American Mineralogist, Volume 93, pages 988-995, 2008

Synthesis and crystal structure of the feldspathoid CsAlSiO4: An open-framework silicate

and potential nuclear waste disposal phase

G. DIEGO GATTA,"** N. ROTIROTL!? P.F. ZANAZZ1,> M. RIEDER,* M. DRABEK,® Z. WEISS,*}

AND R. KLASKA®

'Dipartimento di Scienze della Terra, Universita degli Studi di Milano, Italy
2CNR-Istituto per la Dinamica dei Processi Ambientali, Milano, Italy
*Dipartimento di Scienze della Terra, Universita degli Studi di Perugia, Italy
“Institute of Materials Chemistry, VSB, Technical University of Ostrava, Czech Republic
’Czech Geological Survey, Prague, Czech Republic
*HeidelbergCement AG, Ennigerloh, Germany

ABSTRACT

Crystalline CsAlSiO, was synthesized from a stoichiometric mixture of A1,O; + SiO, + Cs,O (plus
excess water) in Ag-capsules at hydrostatic pressure of 0.1 GPa and temperature of 695 °C. The dura-
tion of synthesis was 46 h. The crystal structure of CsAlISiO, was investigated by single-crystal X-ray
diffraction. The structure is orthorhombic with Pc2,n space group and lattice parameters: a = 9.414(1),
b =5.435(1), and ¢ = 8.875(1) A. Because of the orthohexagonal relation between b and a (a = bV3),
within the standard uncertainty on the lattice parameters, a hexagonal superlattice exists, which is
responsible for twinning. The crystals are twinned by reflection, with twin planes (110) and (310):
twinning in both cases is by reticular merohedry with twin index 2 and hexagonal twin lattice (Lt). The
transformation from the lattice of the individual (L) to Ly is given by: ar= a;,— by, br= 2by,, and
¢r= ¢;y¢- The refinement was initiated using the previously published atomic coordinates for RbAISiO,.
The final least-square cycles were conducted with anisotropic displacement parameters. R, = 3.04% for
66 parameters and 2531 unique reflections. For a more reliable crystallographic comparison the crystal
structure of RbAISiO; is reinvestigated here adopting the same data collection and least-squares refine-
ment strategy as for CsAlSiO,.

The crystal structure of the CsAlSiO, feldspathoid is built on an ABW framework type, showing a
fully ordered Si/Al-distribution in the tetrahedral framework. The only extra-framework site is occupied
by Cs, lying off-center in the 8mR-channels. CsAlSiO, is more likely to retain Cs when immersed in
a fluid phase, relative to several other Cs-bearing zeolites. The topological configuration of the Cs-
polyhedron (and its bonding environment), the small dimension of the pores and the high flexibility
of'the ABW framework type would imply a better thermal and elastic stability of CsAlSiO, than those
of the zeolitic Cs-aluminosilicates. In this light, CsAlSiO, can be considered as a functional material
potentially usable for fixation and deposition of radioactive isotopes of Cs and can also be considered
as a potential solid host for a '*’Cs y-radiation source to be used in sterilization applications.

Keywords: CsAlSiO,, RbAISiO,, ABW framework type, feldspathoid, crystal structure, nuclear
waste disposal phase

INTRODUCTION

Cesium-bearing minerals are rare, most often found in peg-
matite minerals, e.g., Cs-rich beryl and pezzottaite [Cs(Be,Li)
Al,Sig0 5, Hawthorne et al. 2004]. In rock-forming silicates, Cs
can partially replace K in framework silicates or phyllosilicates
such as Cs-biotite (Hess and Fahey 1932) or nanpingite (Ni and
Hughes 1996). Only a few structures of natural and synthetic
Cs-aluminosilicates are known, such as pollucite (CsAlSi,Oy,
Newnham 1967; Beger 1969), the Cs-44 zeolite (Vance and
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Seff 1975; Firor and Seff 1977) and Cs-bikitaite (CsAlSisO,,
Araki 1980). All of them form open-framework structures like
feldspathoids or zeolites. Cesium aluminosilicate, CsAlSiO,,
grew in several hydrothermal experiments aimed at the synthesis
of a muscovite-type cesium mica, a suitable crystalline phase
potentially usable as nuclear waste disposal material (Mellini et
al. 1996; Drabek et al. 1998; Comodi et al. 1999).

There has been no determination of the structure of CsAlSiO,
in the open literature. Synthesis, optical properties, and crystal-
structure of CsAlSiO, were first studied by Klaska (1977), in
his doctoral dissertation. However, the structural data were not
published and, as a consequence, they are not at present avail-
able in any crystallographic database. At the same time, but
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independently, Gallagher et al. (1977) synthesized CsAlSiO,
from cesium oxide, alumina, and silica under different firing
conditions. Based on the structural data of RbAISiO, (Klaska
and Jarchow 1975), Gallagher et al. (1977) indexed the X-ray
powder diffraction pattern of CsAlSiO, on an orthorhombic unit
cell with a=8.907(2), b=9.435(1),and ¢ = 5.435(1) A and Pna2,
space group. However, no structural refinement was performed.
Accordingly, the crystal structure of CsAlSiO, is expected to
show strong analogies with that of RbAISiO,.

The crystal structure of RbAISiO, was solved by Klaska and
Jarchow (1975) in the Pc2,n space group with lattice parameters
a=9.22(6), b=15.33(7) and c = 8.74(1) A, by means of single-
crystal X-ray diffraction. The authors found the diffraction pat-
tern to be metrically hexagonal, but they had to treat it as due to
a triple twin of orthorhombic individuals, with twinning planes
(110) and (130) (in the reciprocal space, Fig. 3 in Klaska and
Jarchow 1975), simulating hexagonal symmetry (Fig. 1). The
crystal structure of RbAISiO, is built on an ABW framework type
(Baur and Fischer 2000; Baerlocher et al. 2001), shown in Fig.
2. This framework type consists of tetrahedral sheets parallel to
(001), in which six-membered rings (6mRs) of corner-sharing
tetrahedra define channels parallel to [001] (in the Pc2,n set-
ting, Fig. 3). Apical O atoms of three neighboring tetrahedra in
a ring point upward, whereas apical O atoms of the other three
tetrahedra point down (Figs. 3 and 4). Channels consisting of
distorted eight-membered ring (§mRs) channels run along [010]
where the extra-framework sites lie (Fig. 4). The cell parameters
of an idealized ABW structure (i.e., a hypothetical Si,0,, frame-
work structure obtained by performing a distance least-squares
(DLS) refinement in the topological space group, Baerlocher et
al. 2001) are « = 9.873, b = 5.254, and ¢ = 8.770 A, with Imma
space group and a framework density FDg; = 17.6 T/1000 A. As
shown later by Klaska (1977), CsAlSiO, and RbAISiO, are two
isotypic open-framework silicates with same general symmetry
(space group Pc2,n), similar lattice parameters [a = 9.44(3), b
=5.43(5), and ¢ = 8.89(2) A for CsAlSiO,] and because of the
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orthohexagonal relation between b and a (a = bV3) they show
the same twinning by reticular merohedry, as described above.
About 100 compounds with ABW topology are known as re-
viewed by Baur and Fischer (2000) and Kahlenberg et al. (2001).
Hahn et al. (1969) and Liebau (1985) defined the compounds
with an ABW framework as belonging to the “/cmm-type”
structural family. However, no mineral has yet been found with
this framework type.

Among the large number of compounds with ABW topology,
the aluminosilicates RbAISiO, and TIAISiO, (and the Cs-alumi-
notitanate CsAITiO,, at least for the Cs-bonding environment) are
expected to have strong structural homologies with CsAlSiO,.
Krogh Andersen et al. (1991) reported the crystal structure of
TIAISiO, [with a=8.297(1), 5=9.417(1), c = 5.413(1) A, space
group Pna2,] based on Rietveld refinement of X-ray powder
diffraction data, adopting the structural model of RbAISiO,.
Later, the crystal structure of TIAISiO, was reinvestigated by
Kyono et al. (2000) by single-crystal X-ray diffraction. The
authors described the structure as monoclinic with P2,/n space
group and a = 5.4095(3), b = 9.4232(7), ¢ = 8.2629(6) A, and
v =90.01(2)°. The structural models of TIAISiO, reported by
Krogh Andersen et al. (1991) and Kyono et al. (2000) are basi-
cally consistent with a fully ordered distribution of Si and Al
in the tetrahedral framework. The lowering of symmetry from
orthorhombic to monoclinic as reported by Kyono et al. (2000)
appears to be caused by the inert-pair effect of the T1* cation. The
authors did not report any evidence of twinning for the TIAISiO,
crystals as previously observed for RbAISiO, and CsAISiO, by
Klaska and Jarchow (1975) and Klaska (1977), respectively. The
crystal structure of CsAlTiO, was solved by Gatehouse (1989)
from single-crystal X-ray diffraction data with a =8.978(4), b =
5.740(1), and ¢ = 9.969(2) A and Imma space group. The Al/Ti
distribution in the tetrahedral framework was found to be com-
pletely disordered, thus making the symmetry higher relative to
RbAISiO, and TIAISiO,. The aforementioned compounds (i.c.,
RbAISIO,, CsAlSiO,, TIAISiO,, and CsAlTiO4) show how the
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FIGURE 1. (left side) Geometrical relationship between the (hexagonal) twin lattice (T) and that of the orthorhombic individuals (ind) of CsAlISiO,
represented in the direct space, where ar = a;,— by, br = 2b;,q and ¢ = ¢;,4, and (right side) reconstruction of the diffraction pattern in the reciprocal
space. The crystals are twinned by reflection, with twin planes (110) and (310). Twinning is by reticular merohedry.
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FIGURE 2. Skeletal representation of the idealized ABW framework
type described with /mma symmetry.

FIGURE 3. The crystal structure of (above) CsAlSiO, and (below)
RbAISiO, viewed down [001], based on the data of this study. Dark-gray
tetrahedra represent the Si-tetrahedra, whereas light-gray tetrahedra represent
the Al-occupied ones. Large spheres represent the Cs or Rb sites.

general symmetry among this class of materials can be different,
despite the same framework topology.

The aim of this study is the crystal-structure re-investigation
of CsAlSiO,, making the structural data of this compound avail-
able in the open literature. In addition, we describe the structural
homologies with other isotypic compounds, in particular RbAl-
Si0,, TIAISiO,, and CsAlTiO,, and non-isotypic compounds
of mineralogical interests, with a framework containing six-

FIGURE 4. The crystal structure of (above) CsAlSiO, and (below)
RbAISIO, viewed down [010], based on the data of this study. Dark-gray
tetrahedra represent the Si-tetrahedra, whereas light-gray tetrahedra represent
the Al-occupied ones. Large spheres represent the Cs or Rb sites.

membered rings as building block units (i.e., stuffed-tridymite
structures, like nepheline and kalsilite). For a more reliable
crystallographic comparison, the crystal structure of RbAISiO,
was reinvestigated adopting the same data collection and least-
square refinement strategy as for CsAlSiO,.

EXPERIMENTAL METHODS

The presently investigated sample of CsAlISiO, was synthesized in runno Cs-
116 from a stoichiometric proportion of AL,O; + SiO, + Cs,0 (plus excess water)
in Ag-capsules at hydrostatic pressure of 0 1 GPa and temperature of 695 °C The
duration of the experiment was 46 h The crystals of RbAISiO, were grown by
A E Beswick, at the Johns Hopkins University, Baltimore, in experiments aimed
at determining the K/Rb distribution between sanidine and vapor The experi-
ments were conducted at 0 2 GPa and temperatures of 500, 700, and 800 °C The
RbAISiO, phase grew in Rb-rich charges It was referred to as the “orthorhombic
phase” (Beswick 1973)

Electron microprobe analysis of the same sample of CsAlISiO, used for the
X-ray diffraction experiment was performed using a fully automated CAMECA
SX-50 microprobe operating in WDS mode Major and minor elements were
determined at 15 kV accelerating voltage and 10 nA beam current with a counting
time of 20 s Pollucite was used as the standard for Cs, Al, and Si The crystal
was found to be homogeneous within analytical error The composition agrees
with the ideal chemical formula within the estimated standard deviation: Cs ()
Alﬂ,O*)(Z)Sil,Ol(E)OA

Two crystals of CsAlISiO, and RbAISiO,, free of defects on the optical scale,
were selected for the X-ray diffraction experiments X-ray single-crystal diffrac-
tion data of CsAlSiO, and RbAISiO, were collected at room conditions with an
Oxford Diffraction-Xcalibur diffractometer equipped with CCD, using a graphite
monochromator for MoKoi-radiation, operated at 50 kV and 30 mA To maximize
the reciprocal space coverage, a combination of ® and ¢ scans were used, with
a step size of 0 5° and a time of 25 s/frame (Table 1) The distance between the
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crystal and the detector was 60 4 mm

For CsAlSiO,, 3945 “observed” reflections [with /> 3c6(/)] in the range 3 <
26 < 62° were collected (Table 1) giving metrically hexagonal cell parameters: a
=b=10870(1),c=8 875(1) A After Lorentz, polarization, and analytical absorp-
tion corrections using the CrysAlis package (by Gaussian integration based upon
the physical description of the crystal, Oxford Diffraction 2005), the discrepancy
factor among symmetry related reflections was R;, = 42% A similar R;, value
was also obtained without any absorption correction to the diffraction data On
the basis of Klaska and Jarchow’s (1975) experience with RbAISiO,, we treated
the diffraction pattern as due to orthorhombic individuals, with a = 9 414(1), b
=5435(1), and ¢ = 8 875(1) A (Table 1), twinned by reflection with twin planes
(110) and (310) Twinning is by reticular merohedry, with twin index 2 and the
hexagonal twin lattice (Ly) (see above) (Fig 1) The transformation from the
lattice of the individual (L;,) to Ly is given by: ar= a;,4 — bjug, br= 2by,q and ¢
= ¢;,¢ On the basis of the reflection conditions (0k/ with / = 2n; hk0 with i + k=
2n), the assigned space group is Pc2,n, according to Klaska and Jarchow (1975)
and Klaska’s (1977) findings for RbAISiO, and CsAlSiO,, respectively As shown
in Figure 1, several classes of reflections belonging to the three orthorhombic
individuals are fully overlapped

Similar data collection strategy was adopted for RbAISiO, In this case, 3277
“observed” reflections in the range 3 <26 < 62° were collected, giving a metrically
hexagonal diffraction pattern due to threefold twinning of orthorhombic individuals
with cell parameters: a=9 217(1), b="5 321(1), and ¢ =8 724(1) A (Table 1) The
integrated intensity data were corrected for Lorentz-polarization and absorption
effects and used for structural refinement

Structural refinements of CsAlSiO,and RbAISiO,

The structural refinements of CsAlSiO, and RbAISiO, were carried out using
JANA2000 package (Petiicek and Dusek 2000), using the implemented special
routine for 3-individuals twinning For CsAlSiO,, the average R;, value was 0 1013
(Table 1) The refinement was conducted starting from the atomic coordinates of
Klaska and Jarchow (1975) (substituting Rb with Cs) with isotropic displacement
parameters in the space group Pc2,n using neutral atomic scattering factor values
A structure refinement performed using the ionic scattering curves did not provide
significantly different results The final least-square cycles were conducted with
anisotropic displacement parameters When convergence was achieved, the final
agreement index (R,) was 0 0304 for 66 refined parameters and 2560 unique reflec-

TaBLE 1.  Details pertaining to the data collection and refinement of
CsAlSiO, and RbAISiO,
CsAISiO, RbAISIO,
Crystal size (mm?) 0.20x0.12 x 0.06 0.18 x0.14 x 0.08
Diffractometer Xcalibur CCD Xcalibur CCD
X-ray radiation MoKou MoKou
Scan type /@ /@
Scan width (°/frame) 0.5 0.5
CCD frames processed 1402 1402
Exposure (s/frame) 25 25
Temperature 293K 293 K
Space group Pc2:n Pc2:n
Cell dimensions (A) a=9.414(1) a=9.217(1)
b=5.435(1) b=5.321(1)
c=28.875(1) c=8.724(1)
z 4 4
Peac (9/cm?) 3.685 3.174
Extinction coefficient, giso* 0.09532 0.0364
Maximum 26 62° 62°
Index range -13<h<13 -13<h<13
-7<ks<7 -7<ks<7
-12</<12 -12</<12
Measured reflections 8215 8474
Observed reflections [with / > 35(/)] 3945 3277
Unique reflections 2560 2199
(over all the individuals)
Rine 0.1013 0.1306
Number of |.s. parameters 66 66
R, Fo > 30(F,) 0.0304 0.0538
R,, all data 0.0618 0.1252
WR, (on F2) 0.0710 0.1019
Refined volume Vi =15% Vi=7% V, =~ 6%
of each individual V,=2% V;=83% Vs = 87%

Note: R, is calculated on the basis of all the measured reflections.
* As implemented in JANA2000.

tions (overall the three individuals) with ,> 36(F,) Further details pertaining to
the refinement are reported in Table 1 At the end of the last refinement cycle, no
peaks larger than +£0 88 ¢/A’ were present in the final difference-Fourier map
Positional and displacement parameters are reported in Table 2 Relevant bond
lengths and geometrical parameters are listed in Table 3 Observed and calculated
structure factors (for all the three individuals) are reported in Table 4' A further
structural refinement was conducted in the centrosymmetric space group Pcmn
However, the refinement led to a slightly worse final agreement index (R;) than
that in the non-centrosymmetric space group Pc2n

To prove that the symmetry of CsAlSiO, is indeed orthorhombic, as for
RbAISiO,, and not monoclinic, as for TIAISiO,, a further structural refinement
was performed in the monoclinic space group P2,/n (with B = 90°) adopting the
atomic coordinates reported by Kyono et al (2000), transformed to the h-unique
setting The refinement was conducted adopting the same strategy as described
for the refinement in orthorhombic symmetry We compared the results of the
orthorhombic and monoclinic refinements on the basis of two criteria: (1) same
number of reflections within the same resolution limit, and (2) equal AF cut-off (AF'
= Fu — Fea) Following the first criterion, we observed (1) some Si-O distances
were longer than 1 7 A; (2) some Al-O distances were shorter than 1 6 A; (3) several
T-O-T and O-T-O bond angles gave anomalous values; (4) complete convergence
was not fully achieved (with a residual value of the change/standard uncertainty);
and (5) the residual peaks in the final difference-Fourier map were p, = +4 3
e /A% and p,;, =3 0 e/A3 Following the second criterion, we observed that the
refinement converged, but (1) the Si/Al-tetrahedra appeared to be less regular than
those in the orthorhombic symmetry; (2) the agreement parameters (R;,, R;, WR,)
were slightly worse with respect to those obtained in the orthorhombic refinement;
and (3) the residual peaks in the final difference-Fourier map were p = =1 1 e /A
From this, we conclude that the symmetry of CsAlSiO, is truly orthorhombic,
with Pc2,n space group

Polycrystalline CsAlSiO, was grown in another experiment (no Cs-49) from
a stoichiometric proportion of kaolinite “Bohemia” + Cs,O (plus excess water)
at 0 1 GPa and temperature 413-430 °C, duration 191 h Structure refinement of
this phase was performed on graphite-monochromatized CoKo: radiation powder
data using the GSAS program (Larson and Von Dreele 2000) After correction
for microabsorption (Pitschke et al 1993), the refinement was performed in both
monoclinic and orthorhombic settings Both converged to about the same Ry of
0 065 and, within the precision of the resulting coordinates, no significant differ-
ence between the two models was observed However, the essential features of the
structure were essentially the same as those from the single-crystal refinement: the
nearly perfect hexagonal rings of tetrahedra, the alternation of Al and Si tetrahedra,
and the asymmetric positioning of Cs in the large cavity The March-Dollase coef-
ficient indicated a mild preferred orientation on (001), parallel to the plane of 6mRs
This indicates the existence of a cleavage or platy morphology of particles in the
powder mount The quality of the Rietveld refinement is inferior in comparison
with the single-crystal data, hence we do not present the results here

For RbAISiO, single-crystal data, the discrepancy factor among symmetry
related reflections was R;, = 0 1306 (Table 1) The refinement was conducted
starting from the atomic coordinates of Klaska and Jarchow (1975) with isotropic
displacement parameters in the space group Pc2,n, using neutral atomic scattering
factor values The final least-square cycles were conducted with the anisotropic
displacement parameters The refined displacement ellipsoids of the atomic sites
belonging to the tetrahedral framework appear to be strongly anisotropic Despite
the fact that the quality of the diffraction data of RbAISiO, is lower than that for
CsAlSiO,, likely due to the poorer quality of the crystal, the final agreement index
(R)), calculated for 66 refined parameters and 2199 unique reflections (overall
the 3 individuals), with F,, > 36(F,), was 0 0538 (Table 1) No peaks larger than
+0 98 ¢ /A3 were found in the final difference-Fourier map However, the variance-
covariance matrix of the final refinement cycle showed a significant correlation
(~80%) between some of the refined parameters Further details of the structural
refinement are reported in Table 1 Atomic positions and displacement parameters

! Deposit item AM-08-030, Table 4 (observed and calculated
factors) and CIF. Deposit items are available two ways: For a
paper copy contact the Business Office of the Mineralogical
Society of America (see inside front cover of recent issue) for
price information. For an electronic copy visit the MSA web site
at http://www minsocam.org, go to the American Mineralogist
Contents, find the table of contents for the specific volume/issue
wanted, and then click on the deposit link there.
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TABLE 2. Fractional atomic coordinates and displacement parameters (A?) of (above) CsAISiO, and (below) RbAISIO,

Site X Y z U Uy, Uss Ui, Uss Uy Ueq
Cs 0.20052(2) 0.50015 0.50043(2) 0.0175(1) 0.0146(2) 0.0157(1) 0.0014(4) 0.00023(7) 0.00001(15) 0.01591(9)
Si 0.08469(9) 0.0004(7) 0.19052(7) 0.0056(3) 0.0034(3) 0.0052(3) -0.0021(7)  -0.0005(2) 0.0018(8) 0.0047(2)
Al 0.41511(9) -0.0036(7) 0.31650(7) 0.0047(3) 0.0023(4) 0.0053(3) 0.0006(7)  —0.0003(3) -0.0008(8) 0.0041(2)
01 0.0877(3) -0.0047(24) 0.0104(2) 0.032(1) 0.013(1) 0.0035(8) 0.003(5) 0.0017(9) 0.001(2) 0.0161(7)
02 0.0024(9) -0.2413(14) 0.2502(3) 0.015(2) 0.012(2) 0.007(2) -0.005(1) -0.007(3) 0.003 (2) 0.011(1)
o3 0.0040(9) 0.2404(14) 0.2551(3) 0.034(2) 0.013(2) 0.012(2) -0.003(1) 0.008(3) 0.003(3) 0.020(1)
04 0.2437(2) 0.0034(37) 0.2536(2) 0.010(1) 0.034(2) 0.028(1) 0.001(2) -0.0056(9) -0.009(2) 0.0241(9)
Site X y z Uy Ua, Uss Us, U Uy Ueq
Rb 0.20402(5) 0.49994 0.50121(6) 0.0271(3) 0.0177(3) 0.0194(3) 0.0075(3) -0.0001(2) 0.0023(4) 0.0214(2)
Si 0.08391(15) 0.01013(54) 0.19384(13)  0.0073(6) 0.029(1) 0.0086(5) -0.0066(9)  -0.0005(5) -0.0064(9) 0.0149(4)
Al 0.41630(17) 0.01126(58) 0.31297(14)  0.0080(7) 0.035(2) 0.0048(6) -0.005(1) -0.0015(5) -0.006(1) 0.0159(5)
01 0.0856(4) 0.0076(14) 0.0107(2) 0.032(2) 0.015(3) 0.005(1) 0.003(4) 0.004(2) 0.0001(2) 0.017(1)
02 0.0359(5) -0.2617(7) 0.2552(4) 0.039(3) 0.016(2) 0.012(2) 0.000(2) 0.008(2) -0.003(2) 0.022(1)
o3 -0.0285(4) 0.2188(8) 0.2595(5) 0.037(3) 0.021(4) 0.014(2) -0.003(2) 0.008(2) 0.003(2) 0.024(2)
04 0.2432(3) 0.0817(11) 0.2531(4) 0.015(2) 0.054(4) 0.022(2) 0.007(2) -0.008(1) 0.001(2) 0.030(2)

Notes: Estimated standard deviations appear in parentheses. The anisotropic displacement parameter exponent takes the form: -2r?[(ha*)?U,; +...+ 2hka*b*U,,].
Ueq is defined as one-third of the trace of the orthogonalized U; tensor.

are reported in Table 2 Bond distances and other geometrical parameters are listed ~ TABLE 3. Bond distances (A) and angles (°) of (above) CsAISiO, and

ated. The authors did not report a comparable refinement with ' >
orthorhombic symmetry and their tabulated observed-calculated ~ Rb-03  3.551(14) 03-5i-04  108.0(3) 03-Al-04 110.7(3)
structure factors are not available. This does not allow a further ~ Rb-03  4.033(17) ,

. . Rb-02  4.038(16)  Si-O1-Al  178.4(4
structural refinement with the orthorhombic Pc2,n space group. Si-02-Al  1333(3
In contrast, the disordered distribution of Al and Ti in the tet- Si-03-Al  131.6(3
rahedral framework of CsAlTiO, implies the presence of only - Si'94'_AI 15364
one independent tetrahedral site and a consequent increase of Note: Estimated standard deviations appear in parentheses.
the general symmetry to /mma (Gatehouse 1989).

Among the open-framework silicates containing 6mRs as
a building block unit, a comparison can be drawn between the  logical symmetry (Fig. 5). In contrast, in Cs-,Rb-AlSiO,, and
topology of the CsAlSiO, framework (i.e., ABW framework other ABW type compounds, the aforementioned orientation of
type) and that of tridymite, which represents the framework type  tetrahedra (upward—upward—upward—downward—downward—
of some important rock-forming feldspathoids such as nepheline ~ downward) gives rise to a reduction of the topological symmetry
and kalsilite. The differences between the framework configura-  to /mma (Fig. 4; Baur and Fischer 2000). The arrangement of
tion in tridymite and ABW type compounds are shown in Figure  pairs of tetrahedral sheets in (Cs,Rb)AlSiO, described above
5. In tridymite (or stuffed-tridymite structures), the orientation  leaves void spaces between them that are larger than those in
of tetrahedra belonging to the six-membered rings (...upward—  tridymite-type framework (i.e., 8mRs along [010] in (Cs-,Rb-)
downward—upward...) gives rise to a hexagonal P6;/mmc topo-  AlSiO, and 6mRs along [010] in stuffed-tridymite frameworks;

in Table 3 Observed and calculated structure factors (for all the 3-individuals) are (below) RbAISIO,
reported in Table 4! Cs01  3.646(3) Si-01 1599(2)  AlO1 172102
Cs-01  3.393(11) Si-02 1614(8)  Al-02 1.749(8)
DISCUSSION AND CONCLUDING REMARKS Cs-01 3.350(11) Si-03 1.615(8) Al-03 1.743(8)
. . . Cs-02 3.222(6) Si-O4 1.598(2) Al-04 1.708(3)
Like those of RbAISiO, and TIAISiO,, the structure of the cs-02 3.205(6)
CsAlSiO, consists of two-dimensional tetrahedral sheets parallel gs‘gg g} 2178 81 ?8; 1‘1)525525% 8:’2:'8;{ 1 1‘1)-‘7‘&‘;
. . . s s S- . -Si- . -Al- .
to (001) 11} which the corper—sha}rmg tetrahedra form an 1nﬁn1t.e Cs-04  3.500(16) 01504  109.5(1) O1-AO4 108.2(1)
mesh of six-membered rings (Fig. 3). Every tetrahedral sheetis Cs-04  3.528(16)
connected to a sheet below and above which results in a three- gz'gz 22%83 85'2?'82 1?3'3?7‘; 85'2:'82 18;‘5‘?7‘;
. . . . . - . -l A -Al-! X
dimensional tetrahedral framework (Figs. 3 and 4). Si-occupied .02 33835(15)
and Al-occupied tetrahedra alternate along 6mRs, matching the  Cs-02  3.840(16) 03-5i-04  107.9(7) 03-Al-04 110.6(7)
. . : : : . Cs-03  3.852(16)
1:1 st01ch1f)met.ry (Flg. 3). Apical O atoms of_three neighboring Cs.03  3.874(16) SLOLAl  177.7(65)
tetrahedra in a ring point upward, whereas apical O atoms of the Si-02-Al  141.1(2)
other three tetrahedra point down (Figs. 3 and 4). Neighboring Si-03-Al - 137.8(2)
pairs of sheets are held together by sharing triplets of apical O at- Si-04-Al - 177.6(1)
9ms in such a fashion tha't if theFe is anAl atom in the tetrahedrop Rb-O1 3.519(4) Si-01 1598(2)  AlO1 17253)
in the lower sheet, there is an Si atom in the tetrahedron above it Rb-01  3.326(7) Si-02 1.605(5)  Al-02 1.741(5)
and vice versa (Fig. 4). The general symmetry of CsAISiO, (and ~ RP-O1  3.260(7) 51-03 162305 Al-03 1.755(5)
s . . ) Rb-02  3.502(4) Si-04 1.602(4)  Al-O4 1.720(4)
RDbAISiO,) is Pc2,n. The lowering of symmetry in TIAISiO4,  gp.02  3326(7)
from orthorhombic to monoclinic [P2,/n space group with y = Rb-02  2.935(4) 01-5i-02  109.2(3) 01-Al-02  110.9(3)
o Rb-03  3.551(4) 01-5i-03  111.4(3) 01-Al-03  110.7(3)
90.01 (2) 1, rep(?rted by Kyono et al. (2.000) appears to be caus.ed Rb-03  3358(4) 01504  108.4(2) O1-ALO4 10722
by the inert-pair effect of the T1" cation. However, the choice  Rrp-03  2.886(4)
of the monoclinic space group seems to be poorly substanti- Rb-04  3.165(5) 02-5i-03  108.8(2) 02-Al-03 108.0(2)
Rb-04  3.125(5) 02-5i-04  111.0(3) 02-Al-04  109.4(3)
(
(
(
(

)
)
)
)
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FIGURE 5. Idealized configuration of the tridymite-type framework, with a hexagonal P6,/mmc topological symmetry (left side) and that of the
(Cs-,Rb-)AISiO, feldspathoid, characterized by the ABW-type Imma topological symmetry (right side).

Gatta and Angel 2007). As a consequence, in stuffed-tridymite
structures the extra-framework content is represented by K*, Na*,
and Ca*" sites (Palmer 1994, Gatta and Angel 2007 and references
therein). In contrast, in the ABW framework type, large cations
as Cs*, Rb", TI", and Sr** (or smaller cations and water molecules,
e.g., Li and nH,0) can reside in the 8mR-channels (Baur and
Fischer 2000 and references therein). However, a metastable
polymorph of KAISiO, (pseudo-orthorhombic with a ~18.151, b
~10.551, and ¢ ~8.490 A) has been prepared by K*ion exchange
of orthorhombic RbA 1SiO, by Minor et al. (1978).

The five quality structure refinements available for CsAlSiO,
(Klaska 1977 and this study), RbAISiO, (Klaska and Jarchow
1975 and this study) and TIAISiO, (Kyono et al. 2000), re-
spectively, allow some comparisons to be made. Tetrahedral
bond lengths and the polyhedral volumes indicate a perfect
fractionation of Al and Si in all structures (Table 3). However,
the coordination polyhedron of the univalent cation is very ir-
regular, as documented by the effective coordination number
(ECoN, Table 5; Hoppe 1979) and the mean effective bond
length (MEFBL, Table 3; Hoppe 1979, Rieder and Weiss 1998)
for the cation itself and by the fictitious highest coordination
point (hcp, Table 5; Rieder and Weiss 1998). The differences
between /cp and the univalent atom are due to the fact that the
cation lays off-center and the larger the departure the larger the
corresponding decrease in ECoN and MEFBL. Surprisingly, Cs
(the largest cation), known to accept a geometrically perfect 12-
fold coordination in Cs-tetraferriannite (Mellini et al. 1996), is
located asymmetrically in CsAlSiO, and its stagger can be seen
well in projection onto the plane of the sixfold rings of tetrahedra
(Fig. 3). Therefore, the nominal coordination of Cs in CsAlSiO,
based on the ECoN calculation is at least 14-fold (Table 5). We
can consider a bonding configuration of Cs represented by the
nearest neighbor six O atoms in the ring below, six O atoms in the
ring above, and three (apical, shared by both sheets) essentially
in-plane with the cation (Fig. 6), with CN(Cs) = 15. A slightly
different bonding environment is observed for Rb in RbAISiO,,
where ECoN(Rb) =11-12 (Table 5). In this case, it is reasonable

to consider four (or five) O atoms in the ring below, four (or five)
in the ring above and three oxygen in-plane with the cation. If
we calculate the mean effective bond length associated with the
fictive highest coordination point and subtract from it the ionic
radius, we obtain a difference that correlates with the stagger of
the univalent cation (projected onto the plane of the 6mRs, Fig.
3). This may or may not indicate a causal relationship, but the
correlation is worth mentioning (Fig. 7).

As shown in Table 3, the values of the co-respective Cs-O,
and Rb-O, bond-distances and T-O-T angles in CsAlSiO, and
RbAISiO, are significantly different, giving rise to a different
distortion of the 6mRs from the ideal hexagonal form (Fig. 3),
due to the tetrahedral rotation (Table 5). The 6mR in the CsAlSiO,
structure appears to be more regular than that in RbA1SiO,, which
in turn is more trigonally distorted (Fig. 3). More quantitatively,
the “distortion parameter” of 6mR in CsAlSiO, [here defined as
Osmr = (02-04)4,0r/(02-04),0g; Fig. 3] is ~0.993, whereas that
of 6mR in RbAISiO, is ~0.760 (8¢, = 1 for an ideal hexagonal
ring; the lower the &,,z-value, the higher the ring distortion from
aregular hexagonal form). It appears, therefore, that the larger the
ionic radius of the extra-framework cation, the lower the distor-
tion of the 6mR//[001]. This is also supported by the comparative
structural analysis among the ABW type compounds: the more
di-trigonalized 6mR are observed for Li-bearing compounds
(e.g., LiAlISiO,-H,0; Krogh Andersen and Ploug-Serensen
1986; Baur and Fischer 2000). However, the ion size cannot be
the only factor because the radii of TI" and Rb* are quite close
(Shannon 1976), yet the tetrahedral rotations, and the consequent
6mR distortion, are vastly different in TIAISiO, and RbAISiO,,
respectively (Table 5). We have also computed a correlation ma-
trix involving 25 refined variables for RbA1SiO, and TIAISiO,.
As can be expected, there is a significant positive correlation
between the ionic radius of the extra-framework cation, its poly-
hedral volume, and the unit-cell volume. Also, as expected there
are strong negative correlations between the tetrahedral rotation
angles (Table 5) and unit-cell parameters perpendicular to the
axis of rotation, a mechanism well known in sheet silicates. In
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TABLE 5. Some characteristics of the isotypic TIAISiO,, RbAISiO,, and CsAISiO, crystal structures

TIAISIO, RbAISIO, RbAISIO, CsAlSiO, CsAlSiO,
(Kyono et al. 2000) (Klaska and Jarchow 1975) (this study) (Klaska 1977) (this study)

Radius of the univalent cation (A) 1.70 1.72 1.72 1.88 1.88
ECoN

-univalent cation 6.22 8.34 837 11.02 11.58

-hcp 12.73 10.88 11.14 13.34 13.66
MEFBL (A)

-univalent cation 297 311 3.1 3.34 3.36

-hep 3.27 3.19 3.20 3.39 3.40
Polyhedral volume (A3)

-univalent cation (CN = 15) 89.45 90.01 89.63 95.67 95.11

-Al 2.66 2.69 2.68 2.68 2.66

-Si 2.14 217 2.13 2.13 213
6, tetrahedral rotation angle (°) 0.8 28.0 26.0 6.2 0.2

Notes: lonic radii are those for univalent cations in coordination Xl (Shannon and Prewitt 1969; Shannon 1976). ECoN is the Effective Coordination Number of Hoppe
(1979). MEFBL is a mean effective bond length weighted like MEFIR (Hoppe 1979), and hcp is the highest coordination point found by program MAPPER (Rieder
and Weiss 1998). Polyhedral volumes were calculated with the program VOLCAL (Finger 1971). The tetrahedral rotation angle is defined as 6 = [X,(120 - ¢,)1/6, i =
1,...,6, where @, represent the inner angles of the 6mR. In an ideal hexagonal ring, ¢ = 120° and 6 = 0°.

FIGURE 6. Configuration of the Cs-O (or Rb-O) bonding
environment. The Cs-O (and Rb-O) bond-distance values are reported
in Table 3. Dark-gray tetrahedra represent the Si-tetrahedra, whereas
light-gray tetrahedra represent the Al-occupied ones.

the correlation matrix, the tetrahedral rotation does not correlate
significantly with any other variable, so the effect of the lone pair
of electrons, discussed by Kyono et al. (2000), may be the cause
of the different tetrahedral rotation, and the 6mR distortion, in
T1AISiO, and RbAISiO,, respectively (Table 5).

The comparative crystal chemistry of the ABW type com-
pounds shows that the flexibility of this framework type is high:
the individual T-O/F-T angles scatter from 111 to 180° (Baur
and Fischer 2000). The minimal free-diameter (i.e., the effective
pore width, assuming an oxygen radius of 1.35 A Baerlocher
et al. 2001) of the 8mR in ABW type compounds are often <2
A, smaller than those usually observed in zeolites. As a conse-
quence, this class of materials does not exhibit typical zeolite-like
properties (e.g., cation or molecular exchange capacity).

With respect to other Cs-aluminosilicates characterized by
zeolite-like structures with large pores, such as Cs-44 zeolites
(Vance and Seff 1975; Firor and Seff 1977) and Cs-bikitaite
(CsAlSi;0,,; Araki 1980), CsAlSiO, is more likely to retain Cs
when immersed in a fluid phase, relative to the Cs-bearing zeo-
lites (Klika et al. 2006). In addition, the topological configuration
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FIGURE 7. Half-stagger of univalent cations as a function of the ideal
mean effective bond length (MEFBL) of the coordination polyhedron
less the ionic radius (IR). Calculations are based on the data of Klaska
and Jarchow (1975), Klaska (1977), Kyono et al. (2000), and the present
results. The dotted line is provided as a visual guide.
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of the Cs-polyhedron (and its bonding environment) and the small
dimension of the pores implies better thermal and elastic stability
of CsAlSiO, than those of the zeolitic Cs-aluminosilicates. In
this light, CsAlSiO, can be considered as a functional material
potentially usable for fixation and deposition of radioactive
isotopes of Cs and can also be considered as a potential solid
host for a '¥’Cs y-radiation source to be used in sterilization ap-
plications (Gallagher et al. 1977; Klaska 1977). A study on the
thermo-elastic stability of CsAlSiO, is in progress.
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