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Abstract 
Single crystals of diantimony molybdenum hexaoxide 
have been grown by solid-state reaction. This oxide 
crystallizes as a layered structure, as in the case of the 
previously reported Sb2WO6. Mo atoms are located in 
severely distorted O-atom octahedra while each Sb atom 
is bonded to five O atoms, three at short distances and 
two at longer distances, retaining the three-dimensional 
array. 

Comment 
Several investigations of the bismuth oxide-based Au- 
rivillius family (Bi202)(An-IBnO3n+1) have been de- 
voted to changes in both structural characteristics and 
properties (A = Na +, K +, Ca 2+, Sr 2÷, Pb 2+, La 3+, Bi3+...; 
B = Fe 3÷, Cr 3+, Ti 4+, Nb 5+, Mo 6+, W6+...). Recent pa- 
pers have shown that other lone-pair cations, such as 
Sn n, Sb nl or Te TM, can be partially introduced in the 
Bi202 layers (Castro, Millan, Martinez-Lope & Tor- 
rance, 1993; Castro, Millan & Enjalbert, 1995; Millan, 
Ramirez & Castro, 1995), or in the particular n = 1 
Aurivillius-like phase, where Bi m can be completely re- 
placed by Sb Ill (Castro, Millan, Enjalbert, Snoeck & 
Galy, 1994; Ling, Withers, Rae, Schmid & Thomp- 
son, 1996; Ramirez, Enjalbert, Rojo & Castro, 1997) 
to obtain Sb2WO6 and Sb2(W,V)O6_6 compounds. In- 
deed, Sb2WO6 was first described as an ordered in- 
tergrowth between [Sb202]n and [WO4]n perovskite- 
type layers and was refined from a twinned crystal 
in the space group P1, with unit-cellparameters a = 
5.554 (1), b = 4.941 (2), c = 9.209 (3) A, c~ = 90.05 (3), 
/3 = 96.98 (2), 3' - 90.20(2) ° (Castro, Millan, Enjal- 
bert, Snoeck & Galy, 1994). Subsequently, following 
electron-microscopy investigations, this structure was 
further refined as an enlarged 2a x 2b x 2c F-centred 
superstructure of the one previously reported, the twin- 
ning of crystals being successfully modelled during re- 
finement (Ling, Withers, Rae, Schmid & Thompson, 
1996). 

In the paper by Ling et al. (1996), the authors 
report the synthesis of a new Sb2MoO6 powder phase, 

~ Also affiliated to: Instituto de Ciencia de Materiales de Madrid, 
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giving evidence of its isostructuralism with Sb2WO6 
and proposing the F1 unit cell a = 10.758(1), b = 
9.673(2), c = 17.57 (1),~,, o~ = 90.00(5), /3 = 96.98(3), 
3' = 90.05 (2) °. In fact, other authors (Laarif, Theobald, 
Vivier & Hewat, 1984) had determined, prior to this 
proposal, the structure of this oxide by single-crystal X- 
ray diffraction and powder neutron diffraction methods, 
resulting, respectively, in the unit-celloParameters a = 
7.481 (2), b = 7.504 (2), c = 10.120 (2)A, c~ = 70.43 (2), 
/3 = 70.91 (2), 3' - 83.35 (2) °, and a = 7.4774 (2), b 
= 7.5017(2), c = 10.1259 (2) ,4,, c~ = 70.374(1), /3 = 
70.889 (1), 3' = 83.246 (1)°. 

To ascertain the true structure of Sb2MoO6, single 
crystals were grown by solid-state reaction. From X- 
ray investigations using the precession method, the 
superstructure of Sb2MoO6 was clearly shown, giving 
the enlarged cell and a superstructure similar to those 
of Sb2WO6, as demonstrated by transmission electron 
microscopy experiments. The structure of the title 
compound has been determined by classic X-ray single- 
crystal diffraction methods. 

The general framework of Sb2MoO6 (Fig. 1) main- 
tains the layered arrangement seen for Sb2WO6 (Cas- 
tro et al., 1994; Ling et al., 1996), and is formed 
by antimony-oxygen double layers alternating with 
molybdenum-oxygen slabs parallel to the (001) plane, 
which bind together along the [001] direction through 
Sb- -O  bonds. Mo atoms occupy eight independent po- 
sitions and each bonds to four O atoms at shorter dis- 

.~ .:. , ..? .-., = - 4i. 
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Fig. 1. Projection of the crystal structure of Sb2MoO6 onto the (010) 
plane. 
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tances between 1.739 (8) and 1.935 (7),~,, with an aver- 
age value (Mo--O) = 1.816 A, and to two other atoms 
at longer distances between 2.162 (7) and 2.267 (8),~, 
((Mo--O) = 2.227 ,~,). The O atoms thus form strongly 
distorted octahedra. The Mo atoms are shifted out of 
their centres as shown in Fig. 2; the displacements 
range from 0.33,4, for Mo7 to 0.36 A for Mo4. The 
MoO6 octahedra share corners and allow the formation 
of [MoOn]n puckered layers parallel to the (001) plane 
(Fig. 2). 

environment is supplemented by two other O atoms 
at longer distances~ between 2.304 (7) and 2.806 (8),4, 
((Sb---O) = 2.540 A), joining both [Sb202]n layers and 
the apices of the [MoOa]n layer. In all caseS, othe next 
shortest Sb----O distance is greater than 3.15 A. Fig. 3 
shows the coordination of some representative Sb atoms 
together with the possible location of their associated 
lone pairs, E. The coordination of Sb atoms must always 
be represented as 3+2 where the three short distances 
are almost regular while the longer distances involve 
either similar values (e.g. Sb2 or Sbl2) or different ones 
(e.g. Sb6 or Sbl0). The location of the lone pair, E, 
associated with each Sb atom was carried out according 
to Galy, Meunier, Andersson & ,~,str6m (1975); the Sb--- 
E distances range from 0.9 to 1.1 ~,. 

Fig. 2. Projection onto the (001) plane of one [MoO4]n layer showing 
the tilting of the Mo-O octahedra (above) and the Mo----O bonds 
(dark lines corresponding to short distances) (below). 

There exist 16 unequivalent Sb atoms in the unit 
cell of the Sb2MoO6 structure, exhibiting the classic 
one-sided coordination of cations possessing lone pairs. 
Each Sb atom is coordinated to three O atoms at short 
distances., between 1.940 (6) and 2.166 (7) ,~ ((Sb--O) 
= 2.036 A) and forms, with two of these O atoms, part of 
a puckered layer; the third O atom belongs to an apex 
of an octahedra in the [MoO4]n slab. The metal-atom 
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Fig. 3. Coordination polyhedra of representative Sb atoms in 
Sb2MoO6 including lone pairs, E. 

The thermal study of Sb2MoO6 has highlighted an 
effect at lower temperatures which could be correlated 
with a rearrangement of the polyhedra in the same way 
as for Bi2MoO6 at low temperatures (van den Elzen 
& Rieck, 1973) or high temperatures (Buttrey, Vogt, 
Wildgruber & Robinson, 1994). A study of the low- 
temperature structure of Sb2MoO6 is underway. 

Finally, as the structure of Sb2MoO6 is highly 
complex (72 independent atoms corresponding to 16 
Sb2MoO6 entities) extrapolation of the unit-cell pa- 
rameters from powder pattern data of a possible non- 
monophasic sample may account for the wrong values 
reported by Ling et al. (1996), while the parameters 
proposed by Laarif et al. (1984) correspond to a mean 
structure. Indeed, the matrix [ -1  - 1  0, - 1  1 0, 1 1 
- 2 ]  transforms their unit-cell parameters to those of the 
present structure, multiplying the volume by 4. 
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Exper imenta l  

Sing le  c rys ta ls  o f  Sb2MoO6 w e r e  ob t a ined  f r o m  a mix tu re  o f  

Sb203  and MoO3 ox ide s  in the m o l a r  ra t io  1.5:1, the excess  
Sb203  ac t ing  as flux. T h e  m i x t u r e  was  g r o u n d  in an agate  
m o r t a r  and  p l aced  in a P y r e x  a m p o u l e  sea led  unde r  v a c u u m  
in o rde r  to avo id  any  ox ida t ion  o f  Sb  tlx to Sb v. It was  hea t ed  

at 763 K for  24  h and  c o o l e d  to r o o m  t e m p e r a t u r e  at 5 K h -~ . 

Crystal data 

Sb2MoO6 
Mr = 435 .44  
Tr ic l in ic  

P1 
a =  1 1 . 1 9 2 ( 2 )  

b = 9 .9600  (10) ,~, 
c = 18.282 (2) ,~, 
o~ = 90 .33  (3) ° 

/3 --- 97 .03  (2) ° 

3' = 90 .19  (2) ° 
V = 2022 .6  (5) ,~3 

Z =  16 
Dx = 5 .720  M g  m -3  

Dm not  m e a s u r e d  

Data collection 

E n r a f - N o n i u s  C A D - 4  

d i f f r a c t o m e t e r  

w-20 scans  

A b s o r p t i o n  co r rec t ion :  
~b scans (Nor th ,  Phi l l ips  

& M a t h e w s ,  1968) 

Tmi, = 0.21,  Tmax = 0.35 
10 164 m e a s u r e d  re f lec t ions  
6615 i n d e p e n d e n t  re f lec t ions  

Refinement 

R e f i n e m e n t  on  F 2 
R[F 2 > 2o-(FZ)] = 0 .030  

wR(F 2) = 0 .107  

S -- 1.010 
6615 re f lec t ions  
410  pa r ame te r s  

w = 1/[0.2(Fo 2) + (0 .0509P)  2 

+ 15 .6700P]  
w h e r e  P = (F~ + 2F,?)/3 

(Z~/0.)max = 0.073 

M o  Ka rad ia t ion  
A = 0 .71069  ,~ 

Cel l  pa r a m e t e r s  f r o m  25 
ref lec t ions  

0 = 9 . 1 1 - 1 8 . 2 3  ° 
# = 13.001 m m  -~ 

T = 293 (2) K 
Pa ra l l e l ep iped  

0 .252  x 0 .125 x 0 .094  m m  
R e d - o r a n g e  

2398 re f lec t ions  wi th  

I > 20-(/) 

Ri,t = 0 .018  

0max = 26 .97  ° 
h = - 14 ~ 14 

k = - 12 ~ 12 
l = - 2 3  ~ 23 

6 s tandard  re f lec t ions  
e v e r y  200  ref lec t ions  
in tens i ty  decay :  0 .2% 

Apmax = 2.61 e ,~-3  at 

0 .35 ~, f r om  Sb2  
Apmin = - 2 . 8 5  e , ~ - 3  at 

0 .78 ,~ f r o m  S b l  1 
Ex t inc t ion  cor rec t ion :  

SHELXL96 (She ldr ick ,  

1996) 
Ex t inc t ion  coeff ic ien t :  

0 .0142  (2) 
Sca t t e r ing  fac tors  f r o m  

International Tables for 
Crystallography (Vol. C)  

T a b l e  1. Selected geometric parameters (A) 
Mo 1--O 1 
Mo 1--O2 
M o 1 - -03  
Mol--O4 
M o l ~ 5  
Mo1--O6 
M o 2 ~ 7  
Mo2--O8 
Mo2----O9 
Mo2--O 10 
Mo2--O 11 
Mo2--O 12 
Mo3--O 13 

1.762 (7) S b 3 ~ 4 1  
1.778 (7) Sb4---O42 
1.832 (7) Sb4--O43 
1.932 (7) Sb4--O9'" 
2.205 (6) Sb4---O44 
2.246 (8) Sb4---028'" 
1.745 (7) Sb5--045 
1.775 (7) Sb5--016 
1.820 (7) Sb5---035" 
1.908 (7) Sb5---033" 
2.215 (8) Sb5--029 
2.249 (6) Sb6--046 
1.751 (7) Sb6--O38' 

2.568 (6) 
1.971 (7) 
1.993 (7) 
2.144 (7) 
2.330 (7) 
2.690 (7) 
1.983 (7) 
2.043 (7) 
2.049 (7) 
2.557 (8) 
2.615 (8) 
1.979 (7) 
2.005 (7) 

Mo3--O14 1.765 (7) Sb6---O21 2.097 (7) 
Mo3--O15 1.834 (7) Sb6---O37' 2.304 (7) 
Mo3--OI6 1.930 (7) Sb6--O30' 2.728 (7) 
Mo3--O17 2.225 (7) Sb7--O47 1.978 (7) 
Mo3--OI8 2.239 (8) Sb7--O41 .... 2.039 (6) 
Mo4--OI9 1.743 (7) Sb7--O15'"' 2.154 (7) 
Mo4--O20 1.774 (7) Sb7--O40'"' 2.337 (7) 
Mo4--O21 1.862 (7) Sb7--O31 2.750 (7) 
Mo4--O22 1.935 (7) Sb8---O48 1.980 (7) 
Mo4--O23 2.224 (6) Sb8--O22'" 2.024 (7) 
Mo4--O24 2.267 (8) Sb8--O44'" 2.028 (7) 
Mo5--OI2 1.747 (6) Sb8---O42'" 2.520 (8) 
Mo5--O5 1.770 (6) Sb8---O32'" 2.584 (8) 
Mo5--O25 1.851 (8) Sb9----O37 2.025 (7) 
Mo5--O26 1.894 (7) Sb9--O34 2.036 (7) 
Mo5--O2' 2.173 (7) S b 9 ~ 2 6  2.051 (7) 
Mo5--O8" 2.233 (7) Sb9---O48'" 2.504 (7) 
Mo6---O11 1.741 (8) Sb9---Ol0 2.534 (6) 
Mo6--O6 1.757 (8) Sb10--O33 'x 1.980 (8) 
Mo6--O27 1.882 (6) S b 1 ~ 3 6  2.025 (7) 
Mo6--O28 1.893 (7) Sb10~O25" 2.166 (7) 
Mo6----O7 "~ 2.231 (7) SblO--aD47 TM 2.353 (7) 
Mo6~OI ~' 2.244 (7) Sb11--O39 1.992 (7) 
Mo7--023' 1.76(I (6) Sb I 1 ---042 2.036 (7) 
Mo7--O17" 1.761 (7) Sb11--O27 2.130 (6) 
Mo7--O29 1.843 (7) Sbl 1--O46'" 2.347 (7) 
Mo7--O30 1.864 (7) Sb12---O40 'x 2.016 (7) 
Mo7--O20 2.162 (7) Sb12---O28"' 2.050 (7) 
Mo7--O14 2.243 (7) Sb12--O43 2.060 (7) 
Mo8--O24'" 1.739 (8) Sb12--O45 TM 2.490 (7) 
Mo8--O18'"' 1.743 (8) Sb12--O4 i" 2.494 (7) 
Mo8--O31 1.849 (8) Sb13----O38' 1.980 (7) 
Mo8--O32 1.862 (7) Sb13--O45 1.997 (7) 
Mo8--O13 2.224 (7) Sb13---O29 2.149 (7) 
Mo8--OI9 2,243 (7) Sb13---O43'" 2.318 (7) 
Sbl--O33 1.993 (8) Sb14--O35' 1.946 (7) 
Sbl--O34 2.004 (8) Sb14--O46 2.035 (7) 
Sbl--O3 2.136 (7) Sb14---O30' 2.051 (7) 
Sbl--O35 2.394 (8) Sb14----O39'" 2.483 (7) 
Sbl--O26 2.680 (8) Sb14---O16 'x 2.503 (7) 
Sb2--O36 1.968 (7) Sb15---O44'" 2.014 (6) 
Sb2--O37 2.042 (7) Sbl5--O47 2.034 (7) 
Sb2--O10 2.051 (6) Sbl5--O31 2.058 (7) 
Sb2--O38 2.547 (7) Sb15--O36'" 2.484 (7) 
Sb2--O25" 2.572 (8) Sbl5--O22'" 2.528 (7) 
Sb3--O39 1.989 (7) Sbl~-O41'"  1.940 (6) 
Sh3--O40 2.011 (7) Sb16--O48 1.989 (7) 
Sb3--O4" 2.036 (7) Sb16--O32'" 2.140 (6) 
Sb3--O27 2.560 (6) Sb16~O34 TM 2.340 (8) 

Symmetry codes: (i) - x ,  - y ,  - z ;  (ii) 1 - x, - y ,  - z ;  (iii) ! - x, 1 - 
y , - z ;  (iv) - x ,  1 - y , - z ;  (v) 1 - x , - y ,  1 - z ;  (vi) - x , - y ,  1 - z ;  (vii) 
l - x , l - y , l  - z; (viii) - x ,  l - y, l - z; (ix) l + x , y , z .  

T h e  intensi t ies  o f  the m e a s u r e d  ref lec t ions  have  been  co r r ec t ed  
for  L o r e n t z  and po la r i za t ion  factors .  T h e  M o  and Sb a toms  

were  i n t roduced  by  ana logy  wi th  the Sb2WO6 s t ruc ture  (Cas t ro  
et al., 1994) and re f ined  i so t rop ica l ly  (SHELXL96; Sheldr ick ,  
1996). T h e  48  i n d e p e n d e n t  O a toms  we re  loca ted  f r o m  
d i f f e r ence  Four i e r  summat ion .  Ca lcu la t ions  we re  p e r f o r m e d  

wi th  an i so t rop ic  d i s p l a c e m e n t  pa rame te r s  for  M o  and Sb 
a toms ,  and i so t rop ic  d i s p l a c e m e n t  pa rame te r s  fo r  O a toms.  Fo r  

c lar i ty  in the f igures,  the d i s p l a c e m e n t  e l l ipso ids  were  p lo t ted  
at a rb i t ra ry  p robab i l i ty  levels .  

Da ta  co l lec t ion :  CAD-4 EXPRESS ( E n r a f - N o n i u s ,  1993). 
Cel l  r e f inement :  CAD-4 EXPRESS. Data  reduc t ion :  CADAK 
(Savar iau l t ,  1991).  P rog ram(s )  used  to so lve  s t ructure:  
SHELXS96 (She ldr ick ,  1990). P rog ram(s )  used  to ref ine struc-  

ture: SHELXL96 (She ldr ick ,  1996). M o l e c u l a r  graphics :  OR- 
TEPII ( Johnson ,  1976).  S o f t w a r e  used  to p repa re  mater ia l  fo r  
publ ica t ion :  SHELXL96. 

A C  t h a n k s  t h e  C E M E S / C N R S  ( F r a n c e )  f o r  t h e i r  k i n d  

w e l c o m e  a n d  t h e  D G E S  ( S p a i n )  f o r  f i n a n c i a l  s u p p o r t .  
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Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: JZ1184). Services for accessing these 
data are described at the back of the journal. 
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Abstract 
The monoclinic room-temperature structure of tri- 
caesium hydrogen bis[tetraoxoselenate(2-)] was refined 
from high-resolution neutron powder diffraction data. 
Special emphasis was given to the precise location of 
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the H atom and the determination of the hydrogen- 
bond network. A Fourier analysis clearly shows that 
the H atom is distributed over two symmetry-eoquivalent 
positions of half occupancy [H.. -H = 0.52 (2) A] around 
an inversion centre. The hydrogen bridge is non-linear 
[O--H-- .O = 173(2) ° ] with an O. . -O distance of 
2.506 (7) ,~. 

Comment 
Cs3H(SeO4)2 (TCHSe) is a member of a family of 
compounds with the general formula M3H(XO4)2 (M = 
Rb, Cs, K, NH4; X - S, Se). The isostructural rhombo- 
hedral proton-conducting phases of this family are well 
known. The two-dimensional proton conductivity results 
from the disorder of the H atoms over partly occupied 
symmetry-equivalent positions. Until now, structural 
studies of this family were mainly performed using 
X-ray diffraction (for TCHSe see Merinov, Bolotina, 
Baranov & Shuvalov, 1988, 1991; Merinov, Baranov 
& Shuvalov, 1990; Ichikawa, Gustafsson & Olovsson, 
1992), making it impossible to clarify the exact positions 
of the light atoms, which is the basic knowledge 
required for an understanding of the proton-conducting 
mechanism. 

Our group recently performed the first neutron pow- 
der diffraction experiments on Rb3H(SeO4)2 at differ- 
ent temperatures (Bohn et al., 1995; Melzer, Sonntag 
& Knight, 1996; Melzer, Wessels & Reehuis, 1996). 
The only neutron diffraction study of Cs3H(SeO4)2 until 
now was of a deuterated specimen, Cs3D(SeO4)z, at 5 K 
(Belushkin, Ibberson & Shuvalov, 1993). We have re- 
cently reported the first-high resolution neutron powder 
diffraction experiment on the proton-conducting phase 
of TCHSe at 473 K (Sonntag, Melzer & Knight, 1997). 
In this work, we present a structural investigation of the 
hydrogen-bond network in TCHSe at room temperature, 
based on a high-resolution neutron powder diffraction 
experiment performed on the D2B instrument of the ILL 
at Grenoble. 

TCHSe at room temperature is monoclinic with space 
group C2/m. The structure is built from Cs atoms 
coordinated by O atoms belonging to SeO4 tetrahedra. 
These tetrahedra are linked into isolated pairs by hydro- 
gen bonds. Cs atoms and SeO4 tetrahedra form mixed 
layers parallel to a pseudo-hexagonal plane alternating 
with layers containing only Cs atoms. For a more 
detailed description of the structure see Bohn et al. 
(1995) and Melzer, Wessels & Reehuis (1996). 

The initial parameters for our refinement were taken 
from Merinov et al. (1988). We started the refinement 
with the H atom situated on the inversion centre in the 
middle of the hydrogen bridge and with isotropic dis- 
placement parameters for all atoms. As the displacement 
parameter of the H atom refined to a large value, we then 
determined anisotropic displacement parameters for the 
H atom. A much better fit was obtained and the R fac- 
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