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The solid solution CsSb,04(Siy;-,,Ge,,0);) has been studied
using electron and X-ray diffraction, and ®Si MAS NMR. All
compositions for ¢ < x = 1 were found to be single phase. However,
the mmm symmetry of the X,0, rings is maintained for x = (.15,
Structure determinations from single crystals corresponding to
x = 0.5 and 0.6 indicate a random distribution of 5i (and Ge)
atoms on the tetrahedral X sites, Analysis of the 2°Si MAS NMR
spectra shows that the statistical distribution of Si (and Ge) atoms
in the X,0,, rings is equally present at a local level. © 1995 Academic

Press, Inc.

INTRODUCTION

Previous investigations on a series of isomorphous
antimony cyclotetrasilicates and cyclotetragermanates
A,8b,04X,045) (A = K, Rb, Cs, Tl; X = Si, Ge) have
shown that the three-dimensional [Sb,04(X,0,,)]*~ frame-
work is rather flexible (1). This is illustrated in Fig. 1
which shows a fragment of this framework in the Cs, Rb,
and K antimony cyclotetrasilicate structures. The most
symmetrical arrangement is observed for the Cs phase
with a true mmm symmetry for the cyclotetrasilicate
group, For the smaller alkali ions, a progressive distortion
of the framework is obscrved along with a lowering of
the symmetry. Such distortions tend to adjust the size of
the channels to that of the alkali ions. They are of course
limited by the constraint that the SbO, and SiO, polyhedra
remain rather regular. Consequently for the Na analogue
that is prcpared via an ion exchange reaction, there is no
further distortion, but the compound is hydrated (2). In
a similar way, the [Sb04(Ge,0,,)]* framework corre-
sponding to the Cs phase exhibits a distortion with respect

_to the [Sb04(Si,0,)]*" framework in Cs,Sb,04(5i,0,5);
this distortion tends to minimize the volume increase that
one would expect from the replacement of SiQ, tetrahedra
by GeOy, tetrahiedra, thus idlowing Cs to lic in sites of more
adequalte size (I). Thus, if one refers to the symmetry of
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its framework, the crystal structure of Cs,Sb,04(8i,0},)
seems to be an exception when compared with that of
other members of the series. At this point, one wonders
whether the mmm symmetry of the X,0,, ring only exists
for a unique composition within this structural family or
if it can be maintained in a solid solution domain. In
order to answer this question, a study of the solid solution
Cs,8b,04(Siy-,/Ge,0;y) has been undertaken with the
aim, among others, of analyzing the distribution of SiO,
and GeO, tetrahedra in the X,0,, rings through the use
of electron and X-ray diffraction, and ®Si MAS NMR.

EXPERIMENTAL

Synthesis

Polycrystalline samples were prepared by solid state
reaction from stoichiometric mixtures of CsNQO,,
Sb,0; - xH,0, Si0,, and GeO, heated in air for 12 hr at
1473 K. Attempts to grow single crystals were undertaken
from mixiures of the same reactants but with a twofold
excess of CsNO; and Sb,0s- xH,0. The mixtures were
heated for | hr at 773 K and then at 1623 K for 3 hr,
Single crystals were obtained for two compositions
(x = 0.5 and 0.6) which were verified by a chemical analy-
sis conducted with an electron microprobe; they are thin
colorless square plates.

Diffraction and NMR Studies

It has already been shown (1), that Cs,Sb,0Oq
(8i,0,,) crystallizes in the tetragonal system, space group
P4,Jmmc, whereas Cs,Sb,04(Ge,O,,) exhibits, due to the
distortion mentioned above, a superstructure leading to
an I-centered unit-cell (space group /4,22) with a’ and ¢’
parameters related to the g and ¢ parameters of
Cs,Sb,04(S5i50,,) as follows:

a ~aV2andc ~2c.

In order to determine whether the (Si, Ge) solid solu-
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FIG. 1. [001] view of a fragment of the (Sb,Oy{X,05)]* framework
in (a) Cs,8b,04(51,0y), (b) Rby8b,04(51,07) (or Cs,Sb,04(Ge,0,5)), and
(C) K4Sb408(si40|2).

tions exhibit superstructures or not, eiectron diffraction
experiments were performed with the use of a JEQL
100CX electron microscope. No superstructure reflec-
tions were observed with x = 0.15, thus indicating that
the symmetry of X,0,, rings could remain mmm with
15% of SiO, tetrahedra substituted by GeO, tetrahedra.
Accordingly, single-crystal X-ray studies of compositions
with x = 0.5 and 0.6 uniquely determine their space group
as 14,22,

On the basis of X-ray powder patterns, all compositions
for 0 = x = 1 were found to be single phases. The cell
parameters were refined by a least-squares procedure
from powder diffraction data collected with an Inel curved
multidetector (0.2-mm capillary, MCuKa,) = 1.54059 A,
silicon as standard). Figure 2 shows their variation as a
function of composition x (in this representation, a and
¢ for x = 0 have been multiplied by V2 and 2, respec-
tively),

Intensity data for two single crystals corresponding to
x =10.5and 0.6, respectively, were collected with a Nonius
CAD4 diffractometer operating under the conditions
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FIG. 2. Variation of the lattice parameters as a function of x.

given in Table 1. For the data reduction, absorption cor-
rections {Gaussian), structure solution and refinement,
the MoLEN program chain of Enraf-Nonius (3) was used.

The NMR acquisition condijtions are reported in Ta-
ble 2.

STRUCTURE DETERMINATIONS

For both compositions (x = 0.5 and 0.6) the initial posi-
tions of atoms were taken from the structure of
Cs,5b04(Ge,0,,) (1) and the occupancy of the tetrahedral
X sites by Si and Ge atoms was refined.

For x = 0.6, anisotropic temperature factors were as-
signed to Cs and Sb atoms. After refinement, the B values
for some oxygen atoms are low. This is due to the strong
correlations that exist between B factors for atomic posi-
tions labeled with the same numbers. As a matter of fact,
such positions are inferred from a given position in the
more symmetrical structure of Cs;Sb,04(S1,0,,) (1).

For x = 0.5, owing to the lower Ge content and the
smaller size of the crystal, the superstructure reflections
were weaker and those that were correctly measured

TABLE 1
Data Collection and Final Refinement Conditions

x = (.6 =103

Crysial size {mm) 0.02 ¢ 0.02 x 012 8006 x 0.08 x G.08

Radiation (A) MoKe., A = 0.71069 MoKa, A = 0.71069
Scan mode w @
Scan angle () Aw = 1.0 + 9.351an © Aw =10+ 0351an O
Recording angular range {0%) 1.5-30 1.5-35
Number of independent reflec- 1115 878
tions with o(£)/1 < 0.33 {used
in refinements)
Number of variables R 80
R =3 (F}— IFJVE IF, 0.037 0.042
R, = [Ewil#f — [F 2w FA2 0.038 0.042
with
W= L+ [(F e —Fay I )
Extinction parameter g 2.46(8) x 1078 1.219310°8
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and Ge-0 distances. The average <X-0> distances

within the XO, tetrahedra are given for x = 0.5 and 0.6

in Table 5 along with those for the end members (tables

of bond distances and bond angles are available
authors upon request).

from the

Although the results of the two previous structural de-

terminations lead to a random distribution of Ge (and Si)

atoms on the two tetrahedral sites of the structure, they

do not indicate anything about the local environments

TABLE 2

NMR Acquisition Conditions
rield 7T
Spectrometer Bruker MSL 300
Probehead Bruker MAS 7 mm
Nugcleus BSi
Nucleuns spin number 1/2
Resonance frequency 59 MHz
Pulse length 5 msec
Pulse angle 90°
Dead time 5 msec
Recycle time 4 sec
Spectral width 15 kHz
MAS spinning speed 4 kHz
Number of scans 10% to 10°
Digitized points 8192

Reference as 0 ppm
Solid test sample

Tetramethylsilane
Polydimethylsilane

(I >3 o)) were less numerous; thus anisotropic tempera-
ture factors were assigned only to the Cs atoms. After
refinement, it appears that B is low (0.18(4) A?) for the Ge,
Si(1) site and high (0.70(4) A for Ge, Si(1'}, suggesting
a possible problem with the occupancy refinements. A
refinement with fixed B values of 0.4 A” for both sites
was then undertaken. It led to occupancies of 0.51(1) for
Ge(1) and 0.49(1) for Ge(1'), i.e., values not significantly
different from those obtained without constraint on B
factors.

As already observed in Cs,Sb,03(Ge, 0,5} (1}, B factors
for Cs(1) in both structures are higher than those of other
Cs positions. This is probably due to some delocalization
of the cation within this site. As a matter of fact, for
the Cs(1) position in Cs,Sb,04(8i,0,,), the electron den-
sity is better accounted for when an 8g position, close to
the origin, is statistically occupied (1).

Table 1 shows the main results of the final refinements
that include corrections for secondary extinction and ac-
count for anomalous dispersion.

The final Fourier difference maps are featureless with
maxima and minima in the range of +1.2 eA™3. Tables 3
and 4 present the final atomic coordinates, thermal param-
eters, and occupancy of the X sites (structure factor tables
are available from the authors upon request).

After refinement, the occapancies of the X sites in both
phases are in good agreement with the compositions in-
ferred from the chemical analysis. Furthermore, they indi-
cate a random distribution of Si and Ge atoms on these
sites.

The bond distances and bond angles around Cs and Sb
atoms are very close to those already calculated in the
structures of the end members of the solid solution, while
the X—O distances are intermediate between typical Si-Q

which can, however, be determined by NMR measure-
ments; in other words, an average statistical distribution
inferred from an X-ray analysis can result in several types
of local nonstatistical distributions that NMR can theoreti-
cally distinguish.

ANALYSIS OF #Si MAS NMR SPECTRA

Since NMR is sensitive to the local environment of the
nucleus under study, the appearance of the spectra is
determined mainly by the distribution of oxygen atoms
around Si. However, because each oxygen atom around
a given Si is linked to two cations, the local environment
is actually governed by the four nearest neighbor cations.

TABLE 3
Cs,8b,04[(Si,Ge,)Oy;]: Fractional Atomic Coordinates
and Thermal Parameters

Atom  Qccupancy x y z By, Bo(AY)
Cs(1) 1 0.2652(2) 0.7348 0 2.46(3)
Cs(2} 1 Q \] 1.42973(5) 1.18(4)
Cs2) 1 0 o 0.06702(5)  L.18(4)
csd) 1 0.2534(4) 0.25 0.125 1.15(3)
Sh(1) 0.3803(2) 0.8670(2) (.09084(3) 0.3902)*
Sb{1") | 0.3671(2) 0.8797(2) 0.59429(3) 0.33(2)*
Ge(l) Q 48(1}}
0.3596(4) 0.1307(4) 0.03935(7) 0.18(4)*

Si(1) 0.52
Ge(t') 0.53(1)

} 0.3682(3) 0.1401(3) 0.54213(8) 0.70(4)*
Si(1" 0.47
1) 1 0.248(2) 0.947(2)y  0.1200(4) 0.6(1y*
o1 1 0.25 0.953) 0.375 0.6(1)*
01" 1 0.25 0.946(3) 0.875 0.6(1)*
0(2) 1 0.203(2) 0.476(2) 0.0645(4) 0.7(3)*
oy 1} 0.518(2)  0.793(2)  0.0593(4) Q.53
02" 1 0.321(1)  0.978(1)  0.0523(5) 0.7(2)*
on 0.0202) 0.679(2) 0.0566(5)  0.7(2)*
003) 1 (.403(2)  0.132(2)  0.9991(5) 1.6(3)*
0O(4) 1 0.221(2)  0.219{2)  0.0460(4) 1.4(3)*
O(S5) i 0 0.5 0.1099(5) Q.7(3)y*
O(5') 1 0.5 0 0.1070(6) 1.0{)*
O(6) i 0.261(2) 0.730(2) 0.0733(3) 0.6(2)*

Note. Starred atoms (*) were refined isotropically. Anisotropically
refined atoms are given in the form of the isotropic equivalent parameter.
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TABLE 4
Cs,5b,04[(SigsGe,z5)0;2]: Fractional Atomic Coordinates and
Thermal Parameters

Atom Occupancy x ¥ z B}, B.(AY
Cs(l) 1 (.2655(2) 0.7345 0 2.57(2)
Cs(2) 1 0 0 0.42935(4) 1.11(3)
Cs(2) 1 0 0 0.060685(4) 1.37(3)
Cs(3) 1 .2534(3) 0.25 0.125 1.17(2)
Sb(l) 1 0.3792(1) 0.8682(1) 0.09094(2) (1.46(2)
Sb(1y 1 0.3649(1) 0.8814(1) 0.59438(2) 0.32(2)
Ge(l) 0.606(8)

} 0.3591(3) 0.1293(3) 0.03941(5) 0.4003)
Si(1) 0394
Ge(1)  0.605(8)

} 0.3695(3)  0.1401(3) 0.54214(5) 0.41(5)
Si(1") 0.395
o 1 0.2482)  0.943(2}  0.1192(4) 1.5(3)*
0(1) 1 0.25 0.957(2)  0.375 0.12)*
om 1 0,25 0.947(2)  0.875 0.1(3)*
0O(2) 1 0.205(1)  0.476(1)  0.0654(4) 0.4(2)y*
02N 1 0.517(1)  0.796(1)  0.0590(3) 0.9(2)*
02" 1 0.322(1)  0.975(1)  0.0515(3) 1.202)*
Q2™ 1 0.02002)  0.681(1y  0.0560(3) 0.12)*
0(3) 1 0.407(1)  0.13K1)  0.9987(5) 1.7(2)*
O(d) ] 0.2192)  0.213(2)  0.0460(3) 1.3(2)*
o 1 0 0.5 0.1101(4) 1303
Q5" 1 0.5 0 0.1061(4} 0.93)*
Qi6) 1 0.267(1)  0.734(1)  0.0735(2) 0.52)*

Furthermore, since two of these four cations are always
Sb(V) one needs only consider the two remaining ones
(Si an/or Ge).

An elementary analysis of the various ways to build
X,0,, rings from Si0, and GeO, tetrahedra shows that
there are six possibilities schematized as follows:

where o stands for a Si atom and * for a Ge atom. Five
of these contain Siatoms; they should lead to five distinct
resonance lines but only three, rather broad, peaks are
observed (Fig. 3). This suggests that some lines are super-

TABLE 5
Average <X—0O> Distances, X = Si, Ge
Composition X(Ho, X(2)0,
Cs,8b5,04(8i40,,) 1.615(8)
Cs,Sby04[(81,Gey)O 3] 1.65(4) 1.69(4)
CSQSb“Og[(SigpsGelys)Onj 1.69(3) 1.70(3)
CS4Sb40g(GE4012) 1 737(6) 173()(6)
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FIG. 3. ®Si MAS NMR spectra for various compositions
Cs,Sb,04(8iy_,)Gey,0y5) (x values are indicated on the spectra).

imposed and cannot be distinguished by this technique.
Now, if one only considers the two nearest neighbor X
cations of a Si atom, the six configurations reduce to
three distinct ones that could account for the three peaks
observed. These three configurations, corresponding to
Si atoms with 2, 1, or 0 nearest neighbor Si atoms, can
be schematized as follows:

With use of this elementary analysis, a study of the
distribution of Si atoms in the various terms of the (Si,
Ge) solid solution was undertaken in order to determine
whether, as a function of composition, there are certain
configurations preferred among the six mentioned above,
or if the Si atoms are distributed statistically. A model
was developed to calculate the intensity of each peak as
a function of composition, similar to that of the successive
formation of complexes for which equilibrium constants
can be determined. These constants can then be used to
evaluate the probability of each configuration. The vari-
ous possible X,0,, rings are considered as complexes and
the equilibria correspond to a progressive substitution of
Ge atoms by Si atoms in a Ge, O, ring. Thus, if [ ¥lrep-
resents the probability of configuration ¥ ¥ in the struc-
ture, successive equilibria and their corresponding con-
stants can be written as:
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All probabilities then appear as functions of both the
equilibrium constants and the chemical composition;

* ok = # (1 - x)

) o:l = klkz[* *] ( XZX)
(¢ % _ , ® % (1- x)z
P D] = klk2|: *] 2

CI % %k 1-—

[o o] = k1k2k3[* *:l ( xjx)S

[ W k1k2k3k4[: *] Ay

[: : = 1/[1 . AL zx)z
TNt 24 xz 124 +kk2k3(—1——)~
+ gk, 4 = —x) ]

Hereafter this last expression will be called expression A.

Hypothesis of a Statistical Distribution

In this case of a statisticat distribution of Si {and Ge)
atoms in the X,0,, rings of the structure, the probability
of finding a Ge atom in an XO, tetrahedron is the Ge
content x and the probability of finding n Si0O, tetrahedra

PAGNOUX ET AL.

(and 4-n GeO, tetrahedra) in an X,0,, ring is given by
the Bernouilli formula, p,(x) = Cix* ™" (1 — x)*. The
condition 2, p, (x) = 1 can then be written in two differ-
ent ways:

> p,(x) = Cix*+ CiP (1 —x) + Cix (1 — x)?
Cix(1 —xP+ il ~x)*

— & 4 C4l Cz(l_x)z
C“x[ Ty T\«

Cif1—x\ gg(l—x)“
+Cﬁ(x )+c2 /|

This last one appears as formaily identical to (A) by identi-
fying Cix* to [} %], CYCY to k,, CH/CY to ky(k, + k3),
CYCY 10 kikyky, and CYCY to kkykoky.

At this point, it must be mentioned that X,0,, rings
with two 510, tetrahedra are divided into two groups that
do not contribute in the same way to the intensity of
experimental Si NMR lines. The following scheme
shows that, in the four former configurations, the Si atoms
have one nearest-neighbor Si atom, whereas in the latter
two they do not have any:

Accordingly, the probabilities for these two groups are
pA(x) =4x*(1—x)*and p;' (x) = 2x%(1 — x)?, respectively.

Equilibrium constants can now be calculated and the
following values are obtained:

ky=4; ky=1; k=12 kh=1; k=2, k,=1/4
TABLE 6
Configuration Probabilities for Various Ge Contents

X 0 0.2 0.4 0.6 0.8 1

[ u] 1 0.4096 0.1296 0.0256 0.0016 0
a *

[ =jl 0 0.4096 0.3456 0.1536 0.0256 0
W%

[ } 0 0.1024 0.2304 0.2304 0.1024 0

L :] 0 0.0512 0.1152 0.1152 0.0512 0
*  *

L ] 0 0.0256 0.1536 0.3456 0.4096 0
*® %

[* *] 0 0.0016 0.0256 0.1296 0.4096 1
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FIG. 4. Calculated and measured intensities (normalized) of the
three ®Si NMR peaks as a function of the Ge content x.

With these values the probabilities of the six configura-
tions mentioned above can be determined (Tabie 6) and
the intensity of the three peaks I5*° corresponding to Si
atoms with /m nearest neighbor Si atoms (m = 2, 1, or 0)
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can be calculated:

o o -3 o % L S
R N

£ o OIS
2[ } " [ ] - Igalc .
o 4 ¥ o

Calculated and measured values of the intensity for the
three peaks are ploited in Fig. 4 as a function of the Ge
content x. They are in quite fair agreement, thus indicat-
ing that the statistical distribution of Si (and Ge) atoms
in the X,0,, rings also exists at a local level.
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