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Kobayashi & Sasaki, 1983) and (Na,K)8[NiW6024].- 
12H20 (Hau, 1970). The Sb atom lies on the C3 axis 
in the anion and is positioned at a distance of 0.03 A 
from the plane containing six W atoms. In addition, 
the Sb, O(1), O(2), 0(3) and 0(4) atoms are located 
on the mirror plane (Fig. 1). Table 2 lists selected 
interatomic distances and bond angles. There are 
three types of O atoms for the anion: three- 
coordinate bridging atoms, O(1) and O(2ii), con- 
nected to Sb and two W atoms; two-coordinate 
bridging atoms, 0(3) and O(4i~), connected to two 
adjacent W atoms; terminal O atoms, 0(5) and O(6), 
connected to each W atom. The average W - - O  
distances for [O(1), O(2ii)], [O(3), 0(4")] and [O(5), 
0(6)] are 2.21, 1.93 and 1.72 A, respectively. The 
Sb--O bond length [2.01 (3) A] is comparable to the 
values [1.894 (3)-2.102 (3)A] for SbVO6 octahedra of 
Sb205 (Jansen, 1979). There is little difference in the 
corresponding bond lengths and angles between 
crystals of Ks.sHl.s[SbW6Oz4].6H20 and KsNa2- 
[8bW6024 ]. 12H20 (Lee & Sasaki, 1987). 

Fig. 2 represents the crystal structure projected 
onto the (100) plane. K + - - O  and Ow--O distances 
less than 3.5 A are also listed in Table 2. The anion is 
sandwiched between the two layers of K ÷ cations: 
K(2)-K(2i)-K(2 ii) and K(3)-K(3i)-K(3 ii) planes (Fig. 
2). K(1) achieves sixfold coordination with Ow(l), 
Ow(li), Ow(lii), Ow(2), Ow(2 ~) and Ow(2 ii) atoms, 
forming a distorted K(1)O6 octahedron. Ow(1) and 
Ow(2) atoms serve to bind anions together by hydro- 
gen bonding. No atom can be found around the 
(00z) region (Fig. 1), which forms a column-like 
cavity lying around the c axis of the crystal. Such a 

cavity does not exist in the KsNa2[SbW6024].12H20 
lattice (Lee & Sasaki, 1987). 

The O-- ,W LMCT photoexcitation of Ks.sH~.5- 
[SbW6024].6H20 results in a broad luminescence in 
the range 400-650nm with a peak at 510nm. 
A similar spectrum was reported for 
Na9[Gd(WsO 18)2]. 18H20 (Blasse, Dirksen & 
Zonnevijlle, 1981b). The relative yield of the lumin- 
escence from the O---,W LMCT state for 
Ks.sH1.s[SbW6024].6H20 was 2.5 times higher than 
for Na9[Gd(WsO~8)2].18H20, when the samples were 
exposed to 290 nm light at 77 K. 
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Abstract. Ba(ReO4)2.4H20, M, = 709.80, monoclinic, 
P2~/n, a = 7.376 (2), b = 12.452 (2), c = 12.173 (1) A, 
f l=90 .04 (1 )  °, V = 1118 A 3, Z = 4 ,  Ox = 
4.216 g cm -3 A(Mo Ka)  = 0.70930 A, /x = 
254.3 cm-~, F(000) = 1240, T = 292 K, R = 0.038 for 
2591 observed reflections with 1>3o-(/). The 
metrically pseudo-orthorhombic structure has the 
approximate space group symmetry Pmnb (No. 62). 
Ba cations constitute a distorted hexagonal close- 
packed motif with 12 Ba--Ba distances ranging from 

0108-2701/92/040599-05503.00 

7.115 to 7.601 A. Along with Re atoms they are 
disposed on the pseudo-mirror plane (d20o = 
3.688 A). The coordination polyhedron of Ba is a 
distorted tetradecahedron with Ba--O distances 
within 2.831 (7)-2.953(7)A. Two non-equivalent 
ReO4 tetrahedra have irregular geometry, Re---O 
1.709 (8)-1.743 (8) A for Re(l), 1.709 (8)-1.729 (9)/~, 
for Re(2). The structure may be looked upon as 

2 composed of buckled oo[Ba(ReO4)2~ layers coinciding 
with the (002) plane (d002 = 6.087 A). The layers are 

© 1992 International Union of Crystallography 
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interlinked by a Ba---O bond and an extensive 
system of hydrogen bonds with the participation of 
water molecules. 

Introduction. Although all alkaline-earth perrhenates 
form hydrates (Smith & Maxwell, 1951) only the 
monoclinic crystal structure of Ca(ReO4)2.2H20 has 
been investigated so far. Matveeva, Ilyukhin, 
Varfolomeyev & Belov (1980) have initially solved its 
structure in the non-centrosymmetric space group Bb 
(Cc in the standard setting). Picard, Besse, Chevalier 
& Gasperin (1987) in an independent investigation 
ascribed the structure the polar non-centrosymmetric 
space group C2. Soon afterwards they refined it 
successfully in the centrosymmetric space group C2/c 
(Picard, Besse, Chevalier & Gasperin, 1988). 

The colourless rectangular tabular crystals of 
Ba(ReO4)2.4HaO were first studied by Beintema 
(1937). He determined the lattice geometry [a = 
12.19, b =  12.44, c = 7 . 3 3 A ,  f l = 9 0  ° ] from X-ray 
rotation photographs and found by optical methods 
that the inherent symmetry of the crystals was mono- 
clinic. The measured density Dm = 4.0 g cm-3 corre- 
sponded to Z = 4. Varfolomeyev, Chupakhin & 
Plyuschtev (1969) evaluated a different unit cell [a = 
7.377 (1), b = 12.158 (1), c = 12.50 (2) A, /8 = 
90.13 (5) °] and proposed the space group P21/n from 
extinction conditions. Their incomplete powder pat- 
terns of Ba(ReO4)2.4H20 stored in the JPCDS 
Powder Data  File as No. 23-831 were recently 
updated by us (PDF No. 41-328; Maci~ek, 1990). 

The present crystal structure determination of 
barium perrhenate tetrahydrate was carried out as 
part of our project on the crystal chemistry of 
perrhenates of large divalent cations. We were also 
interested in elucidation of the structural background 
for the observed orthorhombic pseudosymmetry. 

Experimental. Barium perrhenate was prepared 
according to Smith & Maxwell (1951). Transparent 
crystals were obtained from aqueous solution by 
evaporation at room temperature. Well-shaped plate 
crystals were selected, transferred from the mother 
liquor into an epoxy glue to prevent dehydration, cut 
and mounted on the top of a glass capillary. Three of 
these were examined on an Enraf-Nonius CAD-4 
diffractometer (graphite monochromator,  Mo Ka 
radiation) and the cell constants were determined 
from a least-squares fit of 22 carefully centred reflec- 
tions with 20.0 < 0 < 21.0 °. The significant absorp- 
tion (/z = 2 5 4 . 3 c m - 1 )  and the crystal shape 
irregularity troubled the initial determination of the 
lattice symmetry. The intensity data were collected 
from the crystal of smallest mosaic structure with 
approximate dimensions 0.05 x 0.05 x 0.01 mm in 
to--20 scan mode: speed 2-7 ° min-a,  Ato = (1.0 + 

0.4tan0) °. 6980 reflections were measured in the 
range (sin0)/A < 0.703 A -1 (h: 0 to 10, k: - 17 to 17, 
l: - 17 to 17). Three standard reflections were moni- 
tored every 2 h. As the intensity variation was less 
than 1% no decay correction was applied. The data 
were corrected for Lorentz and polarization effects. 
The absorption correction was based on the 0-scan 
profiles of nine reflections; the transmission factor 
varied from 0.6195 to 0.9989. An additional 
spherical absorption correction (/zR = 1.0, correction 
factor A* range 4.12-3.97) did not lead to improve- 
ment of the final refinement results and was not 
applied. The symmetry equivalent reflections were 
averaged assuming the orthorhombic symmetry 
(space group Pmnb) and 1977 unique reflections with 
Rint = 0.095 were used in calculations. The positions 
of Ba and Re atoms on a mirror plane were found by 
MULTANll/82 (Main, Fiske, Hull, Lessinger, 
Germain, Declercq & Woolfson, 1982) and refined 
by full-matrix least squares on F to R = 0.156. O 
atoms were approximately localized from Zip maps 
and the model was refined. Convergence, however, 
could not be reached: most of the U values became 
negative and the ReO4 tetrahedra became distorted. 
The symmetry was then lowered to monoclinic 
(space group P21/n) and the intensity data repro- 
cessed. 3402 unique reflections with Rint = 0.040 
remained and 811 of these were considered un- 
observed [ I<  3tr(I)]. The positions of Ba, Re and 
eight O atoms obtained from the previous calcula- 

..... tions were used in the new initial phasing. Subse- 
quent Zip maps and least-squares refinements 
revealed all non-H atoms. The positions of H atoms 
were obtained from Zip maps; they were added with a 
fixed U = 0.05 A 2, and refined cautiously with a 
dampening factor of 0.1. Final R = 0.038, wR = 
0.048, and S = 1.423; weights were defined as 4(Fo)2/ 
[tr(Fo)2]2; maximum Zi/o- -- 0.03. The residual density 
varied between Zip=3.07 and - 5 . 1 5 e A - 3 .  
Empirical correction for secondary extinction was 
applied, Fc,corr = FJ(1 + 6.767 x 10-7I). Atomic scat- 
tering factors and anomalous-dispersion coefficients 
were taken as quoted in the SDP/PDP V3.0 package 
(Enraf-Nonius, 1985) operating on a PDPl l /44  
computer. Final fractional coordinates are given in 
Table 1.t The relevant geometry parameters and 
valences are summarized in Table 2. Figs. 1 and 2 
show projections of the structure obtained by 
STRUPL084 (Fischer, 1985), adapted for a PDP11 
by one of us (JM). 

t Lists of structure factors, anisotropic displacement parameters 
and H-atom positions have been deposited with the British 
Library Document Supply Centre as Supplementary Publication 
No. SUP 54667 (12 pp.). Copies may be obtained through The 
Technical Editor, International Union of Crystallography, 5 
Abbey Square, Chester CH1 2HU, England. [CIF reference: 
AB0240] 
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Table 1. Positional and equivalent k~otropic 
displacement parameters (A 2) with e.s.d. 's in 

parentheses 

Ueq = (113)Z, Y.j U~ ja,* aj*a, .aj . 

x y z U~q 
Ba 0.25211 (6) 0.24842 (4) 0.42911 (4) 0.0124 (I) 
Re(I) 0.25295 (4) 0.38750 (3) 0.08899 (3) 0.01343 (7) 
Re(2) 0.25038 (4) 0.06995 (3) -0.04018 (3) 0.01404 (7) 
O(I 1) 0.273 (1) 0.3686 (8) 0.2277 (7) 0.039 (2) 
O(12) 0.4144 (9) 0.3147 (6) 0.0206 (7) 0.034 (2) 
O(13) 0.284 (1) 0.5225 (6) 0.0561 (7) 0.030 (2) 
O(14) 0.0437 (9) 0.3480 (7) 0.0441 (7) 0.036 (2) 
O(21) 0.4615 (9) 0.0971 (6) - 0.0929 (7) 0.027 (2) 
0(22) 0.0923 (9) 0.1477 (6) - 0.1051 (6) 0.027 (2) 
0(23) 0.199 (1) -0.0640 (6) -0.0592 (7) 0.029 (2) 
0(24) 0.246 (I) 0.0972 (7) 0.0991 (7) 0.034 (2) 
O(WI) 0.0178 (9) 0.1630 (6) 0.2667 (6) 0.027 (2) 
O(14'2) 0.4750 (9) 0.1369 (7) 0.2740 (6) 0.031 (2) 
O(14'3) 0.2288 (9) 0.2283 (6) 0.6704 (6) 0.028 (2) 
O(W4) 0.232 (I) 0.0003 (7) 0.6802 (6) 0.035 (2) 

Discussion. Besides the reciprocal-space evidence of 
the n-glide plane (h0l, h + l = 2n) and the perpen- 
dicular screw axis 21 (0k0, k = 2n) the presence of a 
pseudo b-glide plane is manifested in a systematic 
weakening of hkO reflections with k = 2n + 1. Hence 
the metrically pseudo-orthorhombic structure obeys 
the conditions of the space group Pmnb (No. 62, full 
symbol P21/m21/n21/b; supergroup of index [2] of 
the actual monoclinic space group P21/n). The 
minuteness of the non-H-atom deviations from the 
orthorhombic symmetry is illustrated by the magni- 
tudes of splitting the 'equivalent' positions in space 
group Pmnb: 0.031 (Ba), 0.044 (Re), 0.341 O(W) and 
0.759 A (O). 

Table 2. Bond distances (A,) with valences (v.u.), bond 
angles (o) and hydrogen-bond geometry (,A,, o) 

BaO~o polyhedron  
Ba---4)(l I) 2.877 (9) 0.202 Ba---O(22) 2.854 (7) 0.215 
Ba--O(12) 2.840 (7) 0.223 Ba---O(23) 2.845 (8) 0.220 
Ba--O(13) 2.831 (8) 0.229 Ba---O(WI) 2.832 (8) 0.228 
Ba---O(14) 2.833 (8) 0.228 Ba---O(W2) 2.863 (7) 0.210 
Ba--O(21) 2.892 (8) 0.194 Ba---O(W3) 2.953 (8) 0.164 

O(ll)---Ba--O(12) 121.7 (2) O(13)--Ba---O(W3) 81.3 (2) 
O( I 1)----Ba---O(13) 125.2 (2) O( 14)---Ba--O(21 ) 152.9 (2) 
O(11)----Ba---O(14) 126.9 (2) O(14)----Ba---O(22) 66.2 (2) 
O(11)--Ba---O(21) 67.4 (2) O(14)---Ba---O(23) 88.7 (2) 
O( I I )---Ba---O(22) 66.0 (2) O( 14)---Ba--O(WI) 130.4 (2) 
O( 11 )---Ba---O(23) 92.3 (2) O(I 4)--Ba---O(W2) 71.6 (2) 
O(11)---Ba--O(WI) 68.5 (2) O(14)---Ba---O(W3) 61.1 (3) 
O(ll)--Ba--O(W2) 70.1 (2) O(21)----Ba---O(22) 109.7 (3) 
O( 11 )----Ba---O(W'3) 153.5 (2) 0(21 )---Ba---O(23) 66.3 (2) 
O(12)--Ba---O(13) 67.5 (2) O(21)---Ba---O(WI) 74.5 (2) 
O(12)---Ba---O(14) 110.8 (2) O(21)---Ba--O(W2) 133.4 (2) 
O(12)----Ba--O(21) 64.5 (2) O(21)---Ba--O(W3) 96.0 (2) 
O(12)---Ba--O(22) 162.6 (2) O(22)----Ba---O(23) 66.3 (2) 
O(12)----Ba--4)(23) 96.8 (2) O(22)--Ba--O( WI ) 127.3 (3) 
O( 12)--Ba---O(WI) 68.6 (2) O(22)--Ba--O(W2) 67.6 (2) 
O( 12k---Ba--O(14/2) 128.9 (2) O(22)---Ba---O(W3) 103.6 (3) 
O( 12)---Ba--O(W3) 62.3 (2) O(23)--Ba--O( WI ) 1 40.7 (2) 
O(13)--Ba--O(14) 67.6 (2) O(23)---Ba--O(W2) 133.9 (2) 
O( 13)--Ba---O(21 ) 126.6 (2) O(23)--Ba--O(W3) 61.5 (2) 
O(13)--Ba--O(22) 122.8 (2) O(W1)---Ba---4)(W2) 73.0 (2) 
O(I 3)--Ba--O(23) 142.4 (2) O( WI)--Ba---O(14"3) 128.9 (2) 
O(13)---Ba--O(WI) 67.3 (2) O(W2k-Ba--O(W3) 130.4 (3) 
O(I 3)--Ba--O(W2) 67.3 (2) 

ReO4- anions 
Re(l)--O(l I) 1.712 (8) 1 . 8 0 0  Re(2)---O(21) 1.718 (7) 1.767 
Re(l)--O(12) 1.713 (8) 1 .791  Re(2)--O(22) 1.709 (8) 1.813 
Re(l)--O(I 3) 1.743 (8) 1 . 6 5 2  Re(2)---O(23) 1.725 (7) 1.735 
Re(I)--O(14) 1.709 (8) 1 .811  Re(2)--O(24) 1.729 (9) 1.718 

O(ll)--Re(I)---O(12) ll0.3 (4) O(21)---Re(2)---O(22) 109.5 (3) 
O(1 I)---Re(l)--O(13) l l0.4 (5) O(21)--Re(2)---O(23) 109.7 (4) 
O(1 I)--Re(l)--O(14) 110.7 (4) O(21)--Re(2)--O(24) ll0.1 (4) 
O(12)---Re(I)---O(13) 107.9 (4) O(22)--Re(2)---O(23) 109.7 (4) 
O(12)----Re(l)---O(14) 108.7 (4) O(22)---Re(2)---O(24) 109.2 (4) 
O(13)---Re(l)----O(14) 108.8 (4) O(23)--Re(2)--4)(24) 108.6 (5) 

Hydrogen  bonds 
D---H...A D---H H...A D...A D--H.. .A 

O(WI)---H(II)...O(W4') 0.9 (2) 2.3 (2) 2.818 (11) 115 (11) 
O(W1)----H(12)..-O(24) 0.9 (2) 2.0 (2) 2.771 (11) 139 (13) 
O(W2)--H(21)..-O(24) 1.0 (2) 1.8 (2) 2.761 (1 I) 167 (13) 
O(W2)----H(22)..-O(W3") 1.0 (2) 1.8 (2) 2.814 (10) 158 (15) 
O(W3)---H(31)-..O(WI"') 0.8 (2) 2.1 (2) 2.783 (10) 146 (15) 
O(W3)---H(32)-..O(W4) 0.8 (2) 2.3 (2) 2.842 (10) 123 (1 I) 
O(W4)---H(41)'"O(lY v) 1.1 (2) 1.9 (2) 2.892 (I 1) 146 (14) 
O(W4)---H(42)'"O(W2 ~) 0.7 (2) 2.1 (2) 2.813 (11) 174 (21) 

Symmet ry  code: (i) - x, - y, 1 - z; (ii) ~ + x, ~ - y, - ~ + z; (iii)) + x, ~ - y, 
+ z ; ( i v )  - ~ - x ,  - ] + y ,  - { - z ; ( v )  l - x ,  - y ,  1 - z .  

' ~ ,A 

I . . . ~ 1  _ _ :: !1 ""i:l  

#4 
I ': 23 

~,.L.~.'" 2" I L2 ~ 2 2  ',11 "L.I~ :'" / "  

, , ,  i , , ,  

..A .7 ~ 22 - , \  ~, ,%\ '~. .~ ...~ 

a, 

F i g .  1. P r o j e c t i o n  o f  the  s tructure  o n t o  the bc  plane .  T h e  R e O 4  
t e t r a h e d r a  a r e  s h a d e d ,  d a s h e d  l ines  d e n o t e  B a - - - O  c o o r d i n a t i o n  
b o n d s ,  h y d r o g e n  b o n d s  a r e  i n d i c a t e d  b y  d o t t e d  l ines .  L a r g e  
circles  r e p r e s e n t  Ba ,  m e d i u m  r e p r e s e n t  O(I4 / )  a n d  s m a l l  
r e p r e s e n t  H a t o m s .  N u m b e r s  a p p l y  to  the respect ive  a t o m  t y p e s .  

F i g .  2. ~ [ B a ( R e O 4 ) 2 ]  l a y e r  d e f i n e d  w i t h i n  z = ~ a n d  z = ~ a n d  
p r o j e c t e d  o n t o  t h e  ab p l a n e .  B a  a n d  O ( W )  a t o m s  a r e  d r a w n  a s  
c i r c l e s ,  H a t o m s  a r e  o m i t t e d  f o r  c l a r i t y .  T h e  e n c i r c l e d  n u m b e r s  
d e n o t e  R e ( l )  a n d  R e ( 2 )  t e t r a h e d r a .  
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Ba cations are arranged in a distorted hexagonal 
close packing with 12 Ba--Ba distances in the anti- 
cuboctahedral environment varying from 7.115 to 
7.601/k. The common network of Ba and Re atoms 
may be sliced into sheets, coincident with the 
pseudo-mirror plane; these sheets are planar within 
0.047 A and separated by 3.688/k (d20o). Ba is sur- 
rounded by seven Re atoms at distances ranging 
from 4.226 to 4.505/k. The two non-equivalent Re 
atoms have nine more scattered neighbours: Re(1)-- 
Ba x 4, Re(l)---Re x 5 (4.255-5.867 A); and Re(2)-- 
Ba x 3, Re(2)---Re × 6 (4.189-5.994 ~). 

The ReO4 tetrahedra have an irregular geometry; 
the Re O bond lengths vary from 1.709 (8) to 
1.743 (8) A [1.709 (8)-1.729 (9) A] and the 
O---Re O angles fall within the range 107.9 (4)- 
110.7 (4) ° [108.6(5)-110.1 (3)°], for Re(I) [data for 
Re(2) given in parentheses]. The bond-valence sum 
around the Re atoms, evaluated employing the 
parameters Ro = 1.968 and B = 0.35* (I. D. Brown, 
1987; private communication), turned out to be 
unexpectedly large: 8.15 [8.12] valence units (v.u.) for 
Re(l) IRe(2)]. With an improved value for B = 0.37 
and following the recommended procedures (Brown 
& Altermatt, 1985), we derived from published struc- 
tural data (36 ReVn-O polyhedra) a new Ro = 
1.929 (18). In this case the recalculated valence sums 
for Re(l) and Re(2) adopt more realistic values: 7.05 
and 7.03 v.u. 

All O atoms in the Re(1)O4 tetrahedron are 
bonded to Ba cations. The valence sums for O atoms 
due to contributions from Re O and Ba---O bonds 
are 2.00 [O(11)], 2.01 [O(12)], 1.88 [O(13)] and 
2.04v.u. [O(14)]. The valence deficiency at O(13) 
indicates that this atom should take part in an 
additional bonding. As may be expected for a 
hydrate crystal, O(13) plays the acceptor role in a 
hydrogen bond with a water molecule (W4; Table 2). 
The situation at Re(2) is different. Only three O 
atoms form bonds with Ba cations and one [0(24)] is 
uncoordinated. The valence sums for the first three O 
atoms are similar, i.e. 1.96, 2.02 and 1.95 v.u. for 
O(21), 0(22) and 0(23) respectively. The bond 
valence of 1.72 v.u. at 0(24) is complemented from 
the contributions of two O...H--O(W) bonds with 
the water molecules W1 and W2. From the values of 
valence sums at O(13) and 0(24) it may be concluded 
that O atoms in ReO4 groups contribute to one 
O...H bond by approximately 0.13 v.u. 

The observed average Re O distance 1.720 (7)A 
corresponds well to the respective value for ReO4 in 
the following structures: LiReO4 1.71..(25)]k (Betz 
& Hoppe, 1983); KReO4 1.719(6)A (Krebs & 
Hasse, 1976), 1.723 (4)A (Lock & Turner, 1975); 

* The exponential formula used was s; = exp[(Ro- R~)/B], s~ = 
bond valence, R; = experimental bond length. 

NH4ReO4 1.720 (5)A (Kruger & Reynhardt, 1978); 
Ca(ReO4)2.2H20 1.724 (13)A (Picard et al., 1988). 
In other structures containing isolated ReO4 
tetrahedra, the average Re--O distance varies 
between wider limits: Yb(ReO4)3.4H20 1.697 (53)A 
(Mashonkin, Ilyukhin & Belov, 1974); GdNa- 
(ReO4)4.4H20 1.731 (16)/~ (AR Ali Slimane, Silves- 
tre, Freundlich & Rimsky, 1982); La(ReO4)3.4H20 
1.732 (32) A (Mashonkin, Varfolomeyev & Ilyukhin, 
1977); Pb(ReO4)2 1.737 (89)A [Picard, Baud, Besse, 
Chevalier & Gasperin, 1984); Dy(ReO4)3.4H20 
1.753 (67)A (Mashonkin, Ionov, Ilyukhin & Belov, 
1975). 

The coordination polyhedron of Ba is a distorted 
tetradecahedron (cis-bicapped cube; Favas & Kepert, 
1981) of ten O atoms (Fig. 3). Seven Ba--O bonds 
radiate to corners of seven ReO4 tetrahedra and the 
other three to water molecules. The distances range 
from 2.831 (7) to 2.953 (7)A, the longest one being 
that of Ba--O(W3). Nine Ba--O bond valences (Ro 
=2.285; Brown & Altermatt, 1985) adopt values 
0.22 (1)v.u. and only one, Ba--O(W3), constitutes 
0.16 v.u., giving together the valence sum of 2.11 v.u. 
for Ba. 

The structure may be alternatively considered as 
built up of buckled layers with the composition 
~[Ba(ReO4)2] and coinciding with the (002) plane 
(d0o2= 6.087 A). Ba and Re atoms form a slab 
2.168/k thick, the centre of mass of which is dis- 
placed -0.002/k from the unit-cell origin (un- 
published program DENSE; J. Macirek, 1991). Each 
ReO4 group within the layer is linked to three Ba 
cations and is in the neighbourhood of three other 
ReO4 tetrahedra. Every two adjacent Ba atoms are 
bridged via two ReO4 tetrahedra, which are oriented 
in two different ways (Fig. 2). The bridges running 
down the [100] direction have identical syn-oriented 
tetrahedra (s-type bridges) and those in the [110] and 
[110] directions are formed from anti-disposed ones 
(a-type bridges). The six neighbours of a Ba atom are 
connected via four a-type and two s-type bridges. A 
different arrangement of the tetrahedra occurs in the 

0g/ 
0(12)~0(22) 

O(WI)~ ~O(W2) 
Fig. 3. BaOm tetradecahedron (cis-bicapped cube) with O(W1) 

and O(I4/2) at the caps. 
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trigonal structure of Pb(ReO4)2 (Picard et al., 1984), 
where all six bridges are of  the a-type. 

The layers form a three-dimensional structure via 
B a - - O ( l l )  bonds and an extensive system of  
O- . .H--O bonds with the participation of  the water 
molecules (W1-W4). W1, W2 and W3 are coordi- 
nated to Ba and, besides donating two protons each, 
they also accept one: W1 from W3, W2 from W4, 
and W3 from W2. The molecule W4 represents an 
interstitial water and is completely involved in 
hydrogen bonding both as donor and acceptor. The 
non-H tetrahedral neighbourhood of the water O 
atoms includes either Ba and three O atoms (W1, 
W2, W3) or four O atoms (W4), the O...O/Ba.--O 
distances extending from 2.771 (11) [O(W1)...O(24)] 
to 2.953 (8) A [Ba---O(W3)]. 

The presence of  W4 in the structure together with 
the non-uniformity of the Ba - -O  bond valences 
which, according to the valence-matching principle 
(Brown, 1981), is a source of internal strength in the 
structure, may explain the observed instability of 
Ba(ReO4)E.4H20 crystals in air and their slow 
decomposition into a lower hydrate (Maci6ek, 1990). 
Our attempts to obtain crystals of the latter hydrate, 
suitable for X-ray analysis, gave promising results 
which would make it possible to examine their struc- 
ture containing no ' redundant '  water molecules. 

JM is indebted to Professor I. D. Brown for access 
to his private compilation of bond-valence param- 
eters and many valuable discussions. 

References 

Ai'T ALI SLIMANE, Z., SILVESTRE, J.-P., FREUNDLICH, W. & 
RIMSKY, A. (1982). Acta Cryst. B38, 1070-1074. 

BEINTEMA, J. (1937). Z. Kristallogr. A97, 300-322. 
BETZ, T. & HOPPE, R. (1983). Z. Anorg. AliA. Chem. 500, 23-30. 
BROWN, I. D. (1981). Structure and Bonding in Crystals, Vol. II, 

edited by M. O'KEEEEE &, A. NAVROTSKY, pp. 1-30. New York: 
Academic Press. 

BROWN. I. D. & ALTERMATT, D. (1985). Acta Co'st. B41, 244 
247. 

Enraf-Nonius (1985). Structure Determination Package. 
SDP/PDP V3.0 Users Guide. Enraf-Nonius, Delft, The 
Netherlands. 

FAVAS, M. C. & KEPERT, D. L. (1981). Prog. Inorg. Chem. 28, 
309-367. 

FISCHER, R. X. (1985). J. Appl. Cryst. 18, 258-262. 
KREBS, B. & HASSE, K.-D. (1976). Acta Cryst. B32, 1334-1337. 
KRUGER, G. J. (~ REYNHARDT, E. C. (1978). Acta Cryst. B34, 

259-261. 
LOCK, C. J. L. & TURNER, G. (1975). Acta Cry,s't. B31, 1764- 

1765. 
MACi(ZEK, J. (1990). JCPDS Grant-in-AM Report. Bulgarian 

Academy of Sciences, Sofia, Bulgaria. 
MAIN, P., FISKE, S. J., HULL, S. E., LESSINGER, L., GERMAIN, G., 

DECLERCQ, J.-P. & WOOLFSON, M. M. (1982). MULTANI 1/82. 
A System of Computer Programs for the Automatic Solution of 
Crystal Structures form X-ray Diffraction Data. Univs. of York, 
England, and Louvain, Belgium. 

MASHONKIN, V. P., ILYUKHIN, V. V. & BELOV, N. V. (1974). Dokl. 
Acad. Nauk SSSR, 218, 1086-1088. 

MASHONKIN, V. P., IONOV, V. M., ILYUKH1N, V. V. & BELOV, N. 
V. (1975). Dokl. Acad. Nauk SSSR, 222, 1097-1099. 

MASHONKIN, V. P., VAREOLOMEYEV, M. B. (~ ILYUKH1N, V. V. 
(1977). Koord. Khim. 3, 1248-1251. 

MATVEEVA, R. G., ILYUKHIN, V. V., VARFOLOMEYEV, M. B. & 
BELOV, N. V. (1980). Dokl. Acad. Nauk SSSR, 252, 99-101. 

PICARD, J. P., BAUD, G., BESSE, J. P., CHEVALIER, R. & GASPERIN, 
M. (1984). J. Less-Common Met. 96, 171-176. 

PICARD, J. P., BESSE, J. P., CHEVALIER, R. &, GASPERIN, M. (1987). 
J. Solid State Chem. 69, 380-384. 

P1CARD, J. P., BESSE, J. P., CHEVALIER, R. & GASPERIN, M. (1988). 
J. Solid State Chem. 75, 205-206. 

SMITH, W. T. &, MAXWELL, G. E. (1951). J. Am. Chem. Soc. 73, 
658-660. 

VAREOLOMEYEV, M. B., CHUPAKH1N, I. P. (~ PLYUSCHTEV, V. E. 
(1969). Kristallografiya, 14, 1065-1066. 

Acta Cryst. (1992). C48, 603-607 

Structure of Rb3D(SeO4)2 at 25, 110 and 297 K 
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Abstract.  Trirubidium deuteriumbiselenate, 
Rb3D(SeO4)2, Mr = 544.3, A2/a, Z = 4, A(Mo Ka) = 
0.71073/~, /z = 2 2 . 4 m m  -1, F(000)--976.  At T = 
297 K, a = 10.4775 (6), b = 6.086 (1), c = 

15.421 (1) ,&, /3 = 102.919 (9) °, V = 958.1 (3) A 3, Dx 
= 3.773 Mg m-3; at T--  110 K, a -- 10.4019 (7), b = 
6.049 (1), c = 15.321 (1) A, /3 = 102.827 (8) °, V =  
939.9 (2) A 3, D x = 3 . 8 4 6 M g m - 3 ;  at T = 2 5 K ,  a =  

0108-2701/92/040603-05503.00 © 1992 International Union of Crystallography 


