
INORGANIC COMPOUNDS 

1475 

Acta Cryst. (1995). C51, 1475-1478 

PrMosO14, a Fourth Crystalline Form of 
the Series RMo8014 (R = La, Ce, Pr, Nd, 
Sm) 

G. KERIHUEL AND P. GOUGEON 

Universit~ de Rennes 1, Laboratoire de Chimie du 
Solide et Inorganique Mol~culaire, URA CNRS No. 
1495, Avenue du Gdndral Leclerc, 35042 Rennes 
CEDEX, France 

(Received 15 December 1994; accepted 17 February 1995) 

Abstract 
The crystal structure of PrMosO~4 contains a mix- 
ture of cis-edge-sharing and trans bi-face-capped oc- 
tahedral Mo8 clusters in the ratio 2:1. The Mos clus- 
ters and the O atoms, the arrangement of which de- 
rives from a close packing with the layer sequence 
ABAC .... form layers parallel to the bc plane of the 
orthorhombic unit cell. The Mo--Mo distances range 
from 2.587(2) to 2.771 (2)A and from 2.595(1) to 
2.871 (2),~, in the trans and cis-edge-sharing isomeric 
clusters, respectively. The shortest Mo--Mo distance 
between the Mo8 clusters within the same layer is 
3.053 (1)A and that between the clusters of adjacent 
layers is 3.634(2)/~. The Mo--O distances are be- 
tween 2.036(9) and 2.125 (11),4, in the trans isomer, 
and between 1.907(13) and 2.189 (13) ,4, in the cis- 
edge-sharing isomer. The environment of each of the 
two crystallographically independent Pr 3+ ions com- 
prises twelve O atoms forming a distorted cuboctahe- 
dron. The Pr--O distances lie between 2.530(10) and 
2.913 (8)/~, and between 2.420(7) and 3.198 (8)/~ for 
the Pr(1) and Pr(2) sites, respectively. 

Comment 
This work constitutes part of our studies on the series 
of compounds RMo8OI4 (R = La, Ce, Pr, Nd, Sm) con- 
taining bi-face-capped octahedral Mo8 clusters. These 
compounds have been obtained recently by fused-salt 
electrolysis in the case of LaMo8-xOl4 (x = 0.0 and 
0.3) (Leligny, Ledesert, Labb6, Raveau & McCarroll, 
1990; Leligny, Labb6, Ledesert, Hervieu, Raveau & Mc- 
Carroll 1993) and by solid-state reaction at high tem- 
perature for the members with R = La, Ce, Pr, Nd and 
Sm (Gougeon & McCarley, 1991; Kerihuel & Gougeon, 
1995). Up to now, three different crystalline forms have 
been found for the RMo8OI4 compounds. In all of these 
forms, the R---O network is similar and they differ 
only by the arrangement of the capping Mo atoms of 
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the Mo8 clusters. The first crystalline form was ob- 
served for the compounds LaMoT.7O14 (Leligny et al., 
1990) and NdMosO14 (Gougeon & McCarley, 1991), 
obtained by fused-salt electrolysis and by solid-state re- 
action, respectively. Both compounds crystallize in the 
non-centrosymmetric space group Aba2 with the follow- 
ing parameters: aLa = 9.196 (1), bLa = 9.985 (1), CLa = 
11.171 (1)A; and = 9.209(3), bNd = 10.008(2), CNd = 
11.143 (4).~. Their structures comprise only cis-edge- 
sharing bi-face-capped MOB clusters. The second form, 
which was described by Leligny et al. (1993), corre- 
sponds to that shown by crystals of the stoichiometric 
compound LaMo8O14, synthesized by fused-salt elec- 
trolysis. The crystal structure of the latter compound is 
more complex due to a one-dimensional commensurate 
modulation of wavevector q* = b*/3 [a = 11.129(1), 
b = 10.000(1), c = 9.218 (1) ~,]. The structure that 
was solved in superspace group pC2ca consists of cis- III 
edge-sharing and trans bi-face-capped Mo8 clusters, 
each occurring in two distinct configurations. More re- 
cently, a third form corresponding to the CeMo8014 
compound [space group Pbcn; a = 9.1937 (7), b = 
11.121 (1), c = 20.014 (1) A] (Kerihuel & Gougeon, 
1995), obtained by solid-state reaction, was discovered. 
The Mo network of this compound is based on a well 
ordered mixture of cis-edge-sharing and trans bi-face- 
capped octahedral Mo8 clusters in equal proportion. We 
present here the structure of PrMo80~4 which constitutes 
the fourth crystalline form in the RMo8014 series. 

Like the structure of CeMo8Ol4, that of PrMo8Ol4 is 
characterized by the coexistence of cis-edge-sharing and 
trans bi-face-capped octahedral Mo8 clusters. However, 
whereas the two isomeric forms are in equal proportions 
in the former compound, they are in the ratio 2:1 in the 
Pr compound. As a consequence of this, we observed 
a tripling, instead of doubling, of the b parameter of 
the unit cell of NdMo8014 (c parameter in CeMo8O14 
and PrMo8014) in which only the cis isomer of the 
Mo8 cluster occurs. The other parameters are close 
to those determined for NdMo8014 and CeMo8O14. 
Both isomeric forms of the Mo8 cluster occurring in 
PrMo80~4 are shown in Fig. 1 with their O-atom 
environments. Within the Mo8024 cluster units thus 
formed, the two capping Mo atoms have six O-atom 
neighbours forming a distorted octahedron and the 
remaining six Mo atoms have only five O atoms in an 
approximately square-pyramidal arrangement. 

Fig. 2(a) is an ORTEPII (Johnson, 1976) drawing of 
the unit cell of PrMo8Ol4 as viewed parallel to the b 
axis. From this perspective view, the layer arrangement 
of the M08 clusters and O atoms can be seen. The 
O-atom framework is similar to those in LaM07.7O14, 
NdM08014 and CEM08014; it derives from a close 
packing with the layer sequence ABAC... where in 
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• Fig. 1. (a) The trans and (b) the cis-edge-sharing bi-face-capped MOB 
clusters with their O-atom environments. 
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Fig. 2. (a) Perspective view of the structure along the b axis. The Mo8 
clusters are emphasized by bold lines. (b) The arrangement of the 
MOB clusters within the unit cell. 

the A layers some of the O atoms are missing in an 
ordered way or are substituted by the Pr ions, and the B 
and C layers are entirely occupied by O atoms. Fig. 2(b) 
depicts the Mo 8 clusters within the unit cell. 

The Mo---Mo distances within the centrosymmetric 
trans bi-face-capped MoB cluster show no large dif- 
ferences from those previously reported for CeMo8014 
and range° from 2.587 (2) to 2.771 (2)~ [2.5825 (9) to 
2.778 (1) A in CeMosO14]. The average value of 2.704 
is slightly lower than that observed in the Mo8 clus- 
ter occurring in CeMosO14 (2.708/~). The Mo--O dis- 
tances lie between 2.036 (9) and 2.125 (11)/~ [2.027 (6)- 
2.110(7)~, in CeMo8014] with an average distance of 
2.069,i, [2.062/~ for the trans isomer in CeMo8014]. 
The cis isomers present in PrMo8014 have no im- 
posed symmetry, whereas those previously observed 
in NdMo8014 and CeMo8014 possess C2 symmetry. 
The Mo---Mo distances cover a range from 2.595 (1) 
to 2.871 (2)ik, slightly narrower than for the cis iso- 
mer occurring in CeMosO14 [2.5958 (8)-2.886 (22/k] but 
wider than in NdMo8Ol4 [2.590 (lo)72.848 (1) A]. The 
mean Mo--Mo distance is 2.735 A and is between 
the average distance of 2.731,4, in NdMo80~4, and 
that of 2.738 A in CeMo80]4. As already observed 
for CeMo8014, the range of Mo---O distances in the 
cis isomer [1.907 (13)-2.189 (13) /~] is much broader 
than in the trans form. The average Mo--O dis- 
tance is 2.042 ,~, and corresponds to that in CeMosO14 
(2.042 ~,). For NdMo8014, the average Mo---O distance 
is slightly longer (2.050/~,). The shortest M(>---Mo in- 
tercluster distances within a given layer are 3.053 (1)/k 
between the two different isomers and 3.086 (2)~i, be- 
tween adjacent cis-edge-sharing Mo8 clusters, compared 
to 3.078 (1)/~ in LaMo7.7O14, 3.068 (1) A in NdMosO14 
and 3.0790 (9)/~, in CeMo8014. On the other hand, the 
shortest Mo--Mo distance between adjacent cluster lay- 
ers is as long as 3.634 (1) ,~, excluding any direct Mo- -  
Mo interactions. Consequently, although the structure is 
three dimensional overall, it can be considered to be 
two dimensional with respect to the Mo network. The 
Pr 3÷ ions occupy two crystallographically independent 
sites. The Pr(1) ions are located at the origin of the 
unit cell. They are surrounded by 12 O atoms forming a 
distorted cuboctahedron. The Pr(1)---O distances range 
from 2.53(1) to 2.913 (8).~,. The Pr(2) ions occupy a 
general position. Their environment also consists of 12 
O atoms forming a highly distorted cuboctahedron, as 
reflected in the Pr(2)--O distances, which lie between 
2.420(7) and 3.198 (8) A. 

Experimental 

Single crystals were obtained by heating a mixture of overall 
composition Pr3Mo35062 (starting materials: Pr6On, MoO3 
and Mo) in a sealed molybdenum crucible at about 2200 K for 
5min. The crucible was then cooled at a rate of 100Kh -I 
to 1373 K and finally furnace-cooled to room temperature. 
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Crystal data 

PrMo8Ol4 
Mr = 1132.42 
O r t h o r h o m b i c  
Pbca 
a = 9 .2037 (6) 
b = 11.114 (2) ,~, 
c = 30.012 (5 ) / i ,  
V = 3069.9 (8) /~3 

Z = 1 2  
Dx = 7 .350 M g  m -3  

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

d i f f r ac tome te r  
w/20 scans  
Absorp t ion  correct ion:  

ref ined f rom A F  
(Walke r  & Stuart ,  1983) 

Train = 0.21,  Tmax = 0.25 
7445 m e a s u r e d  ref lec t ions  
7445 independen t  ref lec t ions  

Refinement 

R e f i n e m e n t  on  F 
R = 0.042 
wR = 0.044 
S = 1.649 
3150 ref lect ions  
209 paramete r s  
w = 4Fo2/[cr2(Fo 2) 

+ (0.02Fo2) 2] 

(A/o-)max < O.Oi 

o(13) 
o(14) 

M o  Ka radia t ion  o(15) 
A = 0 .71073 ~, 0(16) 
Cell  pa ramete r s  f rom 25 o(17) 

O(18) 
ref lec t ions  o(19) 

0 = 7 - 1 5 . 4  ° 0(20) 
/z = 13.995 m m  - I  o(21) 

T = 295 K 
Ir regular  
0.12 x 0 .10 x 0.10 m m  
Black  

3150 obse rved  ref lec t ions  
[I > 2.5cr(/)] 

0max = 35 ° 
h = 0 ---~ 14 
k = 0 --* 17 
l = 0 ---~ 48 
3 s tandard  ref lect ions 

f r equency :  90 min  
in tens i ty  decay:  < 1% 

mpmax = 3.34 e ~ - 3  
mpmin = - 1.21 e ~ - 3  
Ex t inc t ion  correct ion:  S tout  

& Jensen  (1968) 
Ex t inc t ion  coeff icient :  

6 . 8 4 ( 2 )  × 10 -8  
A t o m i c  scat ter ing factors  

f rom International Tables 
for X-ray Crystallography 
(1974, Vol. IV) 

T a b l e  1. Fractional atomic coordinates and isotropic or 
equivalent isotropic displacement parameters (]k 2) 

Biso for O atoms; Beq = (4/3)Y]q~-]fl3ijai.aj for others. 

x y z 
Pr(l) 1 0 1/2 
Pr(2) 1.0008 (1) 0.02713 (5) 0.16395 (2) 
Mo(I) 0.8766 (1) 0.22522 (8) 0.05281 (3) 
Mo(2) 0.8783 (1) -0.00928 (8) 0.05283 (3) 
Mo(3) 1.1211 (1) 0.12316 (8) 0.02879 (3) 
Mo(4) 0.6237 (1) 0.62350 (8) 0.97526 (3) 
Mo(5) 0.8799 (1) -0.12861 (8) 0.30879 (3) 
Mo(6) 1.1193 (1) -0.12910 (8) 0.35857 (3) 
Mo(7) 1.1209 (1) -0.00674 (7) 0.27996 (3) 
Mo(8) 0.8795 (1) -0.00171 (8) 0.38690 (3) 
Mo(9) 0.8774 (1) 0.11496 (8) 0.30403 (3) 
Mo(10) 1.1260 (1) 0.11661 (8) 0.36182 (3) 
Mo(ll) 0.8773 (I) -0.27331 (8) 0.22102 (3) 
Mo(12) 0.8786 (1) 0.23197 (8) 0.38876 (3) 
0(1) 0.761 (1) 0.3689 (7) 0.0246 (3) 
0(2) 0.7586 (9) 0.2384 (7) 0.1108 (3) 
0(3) 0.513 (1) 0.6310 (7) 0.5840 (2) 
0(4) 0.739 (1) 0.4899 (7) 0.1139 (3) 
0(5) 0.991 (1) 0.8927 (7) 0.9121 (3) 
0(6) 0.7576 (9) 0.2447 (7) 0.4411 (3) 
0(7) 0.728 (1) 0.3934 (7) 0.5253 (3) 
0(8) 0.993 (1) -0.2597 (7) 0.0005 (2) 
0(9) 0.508 (1) 0.8675 (6) 0.4158 (2) 
0(10) 0.769 (1) 0.5019 (7) 0.9469 (3) 
O(11) 0.7398 (9) 0.2372 (7) 0.2761 (3) 
O(12) 0.994 (I) -0.2553 (6) 0.3335 (3) 

Biso[Beq 
0.65 (1) 
0.474 (8) 
0.23 (1) 
0.23 (1) 
0.23 (1) 
0.24 (i) 
0.26 (1) 
0.24 (1) 
0.20 (1) 
0.23 (I) 
0.26 (1) 
0.27 (1) 
0.24 (1) 
0.24 (1) 
0.6(1) 
0.4 (1) 
0.5 (1) 
0.6(]) 
0.6(1) 
0.4 (I) 
0.4 (1) 
0.4(1) 
0.4(1) 
0.5(I) 
0.5(1) 
0.4 (1) 

0.987 (1) 0.8639 (6) 0.2516 (3) 0.4 (1) 
0.754 (1) 0.8641 (7) 0.1930 (3) 0.5 (1) 
0.758 (1) 0.3714 (7) 0.3602 (3) 0.5 (1) 
0.736 (1) 0.5094 (6) 0.7807 (3) 0.3 (1) 
1.010 (1) 0.8927 (6) 0.7551 (2) 0.4 (I) 
0.765 (1) 0.3893 (7) 0.6918 (3) 0.4 (1) 
0.764 (1) 0.6154 (7) 0.3583 (3) 0.5 (1) 
0.986 (1) 0.8894 (7) 0.5786 (2) 0.4 (1) 
0.995 (1) 0.2617 (6) 0.3332 (3) 0.37 (9) 

T a b l e  2. Selected bond distances (~)  
trans-Mo8 cluster 
Mo(1)--Mo(4) 2.587 (2) Mo(l)----O(3) 2.113 (9) 
Mo(l)--Mo(2) 2.606 (1) 
Mo(l)----Mo(3) 2.621 (2) Mo(2)----O(9) 2.045 (10) 

Mo(2)--O( 1 ) 2.050 (11 ) 
Mo(2)--Mo(3) 2.725 (2) Mo(2)---O(5) 2.061 (10) 
Mo(2)--Mo(3) 2.757 (2) Mo(2)----O(7) 2.061 (10) 
Mo(2)--Mo(4) 2.757 (2) Mo(2)---O(4) 2.125 (11) 
Mo(2)--Mo(4) 2.771 (2) 

Mo(3)--O(8) 2.042 (8) 
Mo(3)----Mo(4) 2.744 (2) Mo(3)----O(6) 2.054 (8) 
Mo(3)----Mo(4) 2.767 (2) Mo(3)---O(5) 2.058 (10) 
Mo(4)---Mo(12)* 3.053 (1) Mo(3)----O(1) 2.062 (11) 

Mo(3)---O(l 0) 2.077 (1) 
Mo(1)---O(8) 2.039 (8) 
Mo(1)---O(2) 2.056 (9) Mo(4)--O(7) 2.036 (9) 
Mo(1)---O(7) 2.069 (10)  Mo(4)----O(8) 2.068 (9) 
Mo(l)---O(5) 2.079 (11)  Mo(4)----O(9) 2.080 (10) 
Mo(l)---O(1) 2.094 (10)  Mo(4)---O(10) 2.081 (11) 

Mo(4)---O(6) 2.095 (9) 

cis-Mo8 cluster 
Mo(5)---Mo(6) 2.662 (2) 
Mo(5)--Mo(9) 2.711 (2) 
Mo(5)--Mo(8) 2.736 (2) 
Mo(5)--Mo(7) 2.740 (2) 
Mo(5)---Mo(11)f 3.086 (2) 

Mo(6)---Mo(7) 2.723 (2) 
Mo(6)--Mo(10) 2.733 (2) 
Mo(6)--Mo(8) 2.756 (2) 

Mo(8)---Mo(l 2) 2.598 (1) 
Mo(8)---Mo(10) 2.728 (2) 
Mo(8)--Mo(9) 2.805 (2) 

Mo(9)---Mo(l 1) 2.684 (2) 
Mo(9)---Mo(l 2) 2.856 (2) 
Mo(9)--Mo(10) 2.871 (2) 

Mo(10)--Mo(12) 2.735 (2) 
Mo(10)--Mo(11) 2.771 (2) 

Mo(7)---Mo(l 1) 2.595 (1) 
Mo(7)--Mo(9) 2.715 (2) 
Mo(7 )--Mo(10) 2.814 (2) Mo(9)---O(16) 2.022 (10) 

Mo(9)---O(11 ) 2.038 (9) 
Mo(5)----O(12) 1.907 (13)  Mo(9)----O(17) 2.060 (10) 
Mo(5)----O(13) i.983 (10)  Mo(9)---O(19) 2.087 (10) 
Mo(5)----O(15) 1.999 (10)  Mo(9)----O(21) 2.144 (13) 
Mo(5)---O(16) 2.052 (10) 
Mo(5)---O(l 1) 2.097 (9) Mo(10)---O(2) 1.999 (8) 

Mo(10)---0(4) 2.016 (11 ) 
Mo(6)---O(12) 1.965 (14) Mo(10)--O(18) 2.056 (10) 
Mo(6)---O(3) i.984 (I0) Mo(10)---O(20) 2.064 (9) 
Mo(6)---O(14) 1.986 (10) Mo(10)--O(21) 2.189 (13) 
Mo(6)---O(4) 2.035 (11 ) 
Mo(6)--O(2) 2.068 (8) Mo(I 1)---O(11) 1.977 (10) 

Mo( 11 )----O(18) 2.036 (10) 
Mo(7)---O(17) 2.039 (11)  Mo(11)---O(21) 2.044 (14) 
Mo(7)--O(18) 2.045 (10) Mo(11)--O(13) 2.049 (10) 
Mo(7)---O(14) 2.054 (10)  Mo(11)---O(17) 2.071 (11) 
Mo(7)---O(13) 2.073 (11) Mo(l 1)----O(14) 2.079 (10) 
Mo(7)---O(16) 2.107 (11) 

Mo(12)---0(6) 1.931 (9) 
Mo(8)----0(20) 2.039 (10)  Mo(12)---0(9) 2.006 (10) 
Mo(8)----O(19) 2.044 (10)  Mo(12)---O(21) 2.010 (4) 
Mo(8)--O(15) 2.061 (10)  Mo(12)--O(19) 2.059 (10) 
Mo(8)---O(10) 2.070 (11)  Mo(12)--O(20) 2.081 (10) 
Mo(8)----O(3) 2.082 (10)  Mo(12)----O(15) 2.088 (10) 

* Between trans and cis-edge-sharing MOB clusters belonging to the 
same layer. 

f Between cis-edge-sharing MoB clusters belonging to the same layer. 
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Pr environment 
Pr(1)--O(7) × 2 2.530 (10) 
Pr(1)--O(10) x 2 2.659 (12) 
Pr(1)--O(20) x 2 2.664 (8) 
Pr(1)---O(8) x 2 2.671 (8) 
Pr(1)--O(1) x 2 2.737(11) 
Pr(1)--O(3) x 2 2.913 (8) 

Pr(2)---O(12) 2.420 (7) Pr(2)---O(16) 2.763 (12) 
Pr(2)---O(5) 2.452 (8) Pr(2)----O(15) 2.903 (10) 
Pr(2)---O(19) 2.468 (11) Pr(2)----O(21) 2.951 (7) 
Pr(2)---O(18) 2.504 (11) Pr(2)--O(9) 2.981 (8) 
Pr(2)---O(17) 2.589 (8) Pr(2)---O(14) 3.033 (10) 
Pr(2)--O(4) 2.701 (13)  Pr(2)--O(13) 3.198 (8) 

Data were corrected for Lorentz-polarization and an empirical 
absorption correction following the DIFABS procedure (Walker 
& Stuart, 1983) was applied to isotropically refined data. 
Refinements of the occupancy factors for the Pr and Mo sites 
confirmed that they are fully occupied. 

Data collection: CAD-4 Software (Enraf-Nonius, 1989). 
Structure solution and subsequent difference Fourier synthe- 
ses: MULTANll/82 (Main, Fiske, Hull, Lessinger, Germain, 
Declercq & Woolfson, 1982). Molecular graphics: ORTEPII 
(Johnson, 1976). Other calculations: MolEN (Fair, 1990). 
Computer: Digital MicroVAX 3100. 

Lists of structure factors, anisotropic displacement parameters and 
complete geometry have been deposited with the IUCr (Reference: 
DUl l l8) .  Copies may be obtained through The Managing Editor, 
International Union of Crystallography, 5 Abbey Square, Chester CH 1 
2HU, England. 
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Abstract 

a-Dibarium diphosphate, Ba2P207, crystallizes in space 
group P62m with the Ba atoms, separated by 4.703 A, 
arranged in columns. Ba atoms are in sites of 
eleven- and tenfold coordination with Ba(1)---O and 
Ba(2)--O distances in the ranges 2.776(8)-2.869(6) 
and 2.878 (9)-3.080(9)A,, respectively. One Ba atom 
has three interactions with bridging O atoms. P207 
groups have threefold axes passing through the 
P atoms. The bridging O atom is disordered about these 
axes, with P---O--P angles of 130 (1) and 134 (4) °. 

Comment 

Historically, diphosphates of the A2P207 type, in which 
A is a divalent cation, have been considered to exist as 
two types of structure predicated by the ionic radius 
of A, i.e. when the radius of A is less than 0.97A, 
the structure is of the thortveitite type, in which P 2 0 7  
groups display a staggered conformation (A = Mg, Mn, 
Fe, Co, Ni, Cu, Zn), and when the radius of A is greater' 
than 0.97 ~ (A = Ca, Sr, Ba, Pb), the diphosphate is 
seen to be in an eclipsed conformation (Brown & Calvo, 
1970) and is categorized as the dichromate type. 

Compounds of both types have been found to exist in 
allotropic forms. Thortveitite structures typically show 
a transition at temperatures below 873 K from a low- 
temperature or a form to a high-temperature or /3 
form. Heating leads to a cell volume one quarter 
that of the ambient temperature form (one half in 
the case of Cu) and a more symmetrical structure. 
Typically, a forms show A atoms in layers, with AO5 
and AO6 polyhedra sharing edges to form an irregular 
or 'broken-sided' two-dimensional array of hexagons. 
High-temperature forms are observed in space group 
C2]m and show a regularization of the hexagon with 
the introduction of axial distortions in bonds to A. Cu 
(Robertson & Calvo, 1967, 1968), Co (Krishnamachari 
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