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Abstract 

The structures of disordered and ordered varieties of 
the title compound have been determined using 
integrated TEM, MAS NMR and Rietveld analysis 
of synchrotron X-ray powder diffraction data. Both 
samples have a 'leucite-like' framework topology. 
The dry-synthesized sample is cubic, la3d [a=  
13.4190 (1) ,~, V= 2416.33 (5) A 3] with disordered 
Mg and Si in tetrahedral framework sites. The 
hydrothermally synthesized analogue is monoclinic, 
P21/c [a = 13.168 (5), b = 13.652 (1), c = 
13.072 (5)/~,/3 = 91.69 °, V = 2348 (2) A3], and has a 
fully ordered framework with four K, ten Si and two 
Mg sites per 24 O atoms (one quarter of the unit 
cell). Two of these Si sites are linked to Si tetrahedra 
only [Q4(4Si)], while the other eight Si sites have one 
Mg and three Si tetrahedra as next-nearest neigh- 
bours [Q4(3Si, IMg)]. Q4(4Si) and Mg tetrahedra 
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share opposite corners of four rings. Si and Mg 
ordering is accompanied by a volume contraction of 
2.8%. The X-ray structural data for the ordered 
sample allow the 29Si MAS NMR peaks to be 
assigned to particular Si tetrahedra, and thus to 
particular values of the mean T--O---T angle. The 
nature of the polymorphism between the disordered 
and ordered samples is discussed and related to the 
different synthesis conditions. Water in the hydro- 
thermal synthesis accelerates Si-Mg ordering, allow- 
ing the thermodynamically more stable phase to be 
formed. 

Introduction 

The natural mineral leucite (KA1Si206) has a three- 
dimensional framework of linked silicate and 
aluminate tetrahedra with channels occupied by 
potassium ions. Leucite (sensu strieta) can be con- 
sidered to be the 'type structure' of a large family of 
related compounds, which include both natural and 
synthetic varieties, and this structure type has con- 
sistently attracted the attention of crystallographers 
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since its first description (e.g. Wyart, 1940; Faust, 
1963; Peacor, 1968; Mazzi, Galli & Gottardi, 1976; 
Galli, Gottardi & Mazzi, 1978; Murdoch, Stebbins, 
Carmichael & Pines, 1988; Palmer, Bismayer & Salje, 
1990). At elevated temperatures, the leucite structure 
displays structural phase transitions related to dis- 
placive instabilities and the ordering of tetrahedral 
cations (AI and Si in the type material); these 
phenomena are of significance to our understanding 
of the stability relations of leucite in rocks. In 
addition, possible fast-ion conduction of the large 
channel cations (K in leucite s.s.) indicates that the 
structural family might be of some technological 
significance. 

The high-temperature, tetragonal-cubic phase 
transition in natural leucite, first observed by Klein 
(1884), is of particular interest and is responsible for 
drastic changes in the physical and chemical proper- 
ties. This transition can be simply regarded as a 
displacive collapse of the tetrahedral framework 
about the large K cation (Taylor & Henderson, 
1968). However, the precise effect of A1,Si ordering 
on this transition and the sub-solidus phase relations 
of leucite polymorphs still pose intriguing problems. 
While it is now generally held that A1,Si order does 
not play a dominant role in this displacive transition 
(Dove, Cool, Palmer, Putnis, Salje & Winkler, 1993), 
neutron and X-ray diffraction studies have revealed 
that the high-temperature polymorph of natural 
leucite, while metrically cubic, does not display a 
completely random A1,Si distribution on the tetra- 
hedral (7) sites, as demanded by its 'supposed' Ia3d 
space group (e.g. Boysen, 1990; Ito, Kuehner & 
Ghose, 1991). This has led to speculation regarding 
the thermodynamic nature of such a 'cubic' structure 
and fuelled discussion regarding the nature of A1,Si 
ordering on the T sites in the framework. 

As part of a wider attempt to understand the 
controls and consequences of tetrahedral-cation 
ordering in leucites, we are studying a series of 
'leucite' analogues of the general formula X2 +- 
y2+Si50~2, related to leucite (s.s.) by the coupled 
framework cation substitution 2AI = Y,Si (Torres- 
Martinez & West, 1989). Such compounds are more 
amenable to T-site analysis than A1-Si analogues 
and also display a significant response to T-site 
ordering. For example, Torres-Matinez & West 
(1986) have shown that dry-synthesized Rb2MgSis- 
O12 is cubic Ia3d with disordered T sites, whereas 
Heinrich & Baerlocher (1991) found that hydro- 
thermally annealed Cs2CuSi50~2 is tetragonal P4,2~2 
with fully ordered T sites (six occupied by Si and one 
by Cu). In the present paper, we will focus on 
synthetic samples of stoichiometry K2MgSi50~2. In a 
MAS NMR study, Kohn, Dupree, Mortuza & 
Henderson (1991) have shown that dry-synthesized 
K2MgSisOl2 leucite shows a disordered arrangement 

of T cations, while hydrothermally synthesized 
samples have an ordered arrangement of Si and Mg 
on tetrahedral sites. The full interpretation and 
further understanding of these relations has, so far, 
been limited by a lack of structural data, mainly 
because samples are only available as fine-grained 
powders. Here, therefore, we report the results of 
Rietveld refinements (Rietveld, 1969) of synchrotron 
X-ray data from these two types of K2MgSi50,2 and 
describe their structures. 

Experimental methods and results 

Sample preparation 

Dried, high-purity KzCO3, MgO and SiO2 were 
weighed to give a stoichiometry equivalent to 
K2MgSi50,2, thoroughly mixed, pre-heated to 873 K 
to decompose the carbonate, and melted at 1523 K 
for 24 h in a platinum crucible. The crucible and 
contents were then quenched in liquid nitrogen. The 
resultant glass was analysed by electron microprobe 
and found to be homogeneous and stoichiometric. A 
sample of powdered glass was then heated at 1073 K 
for 5 d in air to produce a crystalline powder, here- 
after described as the dry-synthesized sample. A 
second portion of the starting material was annealed 
at a temperature of 873 K and a water-vapour 
pressure of 0.5 x 108 Pa for 7 d in a hydrothermal 
'cold-seal' pressure vessel. 

Initial X-ray character&ration 

Powder patterns were obtained with a laboratory 
X-ray diffractometer (Philips PW 1050), using 
Cu Ka radiation. Kohn et al. (1991) summarized the 
features of the powder patterns obtained for the two 
samples and pointed out that the dry-synthesized 
sample is cubic [cell parameter a = 13.419 (6) A, V = 
2416 ,~3], space group Ia3d. By contrast, the hydro- 
thermal sample shows overall features similar to 
those of a tetragonal-leucite powder pattern but with 
many split peaks. Pseudo-orthorhombic cell param- 
eters were given as a = 13.13 (4), b = 13.04 (4), c = 
13.64 (4)/~, V = 2335 ,~3. 

295i M A S  N M R  

The NMR spectra described here were obtained 
using a Bruker MSL 360 spectrometer (8.45T) 
operating at 71.5 MHz. Kohn et al. (1991) have 
already presented the results for both the dry- and 
hydrothermally synthesized samples but the main 
features will be summarized here. The 295i NMR 
spectrum of the dry-crystallized K2MgSisO12 sample 
consists of a rather broad peak [FWHM = 13 p.p.m., 
c f  17 p.p.m, for the glass starting material (Fig. 1)], 
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indicating a wide distribution of Si environments. 
The centres of gravity of the resonances of the 
dry-crystallized and the glassy samples are very simi- 
lar; the small change from -95 .7  p.p.m, for the glass 
to -94.8  p.p.m, for the crystalline sample could 
suggest that the mean S i - - O - - T  angles are smaller in 
the latter. Although the Si environment in the dry- 
synthesized sample is very variable on this local 
scale, on the longer length scale probed by X-ray 
diffraction, the averaged environment results in the 
single T site required by the space-group symmetry 
Ia3d. The 298i spectrum for the hydrothermal sample 
shows ten sharp peaks of approximately equal inten- 
sity with chemical shifts in the range -84 .6  to 
- 1 0 4 . 5  p.p.m. (Fig. 1), consistent with the presence 
of ten distinct Si sites in the KzMgSi5OI2 structure. 
Since there are two Mg atoms for every ten Si atoms, 
Kohn et al. deduced that the structure contains 12 
distinct T sites and that all the Mg and Si atoms are 
ordered on these sites. Two of the 295i lines have 
small chemical-shift anisotropies characteristic of Si 
tetrahedra linked to four other Si tetrahedra 
[Q4(4Si)]; the other eight Si lines are as a result of Si 
tetrahedra linked to three SiO4 tetrahedra and one 
MgO4 tetrahedron [Qa(3si, IMg)]. The absence of 
peaks as a result of Qa(2si,2Mg) indicates that the 
Mg atoms are as far apart as possible. The chemical 
shifts of some of the Si peaks are consistent with the 
presence of some very small T - - O - - T  angles. Two- 
dimensional 298i correlation spectroscopy (COSY) 
experiments enabled the overall topology of the unit 
cell to be deduced. 

Electron diffraction 

Using the synchrotron X-ray powder pattern for 
the hydrothermally synthesized sample, it was not 
possible initially to determine the cell parameters 
accurately and to index all of the reflections 
unambiguously, mainly because the first (very weak) 
reflection appeared to be missing. The sample was 
therefore examined by electron diffraction in a trans- 
mission electron microscope to see if the space group 
could be determined. 

An ion-thinned grain mount of the sample was 
mounted in the liquid-nitrogen-cooled double-tilt 
holder of a Philips EM430 TEM operating at 
300 keV. Grains transparent to the electron beam 
were tilted in reciprocal space in both directions 
about their shortest reciprocal lattice direction. Each 
major zone thus encountered was recorded photo- 
graphically and the tilt angles noted. All the patterns 
could be indexed using the pseudo-orthorhombic cell 
parameters derived by X-ray diffraction; however, in 
the results presented below, the b and c axes have 
been transposed, namely a = 13.13, b = 13.64 and c 
= 13.04 A. 

The lack of systematic absences in hkl  reflections 
indicates that the lattice is primitive. The [010] 
pattern (Fig. 2a) shows that f l *=  92 ° and that the 
reflections 1;~ 2n are extremely weak in the 
zero-order Laue zone (ZOLZ), but strong in the 

6 ' -4o  - 8 0  '- 2o '- i3o - 2 6 o  
p.p.m. 

(a) 

6 ' -4o  ' -8o  '-1i3o ' -26o 
p.p.m. 

(o) 

7 

.j 
-8o  ' - io ' - 16o  ' lo 

p.p.m. 

(c) 

Fig. 1.29Si MAS NMR spectra of  K2MgSisOj2 'leucites': (a) glass 
starting material; (b) dry-synthesized; (c) hydrothermally 
synthesized. (b) and (c) after Kohn et  al. (1991). The small peak 
at - 107 p.p.m, in (c) is as a result of a quartz impurity (about 
2%). 
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higher-order Laue zones (HOLZ's). This suggests the 
presence of a c-glide plane parallel to (010). The [100] 
pattern (Fig. 2b) appears to show no systematic 
absences and has a* =90  °. However, when the 
specimen is tilted about b* from the [100] zone, the 
k ~ 2n reflections become extremely weak compared 
with the k = 2n reflections. This suggests the presence 
of a screw diad parallel to y, the strong k ;~ 2n 
reflections which appear at the exact zone axis being 
derived by double diffraction from within the ZOLZ. 

The above data suggest that the structure of the 
hydrothermally synthesized sample is a distorted, 
monoclinic version of the cubic structure of the 
dry-synthesized sample and that the space group is 
probably P2]/c. 

Synchrotron X-ray powder diffraction 

The structures of the two synthetic K2MgSisO~2 
leucite samples were then determined using high- 
resolution synchrotron X-ray powder-diffraction 
methods. The samples were loaded onto aluminium 
flat-plate containers, 15 mm in diameter and 1 mm in 
depth, and data were collected in the ranges 8-100 ° 
20 (dry sample) and 8-130 ° 20 (hydrothermal 
sample) in 10 millidegree steps on station 8.3 of the 
SRS at the SERC Daresbury Laboratory (Cernik, 
Murray, Pattison & Fitch, 1990). The wavelength 
[,~ = 1.52904 (1) A] was calibrated using six reflections 
from a standard Si sample (NBS 640b). The syn- 
chrotron powder-diffraction data were analysed 
using the Powder Diffraction Program Library 
(PDPL) (Murray, Cockcroft & Fitch, 1990). All the 
data were normalized to correct for beam decay. 

Dry-synthesized sample. The dry-synthesized 
sample was found to be body-centred cubic, space 
group Ia3d, from the systematic absences in the 
powder pattern and thus is similar to the metrically 
cubic, high-temperature polymorph of natural leucite 
(Peacor, 1968) and to pollucite (CsAISi206; Beger, 
1969). The high-temperature single-crystal structure 
of leucite was therefore used as a starting point to 
refine the dry K2MgSisOI2 structure, with Mg+Si  
replacing 2AI and assuming that all 48 T sites are 
disordered. These T sites are all located on the 48(g) 
Wyckoff special position. The background was fitted 
by making linear connections between 48 back- 
ground points (distributed between Bragg reflections 
over the whole pattern) in the range 8-100 ° 20; 109 
Bragg reflections occurred in the scan range. A 
pseudo-Voigt peak-shape function was used to fit 
each Bragg reflection to the profile. Because of the 
inherent covalency of the tetrahedral framework, 
neutral-atom scattering factors were used throughout 
and were taken from International Tables for X-ray 
Crystallography (1974, Vol. IV); terms for anoma- 
lous dispersion were not included. The atomic 

coordinates for K, S i+Mg and O were refined, 
together with lattice parameters, the pseudo-Voigt 
mixing parameter, zero point and three half-width 
parameters. The refinement converged to give the 
structural parameters and R factors summarized in 
Table 1. The agreement between the observed and 
calculated profiles in the Rietveld difference plot is 
shown in Fig. 3. Bond lengths and bond angles 
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Fig. 2. Electron-diffraction patterns of  hydrothermally synthesized 
K2MgSisO~2 leucite: (a) [010] pattern, note the rows of very 
weak reflections for I odd (arrowed); (b) [100] pattern, note that 
the rows of  reflections for which l is odd are strong in this 
pattern. 
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Table 1. Refined structural parameters for dry- 
synthesized KzMgSisOl 2 

Cell parameters:  a ~ 13.4190 (1) A, V = 2416.33 (5) ,&a. 
The  structure was refined with the following R factors: RI = 8.81, 
Rwo = 13.85, R,. = 13.82%. 
N = number  o f  a toms in the unit cell. 

x y z Biso N 
K 16(b) 0.125 0.125 0.125 12.8 (1) 16.0 
Si 48(g) 0.125 0.6616 (2) 0.5884 (2) 5.42 (7) 40.0 
Mg 48(g) 0.125 0.6616 (2) 0.5884 (2) 5.42 (7) 8.0 
O 96(h) 0.4684 (3) 0.3847 (2) 0.1446 (2) 10.0 (1) 96.0 

Table 2. Bond lengths (]~) and angles (°)for dry- 
synthesized K2MgSisOl2 

T--O 1.589 (4) 
T---O i.631 (3) 

O---T---O( x 2) 112.5 (2) 
O--T--O(  x 2) 110.5 (2) 
0---7"--0 104.6 (2) 
O--  T--O 106.4 (2) 
Mean 109.5 (0 .2= 10.7)* 

K--O( x 6) 3.470 (3) 
K--O( × 6) 3.339 (3) 

T - - O - - T  144.5 (2) 

* Tet rahedra l  angle variance: o 2= ~ ( 0 -  109.47)2/5. 

calculated from the atomic coordinates are given in 
Table 2 and the refined structure is illustrated in 
Fig. 4. 

The T--O bond length is only slightly larger than 
that for tetrahedrally coordinated Si---O in 
framework silicates (1.59-1.63 ~; International 
Tables for X-ray Crystallography, 1985, Vol. III). 
The two sets of six K- -O  distances for the W site, 
located within the open ~111) channels, have 
distinctly different values (3.34 and 3.47/~) which are 
similar to those found for high-temperature 
KAISi206 leucite (3.37 and 3.57/~; Peacor, 1968), for 
Rb--O in RbzMgSisOl2 (3.29 and 3.60 A,; Torres- 
Martinez & West, 1986) and Cs--O in pollucite (3.39 
and 3.56/~; Beger, 1969). The isotropic temperature 
factors (Table !) are uniformly high for all atom 
types. The individual O - - T - - O  angles show a con- 
siderable range with a tetrahedral angle variance (0-2; 
Robinson, Gibbs & Ribbe, 1971) of 10.7 deg 2 
(Table 2). 

Hydrothermally synthesized sample. The super- 
imposed diffraction patterns of the dry- and hydro- 
thermally synthesized samples are shown in Fig. 5. 
Clear similarities are apparent between the two 
patterns as groups of Bragg reflections in the hydro- 
thermal sample coincide with individual reflections in 
the dry, cubic sample. These similarities are consist- 
ent with both samples having the same framework 
topology. In addition, the closely similar cell volumes 
suggest that both unit cells have the same contents. 

The starting model for the structure determination of 
the hydrothermal material therefore was based on 
the cubic coordinates determined for the dry- 
synthesized sample, transferred to the monoclinic cell 
determined by electron diffraction. It was found that 
the cubic coordinates could all be related by the 
symmetry operations for P2~/c, which was therefore 
adopted as the correct space group for the hydro- 
thermal sample. In the P2~/c cell, all atoms are 
located on general positions. To accommodate 48 T 
atoms, 12 different 4(e) positions are required which 
confirms the deduction from the NMR results of 12 
T sites (10Si and 2Mg; Kohn et al., 1991). 

The same Rietveld refinement procedure as for the 
dry-synthesized material was used, with the excep- 

20" 

1 5 "  

× 
l o .  

, L .1 .1 . . . .  

,o ;o 30 ;o go go ;o 80 ;o , o o  

20 ( ' )  

Fig. 3. Rietveld difference plot for dry-synthesized K:MgSisO,2 
leucite. 

Fig. 4. Cubic structure o f  dry-synthesized K,MgSi~O, ,  leucite: 
project ion (100). 
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tion that the background was subtracted by making 
linear connections between 17 background points 
and then fitting a second-order polynomial to this 
background. There were 1062 Bragg reflections in 
the data set in the range 8-70 ° 20; the data between 
70 and 130 ° 20 were excluded as the signal/noise 
ratio was very poor in this region. Some weak reflec- 
tions that could not be assigned to the monoclinic 
leucite phase were found to be as a result of a small 
amount of quartz impurity; this confirms the N M R  
identification (Kohn et al., 1991). The final unit-cell 
parameters from the Rietveld refinement are: a = 
13.168 (5), b = 13.652 (1), c =  13.072 (5)/k, fl = 
91.69 (5) °. [Note that the e.s.d, for b reported by the 
program is anomalously low (0.0001 ~) and we have 
chosen to assign a more reasonable value of 
o.oo1 A.] 

In the first stage of the refinement, all the T--O 
distances were constrained to a value of 1.63 (2)A, 
the upper value determined for the dry sample. The 
scattering factor for the neutral Si atom was used for 
all 12 T sites. Once an initial fit was obtained, peaks 
from the quartz impurity were included in a two- 
phase Rietveld analysis. The K- and T-atom coordi- 
nates were then refined and observed to move away 
from the special positions of the cubic space group. 
The O-atom coordinates were then refined, after 
which it was apparent that two of the T sites (sites 5 
and 6) exhibited mean T--O distances > 1.73 A, 
whereas those for the other ten sites ranged from 
1.61 to 1.68 ,~. The refinement procedure was then 
changed so that the T--O distances in each tetra- 
hedral unit were constrained, but the mean T--O 
distances for each unit were allowed to differ. During 
further refinement, the two 'long' T- -O mean dis- 
tances for sites 5 and 6 increased to 1.9 and 1.86 A 
and the other ten distances remained in the range 
1.59-1.64 ,~. The two sites with the long mean T ~ O  
distances are clearly those occupied by Mg (cf. tetra- 

hedral M g - - O  distance of 1.915 A in akermanite; 
Kimata & Ii, 1981). The scattering factor for neutral 
Mg was therefore substituted for the Si scattering 
factor for sites 5 and 6 and the structural refinement 
was completed. 

The observed and calculated profiles in the 
Rietveld difference plot show a good match, 
indicating that the determined structure is reliable 
(Fig. 6). The final refined structural parameters and 
R factors are given in Table 3 and the calculated 
bond lengths and angles in Tables 4, 5, 6 and 7.* The 
mean Si--O and M g - - O  bond lengths are typical of 
tetrahedral coordination in framework structures. 
The four cavity-cation sites ( 'W sites') all show 
highly distorted K - - O  polyhedra with 12 K---O 
bond lengths varying from 2.64 to 3.97/~, indicating 
an exceptionally large coordination polyhedron. The 
mean K - - O  distances for K1 and K2 (Table 6) are 
distinctly longer than those for K3 and K4. 
Individual O---T--O bond angles for both Si and 
Mg T sites show significantly different distortions. 
Si--O---Si inter-tetrahedral bond angles vary from 
130 to 160 ° (mean 141 °) while Si--O---Mg angles are 
significantly smaller, in the range 119.8-147 ° (mean 
130.6 °) (Table 7). The tetrahedral-angle variance (0 -2) 
for Si sites averages 20.9 (9.9) deg 2 while that for Mg 
sites is somewhat higher at 40.4 (8.8)deg 2 (Table 3). 
Temperature factors for the different elements (Table 
3) are much smaller than those found for the dry- 
synthesized sample (Table 1). 

From the connectivity information given in Table 
7, it can be seen that Si sites 9 and 12 are only linked 
to their next-nearest neighbour (NNN) Si atoms. 

* Copies of the powder diffraction data have been deposited 
with the British Library Document Supply Centre as Supple- 
mentary Publication No. SUP 71349 (35 pp.). Copies may be 
obtained through The Technical Editor, International Union of 
Crystallography, 5 Abbey Square, Chester CH1 2HU, England. 
[CIF reference: LI0152] 
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Fig. 5. Superimposed X-ray diffraction traces for dry- and hydro- 
thermally synthesized K2MgSisOl2 leucites. Note that single 
peaks in the cubic material are split into several individuals in 
the monoclinic form. 
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Fig. 6. Rietveld difference plot for hydrothermally synthesized 
K2MgSisO~ 2 leucite. 
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Table 3. Refined structural parameters for hydro- 
thermal KzMgSisOl2 

Cell parameters: a = 13.168 (5), b = 13.652 (1), c = 13.072 (5) A , /3  
= 91.69 (5) °, V = 2348 (2) A 3. 
The structure was refined with the following R factors: R / =  4.67, 
Rwp = 11.58, R~ = 7.07%. 

x y z Biso N 
KI 4(e) 0.1138 (6) 0.1103 (6) 0.0948 (5) 3.3 (1) 4.0 
K2 4(e) 0.6289 (5) 0.3956 (6) 0.8522 (5) 3.3 (1) 4.0 
K3 4(e) 0.3681 (6) 0.3597 (6) 0.3747 (5) 3.3 (I) 4.0 
K4 4(e) 0.8534 (6) 0.1322 (6) 0.6461 (5) 3.3 (1) 4.0 
Sil 4(e) 0.1081 (7) 0.6789 (6) 0.5689 (6) 0.48 (8) 4.0 
Si2 4(e) 0.6433 (7) 0.8186 (6) 0.4014 (7) 0.48 (8) 4.0 
Si3 4(e) 0.5776 (7) 0.1445 (6) 0.6328 (6) 0.48 (8) 4.0 
Si4 4(e) 0.0948 (7) 0.3507 (6) 0.3128 (6) 0.48 (8) 4.0 
Mg5 4(e) 0.6420 (7) 0.5710 (6) 0.1089 (7) 0.3 (2) 4.0 
Mg6 4(e) 0.1865 (7) 0.9352 (6) 0.8683 (7) 0.3 (2) 4.0 
Si7 4(e) 0.4082 (7) 0.8613 (6) 0.9526 (6) 0.48 (8) 4.0 
Si8 4(e) 0.8988 (7) 0.3880 (7) 0.8670 (6) 0.48 (8) 4.0 
Si9 4(e) 0.8529 (7) 0.9038 (7) 0.4047 (6) 0.48 (8) 4.0 
Sii0 4(e) 0.8727 (6) 0.6382 (6) 0.1251 (6) 0.48 (8) 4.0 
Sill 4(e) 0.3911 (6) 0.1119 (7) 0.1620 (7) 0.48 (8) 4.0 
Sil2 4(e) 0.3225 (7) 0.5984 (7) 0.6491 (6) 0.48 (8) 4.0 
O! 4(e) 0.4576 (9) 0.350 (1) 0.163 (1) 0.2 (1) 4.0 
02 4(e) 0.979 (1) 0.162 (1) 0.845 (1) 0.2 (1) 4.0 
03 4(e) 0.159 (1) 0.4294 (8) 0.378 (1) 0.2 (1) 4.0 
04 4(e) 0.603 (1) 0.0553 (9) 0.555 (1) 0.2 (1) 4.0 
05 4(e) 0.370 (I) 0.1846 (9) 0.4772 (9) 0.2 (1) 4.0 
06 4(e) 0.905 (1) 0.372 (I) 0.5432 (9) 0.2 (1) 4.0 
07 4(e) 0.6719 (9) 0.429 (1) 0.607 (1) 0.2 (1) 4.0 
08 4(e) 0.676 (i) 0.7109 (8) 0.364 (1) 0.2 (i) 4.0 
09 4(e) 0.357 (1) 0.635 (i) 0.7602 (8) 0.2 (I) 4.0 
O10 4(e) 0.2174 (9) 0.059 (1) 0.349 (I) 0.2 (1) 4.0 
O11 4(e) 0.115 (I) 0.7979 (8) 0.556 (1) 0.2 (1) 4.0 
012 4(e) 0.918 (1) 0.868 (i) 0.3076 (8) 0.2 (1) 4.0 
013 4(e) 0.9854 (8) 0.900 (1) 0.667 (1) 0.2 (1) 4.0 
014 4(e) 0.5230 (9) 0.612 (1) 0.427 (I) 0.2 (1) 4.0 
Oi5 4(e) 0.683 (!) 0.9813 (8) 0.863 (1) 0.2 (1) 4.0 
O16 4(e) 0.126 (1) 0.5172 (8) 0.067 (1) 0.2 (!) 4.0 
O17 4(e) 0.874 (I) 0.665 (1) 0.0023 (8) 0.2 (I) 4.0 
O18 4(e) 0.405 (1) 0.857 (i) 0.0744 (8) 0.2 (1) 4.0 
O19 4(e) 0.2125 (8) 0.856 (1) 0.129 (1) 0.2 (1) 4.0 
020 4(e) 0.148 (I) 0.2539 (7) 0.823 (1) 0.2 (!) 4.0 
O21 4(e) 0.833 (1) 0.115 (I) 0.2631 (9) 0.2 (1) 4.0 
022 4(e) 0.7359 (9) 0.612 (1) 0.867 (1) 0.2 (1) 4.0 
023 4(e) 0.609 (1) 0.2487 (8) 0.086 (I) 0.2 (I) 4.0 
024 4(e) 0.441 (!) 0.395 (1) 0.7773 (9) 0.2 (1) 4.0 

Thus, T sites 9 and 12 are the Q4(4Si) sites (NMR 
notation); all other Si sites are linked to one Mg 
NNN atom [i.e. Q4(3Si, IMg)]. The structure of the 
fully ordered, hydrothermally crystallized sample is 
shown in Fig. 7 with the three different T-site species 
identified with different shadings. 

Discussion 

Temperature factors 

The dry-synthesized K2MgSi5OI2 leucite has iso- 
tropic temperature factors about twice those for 
equivalent atoms in Ia3d Rb2MgSi50~2 leucite 
(Torres-Martinez & West, 1986). Both materials 
have disordered O positions associated with the 
random arrangement of Si--O and Mg--O tetrahe- 
dra. Thus, in addition to inherent static disorder, the 
particularly large vibrations possible for the smaller 

Table 4. T--O bond lengths (•) for hyclrothermal 
K2MgSisOi2 

Si(l}--O(2) 1.64 (2) Si(7)----O(7) 1.59 (2) 
Si(l)---O(6) 1.63 (1) Si(7)---O(14) !.60 (!) 
Si(l)--O(l 1) !.64 (1) Si(7)--O(18) 1.60 (1) 
Si(l)---O(19) 1.63 (l) Si(7)--O(23) 1.60 (1) 
Mean 1.63 1.60 
Si(2)---O(1) 1.61 (1) Si(8)---O(l 1) 1.60 (1) 
Si(2)---O(5) 1.60 (I) Si(8)---O(13) !.61 (1) 
Si(2)----O(8) 1.61 (1) Si(8)--O(16) 1.60 (2) 
Si(2)---O(22) 1.62 (2) Si(8)---O(21) 1.59 (1) 
Mean 1.61 i.60 
Si(3)---O(1) 1.64 (1) Si(9)---O(12) 1.63 (2) 
Si(3)---O(4) 1.63 (1) Si(9)---O(16) 1.62 (1) 
Si(3)---O(9) 1.63 (1) Si(9)---O(17) 1.60 (1) 
Si(3)---O(23) 1.64 (1) Si(9)--O(22) 1.62 (1) 
Mean 1.63 1.61 
Si(4)---O(2) 1.61 (2) Si(10)--O(10) 1.64 (2) 
Si(4)---O(3) 1.60 (2) Si(10)---O(13) 1.65 (I) 
Si(4)--0(12) 1.60 (1) Si(lO)--O(17) 1.65 (1) 
Si(4)--0(20) 1.59 (1) Si(lO)--O(20) 1.65 (1) 
Mean ! .60 1.65 
Mg(5)--O(4) 1.93 (!) Si(l I)------0(8) 1.64 (2) 
Mg(5)---O(5) 1.92 (1) Si(i 1)---O(14) 1.65 (2) 
Mg(5)----O(10) 1.92 (2) Si(11)--O(15) 1.63 (2) 
Mg(5)---O(24) 1.93 (2) Si(l 1)---O(24) 1.63 (1) 
Mean 1.92 1.64 
Mg(6)---O(3) 1.89 (1) Si(12)---O(9) 1.59 (1) 
Mg(6)---O(6) 1.90 (2) Si(12)---O(15) 1.61 (1) 
Mg(6)---O(7) 1.88 (1) Si(12)---O(18) 1.60 (1) 
Mg(6)---O(21) 1.86 (2) Si(12)---O(19) 1.59 (1) 
Mean !.88 1.60 

Overall: Mean Si---O 1.62 (2) 
Mean Mg---O 1.90 (3) 

and lighter cavity cation (i.e. K) in the large W sites 
must be crucial. 

The smaller temperature factors for Si, Mg and O 
in hydrothermally synthesized relative to dry- 
synthesized K2MgSisOl2 leucite results from the 
ordering of Si and Mg in the framework in the 
former sample. The fact that the temperature factors 
for O atoms in the ordered structure are smaller than 
those for the framework cations is likely to be the 
result of using neutral scattering factors. Charged 
scattering factors might 'balance' the temperature 
factors, but would not significantly affect the struc- 
tural model. 

The very large temperature factor determined for 
K in the dry-synthesized sample is very similar to 
that observed in the high-temperature 'cubic' phase 
of KA1Si206 leucite (Peacor, 1968). In the latter case, 
the large temperature factor has been associated with 
enhanced mobility of K + at high temperature, to the 
extent that such leucites display fast-ion conduction 
associated with site hopping in the channels (Palmer 
& Salje, 1990). While such high-temperature 
behaviour might not be responsible for the large 
isothermal temperature factor observed here for 
cubic K2MgSisO12 leucite, it does illustrate the weak- 
ness of the relatively ionic K--O bond. Furthermore, 
the refinement of the monoclinic-ordered structure 
shows four sites for K and spatial disorder of the 
K-site positions within the cubic polymorph is 
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Table 5. O---T--O bond angles (°)for hydrothermal 
K2MgSisOl2 

O(2)---Si(1)--O(6) 119.7 (8) 
O(2)---Si(1)---O(11) 104.8 (9) 
O(2)---Si(1)---O(19) 103.0 (8) 
O(6)---Si(1)--O(11) 109.9 (8) 
O(6)---Si(1)---O(19) 111.9 (8) 
O(1 l)--Si(1)--O(19) 106.6 (7) 
Mean 109.3 (36.5)* 
O(1)---Si(2)--O(5) 114.3 (9) 
O(1)---Si(2)--O(8) 108.0 (9) 
O(1)---Si(2)---O(22) 108.2 (8) 
O(5)---Si(2)---O(8) 108.5 (8) 
O(5)---Si(2)--O(22) 113.5 (8) 
O(8)---Si(2)--O(22) 103.7 (7) 
Mean 109.4 (15.5) 
O(1)---Si(3)--O(4) 113.8 (9) 
O(1)--Si(3)---O(9) 106.4 (8) 
O(1)---Si(3)---O(23) 107.9 (9) 
O(4)---Si(3)---O(9) 111.2 (8) 
O(4)--Si(3)---O(23) 111.9 (8) 
O(9)---Si(3)---O(23) 105.1 (8) 
Mean 109.4 (11.7) 
O(2)---Si(4)---O(3) 115.2 (9) 
O(2)---Si(4)--O(12) 101.9 (8) 
O(2)---Si(4)---O(20) 107.7 (9) 
O(3)--Si(4)--O(12) 117.6 (9) 
O(3)--Si(4)---O(20) 109.4 (8) 
O(12)--Si(4)---O(20) 104.2 (9) 
Mean 109.3 (37.4) 
O(4)--Mg(5)---O(5) 119.4 (7) 
O(4)---Mg(5)---O(10) 105.7 (6) 
O(4)--Mg(5)--O(24) 110.7 (7) 
O(5)---Mg(5)--O(10) 107.3 (6) 
O(5)---Mg(5)---O(24) 102.5 (6) 
O(10)---Mg(5)---O(24) 111.2 (7) 
Mean 109.5 (34.1) 
O(3)---Mg(6)---O(6) 106.1 (7) 
O(3)---Mg(6)---O(7) 102.9 (6) 
O(3)--Mg(6)---O(21) 113.7 (8) 
O(6)~Mg(6}---O(7) 121.1 (7) 
O(6)---Mg(6)---O(21) 108.7 (7) 
O(7)---Mg(6)--O(21) 104.5 (8) 
Mean 109.5 (46.6) 

K2MgSisOl2 LEUCITES 

Table 6. K--O bond lengths (/~,) for hydrothermal 
K2MgSisOl2 

O(7)--Si(7)--O(14) 112.5 (8) 
O(7)--Si(7}--O(18) 118.2 (9) 
O(7)---Si(7)--O(23) 107.5 (8) 
O(14)--Si(7)---O(I 8) 105.6 (8) 
O(14)--Si(7)---O(23) 106.1 (9) 
O(18)---Si(7)---O(23) 106.2 (9) 
Mean 109.4 (25.3) 
O(11)--Si(8)--O(I 3) 112.4 (7) 
O(11)--Si(8)---O(16) 104.6 (8) 
O(11)--Si(8)---O(21) 116.4 (8) 
O(13)--Si(8)---O(16) 106.0 (9) 
0(13)--Si(8)--0(21) 105.3 (8) 
0(16)--Si(8)--0(21) 111.9 (8) 
Mean 109.4 (23.13) 
0(12)--Si(9)--0(16) 112.2 (9) 
0(12)--Si(9)---0(I 7) 111.3 (9) 
0(12)--Si(9)--0(22) 103.8 (7) 
0(16)--Si(9)---0(17) 110.5 (8) 
0(16)--Si(9)--0(22) 110.9 (7) 
0(17)--Si(9)--0(22) 108.0 (7) 
Mean 109.4 (9.64) 
O(lO)---Si(lO)--O(13) 111.8 (8) 
O(lO)--Si(lO)--O(17) 111.8 (9) 
O(lO)--Si(lO)--O(20) I11.7 (8) 
O(13)---Si(10)---O(17) 110.7 (9) 
O(13)--Si(10)--O(20) 107.9 (9) 
0(17)--Si(10)--0(20) 102.5 (8) 
Mean 109.2 (13.68) 
O(8)--Si(11)--O(14) 103.5 (8) 
O(8)--Si(11)--O(15) 106.5 (7) 
O(8)--Si(11)--O(24) 115.6 (9) 
O(14)--Si(ll)--O(15) 105.9 (9) 
O(14)--Si(11)--O(24) 113.0 (8) 
O(15)--Si(l 1)--O(24) Ill.5 (9) 
Mean 109.2 (22.27) 
O(9)--Si(l 2)--O(15) 114.5 (9) 
O(9)--Si(12)--O(l 8) 105.0 (7) 
O(9)--Si(l 2)--O(19) 105.3 (8) 
O(15)--Si(12)--O(18) ll0.1 (8) 
O(15)--Si(12)--O(19) 109.6 (7) 
O(18)--Si(12)--O(19) 112.3 (8) 
Mean 109.5 (14.22) 

Mean (g2) for SiO, = 20.9 (9.9) 
Mean ((72) for MgO4 = 40.4 (8.8) 

* Tetrahedral-angle variance (or2). 

indicated by our results. Thus, it seems likely that the 
large temperature factor for K in the cubic structure 
results from a combination of  spatial and vibrational 
disorder. The corresponding temperature factor in 
the monoclinic structure is much reduced, further 
indicating the role of  spatial disorder in the 
refinement of  this parameter for K. 

Framework distortions 

We have shown that the tetrahedral-angle variance 
in dry-synthesized KzMgSi50~2 leucite is 10.7 deg 2. 
This value compares with the range 2.1-8.6 deg 2 for 
the three T sites in tetragonal KA1Si206 leucite and a 
value of 11.9 deg 2 for the single T site in pollucite 
(Beger, 1969). Such distortions in K - - M g  leucite are 
mainly as a result of  the disorder of Mg and Si over 
the single T site. The inter-tetrahedral T--O---T 
angle is identical to that of pollucite (144.5°; Beger, 

K(1)---O(2) 3.73 (1) K(3)--O(I) 3.04 (1) 
K(I)~O(3) 2.97 (1) K(3)--O(3) 2.91 (2) 
K(1)--O(6) 3.72 (2) K(3)--O(5) 2.74 (1) 
K(I)---O(6) 2.82 (2) K(3}---O(7) 2.95 (2) 
K(I)---O(8) 3.12 (2) K(3)--O(8) 3.75 (2) 
K(1)--O(10) 3.63 (2) K(3)--O(8) 3.62 (2) 
K(1)---O(12) 3.77 (2) K(3)--O(14) 2.95 (1) 
K(I)--O(13) 3.42 (2) K(3)--O(15) 3.88 (2) 
K(1)---O(15) 2.99 (2) K(3)--O(18) 3.05 (2) 
K(I)---O(17) 3.33 (2) K(3)---O(20) 3.34 (2) 
K(I)---O(19) 3.73 (2) K(3) 0(22) 3.42 (1) 
K(I)---O(20) 3.53 (1) K(3)--O(24) 3.83 (2) 
Mean K(I)--O 3.40 (34) Mean K(3)--O 3.20 (40) 
K(2)---O(l) 3.65 (2) K(4)--O(2) 3.07 (2) 
K(2)---O(4) 2.76 (1) K(4)---O(4) 3.62 (2) 
K(2)--O(5) 3.97 (2) K(4)--O(6) 3.62 (2) 
K(2)---O(7) 3.30 (2) K(4)---O(9) 3.06 (2) 
K(2)---O(9) 3.86 (2) K(4)---O(10) 2.78 (2) 
K(2)--O(i 1) 3.78 (2) K(4)--O(I 1) 2.85 (2) 
K(2)~O(16) 3.57 (2) K(4)--O(12) 3.06 (2) 
K(2)--O(18) 3.61 (2) K(4)--O(13) 3.62 (2) 
K(2)--O(21) 2.97 (2) K(4)--O(16) 3.21 (1) 
K(2)--O(22) 3.28 (2) K(4)--O(19) 3.10 (2) 
K(2)---O(23) 3.68 (2) K(4)----O(21 ) 3.78 (2) 
K(2)~O(24) 2.64 (2) K(4)--O(23) 3.67 (2) 
Mean K(2)----O 3.42 (44) Mean K(4)--O 3.29 (35) 

Table 7. T - - O - - T  bond angles C)for hydrothermal 
K2MgSisOi2 

Si(2)--O(l)---Si(3) 132 (1) Si(4)--O(20)---Si(10) 139 (I) 
Si(l)---O(2)~Si(4) 152 (1) Si(2)--O(22)--Si(9) 135 (I) 
Si(2)--O(8)---Si(11) 132 (1) Si(3)---O(23}----Si(7) 157 (1) 
Si(3)--O(9)--Si(12) 160 (1) Mean Si--O---Si 141 (10) 
Si(l)--O(ll)---Si(8) 134 (1) Si(4)--O(3)--Mg(6) 136.1 (9) 
Si(4)---O(12)--Si(9) 141 (1) Si(3)---O(4)--Mg(5) 119.8 (8) 
Si(8)---O(13)---Si(10) 137 (1) Si(2)--O(5)---Mg(5) 123.4 (8) 
Si(7)---O(14)---Si(l 1) 145 (1) Si(l)--O(6}----Mg(6) 133.6 (8) 
Si(I 1)--O(15)--Si(12) 137 (1) Si(7)--O(7)--Mg(6) 138.7 (9) 
Si(8)----O(16)--Si(9) 133 (1) Si(10)--O(10)--Mg(5) 125.7 (9) 
Si(9)--O(17)---Si(10) 130 (1) Si(8)---O(21)---Mg(6) 147 (1) 
Si(7)---O(18)--Si(12) 130 (1) Si(l 1)--O(24)---Mg(5) 120.6 (9) 
Si(l)--O(19)---Si(12) 160 (1) Mean Si--O---Mg 130.6 (9.8) 

1969) and slightly smaller than that of  high- 
temperature natural leucite (145.4°; Peacor, 1968), 
pointing to similar degrees of  framework distortion 
in all three structures. 

The disordered form of  K2MgSisO~2 leucite has a 
distinctly larger unit-cell volume than the ordered 
form (2416 and 2348 A 3, respectively). Thus, the 
ordering of the Si and Mg tetrahedral cations is 
accompanied by a contraction of  2.8%, leading to a 
decrease in the mean T - - O - - T  angle from 144.5 to 
137.4 °. This decrease in T - - O - - T  angle is as a result 
of  the cooperative inter-tetrahedral rotations which 
occur as a result of  Si-Mg ordering and can be 
considered as reflecting the increased degree of  
collapse of  the framework about the cavity cation 
(Taylor, 1983). In the ordered structure, the increase 
in the T--O bond lengths from Si--O (1.61 A) to 
M g - - O  (1.9 A) is accompanied by a decrease in 
T - - O - - T  bond angles from a mean of  141 for 
S i - -O--S i  to a mean of 131' for S i - -O- -Mg;  it 
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seems that the smaller Si - -O--Mg angles are directly 
related to the increased framework collapse in the 
ordered structure. Indeed, the higher angular 
variance of the Mg tetrahedra relative to Si tetra- 
hedra (40.4 and 20.9 deg 2, respectively) points to the 
structural flexibility of the Mg--O tetrahedra in the 
framework. Equivalent angular-variance values for 
the Si and Cu tetrahedra in Cs2Cu5i5012 (Heinrich & 
Baerlocher, 1991) are 22.7 and 140 deg 2, suggesting 
that framework structures with Cu tetrahedra will be 
even more flexible. 

Framework ordering and relative stabilities of  phases 

We have shown that the hydrothermally synthe- 
sized K2MgSi50~2 leucite has a crystal structure 
derived from that of the dry-synthesized cubic 
polymorph. Ignoring T-site ordering, the two struc- 
tures are topologically identical. The significant sym- 
metry reduction from the cubic la3d structure to our 
refined P2~/c structure is directly related to the diffu- 
sion of Mg and Si on tetrahedral sites within the 
framework. The ordering of the tetrahedral cations is 
manifest from the differences in T--O bond lengths 
with Si--O in the range 1.60-1.65 A, whilst Mg---O 
bonds are readily distinguished at around 1.9 A .  In 
contrast, the dry-synthesized sample has no detect- 
able T-site ordering, as required by the space group 
la3d having a single T site. 

These results reveal that the structural behaviour 
of the Mg+Si-substituted leucites studied shows 
marked differences from that of the leucite-type, 

Fig. 7. Monoclinic structure of hydrothermally synthesized 
K2MgS%O,2 leucite; projection on (100). Dark shaded tetra- 
hedra represent Mg sites, medium shaded are Q4(4Si) and light 
shaded are Q4(3Si, lMg) tetrahedra. 

KA1Si206. In pure aluminosilicate leucite, the cubic 
Ia3d structure has been assumed to be the stable 
phase at high temperature, with a displacive transi- 
tion to a tetragonal (141/a), low-temperature struc- 
ture (via an intermediate tetragonal structure, 
14Jacd). This transition appears to be driven by the 
collapse of the aluminosilicate framework around the 
large cavity site occupied by K, akin to an over- 
damped soft mode (Palmer, 1990; Boysen, 1990). 
Hatch, Ghose & Stokes (1990) proposed an alter- 
native mechanism, however, suggesting that the 
ferroelastic order parameter for the tetragonal-cubic 
transition was directly related to reversible changes 
in A1/Si order. In contrast, Palmer & Salje (1990) 
argued that this displacive phase transition is too 
rapid to be as a result of A1/Si ordering. Recently, 
Dove et al. (1993) have shown, using static lattice 
calculations, that A1/Si ordering is unimportant in 
the cubic-tetragonal transition, and that the 
observed spontaneous strain does not result from 
such ordering. The polymorphism revealed in the 
present study, however, is directly related to such 
T-site ordering occurring during hydrothermal syn- 
thesis. It seems that the charge and size of Mg 2÷ (as 
opposed to AI 3+) are sufficiently distinct from those 
o f  Si n+ to  ensure that the fully ordered, thermo- 
dynamically more stable monoclinic form is formed 
relatively rapidly as a result of the catalytic action of 
water in the hydrothermal synthesis. The mech- 
anisms of formation of the ordered structure are 
likely to include processes of solution of the dis- 
ordered glassy starting material followed by recrys- 
tallization and subsequent annealing, with protons 
increasing diffusion and consequent ordering rates 
(Graham & Elphick, 1991; Goldsmith, 1991). In 
contrast, the dry-synthesized sample has a 'high- 
temperature' disordered T-site configuration; indeed, 
the 295i NMR spectrum for this sample is very 
similar to that of the glass starting material, 
reflecting their similar short-range structures (see 
above; Fig. 1). It seems likely that the absence of 
catalysing water has led to nucleation and growth 
rates exceeding rates of diffusion and consequent 
ordering. The existence of the ordered and dis- 
ordered forms of K2MgSisO~2 leucite thus reflects the 
distinctly different kinetics of the two synthesis tech- 
niques employed and, in this case, is not related to a 
high-low-temperature reversible phase transition. 
However, the cubic polymorph does represent a 
stranded metastable state. We expect that the 
ordered monoclinic structure would approach the 
cubic, disordered state, possibly through additional 
intermediate states, on increasing temperature. 
Whether or not the cubic polymorph exists as a 
thermodynamically stable phase below the melting 
point remains the subject of further high-temperature 
investigations. 
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The behaviour discussed above is somewhat 
analogous to that observed in another tetrahedral 
framework material, cordierite (Mg2AlaSi50~8), in 
which the first material to crystallize from glass is 
hexagonal but the equilibrium ordered structure 
(orthorhombic) appears on annealing (Putnis, Salje, 
Redfern, Fyfe & Strobl, 1987). In both cases there is 
an increase in T-site order together with an 
accompanying change in crystal system (with an 
associated ferroelastic strain) as the crystal 
approaches thermodynamic equilibrium. 

Framework  connectivity and N M R  peak  assignments 
f o r  ordered K2MgSisOl2 

The connectivity information deduced from the 
N M R  spectra (Kohn et al., 1991) and determined in 
the present work for the ordered sample shows that 
the Mg tetrahedra are separated by two Si tetrahedra 
and that the Q4(4Si) species are also separated by 
two Qa(1Mg) Si tetrahedra. In addition, a pair of 
specific Q4(1Mg) tetrahedra (i.e. same T-site number) 
are separated by two other tetrahedra. Adjacent Mg 
and Q4(4Si) tetrahedra are separated by one Si tetra- 
hedron and are located on opposite sides of four 
rings of tetrahedra (Fig. 7). The energetic disadvan- 
tage of S i - - O - - M g - - O - - M g - - O - - S i  and Si--O--- 
M g - - O - - S i - - - O - - M g - - O - - S i  arrangements within 
the framework structure is clearly greater than that 
recognized in aluminosilicates as A1 avoidance 
(Dempsey, Kuhl & Olsen, 1969; Loewenstein, 1954). 
The monoclinic ordered structure which our 
refinement has yielded does indeed satisfy this 
principle as Mg...Mg distances are maximized. 

Kohn et al. (1991) showed that the two N M R  
peaks occurring at chemical shifts of -91 .0  and 
- 104.5 p.p.m. (relative to tetramethylsilane) resulted 
from Q4(4Si) units. They pointed out that the very 
small shift of -91 .0  p.p.m, must correspond to an 
exceptionally small mean Si - -O--Si  angle. We can 
now assign a value of 134.9 ° to this peak and a 
S i - -O--Si  angle of 146.8 ° for the N M R  peak at 
104.5p.p.m. Dupree, Kohn, Henderson & Bell 
(1992) have used these data to assess the reliability of 
published correlations between 29Si chemical shifts 
for Q4(4Si) units and structural parameters, the prin- 
cipal conclusions being that the linear correlation 
chemical shift and mean T - - O - - - T  angle cannot be 
used at small T - - O - - - T  angles, and that when a 
particular site has a wide distribution of Si--O dis- 
tances and S i - - O - - T  angles, the correlation may 
break down. In addition, an empirical correlation 
between chemical shift and mean T - - O - - T  angles 
for Q4(3Si, IMg) Si atoms was deduced. 

Although the synchrotron powder structural data 
for the ordered K2MgSi50~2 sample generally con- 
firm the deductions based on N M R  studies, some 

modifications to the adopted N M R  model are 
required. Kohn et al. (1991) used COSY and crystal 
chemical reasoning to adopt their Model D which 
had different types of tetrahedral sites separated by 
the maximum number of bonds (see above). In 
Model D every tetrahedral site had four different 
NNN atoms and no combination was repeated (see 
Kohn et al., 1991; Table 1). We can now see from the 
X-ray structure that T sites (occupied by Si) 3 and 11 
are linked to the same set of NNN atoms (Si 2,7,12 
and Mg5), while Si sites 4 and 8 are similarly linked 
(to Si 1,9,10 and Mg6). Re-analysis of the earlier 
data shows that the X-ray structure gives an even 
better fit to the 29Si COSY N M R  data than the 
Model D topology proposed by Kohn et al. (1991). 
In particular, the apparent correlations between 
NMR peaks 2 and 10 and peaks 3 and 5, which were 
previously unexplained, are predicted by the new 
structure. The one-dimensional 29Si NMR spectrum 
can now be re-assigned as follows (using the T-site 
numbering of the present paper): Si(2)= peak 1; 
S i ( l l ) = p e a k  2; Si(8)=peak 3; Si(10)=peak 4; 
Si(9) = peak 5; Si(4) = peak 6; Si(7) = peak 7; Si(3) = 
peak 8; Si(1) = peak 9; Si(12) = peak 10. 

It is instructive to consider the relationships 
between the T-site connectivities in ordered mono- 
clinic K2MgSisOI2 leucite and those in tetragonal 
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Fig. 8. Schematic idealized unit cell of tetragonai KA1Si206 leucite 
showing the three different T sites (T., T2, T3; after Murdoch et 
al., 1988). The numbers refer to the 12 T sites determined for 
monoclinic K2MgSi50~2 leucite in this work; for an explanation, 
see text. The axes shown correspond to the coordinate system 
used by Mazzi et al. (1976). 
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natural leucite (Mazzi et al., 1976). The refined 
atomic coordinates for both the cubic and mono- 
clinic KzMgSisO~2 structures reported here are based 
on a starting model derived from Peacor's (1968) 
high-temperature cubic leucite (KA1Si206) structure. 
Comparison of the present data with NMR results 
and with reported tetragonal structures necessitates a 
transformation of axes. This is because the NMR 
T-site assignments have been based on tetragonal 
structures such as that of Mazzi et al. (1976). 
Denoting the crystallographic axes of Mazzi et  al. as 
Xm, Ym, Zm, our atomic coordinate system x, y, z is 
related to the Mazzi et al. tetra~onal cell by the 
transformations X--~Zm, y"-'~X m + ~, z - -~y  m. Making 
these transformations, our monoclinic T-site 
assignments can be compared with the various pro- 
posed NMR models (e.g. Kohn et al., 1991) using 
the type of stylized structural diagram (Fig. 8) that 
was first introduced by Murdoch et al. (1988) in their 
discussion of tetragonal KA1Si206. Thus, the mono- 
clinic leucite T sites (T1-T12) can be compared with 
the three tetragonal T sites of I4~/a leucite (denoted 
Tl, Tz and 7"3 to avoid confusion). It is clear from 
Fig. 8 that there is not a simple subgroup- 
supergroup relationship between the ordering pat- 
terns of the 14~/a and P2~/c structures. While certain 
monoclinic sites { T1 [Q4(3Si, 1Mg)], T2[Q4(3Si, 1Mg)], 
T7[Q4(3Si, 1Mg)] and T10[Q4(3Si, 1Mg)]} correspond 
to tetragonal 7"2 sites exclusively, the other mono- 
clinic T sites { T3[Q4(3Si,1Mg)], T4[Q4(3Si,1Mg)], 
T5(Mg), T6(Mg), TS[Q4(3Si, IMg)], 79[Q4(4Si)], 
Tll[Q4(3Si, IMg)] and T12[Q4(4Si)]} are all distri- 
buted over two tetragonal T~ and two tetragonal T3 
sites in the unit cell. This reflects the essential 
difference between tetragonal /'2 and tetragonal T~ 
and T3 sites; the latter each form distinct four- 
membered rings in the xy plane in the unit cell, 
whereas the former act as inter-ring links (Fig. 8). 
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