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Abstract

The synthetic anhydrous analogue of the mineral leucite has the chemical formula
KAISi20es, it has a silicate framework crystal structure with the same topology as the
zeolite analcime. In this crystal structure Al partially replaces Si in the framework, a K
extraframework cation is incorporated to balance the charges. Synthetic analogues of
leucite are known with the general formulae ACX206 and A2BX5012, where 4 is a
monovalent cation, B is a divalent cation, C is a trivalent cation and X is Si or Ge. The
crystal structures of these analogues have the same topology but otherwise show
differences in crystal structure symmetry and framework cation ordering. This paper
reviews the work done on leucite analogue crystal structures over the years and looks

forward to work that could be done on these fascinating materials in the future.

Keywords: leucite minerals, silicate framework structures, zeolites, X-ray powder

diffraction, synchrotron radiation, Rietveld method.
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Silicate minerals are rock-forming minerals consisting of silicate groups. They are the
largest and most important class of minerals and make up approximately 90 percent of
the earth’s crust (7). The chemically simplest silicate mineral is silicon dioxide, SiO>. It
is mostly found in nature as quartz which is a major component of sand. The crystal
structures of silicon dioxide polymorphs ((2), (3) (4) (5)) have silicon in an infinite
three-dimensional array with each silicon bonded to four oxygens and each oxygen

bonded to two silicon atoms.

Partial replacement of Si atoms by Al atoms (or other trivalent atoms such as B, Ga, or
Fe) in silicate framework structures means a net negative charge on the framework,
incorporation of metal (and other) cations into the framework balances the charge.
Inclusion of monovalent (e.g., Na, K, Cs) or divalent (e.g., Ca) extraframework cations
increases the sizes of channels between the tetrahedral framework units. Henderson (6,
7) reviewed the composition, thermal expansion, and phase transitions in these
framework silicates. These channels in the crystal structures of framework structures
can also accept water. Some of these hydrated metal aluminosilicate framework

materials are zeolites (8).

These zeolites occur naturally and can also be synthesised. The large internal
surface areas of these channels in zeolite framework structures give them extremely
useful technological properties such as ion-exchange and catalysis.

One zeolite material is analcime (NaAlSi1206.H20), this has the zeolite ANA

framework (9). In this zeolite 1/3 of Si atoms are replaced by Al, Si and Al are



disordered over the tetrahedrally coordinated sites (T-sites) in the silicate framework.
Na" cations are incorporated into the structure to balance charge; water is also
incorporated into one of the channels present in the framework structure. Analcime has
an la-3d cubic crystal structure (10-12). An analogous structure to analcime (with the
same silicate framework topology) is wairakite (Ca(Al2Si14012).2H20; (13, 14)).
However, in the wairakite structure Si and Al are ordered onto separate T-sites,
wairakite has a /2/a monoclinic structure.

Figures 1ab show the crystal structures of analcime and wairakite with Si and Al
on the T-sites, water molecules are sited on the W site in the larger central channel of
this framework, Na" cations in analcime are sited on the S site in a smaller channel,
these S sites are only 2/3 occupied by Na'. In wairakite there are only half the number
of Ca?" cations compared to Na* cations due to the charge difference. Ca>" cations in
wairakite are on three different partially occupied on S sites occupancy, one S site is not

occupied. All crystal structures in this paper are plotted using VESTA (15).

Figure la. /la-3d cubic crystal structure of | Figure 1b. [2/a monoclinic crystal

NaAlSi206.H20 analcime. Yellow spheres | structure of CaAl2Si4012.2H20 wairakite.




show Na" cations (2/3 occupied S sites),
red spheres show O anions and white
spheres (W sites) show H atoms in the
water molecule. Blue tetrahedra show

(S1/A1)O4 units.

Brown spheres show Ca®" cations

(partially occupied S sites). Blue
tetrahedra show SiO4 units, pale blue
tetrahedra show AlO4 units. Small red
spheres show O* anions, large red spheres
(W-sites) show oxygen from water

molecules.




1. Leucite and pollucite

If the analcime structure is modified by removal of water and the Na" cation is replaced
by the larger K cation, then the leucite crystal structure (KAISi2Og) is formed. In this
structure there is an infinite framework structure consisting of (S1/Al)O4 tetrahedra with
Si and Al disordered (as in analcime but not as in wairakite) over the same site, the K*
cations sit in the W site extraframework channels in the structure and are 12 coordinated
to O. These K* cations do not sit on the smaller S sites. The analcime topology is
retained but the crystal structure is lowered in symmetry from /a-3d cubic to [41/a
tetragonal (76-20). Leucite is a naturally occurring mineral (21), but it can also be
synthesised. The substituted silicate framework structure of leucite consists of 6-rings,4-
rings and 8-rings of (Si/Al)Os4 tetrahedral units. Figures 2abc show these 6-rings,4-rings
and 8-rings in the leucite structure.

Uses of leucite include sources of potassium and aluminium and dental ceramics
(22)

A similar mineral to leucite is pollucite, the naturally occurring mineral (23) has
the stoichiometry (Cs,Na)AlSi206.nH20 but synthetic pollucite has the stoichiometry
CsAlSi206. For the rest of the paper pollucite refers to synthetic pollucite as opposed to
mineral pollucite Comparison of the crystal structures of leucite (Figure 2ac) and
pollucite (Figure 3) show that these structures have the same topology, with K and Cs
cations on the W sites.

As the pollucite structure contains caesium then this mineral is a potential

material for storage of caesium from radioactive waste materials (24-26)



Name a(A) c(A) V (&%) SG | Ref
analcime | 13.73 2588 Ia-3d | (10)]
analcime | 13.73 2588 In-3d | (11)
leucite 12.95 13.65 2289 I4/a | (16, 17)
leucite | 13.091) | 13.751) | 2356(4) | 14va | (19)
leucite | 13.0548(2) | 13.7518(2) | 2343.69(7) | 14v/a | (20)
pollucite | 13.71 2577 Ia-3d | (27)]
pollucite | 13.74 2594 la-3d | (28)
pollucite | 13.682(3) 2561.26) | Ia-3d | (29)
pollucite | 13.69 2565.72641 | Ia-3d | (30)
pollucite | 13.6645(3) 2551.42(6) | Ia-3d | (31)
pollucite | 13.6914(6) 2566.5(1) | Ia-3d | (26)]
pollucite | 13.6808(6) 2560.6(1) | Ia-3d | (26)
pollucite | 13.653 2545.0 Ia-3d | (32)
pollucite | 13.678 2559.0 la-3d | (33)




pollucite | 13.682 2561.2 Ia-3d | (33)

pollucite | 13.677 2558.4 Ia-3d | (33)

pollucite | 13.6735(2) 2556.46(4) | Ia-3d | (34)

Table 1a. Lattice parameters for analcime, leucite and pollucite. SG = space group. If the
original reference doesn’t quote a unit cell volume, then these have been calculated. Bold

type shows that crystal structure is given in this reference.

However, KAISi20¢ leucite has a /41/a tetragonal structure but the CsAlSi20s
pollucite has an la-3d cubic structure (12)(27-31). Comparison of Figures 2a and 3
show that the 6-ring in leucite is distorted compared to the corresponding 6-ring in
pollucite. The pollucite 6-ring has sixfold symmetry, but the leucite 6-ring is less
symmetrical having twofold symmetry. The crystal ionic radii (35) for 12 coordinate
Cs™ and K™ are respectively 2.02A and 1.78A. Replacing the Cs* cation with the smaller
K" cation in this structure will cause a framework collapse (36) of the crystal structure
and a consequent lowering of symmetry from cubic to tetragonal.

However, the LiAlIS1206 (37) and NaAlSi20¢6 (38) structures have crystal
structures with a different topology to that for leucite due to the smaller sizes of the
extraframework cations, the crystal ionic radii for 8-coordinate Na* and Li" are
respectively 1.32A and 1.06A (35). LiAlSi20s and NaAlSi2Os are isostructural, with Al
and Si are completely ordered (unlike in leucite) onto AlOs and SiO4 polyhedra with

Li/Na cations sitting in the extraframework channels, see Figures 4ab.



Table 1a shows lattice parameters for analcime, leucite and pollucite. Table 1b

shows lattice parameters for two different wairakite crystal structure determinations.

a(Ad) b (A) c(A) B (°) V(A% | SG | Ref

13.692(3) | 13.643(3) | 13.560(3) | 90.5(1) | 2533(2) | I2/a | (13)

13.694(6) | 13.644(7) | 13.576(6) | 90.46(2) | 2536(4) | I2/a | (14)

Table 1b. Lattice parameters for wairakite crystal structure determinations. SG = space
group. If the original reference doesn’t quote a unit cell volume, then these have been

calculated.



Figures 2a (top), 2b (bottom left) and 2c (bottom right). /41/a tetragonal crystal
structure (79)of KAISi20s leucite indicating the 6-rings, 4-rings and 8-rings of




tetrahedral (Si/Al)O4 units, shown in blue. Purple spheres (W-sites) show K cations,
red spheres show O anions.

C a

Figure 3. la-3d cubic crystal structure of CsAlSi20s pollucite. Turquoise spheres show
Cs" cations, red spheres show O anions, tetrahedral (Si/Al)O4 units are in blue. Note
the difference in symmetry in the central channel 6-ring in pollucite compared to that

in leucite (see Figure 2a).
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Figures 4a (left) and 4b (right). C2/c monoclinic crystal structure of LiAlSi2Os
spodumene and of NaAlSi2Os jadiete. Green spheres show Li* cations, yellow spheres
show Na* cations, red spheres show O anions. Grey octahedra show AlOs units and

blue tetrahedra show SiOj4 units.




2. Leucite analogue structures

4.1 Initial ion exchange - Barrer

These leucite structures have channels containing cations, such K and Cs as the W site
cations in leucite and pollucite. It is possible to do ion-exchange on these framework
structures to replace the extraframework cations. The research group of Professor Barrer
at the University of Aberdeen did some work in the 1950s to synthesise new leucite and
pollucite analogue by ion-exchange and by synthesis from gel precursor materials.
Hereafter all of these analogues of leucite and pollucite are referred to as leucite
analogues.

Initial ion-exchange experiments (39) on analcime showed that Na* could be
ion-exchanged with K*, NHs", Rb", Cs", Ag" and TI". These ion-exchanged samples
gave X-ray powder diffraction patterns similar to those for leucite, pollucite and
analcime. The T1" ion-exchanged sample has an X-ray powder diffraction pattern
identical to that for a Tl-analcime crystallised hydrothermally from a T120.A1203.4S102
gel (40). Further ion-exchange experiments (47) showed that leucite could be ion-
exchanged with TI" and that Tl-analcime could be ion-exchanged with Rb".

Hydrothermal synthesis from gel starting materials (42, 43) produced synthetic
anhydrous 4Al1Si20s samples where 4 = K, NH4*, Rb", Cs" and TI". Hydrated
AAISi206.nH20 samples were produced where 4 = Li", Na” and Ag". Table S1 shows
lattice parameters for these anhydrous 4AAISi20¢ samples (43).

At the end of the paper (43) the authors refer to some other substituted
analogues of KAISi2Os, where the A" framework cation has been replaced by other

divalent and trivalent cations. These include KGaSi2Os (44) and K2MgSisO12 (45, 46).



The authors ended the paper by suggesting that the analcime-leucite structure type

could potentially contain many different chemical compositions.

4.2 More leucite analogues - West

Thirty years after the work of Professor Barrer, more work was done at the University
of Aberdeen by the research group of Professor West. This work greatly expanded the
number of known leucite structures, especially for the 42BSi5012 leucites where 2 Al
atoms are replaced with one Si and one divalent (B) cation. Additionally, more 4CSi20¢
leucites were synthesised where Al is replaced by other trivalent (C) cations.

Tables S2a (4CSi206) and S2b (42BSi5012) show the lattice parameters for
leucite samples synthesised by the West group and other leucite structures (except
leucite and pollucite) up to 1989. All the lattice parameters for which definite space
group assignments are given are either /a-3d cubic (pollucite), /-43d cubic (KBSi20s -
boroleucite) or /41/a (leucite). The papers of Professor West suggest that other space
groups are possible, including those with lower than tetragonal symmetry, but no
definite space group assignments are given. These structures include a leucite where the
extraframework cation is not an alkali metal, ammonioleucite (NH4)AISi20¢ (47).

In boroleucites, when the ACSi206 C cation is now boron (the smallest trivalent
cation, 4-coordinate crystal ionic radius 0.25 A (35)) and the A4 cation is either K or Rb,
this cubic space group is no longer the highest symmetry space group /a-3d cubic
(space group 230 out of 230), which is centrosymmetric. The cubic space group for
KBSi206 and RbBSi20s6 is now /-43d cubic (space group 220), which is non-

centrosymmetric.



4.3 Cation-ordered leucite structures

Up to the end of the 1980s almost all known leucite structures had disordered cations on
the T-sites. These were high symmetry body centred tetragonal and cubic structures
with the divalent and trivalent cations disordered onto the same T-sites as the
quadrivalent Si cations. Ko2RbosGaS1206 (48) was hydrothermally synthesised. The
single-crystal structure for this sample was /41/a tetragonal and had partial T-site cation
ordering. However, this doesn’t match the /41/a tetragonal structures for KGaSi206 (49)
and RbGaSi20¢ (50) which have complete T-site cation disorder for Ga and Si.

Samples of K2MgSisO12 leucite analogues were synthesised dry (heated up in
air) and hydrothermally (heated up under pressure in the presence of water). 29-Si NMR
spectra on these two samples gave very different results (57). The hydrothermal NMR
spectrum shows 10 different resonances of approximately the same intensity, see Figure
5. This suggested that there were 10 different chemical environments for Si in the
hydrothermal sample.

High-resolution synchrotron X-ray powder diffraction showed that dry
K2MgSis012 leucite has the /a-3d cubic structure, isostructural with pollucite (52, 53).
However, high-resolution synchrotron X-ray powder diffraction, together with electron
diffraction, NMR spectroscopy and Rietveld refinement (54), showed that hydrothermal
K2MgSisO12 had a previously unknown cation-ordered leucite crystal structure. This
was P21/c monoclinic with 10 different fully occupied Si T-sites and 2 different fully
occupied Mg T-sites, the structure contains distinct SiO4 and MgOs tetrahedral units.
Table S3 shows ambient temperature lattice parameters for P21/c monoclinic cation-

ordered leucite crystal structure for K2BSi5012 (B = Mg, Fe, Co, Zn (52, 53, 55)), these



are all isostructural with monoclinic KxMgSisO12. Figures 6ab shows crystal structure

plots for cubic and monoclinic K2MgSisO12 leucites.

s 9 10

WA UL

-80 -90 -100
P.p.m.
Figure 5. 29-Si NMR spectrum for hydrothermally synthesised KxMgSis012 leucite ( (51-

-110

53)]. The 10 large peaks indicate 10 different Si environments, the weak peak at about -

107ppm is due to SiO2 impurity.




Figures 6a (left) and 6b (right). Plots of crystal structures for K2MgSisO12. Left structure
is for la-3d cubic cation disordered K2MgSisO12. Right is for P21/c monoclinic cation
ordered KaMgSisO12. (S1/Mg)O4 and SiO4 units are shown in blue, MgO4 units are
shown in orange. Purple spheres show K™ cations, red spheres show O*anions. Note
how the monoclinic structure has the same topology as the cubic structure but is more

distorted.

More NMR work was done some other leucite analogues [(56-58)] to look for
the number of different chemical environments in these analogues. One of these
analogues had the stoichiometry Cs2CdSisO12, (see Figure 7). The 29-Si NMR spectrum
on this sample showed 5 different resonances of approximately the same intensity,

suggesting that there were 5 different chemical environments for Si in the structure.

- 80 -90 -100 -110
p.p.m.
Figure 7. 29-Si NMR spectrum for dry Cs2CdSisO12 leucite analogues [(56), (59)].



However, high-resolution synchrotron X-ray powder diffraction, NMR
spectroscopy and Rietveld refinement showed that Cs2CdSisO12 leucite also had a
previously unknown cation-ordered leucite crystal structure [(59)], see Figure 8. This
was Pbca orthorhombic with 5 different fully occupied Si T-sites and 1 fully occupied
Cd T-site. Table S4 shows ambient temperature lattice parameters for Pbca
orthorhombic cation-ordered leucite crystal structure for A28Si5012 (4 =Rb, Cs, B =
Mg, Mn, Co, Cu, Ni, Zn, Cd. These structures also include three with two different
alkali-metal extraframework cations ((60) RbCsXSisO12, X = Mg, Ni and Cd), these all
have complete T-site order. These structures are all isostructural with Cs2CdSisO12. A
high-resolution synchrotron radiation X-ray powder diffraction and NMR study on
Cs2ZnSi5012 (61) showed some partial T-site disorder. However, another synchrotron
radiation X-ray powder diffraction study on Cs2ZnSi5012 (62), with a lower-resolution
X-ray detector, showed full T-site cation ordering.

Lattice parameters for three low temperature (8-10 K) Pbca leucite Cs2BSi5012 structures
(B = Cu, Zn and Cd; (63)) are given in Table S5. Apart from thermal contraction the

structures are isostructural with the corresponding ambient temperature structures.



C a

Figure 8. Plot of Pbca cation ordered crystal structure for Cs2CdSisO12. SiO4 units are
shown in blue, CdO4 units are shown in pink. Turquoise spheres show Cs* cations, red
spheres show O% anions. Note that this structure is more distorted than cubic

K2MgSis012 but less distorted than monoclinic KaMgSisOi12.

A crystal structure for Cs2CuSisO12 was predicted [(64)], this had a different
topology to that for other leucite analogues. A combined synchrotron X-ray and neutron
powder diffraction study on this material [(65)] showed that the structure of this
material could be better described as isostructural with cation ordered Pbca

Cs2CdSis012 [(59)].




The A2BSi5012 cation-ordered leucite structures with 4 = K are all P2i/c
monoclinic at room temperature. However, the corresponding structures with 4= Rb
and Cs are all Pbca orthorhombic. The smaller K cation means that there is framework
collapse to monoclinic structures for the 4 = K structures. However, with the larger 4=
Rb and Cs cations the crystal structures are less collapsed from monoclinic to
orthorhombic. The same framework collapse effects as observed earlier (36) are seen in
these cation-ordered leucite structures.

There is a different ACSi1206 cation ordered structure for CsCSi1206 (C = Al, B),
these are /41/acd tetragonal. CsAlSi20¢ was first reported as tetragonal (28) as a
pseudocubic modification of /a-3d. The first true /41/acd tetragonal structure leucite
was for Cso.7-0.8Na0.1Al0.8S12.2062(0.3-0.2)H20 (66). A similar structure for a mineral
sample with the composition (Cs1.02K0.01)B0.96S12.0206 was reported (67). There is also a
low-temperature /41/acd tetragonal structure for CsAlSi2Os at 248K (31)

Figure 9 shows the /41/acd tetragonal structure of CsAlSi20¢6 (67).



Figure 9. [41/acd tetragonal crystal structure (Cs1.02Ko0.01)B0.96S12.020¢, Turquoise
spheres represent Cs* cations, red spheres represent O anions. Blue tetrahedra

represent ordered SiOa4 units and green tetrahedra represent ordered AlO4 units.

4.4 Cation disordered leucite structures since 1990



After the work of Professor West in the 1980s several more ACSi20¢ and 42BSi5012 (4
=K, Rb, Cs, NH4, T1; B = Mg, Cu, Zn, Mn, Ni, Co; C = B, Fe, Al, Ga) leucite
analogues were synthesised. Almost all leucite structures have an average unit cell

length of about 13.5 A.

However, one interesting leucite is a hydrothermally synthesised KBSi2O¢ (68, 69), this
has a P21/a structure which has a monoclinic modification of the leucite topology, in
this case the unit cell length is not about 13.5 A. P2i/a is a different setting of the P21/c
space group, which is the same space group as the cation-ordered KoMgSisO12 structure.
Figure 10 shows this monoclinic leucite structure, which is cation-disordered, it has Si
and B disordered over T-sites. This is different to the cation-ordered KaMgSisO12
structure (52, 53), which has Si and Mg ordered over different T-sites. The lattice

parameters for these analogues are summarised in Table S6.



b

Figure 10. P21/a structure for KBSi206[(68, 69)] Purple spheres represent K cations,

red spheres represent O anions. Blue tetrahedra represent disordered (Si,B)Oa.




3. Leucite phase transitions.

5.1 Initial leucite phase transitions

Even before the development of X-ray crystallography (70, 71)a synthetic form of
leucite KAIS1206 (72)already showed a tetragonal form at room temperature and a cubic
form of leucite at high temperature, this work was published in 1890. The first crystal
structure determination of leucite (76) showed that the ambient temperature /41/a
tetragonal leucite structure had a phase transition to cubic at 898 K.

The crystal structure was determined for the Fe analogue of leucite, KFeSi2O¢
has an /41/a tetragonal structure which is isostructural with KAISi20s leucite (73). This
paper also reports a differential thermal analysis study on synthetic KFeSi2O¢ and
KAIS1206 samples and 6 natural leucite samples. These suggest phase transitions
between 823 and 958 K.

The crystal structure of the Fe analogue of pollucite, CsFeSi2O¢ has an la-3d
cubic structure which is isostructural with CsAlSi20¢ pollucite (74). This la-3d cubic
structure is retained for synthetic mixed Cs(AlxFeix)Si206 pollucite samples (75)

A high temperature diffraction study on two samples of natural leucite (76)
showed a /41/a tetragonal to /a-3d cubic phase transition between 933-938 K.

Another high temperature diffraction study (36)was done on samples of natural
leucite, KAIS1206, RbAIS1206 and CsAlSi206. All but the CsAlSi206 samples show
phase transitions from /41/a tetragonal to /a-3d cubic. The transition temperatures are
963 K (natural leucite), 878 K (KAIS1206) and 583 K (RbAIS120¢), the transition
temperature for RbAlSi2Os is lower than KAISi2Os and natural leucite. The larger Cs*

cation size means that the silicate framework structure is fully expanded at room



temperature and has the /a-3d cubic structure. However, the smaller K" and Rb" cations
mean that the framework partially collapses to the lower symmetry tetragonal structure.
As Rb" has a larger crystal ionic radius than K* the RbAISi2Os structure is less
collapsed than the KAISi20s and consequently a lower temperature is needed for the
structure to expand from tetragonal to cubic. The 12 coordinate crystal ionic radii for
these alkali metal cations are:- K™ 1.78A; Rb* 1.86A; Cs™ 2.02A (35).

A high temperature single-crystal structure determination (77) on a sample of
natural leucite shows an la-3d cubic structure (isostructural with pollucite) at 90845 K.

A high temperature diffraction study on RbAISi20¢ and RbFeSi20¢ (78) showed
similar /41/a tetragonal to /a-3d cubic phase transitions. These transition temperatures
were 843 K (RbAISi206) and 593 K (RbFeSi20¢).

Details of these phase transitions are given in Table 2.

Stoichiometry | Ambient SG | HTSG | TT (K) | Ref

KAISi;O¢ tetragonal cubic | 898 (16)
Natural leucite | /4/a la-3d | 963 (36)
KAISi;O¢ 141/a la-3d | 878 (36)
RbAISi;06 141/a la-3d | 583 (36)
Natural leucite 905 (73)
Natural leucite 904 (73)
Natural leucite 897 (73)
Natural leucite 891 (73)
KFeSi,0¢ 823 (73)
KFeSi,0¢ 823 (73)
Natural leucite | /4/a la-3d | 933-938 | (76)




(K.Na)AlSi,O¢ | I41/a la3d [ 903913 [ (77)
KAIS,O6 4/a la-3d | 893 (78)
RbAISi,06 4/a la-3d | 633 (78)
KFeSi:06 4/a la-3d | 843 (78)
RbFeSi,O6 4/a la-3d | 593 (78)

Table 2. Initial leucite Phase transitions. SG = space group. HTSG = high temperature
space group. TT = transition temperature. No space group assignments were given by

Wyart (16). Differential thermal analysis used to study phase transitions by Faust (73).

5.2 Non-cation disordered leucite phase transitions since 1990.

More phase transitions have been studied on non-cation ordered leucites since 1990.
These studies have used synchrotron radiation (79) and laboratory X-ray sources
[(49),(69)(75, 80-84)(85)] as well as neutron sources (20) for diffraction experiments.
These mostly show phase transitions from /41/a tetragonal to /a-3d cubic. However, for
boroleucites, a /-43d cubic to /a-3d cubic phase transition is observed for KBSi2O¢ (79).
Another phase transition study for KBSi20¢ (69) shows an intermediate P21/a
monoclinic phase between /-43d and la-3d. A phase transition from an unknown
Primitive orthorhombic to /a-3d cubic is observed for CsBSi20s. Table 3 shows details

of these leucite phase transitions.

Stoichiometry Ambient SG | HTSG | TT (K) | Ref

Natural leucite 14)/a la-3d | 943 (20)

Rb-leucite 14)/a la-3d | 753 (20)

KFeSiQO(, [41/61 la-3d 853 (20)




Cs-leucite 141/a la-3d | 373 (20)
KGaSi,Os 141/a la-3d | 673-973 | (49)
KBSi,06 ++ 1-43d P2i/a | 573 (69)
KBSi,06 ++ P2i/a la-3d | 823 (69)
KBSi,06 1-43d la-3d | 848 (79)
CsBSi;0¢ + la-3d | 1273 (80)
RbFeSi,06 141/a la-3d | 673 (82)
RbGaSi,05 I4\/a la-3d | 733 (81
RbAIS1,06 141/a la-3d | 673 (75)
RbooAlo9Si2106 | 141/a la-3d | 630 (75)
RbosAlosSi12206 | 141/a la-3d | 600 (75)
KAISi;06 tetragonal cubic | 823 (83)
RbBSi,0¢ 1-43d la-3d | 648 (84, 86)
RbgsCs02BS1:0¢ | 1-43d la-3d | 473 (84)
RbgsCs04BS1:0¢ | 1-43d la-3d | 423 (84)

Table 3. More recent non cation ordered leucite Phase transitions. CsBSi2O¢ + (80)has
an amorphous glass phase at ambient temperature, an unknown Primitive orthorhombic
phase crystallises out at 1073K and then an /a-3d cubic phase forms at 1273K. KBSi20¢
++ (69)shows two phase transitions; /-43d to P21/a at 573K and P21/a to la-3d at 823K,

the P21/a structure at 573K is similar to another ambient temperature structure (68).

Figure 11 shows variation of lattice parameters for tetragonal to cubic phase
transitions. Figure 12 shows the crystal structure of RbAl1Si20e. It has the /41/a leucite

structure but with a smaller ¢/a ratio than KAISi20s (78).
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Figure 12. /41/a tetragonal crystal structure
of RbAISi120¢6 leucite. Mauve spheres show
Rb* cations, red spheres show O*anions.
Grey tetrahedra show (Si/Al)Os units.
RbAIS120s is isostructural with KAISi206

but has a smaller c¢/a ratio.

5.3 Cation ordered leucite phase transitions

One year after the publication of the details of the new P2i/c (52, 53) and Pbca (59)
leucite structures, a paper was published (87) showing how these two structures are
related. A high temperature X-ray powder diffraction study on K2MgSisO12 showed the
ambient temperature structure (52, 53) undergoes a phase transition to a Pbca structure
at 622K. This Pbca structure is isostructural with the Cs2CdSisO12 structure (59). A
similar P21/c to Pbca phase transition is observed for K2ZnSi5012 over the range 848-
863K (55). Figure 13 shows how the lattice parameters vary for these two monoclinic to

orthorhombic phase transitions.



138 138

R C ® sewx,a, KMg
E 5 I s R M R
136 L ] ™ .lll.l.ll.--.-‘ A A
oc 136
oL
o 138 x x 3
£ £ 135
g 134 ] P
] - © 134 o
Q 133 g x o P T S el
- P . 2 S 133 wu & X e
s . 0 % weiett @
it . o
= B3 . B 3 192 v s .._.
o) A A (&) unt® 43 mono  mb, mono
130 13.1 anmn® » mc. mono A3, ortho
Ab otho  4c, otho
129 130 » 20 extrap x b0 exirap
: > <0 extrap
128 129
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
Temperature, K Temperature, K
2480 Z 20
c KZn and KM . H (d)
2460() ] ‘.u-““"“"“ " 24,2, KZn and KMg
x . o .
. »
@
2440 X ".-‘ 3 os baa,
&€ 2420 i o © .
@ $ s 5 s T
. o K 0, W00, 9T KED 698, GRG0 1 -
E 200 R 8 qdfunosiipopfidosdonpiaia ,
3 e . S & KMo Beta mono ® KMg Beta ortho .
> 230 ~ A . ?.; 905 * KZn Bata0 oxtrap X KM Bolad oxirap
A
A * i 3
2360 G K3
At & K20, M 1 WK, O 3 s
A 4KZn, Mono, un 1 wKIn, Ortho, nn 1 x x X xox x x e Vo
4 3 +K2n. Mono, run2 wKZn, Ortho. nn 2 09 ’ " ¥ 2 EERR LIRS e
2340 o AKMg Mono AKMg, Ortt
XKZnVOextrap ¥ KMg Vo extrap
2320 895 T
20 Py We o " o "”K Lo 20 30 400 50 60 700 800 900 1000
emperature, Temperature, K

Figure 13, variation of lattice parameters on heating for KaMgSisO12 (KMg (87)) and

K2ZnSi5012 (KZn (55)). Figure from (55).

A high temperature synchrotron X-ray powder diffraction study on Cs2CuSisO12
(62, 88) shows that the ambient temperature Pbca structure is retained but there is a
first-order phase transition to a less collapsed Pbca structure with a larger unit-cell
volume at ~333 K. Figure 14 shows the variation in lattice parameters for Cs2CuSisO12

leucite on heating(62).
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Figure 14 Variation in lattice parameters for Cs2CuSisO12 leucite on heating, lattice
parameters are normalised to those at 295K, note the change in normalised parameters at

~333K.

A similar high temperature synchrotron X-ray powder diffraction study on

Cs2ZnSi5012 (62) shows a phase transition from cation-ordered Pbca orthorhombic to a

previously unknown Pa-3 cubic structure at 566K on heating. This transition is

reversible on cooling with a transition at 633K. This Pa-3 structure has some partial T-

site cation disorder. Figure 15 (62)shows the variation of Cs2ZnSisO12 lattice parameters
on heating and cooling.

There is another Pbca to Pa-3 transition at 457K on heating the Rb2CoSis012

leucite analogue (89). These are the first known phase transitions in leucite structures
from complete cation ordering to partial cation disorder. Figures 16ab shows the
changes in crystal structure either side of the phase transition. Figure 17 (89) shows the

variation of lattice parameters for Rb2CoSisO12 leucites with temperature.
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Figures 16a (left) and 16b (right). Plots of crystal structures for Rb2CoSisO12. Left
structure is for Pbca orthorhombic cation ordered Rb2CoSisO12 at 447K. Right is for

Pa-3 cubic partially cation disordered Rb2CoSisO12 at 457K. SiO4 units are shown in




blue, CoO4 and (Si/CoO4) units are shown in pale blue. Mauve spheres show Rb"

cations, red spheres show O>anions. Note how cubic structure is less distorted than

orthorhombic structure.
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Figure 17 Variation of lattice parameters on heating for Rb2CoSisO1o2.

An X-ray powder diffraction study on Eu-doped Cs2ZnSi5012 shows an ambient

temperature Pa-3 cubic structure (90) with a cubic lattice parameter a= 13.6582(1)A.

Low temperature phase transitions from /41/acd to la-3d cation have been observed for
CsAlSi1206 and Cs0.9A10.9S12.106 (31, 75). These are the first leucite phase transitions
changing from completely cation ordered to completely cation disordered structures.

Table 4 shows details of the phase transitions in cation-ordered leucites.

Stoichiometry | LTSG | HTSG | TT (K) Ref

CsAlSi,O¢ 141/acd | 1a-3d | 248 (31, 75)




Cs0.9Alp9S12.10¢ | 141/acd | 1a-3d 173 (75)

Cs2ZnSis012 Pbca Pa-3 573 (heat) 633 (cool) | (62)

K>MgSisO12 P2i/c | Pbca | 622 (87)
K»ZnSis01, P2i/c | Pbca | 848-863 (55)
Cs2CuSis012 Pbca | Pbca | 333 (62, 88)
Rb,CoSis01, Pbca | Pa-3 | 457 (89)

Table 4. Phase transitions, cation-ordered leucites. LTSG = low temperature space

group, HTSG = high temperature space group, TT = transition temperature.

5.4 Pressure induced leucite phase transitions

The symmetry of the crystal structures of leucite analogues is dependent on the size of
the extraframework cation. The smaller the cation size then the more the framework
structure can collapse (36), which can cause the symmetry of the crystal structure to be
reduced. CsAlSi20s pollucite has an ambient temperature /a-3d crystal structure.
However, replacing Cs by K gives KAISi20s, which has a lower symmetry ambient
temperature /41/a tetragonal crystal structure.

Another way of collapsing a framework structure is the application of pressure.
High pressure X-ray diffraction studies on natural mineral samples of leucite, pollucite
and analcime, all show first-order phase transitions from /a-3d cubic or /41/a tetragonal
to P-1 triclinic structures, see Table 5. Figure 18 shows how the unit cell volumes vary
with increasing pressure. All Gatta et al (97-93) phase transitions were noticed at

ambient temperature. Choi et al (94) noticed a phase transition in pollucite to P-1



triclinic at 1.3(1)GPa and 373K. After further compression to 4.1(1)GPa and at 523K, a

new hexagonal phase with a hexacelsian framework is formed.

Phase APSG | HPSG | TP (GPa) | Ref

Leucite | M4y/a | P-1 2.4(2) 91)

Pollucite | la-3d | P-1 | 0.793) | (92)

Pollucite | Ja-3d | P-1 | 1.3(1) (94)

Analcime | la-3d | P-1 1.08(5) (93)

Table 5. Details of high-pressure phase transitions in natural leucite
((Ki15.17Na0.42)Z=15.59(Fe*"0.162Ti0.03Al15.86S132.04)2=48.110096), pollucite
((Cs10.976Rbo.352K0.064Na1.824)Z=13.216(Al12.304S135.472)£=47.7760096- 3.79H20 (92),
Cs2.1(nNao.3(1)Rbo.1(nAl2.4(1)S16.11)O16 (94) ) and analcime
((Nao.887K0.001Ca0.001)(Alo.905S12.102) O6°0.994H20) samples. APSG = ambient pressure

space group, HPSG = high pressure space group, TP = transition pressure.
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Figure 18. Variation of unit cell volumes with pressure for phase transitions in natural

leucite, pollucite and analcime samples.



4. Ge leucites.

This paper has referred to many analogues of KAIS120¢ leucite in which the
extraframework K cation in these silicate framework structures can be replaced by other
monovalent cations. The framework Al cation can also be replaced by other divalent
and trivalent cations. However, it is also possible to synthesise ACX206 and 42BX5012
leucite analogues where X = Ge. In these analogues Si has been replaced by Ge, another
quadrivalent element directly below Si in Group 14 of the Periodic Table. These Ge-
leucites have the general formulae 4CGe20¢ and 428GesO12, many of these Ge-leucites
were synthesised by the research group of Professor West. Tables S7a and S7b show
lattice parameters for 4CGe206 and 428GesOnz.

Ge*" (4 coordinate crystal 0.53A) has a larger ionic radius [32] compared to Si**
(4 coordinate crystal ionic radius 0.40A), I-43d is most common space group for the
crystal structures for Ge-leucites instead of the highest symmetry cubic space group la-
3d, which is one of the most common space groups for silicon containing leucites. As
Ge is larger than Si therefore a germanate framework structure will contain larger pores
than a corresponding silicate framework. Therefore, it will take larger cation sizes to
prevent even a partial collapse of the germanate framework from /a-3d cubic. The only
Ge-leucite with the la-3d structure is CsCdGe20¢ (95), the larger Cs extraframework
and Cd framework cations prevent framework collapse from /a-3d to I-43d. All known
Ge-leucite crystal structures have disordered T-sites.

Figures 19ab show the crystal structures for KA1Ge20s and CsAlGe20s (96),
these are the structures for the Ge analogues of leucite and pollucite, as was observed in

the silicate analogues the KAIGe2Og structure is more distorted than that for CsAlGe20s



Figures 19a and 19b. Crystal structures for KAlGe20s (left, /41/a tetragonal) and
CsAlGe20s (right, I-43d cubic). Grey tetrahedra are (Ge/AlO4) units, purple spheres

are K* cations, turquoise spheres are Cs" cations and red spheres show O%anions.




5. Comparison of leucite structure types.

Ambient temperature and pressure crystal structures have been determined for

leucite analogues in 8 different space groups. These crystal structures have differing

degrees of cation ordering. Table 6 shows details of these different structure types.

Figures 20a-h show plots of these different structure types, note how the silicate

frameworks are becoming more collapsed with the lowering of the symmetry of the

crystal structures, this is particularly apparent in the shape of the central 6-ring channel.

SG Symmetry T-sites | Example Reference
la-3d | Cubic D CsAlSi206 30)
1-43d | Cubic D KBSi206 (97)

Pa-3 Cubic P Rb2Co0Si5012 + (89)
I41/acd | Tetragonal @) Ko0.01Cs1.02B0.96S12.0206 | (67)

141/a Tetragonal D KAISi206 (19)

Pbca Orthorhombic | O Cs2CdSi5012 (59)

P21/c | Monoclinic 0] KoMgSisO12 (52, 53)
P21/a | Monoclinic D KBSi1206 + (68, 69)

Table 6. Different space groups with leucite structures. SG = space group, D =

complete T-side disorder, O = complete T-side order, P = partial T-site order. +

indicates a crystal structure determined at non-ambient temperature.



(b) I-43d KBSi20s

(d) I41/acd Ko.01Cs1.02B0.96S12.0206

(a) la-3d CsAlSi2Os

(¢) Pa-3 Rb2CoSis012




(g) P21/c KaMgSisO12

(h) P21/a KBSi206

Figure 20. Plots showing the different leucite structure types:- Purple spheres

represent K* cations, maroon spheres represent Rb* cations, turquoise spheres

represent Cs* cations, red spheres represent O* anions. Blue tetrahedra represent

ordered SiOxs (c, d, £, g) or disordered (Si,C)O4 units (a, b, e, h), where C is a trivalent

cation. Light blue tetrahedra represent disordered (Si,C0)O4 units (c). Green




tetrahedra represent ordered AlO4 units (d). Pink tetrahedra represent ordered CdO4

units (f). Orange tetrahedra represent ordered MgOs4 units (g).

All leucite structures have the same framework topology, for most structures the
cube root of the unit cell volume is approximately 13.5A. However, the P21/a
monoclinic structure of KBSi2O¢ (68, 69) has a cube root of the unit cell volume which

is very different from 13.5A.

Figures 21a (42BS15012) and 21b (4CS120¢), which show the cube root of the
unit cell volume plotted against 82" and C** crystal ionic radii (35) for 4 = K, Rb, Cs.
Only the leucite structures with B = Be and C = B show average unit cell lengths
significantly lower than about 13.5 A. The small crystal ionic radii for Be and B mean
that there will be a larger framework collapse (36) and consequently smaller unit cell
volumes Errors in unit cell parameters are given on the y-axes, although these are
sometimes too small to be seen on the plots.

Figures 21a and 21b show that the cube root of the unit cell volume tends to
decrease with B> and C** crystal ionic radii. This is less apparent for the K2B8SisO12 plot
as these show cube root of the unit cell volumes for both /a-3d cubic cation disordered

and P21/c monoclinic cation ordered structures, see Table 8.
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Substitution of extraframework 4, and framework B and C cations into the
silicate framework structure will cause changes in the unit cell size due to different
cation sizes (35). Incorporation of different 4, B and C cations of different sizes will
cause the unit cell to expand or contract. Only changes in extraframework A cations will
cause changes in the degree of framework collapse (36). Ambient temperature cation
ordered leucite structures with 4 = Rb and/or Cs collapse down to Pbca orthorhombic.
However ambient temperature cation ordered leucite structures with 4 = K collapse

down to P21/c monoclinic, due to the 4 smaller cation size. As was discussed by Palmer




et al(20), changing the size of the B and C framework cations will cause a change in the
size of the unit cell but will have virtually no change on the degree of framework
collapse.

However, it should be noticed for ACSi20¢, where C is the smallest trivalent
boron cation (crystal ionic radius 0.25 A these boroleucites have the body centred space
group symmetry /-43d, instead of the usual body centred space group symmetry /a-3d,
see Table 6. The incorporation of this small boron cation into the silicate framework
apparently changes the space group symmetry from the centrosymmetric /a-3d to the
noncentrosymmetric /-43d. Table 6 also shows that CsGaS120g is also /-43d cubic,
which doesn’t follow the trend. It may be expected that this structure with such a large
C cation as gallium would also be /a-3d, similar to that for CsAlSi2Os pollucite,

possibly the space group for the CsGaSi120s structure refinement (50) was misassigned?

Figures 22a-1 show how the incorporation of different 4 and B cations (in
A2BSi5012) and 4 and C cations (in 4ACSi20¢) affects the unit cell size for ambient
temperature structures with different space groups. These figures show how the 4-O and
T-0 distance vary with unit cell size for leucite structures with the /a-3d cubic, I-43d
cubic, /41/a tetragonal, Pbca orthorhombic and P21/c monoclinic space groups. These
figures have the a lattice parameter on the x-axes for cubic structures and the cube root
of the unit cell volume on the x-axes for the lower symmetry structures.

Generally, the larger the A, B and C cations, the larger the unit cell size. There
are more A-O and 7-O distances for low symmetry crystal structures, and consequently
a wider spread of distances, than for high symmetry crystal structures. If there are

multiple crystal structures with the same 4B or AC combinations, then these are plotted



with the same colour. Errors in unit cell parameters are given on the x-axes, although
these are sometimes too small to be seen on the plots.

Table 7 shows how different combinations of extraframework, and framework
cations affect the cube root of the unit cell volume for ambient temperature 42BSi15012
and ACSi20¢ leucite crystal structures. The sizes of both the extraframework 4, and
framework B or C cations will affect the unit cell size. Even though the ionic radius
(35)for Rb" is greater than that for K*, the greater ionic radius for Fe’" compared to AI**

means that KFeSi20¢ has a larger unit cell size than RbAISi20e.

A2BSi5012 ambient temperature crystal structures.

SG | 4B combinations showing which combinations have the largest to smallest

cube root of the unit cell volume.

la-3d | CsCu > RbMn > RbMg > RbZn > KMg > KZn ~ KCo

Pbca | CsCd > RbCsCd > CsMn > CsMg > CsCo ~ RbCd > CsNi > RbCsMg >

CsCu > RbMn > RbCsNi > RbMg > RbCo > RbNi

P2i/c | KMg > KFe > KZn > KCo

ACSi1206 ambient temperature crystal structures.

SG | AC combinations showing which combinations have the largest to smallest

cube root of the unit cell volume.

Ila-3d | CsFe > CsAl > KAl > CsB

1-43d | CsGa > KCsB > RbB > KRbB > KB

141/a | RbFe > RbGa > KFe > RbAl > KGa > KAl

Table 7. Relative unit cell sizes for 42BSi5012 and 4CSi206 ambient temperature

crystal structures for different combinations of AB and AC cations.
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Figure 22e. Variation of 4-O interatomic distances with unit cell size in different 4 CSi20¢
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A2BS15012 Pbca orthorhombic leucites.

A,BSi:0,,Phca orthorhombic leucite interatomic distances
2.30
&
1 &
2.20 1 4
2.10
=3
8 2.00
E . .
@ ] ] . .
-
o 19 ! 13 | |
E . . "
2
& 1.80 .
]
c
£ |
1.70 : " .
I [ |
I | T | Y
1.60 L ! 5
] . ] i I
1.50 -
13.450 13.500 13.550 13.600 13.650 13.700 13.750 13.800

cube rootVolume UR}

# RbCd Si-O

# RbCd Cd-O

# RbCo Si-0

# RbCo Co-0

# RbNi Si-0

& RbNi Ni-O

# RbMn Si-0

# RbMn Mn-0

# RbMg Si-0

# RbMgMg-0

a RbCsNi Si-0

& RbCsNi Ni-O

4 RbCsMg Si-0
RbCsMgMg-0

4 RbCsCd Si-0

4 RbCsCd Cd-0

® CsCd Si-0
CsCd Cd-0

¥ CsCu Si-0

¥ CsCu Cu-0

B CsNi Si-0

B CsNi Ni-0

® CsMgSi-0

® CsMgMg-0

¥ CsMn Si-0
CsMn Mn-0
CsCo Si-0
CsCo Co-0



Figure 22j. Variation of 7-O interatomic distances with unit cell size in different

A2BSi15012 Pbca orthorhombic leucites.
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Some A42BSi5012 leucite structures have both cation-disordered and cation-
ordered structures with the same stoichiometry. Table 8 shows a comparison of the unit
cell volumes for these cation-disordered and cation-ordered structures. Note that in each
case the cation-ordered structures all have smaller unit cell volumes than the
corresponding cation-disordered structures. The cation-ordered structures have more

collapsed tetrahedral frameworks and hence smaller unit-cell volumes.

Cation-disordered Cation-ordered

Stoichiometry | SG V (A% SG V (A% Ref.

K2MgSisO12 | la-3d 2416.33(5) | P2i/c 2348(2) | (52, 53)

K2CoSisO12 | la-3d 2393.57(10) | P2i/c 2333.96(4) | (53)

KoZnSisO12 | Ia-3d 2393.87(6) | P2i/c 2334.98(6) | (55)

Cs:CuSisOn2 | la-3d 2533.4(2) | Pbca 2512.85(1) | (65)

Rb:MnSisOn | la-3d 2495.24(10) | Pbca 2493.5(3) | (55)(98)

Rb:MgSisO12 | Ia-3d 2476.8(5) Pbca 2470.6(4) | (61, 99)

Table 8. Comparison of unit cell volumes for cation-disordered and cation

ordered leucite analogues with the same stoichiometries.



6. Future work.

Most leucite analogues studied have had stoichiometries 4ACSi120¢ and 428Si5012
where 4 = K, Rb or Cs, only a few analogues with 4 = T1 or NH4" have been studied so
far. Analcime ion-exchange experiments (39) showed that monovalent Ag" could also
be ion-exchanged into the leucite silicate framework, but there have been no 4 = Ag
structural studies. A lot more work could be done with these non-alkali metal
extraframework cations. Similarly, there are potentially a lot more ACGe20s6 and
A2BGesO12 Ge-leucite analogues that could be synthesised, would it be possible to
synthesise any cation-ordered Ge leucites? No non-ambient temperature work has been
done on Ge-leucites, there may well be more phase transitions that could be discovered
including some possible previously unknown cation ordered Ge-leucites?

Comparatively few leucites have been synthesised with more than one
monovalent alkali metal cation. It would be interesting to see how having two or more
extraframework alkali metal cations in the structure would affect the framework
collapse and consequently the crystal structure symmetry. K2BSisO12 leucite analogues
with cation ordering are all P21/c monoclinic at ambient temperature. However,
Rb2BSi5012 and Cs2BSi5012 cation ordered leucite analogues are all Pbca orthorhombic
at ambient temperature. Would an 42BSi5012 analogue with both K and Rb
extraframework cations have sufficient framework collapse to form a P2i/c monoclinic
structure?

The only high-pressure studies done so far have all been on naturally occurring
aluminosilicates, these all show first order phase transitions from high symmetry

structures to P-1 triclinic, no intermediate structures are observed between these two



extremes. What phase transitions would be observed from lower-symmetry cation-
ordered leucite structures under high pressure?

Phase transitions have been observed on heating leucite analogues with the
following space-group changes; /41/a to la-3d, I-43d to la-3d, I-43d to P21/a to la-3d,
I41/acd to Ia-3d, unknown Primitive orthorhombic to la-3d, Pbca to Pa-3 and P21i/c to
Pbca. Would there be further transitions from Pa-3 to body centred cubic structures on
heating to higher temperatures resulting in the complete loss of cation ordering?

Most of the non-ambient temperature studies of leucite analogues have been
done above ambient temperature. Would any low (below ambient) temperature studies
show lowering of symmetry on cooling? Would Pbca go to P21/c? Would any cation
disordered structures change to cation ordered?

Leucite analogues are of technological interest as possible hosts for radioactive
Cs from nuclear waste. An in-situ synchrotron X-ray powder diffraction experiment
showing the changes in crystal structure during the ion-exchange of one alkali metal
cation with Cs" would be potentially very interesting.

Maossbauer spectroscopy, combined with non-ambient temperature synchrotron
X-ray and neutron powder diffraction, has been used to study structural changes with
temperature in iron oxides (7100-102). An ambient temperature Mossbauer study has
been done on Fe containing leucites (703). A combined Mdssbauer and non-ambient
temperature XRD study on Fe containing leucite analogues could give more information
on phase transitions in these materials.

Most leucite structures have alkali metal (4 = K, Rb, Cs) extraframework
cations. The size differences of these cations affect the crystal structures. The larger
sized cations result in higher symmetry structures (KAISi20¢ and RbAl1Si2Os are both

tetragonal, but CsAlSi20¢ is cubic). The radioactive alkali metal element Francium (Fr)



is one place below Cs in Group 1 of the Periodic Table, the element is analogous to Cs,
it was discovered (7104) by co-precipitating with Cs salts. However, Fr has a very low
natural occurrence and has a very short half-life (22 minutes for the longest-lived Fr
isotope). Synthesis of macroscopic Fr compounds is not currently practical and
probably may never be practical. However, the structures of any hypothetical Fr-leucites
would be of interest due to the larger Fr' cation size (35) compared to other alkali metal

extraframework cations, would they be isostructural with any known leucite analogues?

7. Conclusions.

The structural chemistry of natural and synthetic analogues of the silicate framework
mineral leucite has been investigated from 1890 to the present day.

The crystal structures of leucite (KAISi206) and pollucite (CsAlSi20¢) consist of
tetrahedrally coordinated aluminosilicate frameworks with alkali metal extraframework
cations. The relationship between these structures and that for the zeolite analcime
(NaAlSi206.H20) is discussed.

The work of Professor Barrer in the 1950s showed how these extraframework
cations can be ion-exchanged. Consequently, more leucite analogues were synthesised
with different monovalent extraframework cations and with different divalent and
trivalent cations partially substituting for silicon in the framework structures. The work
of Professor West in the 1980s helped to synthesise many more new leucite analogues.
These new analogues included Ge-leucites, with divalent and trivalent cations partially
substituting into germanate framework structures. These Ge-leucites have the same

topology as their silicon analogues.



Up to the end of the 1980s almost all leucites had silicon and other divalent and
trivalent cations disordered over the tetrahedrally coordinated sites (T-sites). These all
had body centred tetragonal or cubic crystal structures. In the 1990s Bell, Henderson et
al discovered new cation-ordered leucite structures in which silicon and other
framework cations were ordered onto their own T-sites. These new cation-ordered
structures had lower symmetry primitive monoclinic and cubic structures.

High temperature diffraction experiments have shown that there are phase
transitions from lower to higher symmetry crystal structures on heating. These include
tetragonal-cubic, monoclinic-orthorhombic, and orthorhombic-cubic phase transitions.

High pressure diffraction experiments on naturally occurring samples of
pollucite, leucite and analcime show phase transitions from tetragonal or cubic ambient

temperature structures down to triclinic with increasing pressure.



8. References.

Supplementary Materials.

Cation | symmetry | a (A) c(A) V (A3

K* tetragonal 12.92 13.7 2287

NH4" tetragonal 13.17 13.69 2375

Rb* tetragonal 13.64 13.33 2480
TI* tetragonal
Cs* cubic 13.66 2549

Table S1. lattice parameters for anhydrous 4AAlSi20s samples(43), no lattice parameters
quoted for TIAISi20es. If the original reference doesn’t quote a unit cell volume, then these

have been calculated.

Stoichiometry a(A) c(A) V (A% SG | Ref
CsAlgs75Fe0.125S1,0¢ 13.67 2554 | Ia-3d | (32)
CsAlg75Fe02551,06 13.696 2569.1 | Ia-3d | (32)

CsAly.e5Fen 37581206 13.718 2581.5 | Ia-3d (32)




CsAlgsFeosSi206 13.737 2592.2 | Ia-3d | (32)
CsAlg3sFeosSia06 | 13.758 2604.2 | Ia-3d | (32)
CsAlgasFeo75Si:06 13.768 2609.8 | Ia-3d | (32)
CsAlgasFeo 58206 | 13.803 2629.8 | Ia-3d | (32)
CsFeSi,06 13.816 2637.2 | Ia-3d | (32)
CsBSi,06 12.985 2189.4 | Ia-3d | (33)
CsBSi,06 13.02 2207 | Ia-3d | (33)
CsFeSi,06 13.847 2655 | Ia-3d | (33)
NH,AISi,06 13.214(1) | 13.713(2) | 2394.4(5) | I4/a | (47)
Ko.2Rbo.sGaSi2O¢ 13.15(7) | 13.89(7) | 2402(25) | I4i/a | (48)




CsFeSi:06 13.66(3) 2549 | Ia-3d | (74)
RbAISi»O 13.297 13.747 2430.6 | I41/a | (78)
RbFeSi,O 13.42 13.91 2505 | I4/a | (78)
KFeSi,0s 13.206 13.97 2436.3 | I41/a | (78)
CsBSi;06 12.991(1) 2192.4(2) | 1a-3d | (95)
CsGaSixOg 13.732(1) 2589.4(2) | I-43d | (95)
RbGaSi,Os 13.363(1) | 13.835(1) | 2470.5(4) | I41/a | (95)
KGaSi;Og 13.125(2) | 13.878(3) | 2390.7(9) | I41/a | (95)
RbBSi,0 12.78 2087 | 1-43d | (105)
KBSi,Os 12.615(3) 2007.5(5) | 1-43d | (106)

Table S2a. ACS120¢ lattice parameters, up to 1989 (excepting leucite and pollucite). If
the original reference doesn’t quote a unit cell volume, then these have been calculated.

SG = space group. Bold type shows that crystal structure is given in this reference.

Stoichiometry | a (A) c(A) V (A3 SG | Ref




KyMgSisO1, 13.39 2401 | Ia-3d | (45, 46)
Cs>CuSisOr, 13.598(1) 2514.312) | P(?) | (95)
Rb,NiSisO1, 13.498(4) 2459.3(7) | P(?) | (95)
Rb,CuSisO 1, 13.4(1) 2406(18) | 1a-3d | (95)
Rb,ZnSis012 13.5(1) 2460(18) | Ia-3d | (95)
Rb,CdSisO1» 13.614(5) 2523.2323 | Ia-3d | (95)
K»BeSis012 12.900(4) | 13.431(5) | 2235(2) | #4i/a | (95)
K»ZnSis01, 13.3(1) 2353(18) | 1a-3d | (95)
Cs;MgSisO1» 13.695(1) 2568.5(2) | Ia-3d | (99)
Cs,FeSisOn 13.834(2) 2647.5(4) | Ia-3d | (99)




Cs,Co8Si5012 13.672(1) 2555.6(2) | Ia-3d | (99)
CsoNiSisOn, 13.654(1) 2545.5(2) | Ia-3d | (99)
Cs2ZnSis01, 13.662(1) 2550.02) | Ia-3d | (99)
Cs,CdSis01a 13.791(2) 2622.9(4) | Ia-3d | (99)
Rb:MgSisOrz | 13.530(1) 2476.8(2) | 1a-3d | (99)
Rb,FeSis01n 13.650(4) 2543.3(7) | Ia-3d | (99)
Rb,CoSis012 13.4(1) 2406(18) | Ia-3d | (99)
Cs;MgSisO1» 13.695(1) 2568.5(2) | Ia-3d | (99)
Cs,FeSisOn 13.834(2) 2647.5(4) | Ia-3d | (99)
Cs,CoSis012 13.672(1) 2555.6(2) | Ia-3d | (99)




CsyNiSisOr, 13.654(1) 2545.5(2) | Ia-3d | (99)
Cs2ZnSis01, 13.662(2) 2550.0(4) | Ia-3d | (99)
Cs,CdSis01a 13.791(2) 2622.9(4) | Ia-3d | (99)
Rb,MgSisO, 13.530(1) 2476.8(2) | Ia-3d | (99)
Rb,FeSis01n 13.650(4) 2543.3(7) | Ia-3d | (99)
Cs2BeSisOr2 | 13.4059(11) 2409.3(2) | Ia-3d | (107)
Rb,BeSis0 12 13.109(3) | 13.407(5) |  2304(2) | I4/a | (108)

Table S2b. 42BSis012 lattice parameters, up to 1989. If the original reference doesn’t
quote a unit cell volume, then these have been calculated. SG = space group. Bold

type shows that crystal structure is given in this reference.

Stoichiometry | a(A) b(A) c(A) B V(A?) Ref
KoMgSisOn | 13.168(5) | 13.652(1) | 13.072(5) | 91.69(5) | 2348(2) (52, 53)
KoFeSisOn | 13.2574(5) | 13.6739(6) | 12.9240(5) | 93.048(3) | 2339.54(16) | (55)
KoCoSisOn | 13.1773(2) | 13.6106(2) | 13.0248(2) | 91.9994(8) | 2333.96(4) | (55)




KoZnSisOn | 13.1773(2) | 13.6106(2) | 13.0248(2) | 91.6981(9) | 2334.98(6)

(55)

Table S3. Ambient temperature P2i/c leucite structures. Note that even though
K2MgSisO12 data (1992) were collected with synchrotron radiation and the others were
collected with an X-ray tube (2018), advances in detector technology in the intervening

years result in much smaller errors in lattice parameters in the newer structures.

Stoichiometry | a(A) b(A) c(A) V(&) Ref
Cs:CdSisOr | 13.6714(1) | 13.8240(1) | 13.8939(1) | 2625.83(6) | (59)
RbCsMgSisOn | 13.5676(9) | 13.7115(1) | 13.5366(9) | 2518.2(3) (109)
RbCsNiSisOp, | 13.5399(5) | 13.563(1) | 13.560(1) | 2490.1(3) (109)
RbCsCdSisOr, | 13.6935(3) | 13.8030(3) | 13.8592(4) | 2619.6(1) (109)
Rb,MgSisO;, | 13.422(1) | 13.406(1) | 13.730(1) | 2470.6(4) (61)
Cs:MgSisO1, | 13.6371(5) | 13.6689(5) | 13.7280(5) | 2559.0(2) (61)
Cs:ZnSisO1; | 13.6415(9) | 13.6233(8) | 13.6653(9) | 2539.6(3) (61)
Cs:CuSisOr | 13.58943(6) | 13.57355(5) | 13.62296(4) | 2512.847(13) | (65)
Rb,CoSisO1 | 13.370(4) | 13.639(4) | 13.497(4) | 2461.420) | (89)
Rb:NiSisOn | 13.469(3) | 13.480(3) | 13.442(2) | 2440.7(8) (98)
Rb,MnSisO, | 13.4085(10) | 13.6979(11) | 13.5761(10) | 2493.5(3) (98)
Rb,CdSisO1 | 13.4121(1) | 13.6816(1) | 13.8558(1) | 2542.51(5) | (110)
Cs;MnSisO, | 13.6878(3) | 13.7931(3) | 13.7575(3) | 2597.4(2) (110)
Cs:CoSis01, | 13.6487(4) | 13.7120(4) | 13.6828(4) | 2560.7(2) (110)
Cs:NiSisOn | 13.6147(3) | 13.6568(5) | 13.6583(5) | 2539.5(1) | (110)

Table S4. Ambient temperature Pbca leucite structures.



Stoichiometry | a(A) b(A) c(A) V(A% T (K)
Cs:CdSis0On, | 13.67603) | 13.8008(4) | 13.8666(3) | 2617.17(12) | 10
Cs:CuSis0n | 13.56321(14) | 13.52837(14) | 13.60617(14) | 2496.57(5) | 8
Cs:ZnSis0n | 13.6356(7) | 13.6440(11) | 13.6358(10) | 2536.93) | 8

Table S5. Low temperature Pbca leucite structures,

radiation (63).

data collected with synchrotron




Stoichiometry a(Ad) c(Ad) V(&%) SG Ref
Ko.97Al1.01Feo.01Si19906 13.0548(2) | 13.7518(2) | 2343.69(1) | I4i/a | (20)
Rbo.99Cs0.01Al0.99Si1.9906 13.2918(2) | 13.7412(2) | 2427.69(1) | I41/a 20)
C50.96K0.01C20.01A11.00S11.9906 13.6524(4) | 13.7216(4) | 2557.54(1) | I41/a (20)
Ko.90F€0.95512.0106 13.2036(2) | 13.9543(3) | 2432.76(1) | I4i/a (20)
KGaSiz0s 13.1099(4) | 13.8100(4) 2373.51 | I41/a 49)
RbGaSi206 13.3703(2) | 13.7983(2) | 2466.66(7) | I41/a (50)
CsGaSiz0s 13.72124(8) 2583.33(2) | I-43d (50)
Cs:NiSisOnz 13.64694(9) 2541.593) | la-3d | (50)
K:MgSisOr2 13.4190(1) 241635 | Ia-3d | (52, 53)
K2ZnSisO12 13.3772(2) 2393.87(6) | Ia-3d (55)
Rb:MnSisO12 13.5635(3) 2495.24(10) | Ia-3d | (55)
K:CoSisO12 13.3767(3) 2393.57(10) | Ia-3d (55)
Cs2CuSisO12 13.6322(4) 2533.37 | Ia-3d (65)
Cso.7-0.8Na0.1Alo.8Si2.206.(0.3-
13.677(2) | 13.691(2) 2561.2 | I41/acd | (66)

0.2)H20
Ko.01Cs1.02B0.96S12.0206 13.019(2) | 12.900(2) 2186.5(1) | I41/acd | (67)

(79)PDF 04-
KBSi:06 12.641(1) 2019.9(1) | I-43d

018-9625

(84) PDF 04-
Cs0.2Rbo.sBSi206 12.8296(5) 2111.73 | 1-43d

013-6855

(85) PDF 04-
Cs0.4Rbo.sBSi206 12.8787(5) 2136.07 | 1-43d

013-6856




(85) PDF 04-

Cs4.3Rb3.:BsSi1604s 12.9322(5) 2162.80 | Ia-3d

013-6857

(85) PDF 04-
Cs6.4Rb1.6BsSi1604s 12.9553(5) 2174.42 | Ia-3d

013-6858

(85) PDF 04-
Cs0.54RDb0.4B0.94Si2.0606 12.9004(5) 2146.89 | Ia-3d

015-2977

(97) PDF 04-
KBSi206 12.604(8) 2002.28 | 1-43d

012-8488
CsFeSi206 13.8542(1) 2659.16 | Ia-3d (111)
KFeSi206 13.2207(3) | 13.9464(3) 2437.65 | I41/a (111)
RbFeSi>06 13.4586(1) | 13.9380(1) 2524.64 | I41/a (111)
Rb2ZnSis012 13.4972(1) 2458.84 | Ia-3d (112, 113)
RbFeSi,06 13.486(6) | 13.922(10) 144/a (114)
RbBSi,06 12.831(3) 1-43d (114)
NH4AISi206 13.2106(6) | 13.7210(7) I41/a (115)
TI1AIS1206 13.269(2) | 13.718(2) 2415.109) | * (116)




(117) PDF

NH4AISi206 13.23 13.735 2403.9 | I41/a

00-056-1348

(117) PDF
ND4AISi206 13.224 13.751 2404.86 | I41/a

00-057-0527

(118) PDF
NH4AISi206 13.17954 13.75266 2388.801 | I41/a

04-023-8932

(119) PDF
KBSi206 12.6109(2) 2005.57 | 1-43d

01-080-7595

(119) PDF
RbBSi206 12.7898(1) 2092.14 | 1-43d

04-018-4390

(119) PDF
Ko.384Rbo.16B0.99Si206 12.6859(5) 2041.57 | I-43d

01-080-7596

(119) PDF
Ko.84Rb0.16B0.99S1206 12.6832(2) 2040.26 | 1-43d

01-080-7597

(119) PDF
Ko.6sRb0.35BSi206 12.7238(2) 2059.92 | 1-43d

01-080-7598

(119) PDF
Ko.42Rbo.5sBSi206 12.7483(2) 2071.84 | 1-43d

01-080-7599

(119) PDF
Ko.21Rb0.79BSi206 12.7716(2) 2083.22 | 1-43d

01-080-7600

(119) PDF
Ko.sRbo.2BSi206 12.6832(2) 2040.26 | 1-43d

04-018-4385

(119) PDF
K6.4Rb1.6S116BsO4s 12.7502(9) 2072.77 | 1-43d

04-018-4386




(119) PDF

Ko.6Rb0.4SizBO6 12.7238(2) 2059.92 | 1-43d

04-018-4387

(119) PDF
Ko0.4Rb0.6Si2BO6 12.7483(2) 2071.84 | 1-43d

04-018-4388

(119) PDF
Ko.2Rbo.sSi2BOs 12.7716(2) 2083.22 | 1-43d

04-018-4389

(120) PDF

01-081-0530
Ko.981B1.041S11.95906 12.618(4) 2008.96 | I-43d

PDF 04-011-

4049
KBSi206 12.6418(7) Ia-3d | (121)

(122) PDF
Rbo.89B0.89Si2.1106 12.7973(1) 2095.83 | 1-43d

01-082-8756

(122) PDF
Rbo.s9B0.89Si2.1106 12.7879(1) 2091.21 | 1-43d

01-082-8757

(122) PDF
Rbo.93B0.93S12.0706 12.7881(1) 2091.31 | I-43d

01-082-8758

(123) PDF
KBSi206 12.626 12.745 2031.76 | I41/a

00-052-0129

(124) PDF
Rbo.96Si2.18B0.7706 12.858(1) 2125.79 | 1-43d

04-026-5688

(124) PDF
Rb0.92812.42B0.4606 12.914(1) 2153.69 | I-43d

04-026-5689
RbBSi206 12.785(1) 2090.0 | 1-43d (124, 125)




Rbo.96B0.77S12.1806 12.858(1) 2125.7 | I-43d (125)
Rb0.92B0.46Si2.4206 12.914(1) 2153.9 | I-43d (125)
CsBSi206 13.009(1) la-3d (126)
Cs0.82B1.09Si1.9806 13.009(8) 2202.4(23) | Ia-3d (126)

(127) PDF
KBSi206 12.6037(5) 2002.14 | 1-43d

01-081-9563

(127) PDF
Ko.63Cs0.37BS1206 12.8554(6) 2124.50 | Ia-3d

01-081-9566

(127) PDF
Ko.8Cs0.2S12BOs 12.7300(1) 2062.93 | 1-43d

04-017-8348

(127) PDF
Ko.65Cs0.35S12BOs 12.7963(3) 2095.33 | 1-43d

04-017-8349

(127) PDF
K5Cs3BsSi1604s 12.8554(6) 2124.50 | Ia-3d

04-017-8350

(127) PDF
K4.3Cs3.2BsSi1604s 12.8230(5) 2108.48 | Ia-3d

04-017-8351

(127) PDF
K4Cs4BsSi160a4s 12.8499(2) 2121.77 | Ia-3d

04-017-8352

(127) PDF
K>.4Cs5.6BsSi1604s 12.9244(2) 2158.89 | Ia-3d

04-017-8353

(127) PDF
K1.6Cs6.4BsSi1604s 12.9496(2) 2171.55 | Ia-3d

04-017-8354




(128) PDF

KBSi206 12.6007(2) 2000.71 | I-43d

01-088-6658

(129) PDF
Ko.88Cs0.12B1.09Si1.9106 12.6858(4) 2041.52 | I-43d

01-072-6041

(129) PDF
Ko.5Cs0.5B1.08Si1.9206 12.8480(2) 2120.83 | I-43d

01-072-6040

(129) PDF
Ko.88Cs0.12S12BO6 12.6858(4) 2041.52 | 1-43d

04-012-1447

(129) PDF
Ko.5Cs0.5S12BOs 12.8480(2) 2120.83 | 1-43d

04-012-1448
Cs0.87(B0.290Si0.710)306 12.9992(7) 2196.6(2) | Ia-3d | (86)
Rb(Bo.3338i0.667)306 12.7867(7) 2090.7(2) | I-43d | (86)

(130) PDF
Ko.68Cs0.29BSi205.98 12.7785(1) 2086.60 | I-43d

01-083-8305

(130) PDF
Ko.66Cs0.28BSi205.98 12.7572(1) 2076.19 | I-43d

01-083-8306

(130) PDF
Ko.61Cs0.26BSi205.98 12.74224(1) 2068.89 | 1-43d

01-083-8307

(130) PDF
Ko.28Cs0.6sBSi205.96 12.93664(7) 2165.03 | Ia-3d

01-083-8308

(130) PDF
Ko.26Cs0.61BSi205.94 12.93664(7) 2165.03 | Ia-3d

01-083-8309

(130) PDF
Ko.25Cs0.59BSi205.92 12.8924(2) 2142.90 | Ia-3d

01-083-8310




CsBSi206 13.011(2) | 12.900(2) 2183.79 | I41/acd | PDF 64-274

PDF 01-070-
Cs0.86B1.38Si1.6205.77 13.0020(18) 2198.01 | 1-43d

8061

PDF 01-070-
Cs0.86B1.38S11.6205.77 13.0049(14) 2199.49 | 1-43d

8062

PDF 01-070-
Cs0.86B1.35S11.6505.77 13.0052(13) 2199.64 | I-43d

8063

PDF 01-070-
Cs0.86B1.29S11.7105.77 13.0057(7) 2199.89 | I-43d

8064

PDF 01-070-
Cs0.86B1.29S11.7105.77 13.0062(4) 2200.14 | 1-43d

8065

PDF 01-071-
Cs0.85B1.32Si1.6805.77 13.0263(3) 2210.36 | 1-43d

3371

PDF 01-073-
Cs0.814B1.092S11.977056 13.009(8) 2201.57 | 1-43d

52006

PDF 04-017-
CsBSi206 12.9935(4) 2193.71 | I-43d

8355

PDF 04-019-
CsBSi206 13.019(2) | 12.899(3) 2186.31 | I41/acd

1461

PDF 04-015-
Cs6.56Bs.72Si15.84048 13.009(1) 2201.57 | 1-43d

1926

PDF 04-015-
Cs6.8B10.565113.44046.08 13.0263(3) 2210.36 | I-43d

6724

PDF 04-015-
Cs6.88B11.04Si12.960046.08 13.0020(18) 2198.01 | I-43d

6725




PDF 04-015-

Cs6.88B11.04Si12.960046.08 13.0049(14) 2199.49 | I-43d

6726

PDF 04-015-
Cs6.88B10.8S113.2046.08 13.0052(13) 2199.64 | I-43d

6727

PDF 04-015-
Cs6.88B10.32S113.68046.08 13.0057(7) 2199.89 | I-43d

6728

PDF 04-015-
Cs6.8B10.325113.68046.08 13.0062(4) 2200.14 | I-43d

6729

PDF 04-026-
Cs6.96B6.965117.04048 12.9992(7) 2196.59 | I-43d

5125

Table S6. Non cation-ordered leucite structures since 1990. PDF refers to a pattern in the
Powder Diffraction File database (131). If the original reference doesn’t quote a unit cell
volume, then these have been calculated.

SG = space group. Bold type shows that crystal structure is given in this reference.

*T1AIS1206 (116) no space group given.

There is also a KBSi206 P21/a monoclinic leucite with complete Si/B cation disorder,
with lattice parameters a =10.9320(3) A, (68, 128) b=17.9111(4) A, ¢ = 11.0672(3) A,

B =110.284(5)° and volume = 2032.62 A® (68, 69). The cation ordered K2MgSisO12

structure is P21/c monoclinic (52, 53) but this is a different structure to KBSi20s.




Stoichiometry a(A) c(A) V (A3 SG | Ref
CsAlGe;0¢ 13.919 2696.6 33)
CsAlGe;0s 13.932 2704.2 (33)
CsFeGe 06 14.115 2812.2 33)
CsFeGe,0q 14.103 2805 33)
CsCrGe0¢ 13.82 2639 33)
Ko.sRbo2A1Ge206 13.41 | 14.36 2582 | I4/a | (48)
CsBGe;0s 13.698(1) 2570.2(2) | 1-43d | (95)
CsAlGe;0g 13.906(1) 2689.12) | 1434 | (93)
CsGaGexOs 13.960(1) 272052) | 1434 | (93)
CsFeGe:Og 13.822(1) 2640.7(2) | 1-434 | (95)
CsCrGe,0s 13.811(1) 263442 | P | (95)




RbBGe;06 13.194(1) 2296.8(2) | 1-434 | (95)
RbGaGe,O6 13.725(1) 2585.5(2) | 1-434 | (95)
RbFeGe,0s 13.822(1) 2640.72) | 1-434 | (95)
RbCrGe,Os 13.633(3) 2533.86) | P | (95)
KAIGe06 13.302(8) | 14.316(4) | 2533.1189 | I4./a | (95) PDF 37-1349
KGaGe,O6 13.538(2) 2481.2(4) | 1434 | (95)
RbAIGe,06 13.698 2570 | 1-43d | (95) PDF 37-348
CsAlGe,06 13.906 2689.0983 | I-43d | (95) PDF 37-347
CsAlGe206 13.8939(5) 2682.06(31) | 1-43d | (96)




KAIGe206 13.3314(5) | 14.3205(3) | 2545.13(19) | I41/a | (96)
RbAIGe:05 13.7153(5) 2579.97(26) | 1-43d | (96)
CsAlGez0¢ 13.9827(1) 2733.84(3) | I-43d | (132) PDF 04-012-2039
(NH4)AIGe206 | 13.6958(1) 2568.99(3) | 1-43d | (132) PDF 04-012-2037
CsAlGe:05 13.945(2) 2711.8(5) | I-43d | (133) PDF 04-011-7944
CsFeGe205 14.0839(8) 2793.6(5) | I-43d | (134) PDF 04-026-5014

Table S7a. Lattice parameters ACGe20¢ — PDF refers to a pattern in the Powder

Diffraction File database (731). If the original reference doesn’t quote a unit cell volume,
then these have been calculated. SG = space group. Bold type shows that crystal

structure is given in this reference. Attempts to synthesise Cr containing Ge-leucites
(33) produced products that were not stable and decomposed on contact with water, these
products also contain GeO: as an impurity phase. No space group information was given

for Cr containing Ge-leucites.

Stoichiometry | a (A) V (A% SG | Ref




Cs FeGesO12 13.959(1) | 2720.0Q2) | I-43d | (96)
Cs:NiGesO12 13.865(1) | 2665.4(2) | I-43d | (96)
Cs2CuGesOrn 13.860(1) | 2662.5(2) | I-43d | (96)
Cs,CdGesOr2 13.9002) | 2685.6(4) | I-43d | (96)
RbyFeGesO12 13.744(1) | 2596.2(2) | I-43d | (96)
RbsNiGesO12 13.672(2) | 2555.6(4) | I-43d | (96)
Rb,CdGesO12 13.656(2) | 2546.7(4) | I-43d | (96)
Cs:BeGesO1 | 13.7245(8) | 2585.2(2) | 1-43d | (135)




CsoMgGesO12 | 13.9748(6) | 2729.2(1) | I-43d | (135)
Cs2ZnGesO1 | 13.9985(5) | 2743.1(1) | 1-43d | (135)
Cs2CoGesOr | 14.0021(8) | 2745.2(2) | 1-43d | (135)
Cs2ZnGesOq; 13.999(1) | 2743.4Q2) | 1-43d | (135)
Rb,BeGesO1 | 13.4728(7) | 2445.5(1) | 1-43d | (135)
RbMgGesO12 | 13.7826(7) | 2618.1(1) | I-43d | (135)
Rb2ZnGesOr2 | 13.7374(8) | 2592.5(2) | I-43d | (135)
Rb,CoGesO1, | 13.7307(8) | 2588.7(2) | 1-43d | (135)




Table S7b. lattice parameters 428GesO12 — If the original reference doesn’t quote a unit
cell volume, then these have been calculated. SG = space group. Bold type shows known

crystal structures.
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