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Caesium pentamolybdate and caesium heptamolybdate both crystallize in the monoclinic space group 
C2/c with a=21.44, b=5"559, c=14"338 A, ,8=122"74 ° for the former and a=21.54, b=5"537, c= 
18.91 A, ,8= 122.71 ° for the latter. Both compounds have Z= 4; the measured and calculated densities 
are 4.62 and 4"63 g cm -3 respectively for the pentamolybdate and 4"55 and 4"514 gm cm -3 for the 
heptamolybdate. Of the 3150 unique, counter intensities collected for the pentamolybdate, 2999 with 
I> 3o'(1) were used in the solution and refinement of the structure to R= 0.041 (Rw= 0.076), although 17 
of these were considered to be seriously extinguished and were given zero weight. For the heptamolyb- 
date 2744 reflexions were collected in a similar manner and 1762 of these with I> 30"(1) were used in the 
solution and refinement of the structure to R=0.039 (Rw=0.043). The two structures are very similar; 
both are composed of sheets of linked Mo-O octahedra joined by Cs-O polyhedra. The Mo-O frame- 
work is composed of strips of MoO3-type structure joined at twofold axes, the composition of the 
structure being dependent on the number of Mo-O octahedra between the twofold axes. 

Introduction 

This work originated from an attempt to prepare and 
determine the structure of Cs2Mo4013, a phase which 
was reported by Spitsyn & Kuleshov (1951) and Sal- 
mon & Caillet (1969). It was of interest to compare the 
structure of this compound with that of RbzMo4013 
and isomorphous K2Mo4013 (Gatehouse & Leverett, 
1971). During the initial stages it became obvious that 
the compound being studied was CszMosOl6 and not 
the tetramolybdate. The structure of the pentamolyb- 
date which is reported here suggested the existence of 
a series of structures of varying composition based on 
a similar motif. The structure of the heptamolybdate, 
a phase not reported by earlier workers but which was 
reported by Hoekstra (1973), confirmed this view and 
is also reported here. A brief report of these structures 
has been published elsewhere (Gatehouse, 1974). 

Experimental 

Preliminary studies of the crystalline products of slowly 
cooled melts of Cs2CO3 and MoO3 in the mole ratios 
1 :x (4 _< x_< 10) revealed the presence of two crystalline 
phases, Cs2MosOx6 and Cs2Mo7022 . This contradicted 
the work of Spitsyn & Kuleshov (1951), who reported 
the hexa- and octamolybdates, and that of Salmon & 
Caillet (1969) who correctly reported the pentamolyb- 
date but who believed the other phase to be 
CszMo9028. Both these groups reported the tetra- 
molybdate but single crystals could not be prepared 
during this study. The paper on the Cs~MoO4-MoO3 
system by Hoekstra (1973), which was received after the 
completion of this work, has described the complex 
behaviour of the system in the tetramolybdate region. 

The densities of the penta- and heptamolybdates 
(Table 1) were determined pycnometrically with pow- 
dered samples prepared by triturating the appropriate 
ratios of Cs2MoO4 and MoO3 and heating to 450- 
480°C for about 20 h, grinding the white, microcrys- 
talline product and then reheating for a further 20 to 
24 h. 

Table 1. Crystallographic data for Cs2Mo5016 , 
Cs2M07022 and Rb2M07022 

Cs2M05016 Cs2M07022 Rb2M07022 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group C2/c C2/c C2/c 
a (/~) 21.44 (1) 21.54 (1) 20.73 (1) 
b (/~) 5"559 (3) 5-537(3) 5"553 (3) 
c (,~) 14-338 (7) 18.91 (1) 18.56 (1) 
fl(°) 122.74 (4) 122-71 (3) 120.79 (5) 
V(A) 3 1438 (3) 1897 (3) 1836 (3) 
Z 4 4 4 
Dc (g cm -3) 4-63 (1) 4.514 (7) 4-32 (1) 
D,, (gcm -a) 4.62 (3) 4.55 (3) 4-29 (3) 
/t(Mo K~) (cm-1) 93.0 83.3 

Caesium pentamolybdate 

Determination of the unit cell 
A crystal with a distorted cubic shape and an aver- 

age thickness of about 0.025 mm (pR___ 1.16) was 
chosen from a melt of Cs2CO3 and MoO3 in the mole 
ratio 1:4. Weissenberg photography with Cu K~ radia- 
tion showed that the compound was monoclinic with 
space group C2/c or Cc. 

The crystal was mounted on a Philips PWll00 
automatic four-circle diffractometer (courtesy of Dr E. 
Keulen, Philips' Research Laboratories, Eindhoven, 
Holland) and the cell dimensions reported in Table 1 
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were obtained by least-squares refinement of  cell and 
orientation parameters from the positions of 25 rea- 
sonably intense reflexions. Graphi te-monochromated  
Mo Ke radiat ion (2=0.7107 A) was used. 

Intensity data 
Graphi te-monochromated Mo Ke radiat ion was also 

used for the collection of intensities. 3150 unique re- 
flexions with 2.0 < 0 < 35.0 and k, l_> 0 were monitored 
by 0-20 scans with constant width, AO= 1.5 °, and a 
speed of  0.025 ° s -~. At each extreme of  the scan a 
background count was measured for ha l f  the scan time. 
Three non-coplanar  reference reflexions were measured 
every two hours and no systematic variations in their 
intensities were detected. The variance of  an observed 
in tens i ty , / ,  was calculated from 

O'2(1) = 0.2(C) -4- 0.2(91) "3 I- 0.2(02) "q- (0"04I) z 

where C was the peak intensity without correction for 
background and B1 and B2 were the two background 
counts. The factor 0.04 was taken as the average error 
in a strong reflexion. 

The observed intensities and their variances were 
corrected for Lorentz and polarization effects. Since 
the plane of  reflexion of  the specimen was perpen- 
dicular to that of  the monochromator  

(Lp) -1 = sin 20 (1 + cos 2 20m)/(COS 2 20+  cos 2 2Ore) 

where 0.,=6.08 ° was the Bragg angle of  the mono- 
chromator.  The absorption correction for a sphere with 
/ t R = I . 1 6  was also applied (International Tables for 

X-ray Crystallography, 1959). The corrected intensities, 
F 2, were reduced to observed structure amplitudes,  F, 
and the standard deviation of  F was calculated from 

a(F) =G(F2)/2F. 

228 weak reflexions with I<3a(I) were given zero 
weight in the structure solution and refinement. 

Scattering factors and programs 
The scattering factors for Cs +, Mo O and O ° were 

those of  Cromer & Waber  (1965). All computing was 
per~'ormed on the Monash  University C D C  3200 com- 
puter. The major  programs were MONLS, a modified 
version of  the full-matrix least-squares program of 
Busing, Mart in & Levy (1962), MONDLS,  a block-diag- 
onal least-squares program adapted from the 'SF '  series 
of  Shiono (1968) and the Fourier  summat ion program, 
MONFR (White, 1965). 

Structure solution 
The centrosymmetric space group C2/c was chosen 

for solving the structure and the subsequent satisfac- 
tory refinement of  the structure confirmed this choice. 
The heavy-atom structure was solved by conventional  
Harker  techniques and the oxygen positions were found 
from subsequent difference maps. 

A number  of  cycles of  full-matrix least-squares re- 
finement of  the isotropic model, with all 'observed'  
data given unit weights, reduced R =  Y]lFol- IFcll/Y~lFol 
to 0.085. Use of the block-diagonal least-squares tech- 
nique, with reflexions weighted by 1/a2(F) and with 

Table 2. Final positional and thermal parameters for Cs2Mo5016 and Cs2Mo7Oz2 
B is the Debye-Waller temperature factor. The anisotropic temperature factor is of the form exp [-2rr2(Ullh2a*2+ U22k2b .2 

+ U331Zc*Z+2Ut2hka*b*+2Ua3hla*c*+2U23klb*c *) × 10-4]. Estimated standard deviations are in parentheses. 

Caesium pentamolybdate 
x y z Ult U22 Ua3 Ul2 U13 U23 

Mo(1) 0 0"1350 (2) 0"25 101 (5) '68 (4) 88 (5) 0 58 (4) 0 
Mo(2) 0"10958 (5) 0"7831 (2) 0"46280 (7) 76 (3) 89 (4) 104 (3) - 1 (3) 53 (3) 18 (3) 
Mo(3) 0"06128 (5) 0"3288 (2) 0"60782 (7) 72 (3) 73 (4) 91 (3) 1 (3) 49 (3) 14 (3) 
Cs 0"22113 (5) 0"1616 (2) 0"33569 (8) 227 (4) 209 (4) 337 (5) 13 (3) 195 (4) 38 (3) 

x y z B x y z B 
O(1) 0"0995 (4) 0"039 (2) 0"3676 (6) 0"9 (1) 0(5) 0"0571 (4) 0"604 (2) 0"5184 (7) 1"0 (1) 
0(2) 0"0724 (5) 0"102 (2) 0"5368 (7) 1"3 (2) 0(6) 0"0286 (5) 0"674 (2) 0"6868 (7) 1"1 (1) 
0(3) 0"0087 (5) 0"178 (2) 0"6616 (6) 0"8 (1) 0(7) 0"1907 (5) 0"846 (2) 0"5854 (8) 1"5 (2) 
0(4) 0"1362 (5) 0"549 (2) 0"4154 (7) 1"5 (2) 0(8) 0"1494 (5) 0"367 (2) 0"7226 (8) 1"4 (1) 

Caesium heptamolybdate 
x y z 0"1, 0'22 

Mo(1) 0"5 0"1173 (3) 0"25 82 (8) 60 (9) 
Mo(2) 0-18908 (7) 0-1884 (3) 0"02696 (8) 72 (6) 66 (6) 
Mo(3) 0"03472 (7) 0"2499 (3) 0"40618 (8) 83 (6) 91 (6) 
Mo(4) 0"16252 (7) 0"1432 (3) 0"36241 (8) 70 (5) 63 (6) 
Cs 0.34516 (6) 0.1559 (2) 0-32331 (8) 168 (5) 232 (6) 

x y z B x 
O(1) 0.0265 (6) 0.021 (2) 0.1423 (7) 1.5 (2) 0(7) 0"0743 (5) 
O(2) 0.4821 (6) 0.018 (2) 0"3347 (7) 1.1 (2) 0(8) 0"0336 (7) 
0(3) 0.3710 (6) 0.077 (2) 0.0212 (7) 1.5 (2) 0(9) 0-4245 (6) 
0(4) 0"1301 (6) 0"076 (2) 0-4570 (7) 1.0 (2) O(10) 0.2259 (6) 
0(5) 0"1749 (6) 0.105 (3) 0.2813 (7) 1.5 (2) O(11) 0.2808 (5) 
0(6) 0"1924 (6) 0"153 (2) 0"1189 (7) 1"6 (27 

U~3 U~2 U~3 U~3 
77 (8) 0 24 (7) 0 
90 (6) -17  (5) 35 (5) - 1 2  (5) 
96 (6) 17 (5) 43 (5) 13 (5) 
79 (5) 11 (5) 31 (5) 12 (5) 

271 (6) 23 (5) 120 (5) 38 (5) 

y z B 
0"301 (2) 0"3193 (7) 0"9 (2) 
0"295 (2) 0"4941 (7) 1-8 (2) 
0"307 (2) 0"1967 (7) 1"2 (2) 
0"367 (2) 0"4192 (7) 1"2 (2) 
0"363 (2) 0-0667 (6) 1"0 (2) 
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the metal  a toms  va ry ing  an iso t rop ica l ly  and  the oxy- 
gens isotropical ly ,  reduced  R to 0.052 and  R ~ =  
(Yw(lFol-lFcl)2/~wF2) x/2 f rom 0.103 to 0.087. 

A t  this stage the d i s t r ibu t ion  o f  R~ agains t  sin 0/2 
was genera l ly  level for  sin 0 / 2 > 0 . 3  bu t  increased 
sharp ly  below this value. A n u m b e r  o f  intense,  low- 
angle  reflexions showed discrepancies  be tween Fo and  
F~ which  could  p r o b a b l y  be best  a t t r ibu ted  to extinc- 
t ion.  The  17 wors t  affected reflexions, wi th  F~ > 150, 
sin 0/2 < 0.3 and  (F~- Fo)/Fo > 0.1, were rejected. Block- 
d iagona l  least-squares  ref inement  then  reduced R to 
0.038, R~ to 0.075, and  resul ted in a more  sa t is factory 
d i s t r ibu t ion  o f  Rw aga ins t  sin 0/2. A t  this  stage all 
shifts  were below 0.1tr and  the re f inement  was ter- 
minated .  The  final pos i t iona l  a n d  the rmal  pa ramete r s  
are repor ted  in Tab le  2.* 

A difference synthesis  showed  some signif icant  fea- 

* Lists of observed and calculated structure factors for both 
this structure and that of caesium heptamolybdate have been 
deposited wi.th the British Library Lending Division as Sup- 
plementary Publication No. SUP 30827 (45 pp., 1 microfiche). 
Copies may be obtained through The Executive Secretary, 
International Union of Crystallography, 13 White Friars, 
Chester CH 1 1 NZ, England. 
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Fig. 1. The sheet of octahedra which forms the Mo-O frame- 
work in Cs2Mo~O~6 (above) and Cs2MoTO22 (below) viewed 
perpendicular to the mean plane of the sheet. Twofold axes 
are denoted by arrows. One of the ReO3-type strips is shaded 
for clarity. MoO3-type strips can be seen between the two- 
fold axes: these are 2½ octahedra wide in the pentamolyb- 
date and 33 octahedra wide in the heptamolybdate. The 
corners of the rectangles enclosing the repeating units have 
the coordinates 3,0,0; 3,1,0; 3,1,1 ; 3,0,1 (above) and 0,0,¼; 
0,1,¼; 1,1,1¼; 1,0,1¼ (below). 

Tab le  3. Selected interatomic distances (A) in caesium 
pentamolybdate and caesium heptamolybdate 

The symmetry transformations are indicated by the super- 
scripts. The roman numerals refer to the symmetry transfor- 
mations as follows: I (x,y,z), II 07,)7,i), III (2,y,½-z), IV 
(x,~,½+z), V (½+x,½+y,z), VI (½-x,½-y,.~),  VII (½-x,  
½+Y,½-z). The absence of a roman numeral indicates no 
symmetry transformation, i.e. (x,y,z). If the atom referred to 
occurs in a cell adjacent to the primary unit cell, the relation- 
ship of that cell to the primary cell is given by a (0, + 1,0), 
b ( -  1,0,0), c (0, - 1,0), d(0,0, - 1), e ( -  1, - 1,0),f(0, - 1, - 1). 

Estimated standard deviations are in parentheses. 

C s 2 M o s O t 6  C s z M O T O 2 z  

(a) Mo-Mo edge-shared octahedra 

Mo(1)-Mo(2) c 3.302 (2) Mo(1)-Mo(3) TM 3.321 (2) 
Mo(2)-Mo(3) "a 3.290 (2) Mo(2)-Mo(2) T M  3"359 (3) 
Mo(3)-Mo(3) "~ 3"361 (2) -Mo(4Y w" 3"384 (2) 

Mo(3)-Mo(4) 3"327 (3) 

(b) Mo-Mo corner-shared octahedra 

Mo(1)-Mo(3) ue 3.928 (2) Mo(1)-Mo(4) TM 3"952 (2) 
-Mo(3) nb 4"203 (2) -Mo(4) v 4"148 (2) 

Mo(2)-Mo(3) 3"755 (2) Mo(2)-Mo(4) T M  3"702 (2) 
-MOO)" 4.114 (2) 

(c) Mo-O 

Mo(1)_O(6)ub. iv 1"710 (11) 
-O(1)l'm~ 1"947 (7) 
_O(3)ne, Iw 2"219 (9) 

Mo(2)-O(4) 1.704 (11) 
-0(7) 1.712 (8) 
-O(I) ° 1.901 (9) 
-0(5) 1"965 (11) 
-O(3) nb 2" 184 (7) 
-0(2)" 2"411 (11) 

Mo(3)-O(2) 1"718 (10) 
-0(8) 1"721 (7) 
-0(3) 1-873 (11) 
-0(5) 1"968 (9) 
-O(5) un 2"211 (7) 
-0(6) 2.514 (10) 

(d) Cs-O less than 4.0/~, 

Cs-O(1) 2"961 (10) 
-O(8) ~v 3-027 (9) 
-O(7) v' 3" 168 (9) 
-0(7) T M  3.241 (9) 
-O(7) tv 3.282 (12) 
-0(8) v~ 3-308 (13) 
-0(8) ~vc 3.306 (9) 
-O(4) 3.393 (12) 
-0(4) T M  3"414 (8) 
-O(6) xv 3"592 (9) 
-0(2) Iw 3"987 (10) 
-O(2) v' 3"990 (10) 

-Mo(3) lvf 3"735 (2) 
-Mo(4) vn~ 4"059 (2) 
-Mo(3) lvd 4"211 (2) 

Mo(1)_O(9)I, m 1 "730 (11) 
-O(2) I'm 1"918 (14) 
-0(7) vc'vnc 2"255 (10) 

Mo(2)-O(3) T M  1"707 (11) 
-0(6) 1.712 (15) 
-0(4) lvs 1.920 (10) 
-0(11) 1.949 (12) 
-0 ( I  1) T M  2.209 (15) 
-0(10) vn~ 2.355 (11) 

Mo(3)-O(l) ma 1.697 (11) 
-0(8) 1.694 (16) 
-0(2) vb 1-913 (11) 
-O(4) 1-985 (11) 
-O(7) 2"239 (15) 
-O(3) TM 2"506 (11) 

MO(4)-O(5) 1"705 (16) 
-O(10) 1"721 (11) 
-0(7) 1"833 (11) 
-O(11) vu~ 1"982 (10) 
-0(4) 2"275 (15) 
-0(9) v~tc 2-442 (11) 

Cs-O(2) 2.941 (13) 
-O(8) vx 3.011 (10) 
-O(5) TM 3"061 (13) 
-O(1) TM 3"195 (13) 
-O(6) TM 3"221 (14) 
-0(6) vnc 3"250 (14) 
-0(5) 3"317 (14) 
-0(6) 3'466 (9) 
-O(5) vnc 3"531 (13) 
-0(3) ivc 3"704 (14) 
-0(9) 3"710 (15) 

(e) Cs-Cs 

Cs-Cs vl 4.294 (2) 
_CsV., v.~ 4.308 (2) 
-Cs"' ~ 5"559 (3) 

Cs_CsVU, vnc 4"457 (2) 
-Cs"" c 5"537 (3~ 
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tures. At the four heavy-atom positions the electron 
density ranged between - 1 . 5  and - 3 . 0  e A -a. Each 
position was surrounded by areas of positive density 
(as high as 2.2 e A -a in some cases) about 1 A from 
the centre. These features were probably associated 
with extinction and differential absorption effects. Else- 
where the electron density was between + 1 e A -a 

Description of  the structure 
The structure of Cs2Mo5016  is composed of sheets 

of Mo-O octahedra linked to each other by sheets of 
Cs-O polyhedra. The basic unit of the Mo-O frame- 
work could be considered to be a block of ReO3-type 
structure which is five octahedra wide, one octahedron 
deep and of infinite length. Each such block joins with 
two other identical blocks by sharing octahedron edges 
to form a 'staggered sheet' as shown in Fig. 1. A b-axis 
projection of the structure is shown in Fig. 2. 

The M o - O  octahedra show the distortions which 
are typical of that species (Gatehouse & Miskin, 1974). 
The Mo-O distances lie between 1-70 and 2-51 A, with 
average distances of  1-96, 1.98 and 2.00 A for the 
octahedra about Mo(1), Mo(2) and Mo(3) respectively. 
Pertinent interatomic distances are reported in Table 3. 

In this structure Cs is coordinated by ten oxygens 
(Fig. 3). On one side Cs is surrounded by a pentagon 
formed by O(1), 0(8) ~vc, O(7) TM, 0(8) TM and 0(4), and 
on the other by a distorted square; 0(7) v~, O(8) vx, 
0(7) TM and 0(4) TM. These oxygens lie between 2.96 
and 3.41 A from Cs. 0(6) TM is 3"59 .~ from Cs through 
the pentagonal face and may be considered to be co- 
ordinated. Cs-O(2) tvc is 3.99 A,, also through the pen- 
tagonal face, and Cs-O(2) v~ is the same distance 
through the square face but this distance is probably 
too long for the oxygens to be considered as coor- 
dinated. The pentagon and the square of oxygens are 
arranged so that two other square faces are formed. 
These two faces, O(8)Iv-o(7)w-o(8)vt-o(7)  TM and 
O(7)~v-o(8)vLo(7)Vl~-O(8) xv¢ are shared with other 
Cs-O polyhedra to form chains which share 0(4) and 
0(4) TM with adjacent chains to give rise to sheets of 
Cs-O polyhedra. 

Caesium heptamolybdate 

Determination of  the unit cell 
A small prism with dimensions 0-025 × 0.028 x 0.033 

mm was mounted about the prism axis on Monash 
University's Philips PWl l00  automatic four-circle 
diffractometer. Graphite-monochromated Mo Ks ra- 
diation (2=0.7107 A) with a take-off angle of 6 ° and 
monochromator angle, 0,,= 5.94 °, was used. A least- 
squares refinement of cell and orientation parameters 
with 25 reasonably intense reflexions yielded the cell 
dimensions listed in Table 1. 

An examination of a set of rapidly collected low- 
angle data indicated that the space group was either 
C2/c or Cc. Subsequent examination of the complete 
data set confirmed this conclusion. 

Intensity data 
Intensities were collected by 0-20 scans with width, 

AO= 1.0 °, and a speed of 0.0168 ° s -1. The method of 
counting the background was the same as in the pen- 

. 

_" " 

Fig. 2. Projections along the b axes of Cs2Mo5016 (above) and 
Cs2Mo7022 (below). The unit-cell outlines are shown. Large 
filled circles represent Cs positions while the small filled 
circles within the octahedra represent Mo positions. Two- 
fold axes are at 0,y,¼; 0,y,¼, ½,y,k and ½,y,¼. Note how the 
positions of the Mo-O sheets relative to each other and the 
positions of the Cs atoms relative to the sheets are almost 
identical in the two structures. 

Fig. 3. The sheets of Cs-O polyhedra in Cs2MosO16 (left) and 
Cs2MoTO22 (right). The similarity between the polyhedra in 
both the structures should be apparent. The labelling of the 
atoms is consistent with Table 2. The coordinates of the cell 
outlines are t,0,0" ¼, 1,0; ¼,1,1 and ¼,0, 1 (left) and 0,0,0; 
0,1,0; 1, 1, 1 ; and 1,0, 1 (right). The diagram was produced 
by the use of ORTEP (Johnson, 1965). 
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tamolybdate study. No systematic variation could be 
detected in the intensities of the three reference reflex- 
ions. All 2744 unique reflexions with 0 between 3.00 
and 30.00 ° and with k,l>O were collected. Since the 
crystal was small (/zR_~0.1) no absorption correction 
was applied, but apart from this the treatment of the 
intensities was the same as for the pentamolybdate. 
982 reflexions with I <  3a(1) were given zero weight in 
the structure solution and refinement. The computer 

(a) 

(b) 

(c) 

Fig. 4. The relationship between the 'predicted' structure for 
Mo30~- and the real Mo30~o" chain as found in CszMo3010. 
(a) The 'predicted' sheet structure. The chain of edge-sharing 
octahedra in the structure is shaded and reproduced in (b). 
This chain has stoichiometry Mo3012 and can be reduced to 
Mo3Ol0 by removing the oxygens marked with an asterisk 
to give the chain of octahedra and square pyramids (c) 
which is found in the potassium, rubidium and caesium 
trimolybdates. Twofold axes are indicated by arrows. The 
chain found in the trimolybdates has the same symmetry as 
the 'parent' sheet structure. 

programs and scattering factors were the same as in 
the solution of the pentamolybdate. 

Solution of the structure 
The structure was solved in C2/c by conventional 

Harker techniques. With all 'observed' reflexions given 
unit weight, two cycles of full-matrix least-squares re- 
finement of all positions and isotropic temperature fac- 
tors reduced R to 0.051. Successive cycles of block- 
diagonal least-squares refinement of all positional and 
thermal parameters, with metal atoms allowed to vary 
anisotropically and reflexions with I>  3a(l) weighted 
by 1/a2(F), gave R =0.039 and Rw=0.043. At this point 
all shifts were reduced to less than 0.1a and the refine- 
ment was terminated.* The final positional and ther- 
mal parameters are reported in Table 2. A difference 
map showed no features associated with the atom posi- 
tions and all density was between +2.6 and -2 .9  
elk -3. 

Description of the structure 
The structure of Cs2Mo7022 is essentially the same 

as that of CszMo5016 with the exception that the ReO3- 
type strip of corner-sharing octahedra, which is five 
octahedra wide in the pentamolybdate, is seven octa- 
hedra wide in the heptamolybdate. The relationship 
between these two polymolybdates is shown in the 
b-axis projections (Fig. 2) and the diagram of the 
Mo-O frameworks (Fig. 1) of the two structures. 

In the heptamolybdate the Mo-O sheets lie parallel 
to (10T) and not (100) as in the pentamolybdate. This 
difference is due to the choice of the Dirichlet reduced 
cell in both cases. The alternative cell for the hepta- 
molybdate, in which the Mo-O framework lies parallel 
to (100), is related to the cell used here by 

b2 = b l  + _ 4 b l  

C2 C 1 Cl 

where a~, b~, c~, a2, b2 and c 2 are the vectors corre- 
sponding to the axes of the original and alternative 
cells respectively. The dimensions of the alternative cell 
are a=21.54, b=5.537, c=19.524 A, /?=125.4 °. The 
principal differences between these dimensions and 
those of the pentamolybdate are the increased c-axis 
length and fl angle, both of which are due to the in- 
creased width of the ReO3-type strips which form the 
Mo-O framework. 

The distortions in the Mo-O octahedra are the same 
as mentioned previously and give rise to Mo-O dis- 
tances in the range 1.70 to 2.51 A with average values 
of 1.97, 1-98, 2.01 and 1-99 A for the octahedra around 
Mo(1) to Mo(4) respectively (Table 3). 

In CszMo7022, Cs is nine coordinate (Fig. 3). The 
coordination polyhedron is essentially the same as that 
in Cs2Mo5016. The distances to the oxygens which 
form the pentagon [O(1 )v,i, O(2), O(5) v' ,c, O(6), 0(5) TM] 

* See footnote on p. 1295. 
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and the distorted square [0(6) w~, O(5), 0(6) TM, 0(8) v~] 
lie between 2.94 and 3.53 A. Neither O(9), which forms 
the apex above the pentagon and is 3.71 A from Cs, 
nor 0(3) lvc, which is 3.70 A from Cs through the square 
face, is considered to be coordinated to Cs. As in the 
pentamolybdate the Cs-O polyhedra join through 
square faces to form chains. Because of the more ex- 
tended Mo-O framework in CszMo7022 the chains do 
not share common oxygens to form sheets as in 
Cs2MosO16. As can be seen in Fig. 2, the Cs in the 
heptamolybdate occupy the same positions relative to 
the central Mo (twofold axis) of the seven octahedra 
wide strip as they do to the central Mo of the five 
octahedra wide strip in the pentamolybdate. 

D i s c u s s i o n  

Cs2MosO16 and Cs2Mo7022 appear to be members of 
a series of compounds with general formula 
A2Mo,O3,+l (where A is a large alkali metal ion and 
n is a positive integer) which have Mo-O frameworks 
composed of sheets, n octahedra wide, of corner-linked 
octahedra joined together to form staggered sheets. 

When n is odd, these sheets have twofold axes which 
are separated by n/2 octahedra (Figs. I and 2). The 
arrangement of octahedra between the twofold axes 
is the same as that found in the sheets of octahedra in 
MOO3. The widths of adjacent strips of MoO3-type 
structure are equal but the directions of edge-sharing 
of octahedra are perpendicular (related by the twofold 
axis). The Mo-O framework can therefore be described 
as strips of MoO3 structure joined at planes of oxygen 
excess (the stoichiometry of the sheet is MoO3+~/,). 
The obvious analogy is with shear structures where 
blocks of a particular structure type are joined at shear 
planes - planes of oxygen deficiency. As n is increased 
the distance between the twofold axes increases, so 
MoOn may be considered to be the limiting member 
(n = co) of the series. 

Unpublished phase studies by the authors and work 
by Hoekstra (1973) have confirmed that no caesium 
polymolybdates higher than the heptamolybdate are 
formed. The structures of the penta- and heptamolyb- 
dates have been described here and the only remaining 
polymolybdate with n odd is CszMo3Ot0 which has a 
structure composed of chains of Mo-O octahedra and 
square pyramids (Gatehouse & Leverett, 1968). Al- 
though the trimolybdate chain does not conform to 
the scheme just proposed, it is very closely related. The 
'predicted' MoaOxo framework is shown in Fig. 4(a). 
While this Mo-O framework is quite reasonable, there 
is no way in which a structure composed of these sheets 
can satisfy the coordination requirements of the rela- 
tively large proportion of Cs. The smaller proportions 
of Cs in the penta- and heptamolybdates can be ac- 
commodated because of the more extended nature of 
the Mo-O frameworks in these structures. The chain 
of edge-sharing octahedra which runs through the 
Mo3Ox0 sheet [Fig. 4(b)] has stoichiometry Mo3012. 

This can be reduced to Mo3010 by removing the oxy- 
gens marked in the diagram to form square pyramids. 
This chain, which retains the same symmetry as the 
Mo3010 sheet, is the chain found in C%Mo3Olo and the 
isomorphous K and Rb trimolybdates. 

Similar structures can be proposed for the cases 
when n is even; however the twofold axes are not re- 
tained and the width of the MoO3-type strips alternate 
between (n+ 1)/2 and (n-1) /2  octahedra. Cs2Mo207 
probably has a chain structure for the same reason that 
CsEMo3Ox0 has a chain structure. Cs2Mo4013 has not 
been prepared in a form suitable for X-ray single-crys- 
tal structure analysis and there are no other poly- 
molybdates known to form with even n in the 
CszMoOa-MoO3 system. There is, however, evidence 
to suggest that CszM04013 prepared by solid-state reac- 
tion of CszMoO4 and MoO3 below 500°C forms with 
a chain structure similar to K2Mo4013 and its isomorph 
Rb2Mo4013 (Gatehouse & Leverett, 1971): Caillet & 
Saumagne (1969) reported that the infrared spectra of 
Cs2Mo4013 and Rb2MoaOa3 were very similar. It would 
appear, then, that the A2Mo,,Oa,+x family is restricted 
to odd n. 

The cell dimensions and density of Rb2M07022, a 
previously unreported phase, were obtained in the 
same way as those of the caesium polymolybdates and 
are reported in Table 1. This compound appears to be 
isomorphous with Cs2Mo7022; the slightly shorter a 
and c axes, and smaller fl angle of the Rb compound 
are due to the smaller size of Rb which allows the 
Mo-O sheets, which are parallel to (101), to move 
closer together. The intersheet O-O distance which 
would be affected most by this movement would be 
that between 0(5) and 0(6) which is nearly perpen- 
dicular to (101) and is the shortest intersheet O-O dis- 
tance in Cs2Mo7022 (3.30 A). Assuming no 'slipping' 
of the Mo-O sheets relative to each other and no com- 
pensating distortions in the Mo-O framework, the cor- 
responding distance in Rb2M07022 would be about 
2.85 A which is not prohibitively short. The structure 
may distort slightly to increase this distance. 

As mentioned previously there are other rubidium 
polymolybdates which are isomorphous with the cor- 
responding caesium polymolybdates: Rb2Mo30~0 is 
isomorphous with K2Mo3010 and Cs2Mo3010; 
Rb2Mo4Ox3 is isomorphous with KEM04Ox3 and may 
be isomorphous with, or at least similar to, Cs2Mo4013 • 
Salmon & Caillet (1969) have reported Rb2MosOj6 
which, if it exists, may be expected to be isomorphous 
with Cs2Mo5016 . There is no reason, from a structural 
point of view, why RbEMosO16 should not form with 
this structure. Nevertheless single crystals of this com- 
pound could not be prepared during these studies and 
Debye-Scherrer powder photographs have indicated 
that the major species forming at the pentamolybdate 
composition is Rb2Mo4013. 

The fact that heptamolybdates are formed in the Cs 
and Rb systems while the highest polymolybdates in 
the Li and Na systems are Li2M04013 (Gatehouse & 
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Miskin, 1974) and Na6Mo10033 (Bolger & Gatehouse, 
1973) is probably due to the size of the alkali metal 
ion; the larger Rb-O and Cs-O coordination poly- 
hedra are able to accommodate a more extensive Mo-O 
framework. 

In conclusion it may be noted that the A2MonOan+l 
series reported here is in some ways analogous to the 
MxB2,O4,+3 series reported by Galy & Lavaud (1971). 

This work forms part of a project supported by the 
Australian Research Grants Committee. One of us 
(B.K.M.) acknowledges the receipt of a Common- 
wealth Postgraduate Research Award. 
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The Crystal and Molecular Structure of [4,4,2]Propella-3,8-diene-ll,12-dione 
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The crystal structure of the title compound has been determined and refined by three-dimensional least- 
squares calculations to a final R value of 0.057 using 1870 counter data. The compound crystallizes in 
the monoclinic space group P2~/c with a=  7.438, b = 11.539, c= 12"935 A and fl= 116.22 °. There are four 
C12H1202 molecules in the unit cell. The molecule possesses nearly mm symmetry with the two six- 
membered rings in the boat form and folded toward the diketone. 

Introduction 

The structure of [4,4,2]propella-3,8-diene- 11,12-dione 
was determined as part of a study of the effects of rc 
electrons on n - +  re* transition energies of eis-e-dike- 
tones (Neely, Fink, van der Helm & Bloomfield, 1971). 
The visible and ultraviolet solution absorption spectra 
of this compound as well as its di- and tetrahydro de- 

* Supported by a National Aeronautics and Space Admin- 
istration Predoctoral Traineeship. Present address: Chemistry 
Department, Oklahoma City University, Oklahoma City, 
Oklahoma 73106. 

1" Supported by N.I.H. Development Award K4-GM-42572. 

rivatives have been reported (Bloomfield & Moser, 
1968). The title compound and the dihydro derivative 
show n -+ re* absorption at unusually long wavelengths 
compared with other unsubstituted ~-diketones (Birn- 
baum, Cookson & Lewin, 1961; Leonard & Mader, 
1950; Alder, Schafer, Esser, Krieger & Reubke, 1955). 
Theoretical studies show that the transition energies 
depend on the molecular conformations (Fink, 1973; 
Neely, Fink, van der Helm & Bloomfield, 1971). The 
structure of the title compound was determined to ob- 
tain bond-length and bond-angle data necessary for the 
calculations and possible clues about preferred confor- 
mations of these molecules in solution. 


