours. It does
contain some resolved features and the entire envelope
covers a smaller shift range. These features probably in-
dicate that the Phillips and Kirkpatrick (1994) sample had
a higher degree of exchange than our sample CAS4.

'AI MAS NMR

Analcite-derived series. The ,'Al spectrum of analcite
consists of a single peak at 57 .9 ppm with a FWHM of
2.5 ppm, consistent with the presence of only one tetra-
hedral site, or possibly more than one very similar site.

The spectrum for KAS3 is particularly interesting as it
consists of three clearly resolved sites of approximately
equal intensities, attributed toTl,T2, and T3 sites. Kohn
et al. (1995) analyzed this specffum in some detail, but
were unable to produce a simulation that agreed well with
the results from the ,eSi spectrum. They concluded that
the ordering deduced from the ,eSi spectrum was more
reliable because of uncertainties in simulating the spectra
for quadrupolar-broadened,TAl spectra.

The most interesting feature of the spectrum for RAS2
is that the intensity of the T2 peak is smaller than that
for the Tl and T3 peaks. This incontrovertible evidence
for ordering of Al onto Tl and T3 is consistent with the
2eSi spectrum that suggested Si is ordered onto T2. Sim-
ulations of the ,7Al spectrum using peaks with 70%o
Gaussian and 30Vo Lorcntzian character give values of Al
occupancy of g, : 0.41, g,: 0.18, and gi : 0.41. These
simulations do not include any quadrupolar contribution
to the line shape, and are thus somewhat uncertain, but
we judge that the errors in the Al occupancies are un-
likely to be greater than -r 0.05. The Al occupancies de-
termined from "Si NMR are g,:0.42, g, : 0.16, and
g. -- 0.42, and the fact that the data from the ,eSi and
'??Al spectra are in such good agreement lends support to
this analysis. Changes also occur in the positions of the
peaks in comparison with the K-exchanged sample. The
T1 peak is at approximately the same shift as in KAS3,
but the T3 peak is shifted to lower frequency by about I
ppm. The result is that the spread of shifts (and hence
T-O-T bond angles) is smaller than in KAS3.

The ,7Al spectrum of analcite-derived CsAlSirOu leu-
cite consists of a single asymmetrical peak, with a shoul-

der on each side. We interpret this as a large T2 peak
with small Tl and T3 peaks. Reasonable fits to the spec-
trum were obtained using a range of parameters, but in
all cases the Al occupancy of T2 is greater than 607o.
Typical  va lues are g,  :0 .16 - t -  0 .05,  g, :0.71 - f  0 .10,
and 93 : 0.13 + 0.05, well within error of the values of
g ,  :  0 .15  - r  0 .12 ,  g , : 0 .70  *  0 .08 ,  and  g .  :  0 .15  - r

0.05 obtained from the 'zeSi specffum.
Alban Hills leucite-derived series. The 27Al spectra

for the Alban Hills leucite derived series are much less
well resolved than those for the analcite-derived series.
This is probably due to distributions in the quadrupole
parameters as well as the isotropic chemical shifts (see
Kohn et al. 1995). In the spectrum for KAS2, a small
shoulder at about 61.5 ppm due to T2 is visible between
the peaks due to T3 and Tl at about 66.5 ppm and 58.5
ppm, respectively, but it would be impossible to extract
quantitative site occupancies or isotropic chemical shifts
from this spectrum alone.

The spectrum for the Rb derivative is even less well
resolved, presumably because of the smaller difference in
isotropic shifts between the peaks or larger quadrupole
coupling constants. The spectrum for the Cs derivative
was not recorded, but it is most unlikely that it contains
useful information about Si-Al order, bearing in mind the
unresolved nature of the 'zeSi specffum for this sample.
The specffum reported by Phillips and Kirkpatrick (1994)
for natural leucite-derived CsAlSirOu shows only one
broad peak. They commented that T-O-T angle correla-
tions suggest that three peaks should be observed. It is
possible that their failure to see three peaks is due to
strong Al ordering onto T2 as observed in our sample
CAS2.

DrscussroN

Short-range order vs. long-range Si-Al order

There are two principal types of order-disorder that can
be quantified from MAS NMR spectra of leucite-group
samples. These are: (1) short-range order reflected in the
Al NNN distributions around Si, i.e., n in Qa(nAl) and
(2) long-range ordering of Al over the different tetrahe-
dral sites Tl. T2. and T3.

One of the most important observations made from the
data in this study is that there appear to be only small
changes in the Al NNN distributions during the ion-ex-
change process. Thus analcite and the leucite samples de-
rived from it all have a small NNN distribution, with
about 70-80Vo of the Si having Q-(2AD local environ-
ments and l0-157o each in Q'(3Al) and Q'(lAl). In con-
trast, Alban Hills leucite (Kohn et al. 1995) and its
RbAlSi,Ou and CsAlSi,Ou derivatives (by visual inspec-
tion of the 'eSi spectra in Fig. 2) each have a wide range
of numbers of Al NNN, including Q'(OAD, Q'(lAl),
Q-(2AD, Q"(3AD, and Q.(4Al). Although the lack of res-
olution in the spectra precludes unambiguous determi-
nation of the Q(nAl) distribution in the Alban Hills leu-
cite-derived series, the widths and shapes of the specffa,
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FIcune 3. Schematic drawing showing how the T-site or-
dering can change during the ion-exchange process without dif-
fusion ofAl or Si. Filled circles : T1; open circles : T2; crossed
circles : T3. The arrows indicate the positions occupied by Al
(a) Starting configuration in tetragonal phase with Al ordered
entirely onto T2 site. The T1, T2, and T3 configuration is the

same as that shown by Murdoch et al. (1988). (b) Cubic phase
with all T sites symmetrically equivalent, but Al in same posi-
tions. (c) Final product of ion exchange in tetragonal phase below
2". T sites have changed, but Al and Si are on the same positions
as a. Note that the T1. T2, and T3 connectivities in 3a and 3c
are identical

especially for the K and Rb members of the series. sug-
gest strongly that only small differences exist in the
Q(teAl) distributions. These relationships indicate that Si
and Al atoms do not exchange positions within the frame-
work to any significant degree during the ion-exchange
process, consistent with the large literature on ion ex-
change in feldspars (e.g., Kroll et al. 1986).

In conffast to the small changes in the Al NNN distri-
bution within each series, there are large changes in the
long-range ordering of Al and Si over the three T sites.
In the analcite-derived series, the Al partitioning over the
T sites changes from approximately 50Vo on T2
(KAlSi,O6 leucite) to 207o on T2 (RbAlSi,Ou leucite) to
70Vo on T2 (CsAlSi,Ou leucite). We stress that the large
changes in T-site ordering do not depend on complex
fitting procedures; the differences between these esti-
mates of the long range Si-Al order are much larger than
the errors involved. Even a simple visual inspection of
the spectra (Fig. 1) confirms the large differences in T-
site occupancies between the three analcite-derived sam-
ples. The changes are particularly clear in the rTAl spectra
where there is only one peak for each T site (because of
Al avoidance). The changes in long-range Si-Al order in
the Alban Hills leucite are difficult to quantify because
of the wider Q(nAl) distribution in this series. It is there-
fore impossible to establish whether the trends are the
same as those observed in the analcite-derived series.

The changes in T-site ordering are not easy to explain,
because we have already seen that Si and Al appear to
be nearly fixed within the framework during ion ex-
change. The only way that these two observations can be
reconciled is to suggest that a conformational change of
the structure occurs in such a way that a particular site
changes its character from being, for example, a T2 site
before the ion exchange to a T3 site after. We suggest

that this is possible if the ion exchange is performed
above the tetragonal-cubic phase transition temperature of
the leucite, where all the T sites are symmetrically equiv-
alent. To clarify this point, consider a hypothetical ex-
ample in which all Al is on T2 and all Si is on Tl and
T3 (Fig. 3a). Above f, all the sites are symmetrically
equivalent, but if the Si and Al do not exchange, all the
Al still have four Si NNN and all the Si still have two
Al NNN (Fie. 3b). When the sample is cooled below 7.,
it has no memory of which T sites were originally T1,
T2. or T3. and distortion of the framework can occur to
give the most energetically favorable conformation. Thus
it is possible that a sample could be produced in which
the Al is split between Tl and T3, with all Al having four
Si NNN as before, and with Si occupying all T2 sites and
one-half of the T1 and T3 sites, again with all the Si
having two Al NNN (Fig. 3c). Note that although the
absolute positions of the T1, T2, and T3 labels have
changed between Figures 3a and 3c, their relative posi-
tions and the characteristic leucite structure connectivities
(T1 linked to two T1 and two T2, T2 linked to two T1
and two T3, T3 linked to two T3 and two T2) are un-
changed. Note also that in Figure 3a the four membered-
rings containing four Tl and four T3 are in the plane of
the paper, whereas in Figure 3b these rings are perpen-
dicular to the plane of the paper, i.e., the orientation of
the c axis has changed. There is a third possible orien-
tation (not illustrated) where such four-membered rings
are perpendicular to both the planes illustrated in Figure 3.

An additional example is shown in Figure 4, which has
the same Tl, T2, and T3 arrangements as Figure 3, but
with Si and Al distributed differently over the T sites. In
Figure 4a, five Al atoms are on Tl, five Al are onT2,
and six Al are on T3. In Figure 4c, again without ex-
changing any Si with Al, the Al occupancies on Tl, T2,
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Frcuns 4. Extension of the model proposed in Figure 3, but with a more complex
Filled circles : T1;open circles : T2; crossed circles - T3. The arows indicate the
(b) cubic phase; (c) tetragonal phase after ion exchange.

T-site ordering scheme in the starting material.
positions occupied by Al. (a) tetragonal phase;

b

and T3 are 4:8:4. Furthermore, large changes occur in the
Q(nAl) distribution (short-range order) for each T-site
type, though obviously the sum of the Q.(r?Al) distribu-
tions over all three T-site types remains the same in Fig-
ures 4a and 4c. Clearly, wide ranges of T-site ordering
are possible, all of which maintain the correct connectiv-
ities. The conclusion from Figures 3 and 4 is that a wide
range of long-range (T-site) order can be generated with
exactly the same local order and it follows that T-site
order has little influence on the thermodymanic properties
of leucite.

It seems likely that the orientation of collapse of the
aluminosilicate framework is coupled to the geometry of
the W site, giving rise to the very different T-site ordering
patterns observed for the K, Rb, and Cs samples. The
properties of the alkali cation in the W site (size, charge,
polarizability, and so forth) therefore control the final
T-site ordering. In this context, note that Palmer et al.
(1997) have shown recently that the cubic phase of
RbAlSirO6 has a larger tetrahedral distortion (i.e., larger
T-O bond length variations) than either KAlSi,Oo or
CsAlSirOo. It is therefore tempting to speculate that the
very different ordering of Al in the Rb member of the
analcite-derived series in comparison with the K and Cs
members is related somehow to the local framework ge-
ometry in the cubic phase prior to the cubic-tetragonal
transition.

To summarize, our data suggest that the identity of the
cation in the W site affects the orientation of the frame-
work distortions associated with the cubic-teffagonal
phase transition and leads to the possibility that a partic-
ular tetrahedral cation site can take on the characteristics
of a T1, T2, or T3 site. In a sample with complete Si-Al
disorder this effect would not be detectable; however, in
samples with partially (or completely) ordered Si-Al ar-
rangements, completely different Al-ordering patterns on
Tl, T2, and T3 are possible, leading to different relative

intensities of Tl, T2, and T3 peaks in '?eSi and 'z7AI

spectra.

Correlation of I\IMR chemical shift with structure

The analcite-derived series with their highly ordered
Al NNN distributions provide an excellent opportunity to
study correlations between "Si NMR chemical shifts for
Q"(2AD Si and structural parameters. Figure 5 shows the
correlations between the "Si chemical shift and both the
mean T-O-T angle and mean T-T distance of Qa(2Al) Si.
The data sources are listed in the figure caption. It should
be noted that the structural data of Palmer et al. (1997)
were obtained for a natural leucite as well as ion-ex-
changed leucite samples derived from a natural leucite,
therefore it could be argued that the T-O-T angles and
T-T distances in the analcite-derived samples might be
different. However, comparison of the 'eSi peak positions
in ordered and disordered KAlSirOu leucite (Kohn et al.
1995) suggest that this is not the case and that the '?eSi

shifts are not significantly different in both samples. Note
that although we have not performed fits of the Rb or Cs
samples derived from Alban Hills leucite it appears likely
that the Q'(2AD peaks for each of the three sites are at
the same shift for both series of samples.

Figure 5 shows the excellent correlation between the

"Si chemical shift and the mean T-O-T angle for all sites
in the three leucite samples and for analcite. The four data
points for wairakite define a parallel or sub-parallel trend
displaced by about 3 ppm. The discrepancy for wairakite
probably relates to the replacement of the univalent Nan
cation with a divalent Ca2* cation. This results in vacant
cavity sites and, crucially, a much sffonger interaction
between the framework and Ca than any of the other cat-
ions (shown by the anomalously short Ca-O bond
lengths). The T-T distance correlation is also excellent,
with a gradient of -94.2 ppm/A. in comparison with
-145.1ppm/A for tridymite (Kitchin et al. 1996).
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Frcurn 5. The ,,Si chemical shifts of Q4(2Al) Si atoms in
leucite and leucite-related compounds, plotted as a function of
the mean intertetrahedral angles (T-O-T) (in degrees) and mean
T-T distances (in angstroms). All the filled symbols are leucite
compounds; circles : KAlSirOu; squares : RbAlSi.Ou; triangles
: CsAlSi,Ou; diamond - cubic CsAlSi,Oo at 150'C. Open di-
amond is analcite and open triangles are wairakite. The data
sources used are Kohn et al. 1995 (NMR data for analcite, anal-
cite-derived KAlSi,O6 leucite), Henderson et al. 1997 (NMR and
structural data for wairakite), Phillips and Kirkpatrick 1994
(NMR data for cubic CsAlSi,Oo), this work (NMR data for anal-
cite-derived RbAlSir06 and CsAlSi,Ou leucite compounds), Maz-
zi and Galli 1978 (structural data for analcite), and Palmer et al.
1997 (structural data for all leucite compounds). The solid lines
are the best fits including only the K, Rb, and Cs samples, with
the equations 6 : 18.18 - 0.790 (T-O-T) and E : 198.17 -
94.19 (T-D.

Figure 6 shows the correlations between the rTAl chem-
ical shift and both the mean T-O-T angle and mean T-T
distance. Since the ,7Al spectra were obtained at l4.l T,
and the lines are fairly narrow, the contribution of the
quadrupolar shift to the peak position is likely to be small
(and similar for all the lines). Thus the peak maxima are
a reasonable approximation to the isotropic chemical
shift. The exception is the ,7Al resonances for wairakite
(Henderson et al. 1997) for which the isotropic shift (es-
timated from simulations) is used. The angle correlation
can be compared with those of Lippmaa et al. (1986),
Phillips et al. (1989), and Phillips and Kirkpatrick (1994).
We find 6 : 132.2 - 0.509 (T-O-T), which is very similar
to the correlations found by Phillips et al. (1989) and
Phillips and Kirkpatrick (1994) for leucite and Lippmaa
et al. (1986) for disordered silicates. The difference be-
tween our data and those of Phillips et al. (1989) and
Phillips and Kirkpatrick (1994) over the range of angles
in leucite is that our shifts are 2-3 ppm more negative,
largely because we are reporting center band peak posi
tions at high field whereas Phillips et al. (1989) and Phil-
lips and Kirkpatrick (1994) estimated the isotropic chem-
ical shift from the spinning sidebands of the satellite
transitions. Again note that the wairakite point falls off
the trend toward lower mean T-O-T angles (cf. Fig. 5).

AcrNowr,BncMENTS

We acknowledge NERC for award of research grant GR3/7496A, and
EPSRC for access to VXR 600. We also thank Paul Lythgoe for chemical
analyses, Simon Redfern for comments on an earlier version of the manu-
script, and the two journal revlewers.

130 135 140 145 150 3
Mean intertetrahedral bond angle

3 0 4  3 0 8  3 . 1 2  3 1 6
lVean T-T distance

Frcunn 6. The '7Al shifts of Al in leucite and leucite-related
compounds, plotted as a function of the mean intertetrahedral
angles (T-O-T) (in degrees) and mean T-T distances (in ang-
stroms). All the filled symbols are leucite compounds; circles :

KAlSi,Ou; squares : RbAlSirO6; triangles - CsAlSirOu. Open
diamond is analcite and open triangle is wairakite. "Al data from
this study and Kohn et al. (1995), except wairakite from Hen-
derson et al. (199'l): structural data from Palmer et al. (1997)
(KAlSi,O6, RbAlSi,O6, and CsAlSi,Ou ), Mazzi and Galli (1978)
(analcite), and Henderson et al. (1997) (wairakite) All shifts are
peak positions at 14.1 T, except wairakite, which is isotropic
chemical shift obtained by simulation of MAS line shapes. The
solid lines are the best fits including only the K, Rb, and Cs
samples with the equations 6 -- 132.24 0.509 (T-O-T) and 6
: 246.39 - 59.965 (T-T)
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