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Abstract

During an investigation of the system A-P-Si—-Mo-0,
the oxides AMo;P;.¢Si,0,5 (A = Rb, TI) were isolated.
They crystallize in space group P31c¢ with Z =2,
[Crystal data for A=Rb: M,= 1009-07, a=b=
8:2905 (10), ¢ =17-4390 (23) A, V =1038-04 A3, D, =
3:266 Mgm™, u(Mo Ka)=4-948 mm™', F(000)=
478; for A=TI: M,=1127-97, a=b=8-2832(5),
c=17-4343 (100 A, V=103592A% D, =3636
Mgm™, u(MoKa)=10-248 mm~', F(000)=522;
Mo Ka(a =0-71069 A), T=293K.] The structures
were refined by full-matrix least-squares calculations
to a final R =0-031 for Rb and 0-054 for Tl with 1191
(Rb) and 885 (TI) measured independent reflections
which had I>30(I). The three-dimensional
framework of these oxides is built up from corner-
sharing MoOg octahedra, PO, tetrahedra and Si,0,
groups forming an intersecting-tunnel structure. The
ion-exchange properties of these oxides have been
shown for the first time. Thus new oxides containing
smaller ions such as Na™ can be prepared without
changing the lattice parameters.

Introduction

Recent investigations of the P~-W-O and A-P-W-O
systems with A= Na, K, Rb (Giroult, Goreaud, Labbé
& Raveau, 1980, 1981qa, b, 19824, b; Hervieu &
Raveau, 1982, 19834, b; Domenges, Goreaud, Labbé
& Raveau, 1982; Benmoussa, Labbé, Groult &
Raveau, 1982) have shown that the ability of PO,
tetrahedra and WO, octahedra to adapt to each other
allows the formation of mixed frameworks built up
from corner-sharing octahedra and tetrahedra. These
oxides are original in that they exhibit, like A WO,
tungsten bronzes, a tunnel structure (Magnéli, 1949,
1953; Magnéli & Blomberg, 1951; Banks & Goldstein,
1968 Swanson & Anderson, 1968; Kihlborg & Klug,
1973; Wanlass & Sienko, 1975: Hussain & Kihlborg,
1976 Kihlborg, Sundberg & Hussain, 1980 Kihlborg
& Sharma, 1982). In this respect, Mo exhibits
some similarity with W as shown by the
Mo"! phosphates (Mo00,),P,0,, MoO,(PO,), and
NaMoO,PO, (Kierkegaard, 19624, b, ¢) and by the
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Mo" phosphates (MoO)PO, (Kierkegaard & Longo,
1970) and (Mo0O),P,0,; (Minacheva, Antsyshkina,
Lavrov, Sakharova, Nikolaev & Porai-Koshits, 1979)
whose structures are also formed of corner-sharing
octahedra and tetrahedra; however, these oxides are
not characterized by a tunnel structure. Nevertheless,
a potassium molybdenum phosphate, K4M0§P,2052,
with a tunnel structure has recently been isolated
(Leclaire, Monier & Raveau, 1983). No Mo'Y phos-
phate has been obtained up to the present. Moreover,
no molybdenum silicate or molybdosilicophosphate
with a three-dimensional framework has been syn-
thesized in spite of the ability of Si and Mo to
form heteropolyanions as shown recently for
(CH¢N3).SiMo0,,04.H,0 (Ichida, Kobayashi &
Sasaki, 1980) and (NH.),,Cu,Si,M0,50¢.14H,0
(Fukushima, Kobayashi & Sasaki, 1981). For this
reason, it was attractive to investigate the systems
A-P-Si-Mo-O (A =Rb, TI). Thus, the present work
deals with the crystallographic study of the oxide
AMo;P; ¢Si,0,5 (A = Rb, Tl) which exhibits an inter-
secting-tunnel structure. The ion-exchange properties
of these oxides have been shown for the first time.

Determination of the structure

Mixtures of appropriate amounts of diammo-
nium hydrogenphosphate (NH,),HPO,, carbonates
Rb,CO; or T1,CO; and oxides MoO,, SiO, were first
heated progressively up to 873 K in air in order to
decompose the carbonates and the diammonium
hydrogenphosphate. The resulting mixtures were then
mixed with an appropriate amount of molybdenum,
and heated at 1173 K in evacuated silica ampoules
for several days. The composition of the black
hexagonal crystals was determined by atomic absorp-
tion spectrometry and confirmed by electron micro-
probe analysis. A (00.1) hexagonal plate 0-180x
0:132x0-048 mm for the Rb compound and a (11.0)
rectangular plate 0-120 x 0-096 X 0-048 mm for the TI
compound were selected for the structural determi-
nation.

The Laue patterns showed trigonal symmetry (3m).
The cell parameters in the Abstract were determined
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by diffractometric techniques, with a least-squares
refinement based on 25 reflections of reciprocal space.

The systematic absences in hh2hl for I=2n+1 led
to the space group P3lc or P3lc. Both structures
were solved and refined in the centrosymmetric P31c.

For both crystals, the data were collected on an
Enraf-Nonius CAD-4 diffractometer with Mo Ka&
radiation filtered with a graphite monochromator.
The intensities were measured up to 6 = 45° with an
w-30 scan of (0-90+0-35tgf)° and a counter slit
aperture of (10 +tg#)mm, all determined after a study
of some reflections in the w6 plane.

The background intensity was measured on both
sides of each reflection. A periodic intensity control
verified the stability of the sample. 1191 and 885
independent reflections for the Rb and the Tl com-
pounds respectively with o(1)/ I <0:333 were correc-
ted for Lorentz and polarization effects; absorption
corrections were applied using the program
AGNOSTC (Coppens, Leiserowitz & Rabinovich,
1965; de Meulenaer & Tompa, 1965). Atomic coordi-
nates of the MoOs groups were deduced from a three-
dimensional Patterson map. The remaiping atoms
were located in subsequent Fourier synthesis.

The atomic parameters and an isotropic extinction
parameter (Coppens & Hamilton, 1970) were refined
by full-matrix least squares, and a linear weighting
scheme w = f(sin 6/A) was adjusted by using the pro-
gram POND (Leclaire, unpublished).

Scattering factors and anomalous-dispersion cor-
rections for the different atoms of the compounds
were taken from International Tables for X-ray
Crystallography (1974).

The reliability factors were lowered to R=0-031
and R, =0-035 with the extinction coefficient g=
19 (2) for the Rb compound and R=0-054 and R, =
0-068 with g=39(4) for the Tl compound. Final
atomic parameters are given in Table 1.* The two sets
of parameters are identical within the limits of the
standard deviations.

Description of the structure and discussion

Examination of the structure shows slices, perpen-
dicular to the ¢ axis, containing all the tetrahedra and
{ of the octahedra (Fig. la) lying between almost
empty slices containing only the other octahedra and
the Rb or Tl atoms (Fig. 1b). The host lattice of these
oxides, which corresponds to the composition
‘Mo;PSi,0,5’, is built up from corner-sharing MoOg¢
octahedra, and PO, and SiO, tetrahedra, which
delimit wide tunnels running along [100], {110] and

* Lists of structure factors and anisotropic thermal parameters
have been deposited with the British Library Lending Division as
Supplementary Publication No. SUP38960 (15 pp.). Copies may
be obtained through The Executive Secretary, International Union
of Crystallography, 5 Abbey Square, Chester CHI 2HU, England.
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Table 1. Atomic parameters for RbMo;P;.Si,0,5
and TIMo;Ps.¢Si,0,s

RbMo, P, .Si,0,,
Mo(1)
Mo (2)
Rb

P

Si
o)
0(2)
o)
o4
0(5)

TIMo, P, 58,0,
Mo (1)
Mo (2)
T

P

Si
o
0(2)
0@Q3)
04
0(5)

B, = gZiZJBijai -a;
x y

i
i
i

i~

0-378%4 (12) 0-329%1 (16)
0 0
0-11371 (44) ~0-40782 (46)
—0-18867 (47) 0-24728 (46)
0-46708 (52) 0-33313(75)
0 0
0-03300 (41) ~0-16308 (39)

!
3
i

i

e

3 3
0-37818 (34) 0-32978 (46)
0 0
0-11354(119)  -0-40731 (129)

-0-19013 (125) 0-24785(129)
0-46868 (146) 0-33401 (203)
0 0

0-03358 (105)  —0-16436 (106)

z

0-02239(3)

1

1

4
0-11067(5)
0-09078 (10)
0-09504 (20)
0-45370 (18)
0-18697 (16)
0
0-12389 (20)

0-02220(7)
1
1

4
0-11045 (10)
0-09101 (26)
0-09473 (48)
0-45347 (50)
0-18721 (37)
0
0-12344 (43)

(2)

B. (A%

0-49 (0-01)
0-45(0-01)
4:46 (0-06)
0-48 (0-02)
0-76 (0-03)
1-20 (0-08)
1-21 (0-08)
1:70(0-10)
1-60(0-15)
1-14(0-07)

0-55(0-02)
0-53 (0-03)
577 (0-09)
0-52 (0-05)
0-72(0-07)
1-26 (0-20)
1-44(0-21)
179 (0-29)
0-93 (0-30)
1-05 (0-18)

O

* Tl or Rb

013}

a

(b)

Fig. 1. Projections of the atoms (a) with ~0-19<z<0-19 and (b)

with 0-18 < z < 0-32.
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(010] where the TI" and Rb" ions are located (Fig. Table 2. Distances (A) and OMO angles (°) for the
Mo(1)O, octahedron

Rb compound first line; Tl compound second line.

2). SiOy tetrahedra appear in the form of pyrosilicate
groups with a staggered configuration; these Si,0,
groups share their six corners with PO, tetrahedra,
forming ‘tetrahedral’ [Si,P¢O,s] units (Fig. 3). These
units form columns along [001], two successive units
being rotated by about 18° with respect to each other.
These tetrahedral units are linked to each other
through the corners of the MoOg octahedra, the ter-
nary axis of which is parallel to [001]. The framework
of this structure can also be described as Mo;P,05,
strings formed of corner-sharing PO, and MoO, poly-
hedra directed along [001] (Fig. 4) which are linked
together through Si,O, groups and the free corners
of the polyhedra.

The different polyhedra of the host lattice are
almost regular as shown by Tables 2, 3, 4 and 5 which
give the interatomic distances and angles. The two
MoO; octahedra indeed exhibit very homogeneous
distances (1:974 to 2-059 A) very close to those ob-
served for MoO, (Magnéli & Andersson, 1955) (1:94
to 2:07 A), the O-Mo-O angles always being close
to 90 or 180° This in agreement with oxidation state
IV for Mo in this phase which involves a symmetrical
configuration of Mo, unlike Mo"' and Mo".

The PO, and SiOj tetrahedra are almost regular
(Tables 4, 5) but the P and the Si atoms are respec-
tively off center by about 0-084 and 0-037 A for the
Rb compound and by about 0-076 and 0-027 A for
the Tl compound. The P-O distances of the P-O-Si
bonds are close to those (1-56 to 1-60 A) observed
for the P-O-P bonds in Rb].ﬁPSWJZO] 125
Rb, sPsW,4045 (Giroult er al, 1980, 1981a) and
NaFeP,0; (Gabelica-Robert, Goreaud, Labbé &
Raveau, 1982); however, they are longer than the P-O
distances of the P-O-Mo bonds (1-502 to 1-526 A).

Fig. 2. Projection of the structure along a showing the tunnels.

O(l) o(1") o' 02" 0(2"™) 0(2%)
—_—_ 2044 (4)  2:044(4) 2:044(4) 2:059(4) 2-059(4) 2-059(4)

o(h) 2043(9)  2:043(9) 2:043(9) 2:046(12) 2:046(12) 2-046(12)

o 2778(5)  2778(5) 2931(5)  2:991(5)
278(1)  278(1)  292(1)  2:99())

’ 856(1) 2:778(5) 2931 (5) 2991 (5)
owm 857 (4) 2.78(1) 292(1)  29(1)
— 85:6(1)  856(1) 2991 (5) 2.930(5)

% 857(4)  857(d4) 2.99(1) 2:92(1)
o' 91-2(2) 176:8(1) 93:6(1) 2900(6) 2-900(6)

" 91-2¢4) 177.0(4)  93-9(3) 287(2) 287(2)

N 936(1)  91.2(2) 1768(1)  89:6(1) 2900 (6)
0@ 93-9(3)  91-2(4) 177-0(4)  89-2(4) 2:87(2)

. 1768(1)  936(1)  91-2(2)  896(1)  89-6(1)

02 177:0(4)  93-9(3)  91-2(4)  B9-2(4)  89-2(d)

Symmetry code: (i) =y, x—y—1, z: (i) | +y—x, —x, z; (iii) y, x, z—0-5;
(iV)—x, y-x=1,z=05;(V)x=y+1,-y 2-0-5:(vi) =y, x—y, 2: (vii) y— x,
NOS—zi(vii)l—x, y 2. (ix) y=x, 1 =x, z;(x) =y, | =%, 0:5=z; (xi) x— 1,

Xx—y,0:5-z; (xii) y=x, y,0:5—1; (xiii) y—x, -x, 2.

Table 3. Distances (A) and OMO angles (°) for the
Mo(2)O¢ octahedron

Rb first line; Tl second line.

0™ 0G") o0@™ 0@y 0@ o'
Mo @) 14986(5)  1-986(5)  1-986(5) 1-986(5)  1-986(5) 1-986(5)
197 (1) 1-97(1) 1:97 (1) 197 (1) 197(1)  1:97(1)
o 2864 (B) 2-864(8) 2752(5) 2:749(7)
) 285(2) 2852) 273(1)  274(2)
“ 92:3(2) 2:864(8) 2752(5) 2749(7)
o0- 92:2(5) 2.85(2) 273(1)  274(2)
92:3(2)  92:3(2) AT e
0@ 92205 92205 o L
Z 87:7(2)  1799(2) 87:6(1) 864 (8 .
03" 87:6(6) 179-7(T)  88-0(4) i-sst'h' ;:‘;’12‘?1
87-6(1)  8TT(2)  17992)  92:3() ,
0@ 88:0(4)  87-6(6) 1797(6)  922(5) Ty
1799(2)  87.6(1)  877(2)  923(7)  92:3(2)
03" 1797 (6) 88-0(4) 876 (6) 92:2(% 92-2(5)

Fig. 4. The Mo,P40,, string.
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Table 4. Distances (A) and OSiO angles (°) for the
SiO, tetrahedron
Rb first line; Tl second line.
0(4) 0(5) 05" o(5*™)
. 1-583(2) 1-614(4) 1-614.(4) 1614 (4)
Si 1-587 (4) 1-621(10) 1-621(10) 14621 (10)
2:634(4) 2-634(4) 2:634(4)
o 2:635(9) 2:635(9) 2:635(9)
1-oQ 2:611(5) 2611 (5)
o) 110-453; 2632(18) 2:632(14)
" 11:0(1) 108-0(2) 2611 (5)
06™ Ho-403) 108-5.(4) 2.632(14)
X 111-0(1) 108-0(2) 108-0(2)
0™ 110-4(3) 1085 (4) 108-5 (4)

Table S. Distances (A) and OPO angles (°) for the
PO, tetrahedron

Rb first line; Tl second line.

o(t™) o™ 013) 0(s™)
p 1-509 (5} 1-509 (3) 1-513(4) 1:579(3)
1-502(12) 1511 (9) 1:526 (9) 1-564(9)
o(1%) 2:545(5) 2-453(T) 2:485 (6)
2:54(1) 2-46 (1) 2:46(2)
Vi 115:0(2) 2:531(5) 2:484(5)
™) 115-0(5) 2:53(1) 248 (1)
0i3) 108-6 (3) 113-7(3) 2:447(5)
108:5(7) 112:9(8) 2-45(1)
o) 107-2(2) 107-0(2) 1047 (2)
106-9 (5) 107-7(6) 105-1(5)

In a similar way the Si~O distances corresponding to
the P-O-Si bonds are close to those given by Baur
(1977) for different silicates, and are longer than the
Si-O distances of the Si—-O-Si bonds. The tunnels can
be considered as resulting from the stacking of several
sorts of rings: almost planar rings formed
of four octahedra and eight tetrahedra
[(M00g)4(S8i0,):(PO,)¢] (Fig. Sa) and which are
strongly inclined with respect to the axis of the tun-
nels; rings built up from three octahedra and five
tetrahedra [(MoQg)(Si0,)(PO,)4] (Fig. 5b); and rings
built up from two octahedra and six tetrahedra (Fig.
5¢) whose mean plane is closer to the plane normal
to the axis of the tunnels.

(@)
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The geometry of these latter two windows exhibits
some analogy with that of Cs,Nb,0,, (Gasperin,
1981) (Fig. 6), although formed of different polyhedra,
and can thus be described as being derived from the
hexagonal rings observed in the pyrochlore structure
by the addition of two polyhedra (Fig. 6). This analogy
with the pyrochlore structure and with octahedral
structures resulting from the intergrowth of pyro-
chlore with the A,NbsTiO;; structures (Michel,
Guyomarc’h & Raveau, 1977, 1978; Michel,
Guyomarc’h, Deschanvres & Raveau, 1978; Marini,
Michel & Raveau, 1979; Desgardin, Robert, Groult
& Raveau, 1977) is also observed as regards the
orientation of the tunnels which extend along three
directions, [100], [010] and [110], so that three tunnels
belonging to the same (001) plane intersect at the
level of the same cage; this characteristic is very
similar to that observed for the titanoniobate
A,TiNbeO g (Desgardin et al., 1977); only the tunnels
of the same level can communicate with each other
allowing an eventual mobility of the A ions in the
(001) plane, unlike the pyrochlores for which a three-
dimensional migration of the A ions is possible, owing
to the presence of additional tunnels in other direc-
tions. Thus, these tunnels form very voluminous cages
and, as a result, TI" and Rb™ which are located at
the center of an antiprism formed by the faces of two
MoOg octahedra lying along ¢ exhibit minimum TI-O
and Rb-0O distances [3-147 (9) and 3-142 (4) A respec-
tively] which are greater than usually observed. This
characteristic is in agreement with the high
anisotropic thermal parameter observed along the
(100) and (110) directions, i.e. along the axes of the
tunnels. Thus it appears that this type of structure
should allow the possibility of migration of the alka-
line ions through the framework, and for this reason
the ion-exchange properties of these compounds have
been investigated as shown below.

Attention must be drawn to the problem of non-
stoichiometry observed for these compounds: the
presence of a small deficiency of P in the PO,
tetrahedra is unusual but is necessary to ensure the
charge balance, unless the composition is considered

(b)
Fig. 5. () [(M0O4)y(Si04)2(PO4)s] ring. (b) [(M0Og)3(Si0,)(POy),] ring. (¢) [(M0O4);(Si0,4);(PO,),] ring.
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to be RbMoj'Mo'"'PsSi,0,s; however, this latter
hypothesis is less likely because the existence of Mo'"!
has never been proved in oxides. Attempts to prepare
stoichiometric oxides such as RbMo.YP;Si;0,s were
unsuccessful; this is easily explained by the fact that
Siand P cannot be distributed on the same tetrahedral
sites owing to their different sizes. In the same way,
the possibility of the existence of an Rb or a Tl
deficiency has been considered: it has been observed
that this structure can be formed without Rb or Tl
i.e. for the composition Mo}"P¢Si,O,s, but this phase
always appears in a mixture of several oxides and
could not be isolated. On the other hand, a compensa-
tion charge on the Mo sites, by partially substituting
a trivalent cation for Mo, stabilizes this structure; so,
for example, the compound RbMo} Ti'""P,Si,0,s
could be more easily prepared as a pure compound
than the phase RbMo;'Ps4Si,0,s; however, single
crystals of this phase have not been isolated up to
the present.

Ion-exchange properties

The ion-exchange properties of these oxides were
studied in a first step in an aqueous medium. Two
possibilities were investigated: proton exchange in an
acidic medium, and exchange by Na” ions with a
sodium chloride solution. About 1g of these com-
pounds was placed in a vacuum filter and the
exchange solution was then added at different con-
centrations: 0-1, 1 and SM; in the case of the acid
solution three sorts of acids were successively used:
H,SO,, HCI and HNO;. Tl or Rb, and Na were then
analyzed in both, the solid compounds after reaction
and in the liquid phase. Whatever the starting oxide
may be, and whatever the exchange solution, no ion-
exchange properties were found under these experi-
mental conditions, contrary to the results observed
for several octahedral intersecting-tunnel structures
such as pyrochlores (Michel, Hervieu & Raveau,
1971; Groult, Michel & Raveau, 1972; Michel, Groult,
Deschanvres & Raveau, 19754, b) and A,NbTiO ;-
related oxides (Marini et al., 1979; Robert, Desgardin
& Raveau, 1979). In the same way, attempts at
exchanging by placing the starting oxides in a vacuum
filter and heating to 343 K in the presence of an
appropriate solution were unsuccessful.

Fig. 6. Tunnels in the Cs,Nb4O,, structure. T indicates the
hexagonal ring of a pyrochlore structure.

The ion-exchange properties were then studied in
a second step according to a method which was first
described by Michel, Robert, Groult & Raveau (1975)
for the thallium pyrochlores and which is based on
the volatility of thallium chloride at moderate tem-
perature. Thus the TIMo,P; ¢Si,0,s oxide was mixed
with sodium chloride and heated under primary
vacuum at 673 K for different lengths of time. The
ion-exchange products were analyzed by atomic
absorption spectroscopy.

With these experimental conditions, different ion-
exchange products were observed:

TIMo,P5.4S1,0,5 + xNaCl
-> Tll;xNaxM03P5.8Si2025 +xT]Cl
with 0<x=<1.

The Na compounds are hygroscopic and can
absorb up to one H,0 molecule per Na™ ion without
changing their structure. Thus it appears that these
oxides exhibit ion-exchange properties in agreement
with the presence of intersecting tunnels. The X-ray
diffraction patterns of the sodium oxides do not
exhibit a significant variation of the cell parameters,
but the intensity of some reflections is drastically
changed owing to the replacement of Tl by Na.
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Abstract

A literature search for sodalite frameworks has
revealed that, besides tilting, tetrahedron-edge-length
distortions are an important means of releasing strains
imposed by geometrical constraints. The extent of
this distortion rises with the Al content in the series
of framework composition [Al,,_,Si,02,]'*™™ (0=
n=12). Violations of Loewenstein’s rule are con-
nected with large tetrahedron-edge-length distortions.
Geometrical relationships are given.

Introduction

The general formula for members of the sodalite
family is M;g[T,,0,4]X,. Tetrahedra TO, with T=
Si**, AI’*, Be**, B*", . . . are connected with each other
via common O atoms to form what is known as the
sodalite framework. The centres of the tetrahedra
occupy thereby the corners of truncated octahedra
which in turn, being linked by common 4-rings and
6-rings, form a space-filling arrangement. The T
cations need not be all of the same kind in a given
structure. In fact, a sodalite framework with only Si
has never been found (it would be a hypothetical
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silica modification). Usually, part of the tetravalent
Si** is replaced by other lower-charged cations (most
commonly AP’*) and the framework composition
becomes, e.g., [AlsSis0,,]°". Clearly, this framework
needs charge compensation to maintain elec-
troneutrality. This is achieved by balancing the nega-
tive charges of the framework by a combination of
cations and anions being situated in the large cavities
(cages) formed by the framework. Besides charge
balancing, these cage cations M (typically Na*, K*,
Ca’’,...) and cage anions X(CI-, SO27,...) have
another important function as they prevent the open
tetrahedra framework from collapsing. They serve as
a form of spacer and when they are smaller than the
size corresponding to a maximal expansion, the
framework adapts itself to the size of the cage ions.
Pauling (1930), who determined the structure of the
natural mineral sodalite, called this volume reduction
a ‘partial collapse’. The mechanism by which the
framework reduces its cage volume consists of
cooperative rotations of the TO, tetrahedra about
their 4 axes. Fig. 1 of Taylor (1972) illustrates very
clearly this tilting or folding of the sodalite
framework. The degree of tilting is measured by the
tilt angle ¢.
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