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The commercial ly  available compound  labelled cobalt  
molybda te  gives the same powder  diffraction pa t t e rn  as 
the precipi ta te  tha t  is formed when solutions of a cobalt  
salt and normal  sodium molybda te  are mixed. On heat ing 
this precipitate,  a phase change occurs which appears 
to be complete a t  about  700 °C., and fur ther  prolonged 
heat ing to 1100 °C. shows no addit ional  change. Chemical 
analysis of the final product  gives the formula as CoMoO 4. 
This compound can also be prepared by roasting at 
750-800 °C. stoichiometric proportions of anhydrous  
cobalt  chloride and  normal  sodium molybdate .  Both 
preparat ions yield an apparen t ly  black compound,  which 
when ground in a mor ta r  turns  to an olive green colour. 
Under  polarized light the colour is blood red. 

Analysis of the sin e 0 values on a powder  photograph 
yielded a te t ragonal  uni t  cell which satisfied m a n y  of 
the reflexions. The compotmd was also frequent ly found 
in the melts  from which or thorhombic  cobalt  molybda te  
was grown (Smith, 1960) and on occasions, single crystals 
which were shiny and almost black in appearance were 
present. The X-ray examination of these crystals revealed 
unusual lattice geometry which accounted for the simplicity 
of the powder photographs. The crystals had prismatic 
habit with ill-formed faces and a rotation photograph 
about the prism axis, c, showed even layer intensities 
to be very strong and odd layer intensities weak indicat- 
ing pseudo-halving. The c spacing was 7.71±0.01 .£~. 
Zero and upper layer equi-inclination VCeissenberg photo- 
graphs taken with Mo Ka radiation about c, for l=0 
to 10, gave the following information. 

(i) On zero and even layers the reflexions showed a 
wide range of intensity but were mostly very strong. 
On odd layers nearly all reflexions were weak and of 
almost ~miform intensity. 

(ii) Even layers showed symmetry 4mm. with two 
very prominent central lattice rows, 90 ° apart, present 
for l = 0, 4, 8 but absent for l = 2, 6, 10. If these are taken 
as a* directions, the spacings along these rows, as 
measured with Cu Ka radiation from zero-layer photo- 
graphs about c and each a I axis, were not detectably 
different and corresponded to a spacing of a t = 12.53 ± 
0.01 A. A second but less prominent set of central lattice 
rows, a*, at 45 ° to a*, was present on all even layers. 
a 2 = 8"86 ± 0.01 /~. 

(iii) Odd-layer photographs showed only one central  
latt ice row, along one of the a~ directions, about  which 

only mirror-plane s y m m e t r y  existed. 
(iv) E v e r y  layer showed the same non-systemat ic  

absences and intensi ty  distribution, apar t  from an overall 
scale factor, wi th  the four th  layer  above it, i.e. layers 
for which 1 =0,  4, 8 were identical,  as were those for 
l = l ,  5, 9; l = 2 ,  6, 10; and 1=3, 7. 

Thus the s t ructure  is pseudo-te t ragonal  bu t  the t rue 
s y m m e t r y  is only monoclinic wi th  its a* along one a* 
axis and  its b* along the other  a* axis. 

The reappearance of two eentraI  latt ice rows on all 
even layers is explained by the staggering of the layers 
of the reciprocal latt ice in such a way tha t  the origin 
points of the even layers lie directly over the points 
h00 along a* ( = a * )  whilst the origin points of the odd 
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Fig. 1. Reciprocal lattice layers perpendicular to c axis. 
Only reflexions allowed by space group are indicated. 

• R.L. points for layers l=0 ,  4, 8. 
× R.L. points for l ayers /=2 ,  6, 10. 
A R.L. points for layers l=  1, 5, 9. 
• R.L. points for layers l = 3, 7. 
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Fig. 2. hO1 plane of reciprocal space showing the staggering 
of hkl layers relative to the hk0 layer. 
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hkl 

CoMoO 4 
^ 

sin 20c sin 20o 

Table 1. X-ray powder data 
Cu K~ radiation 

110 * 0"0152 0"0154" 

115 * 0"0194 0"0196" 

205 * 0"0269 0"0267* 

200]* 0.0303] 0.0303* 
020J* 0"0303J 

111 * 0"0345 0"0353* 

021 * 0"0421 0"0428* 

112]* 0"0471] 0"0478* 
202| * 0.o471 / 
002J 0.0471J 

201]* 0.0573] 0.0585* 
221]* 0.0573J 

220 * 0.0607 0.0611" 

130]* 0.0758] 0-0763* 
310]* 0.0758J 

022]* 0.0774] 0.0777* 
112/* o.o774 I 
22~1" 0.0774 / 
31~J* 0.0774 j 

135 * 0"0800 0"0792* 

131 * 0.0952 0.0966* 
203 0.0981 
I13 0.0984 

132]* 0.1078] 0.1081" 
202l* 0.1078| 
402J* 0.1078J 

311 * 0.1103 0.1092" 

223 0.1211 0.1217" 
400]* 0.1213] 
040J* 0.1213J 

041]* 0.1331] 0.1328" 
42IJ* 0.133 

023] 0.1363] 0.1368" 
403] 0.1363] 
330 * 0.1365 
132]* 0"1381] 
222|* 0.1381 l 
332J* 0.1381J 

241 0.1482 0.1483 

420]* 0.1516] 0-1520" 
240J* 0.1516J 

20~ 
133 

401 0.1634 0.1622 

042] 0.1684] 0.1687 
24~ / o.1684 / 
312 / 0.1684 / 
512J 0-1684 j 

331] 0"1710] 0-1717 
511J 0-1710] 
114] 0.1732] 
314J 0"1732] 

333 0.1742 0.1756 

241 0-1786 0.]793 

i /  
NiMo04 

sin 20c sin 20o 

70 0"0155  0.0159" 

10 0"0198 0.0202* 

20 0"0275 0"0275* 

5 0-0310"0311] 0"0307* 

5 0-0353 0.0360* 

20 0.0431 0.0438* 

50 0-0479] 0-0487* 
0.0479 / 
0.0479J 

5 0.0586] 0.0593* 
0.0586] 

100 0.0622 0.0628* 

5 

40 0.0790] 0.0794* 
0.0790| 
0.0790| 
0.0790 J 

40 0-0819 0.0807* 

5 

20 0.11010"11010"1101] 0.1105" 

20 0"1130 0"1120" 

40 0"1234 0"1249" 
0"1243] 
0"1243J 

5 

70 0.1390] 0.1404" 
0.1390J 
0-1399 
0.1412] 
0.1412| 
0.1412J 

l0 0.1519 0-1518 

10 0.1554] 0.1561" 
0"1554J 

0"1607 0.1626 
0.1623 

30 

5 

5 

0.1762] 0.1773 
0.1762J 

5 0"1778 

5 0.1829 0"1832 

I ;  hkl 

70 150]* 
5 510j* 

155 
2O 

151 
5 

o2~] 
424J 

5 
445 

20 
04g 

50 152]* 
242[ 
332[ 
4o21. 

5 44~/ 
5321 

100 60~A, 
53T 
114] 
13~. 

50 33~/ 
514 j 

605 

50 603 
440 * 

20~ 
31~] 

20 533J 
31~ 
44~ 
350] 

30 530] 
30 1521 

352| 
422| 
622 j 
405 

40 I15 
623 
600] 
060J 

2o~] 
6o~| 

10 244J 
153 

10 
061] 
441] 

30 355 
42g 
13~] 
53~] 
353 

51~ 
243 
260] 
620J 

10 352] 
442] 
55~ l 
642 J 

lO 55T 

CoMoO 4 
t ,  

r 

sin 20c sin 2 0o i/  
NiMoO 4 

r 

sin 2 0e sin 2 0o 

0.1971] 
0.1971 
0.2013 
0.2165 

0.2187] 
0.2187J 

0.2241 

0.2273 
0.2291- 
0.2291 
0.2291 
0.2291 
0.2291 
0-2291 
0.2291 

0.2316 
0.2339] 
0.2339| 
0.2339J 
0.2339 

0.2424 
0-2426 

0"2489 
0.2500] 
0.2500] 

0.2565 
0*2576 
0-2578] 
0-2578J 

0.2594] 
0.2594| 
0.2594] 
0"2594 

0.2716 
0-2728 
0.2729] 
0-2729J 

0.2847] 
0-2847J 

0.2944 
0-2945] 
0.2945J 
O.2955 

0.3020 
0.3031 
0.3033] 
0.3033] 

0.3504] 
0.3504 / 
0.3504J 
0"3504 
0.3529 

0.1974" 

0.2005 
0.2169 

0-2194 

0-2249 

0.2287* 

0.2321 

0.2424* 

0.250I 

0.2577 

0.2593 

0.2736 

0.2843 

0.2954 

0-3025 

0.3517 

33 0.2020] 0-2024* 
0.2020J 

5 
15 

15 0.2229] 0.2230 
0.2229J 

15 

25 0.2322 0.2337* 
0.23447 
0.2344[ 
0-2344| 
0.2344| 
0.2344| 
0.2344[ 
0-2344~ 

25 0.2373 0-2368 
0.2384] 
0.2384[ 
0.2384| 
0.2384 j 
0-2451 0.2432 

5 0.2477 0.2485 
0-2487 

5 

4O 

4O 

30 

15 

25 

25 

5 

0.2555] 0.2549 
0.2555J 

0.2642] 
0.2642J 

0.2655] 
0.2655| 
0.2655J 
0.2655 
0'2686 

0.2797] 
0.2797J 

0.2850] 
0.2850] 
0.2850] 
0.2866 
0.2917] 
0.2917 
0.2995 
0.2996 
0.3006] 
0.3006J 

0.3108] 
0.3108J 

0.2650 

0.2677 

0.2801 

0.2859 

0-2907 

0.2999 

0.31(}3 

i; 
25 

25 

3O 

3O 

5 

5 

30 

25 

15 

10 

5 

20 

10 
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hkl 

621] 
64i j  
538 
20~] 
3161 
406J 

063 
55o] 
170 / 
710_1 

r 

sin" O c 

CoMoO t 

sin ~ Oo U 
r 

sia ~ Oc 

Table  1 (cont.) 

NiMoO 4 

sin ~ Oo I ;  hkl 

0.3605] 
0.3605j 
0.3626 
0-3633] 
0.3633| 
0.3633J 

0.3789 
0.3791] 
0-3791| 
0.3791J 

0.3603 

0.3786 

15 

25 

CoMoO 4 

sin~ Oc sin ~ Oo IR sin 20c 

NiMoO 4 

sin20o 

20~ 0.4005 0.3999 lo 
64~] 0.4007] 
244J 0-4007J 

602]  0.4110] 0.4118 25 
172J 0.4110J 

335 0.4384 0.4397 20 
443 0.4396 
730] 0.4397] 
370J 0.4397J 

* Reflexions and indices used in least squares analysis. 
Bracketed reflexions have identical 0 values. 
Relative intensities IR estimated visually. 

ii 

layers  lie over  t he  midpo in t s  b e t w e e n  the  h00 points .  
F r o m  the  s ingle-crys ta l  p h o t o g r a p h s  this  holds  for the  
t en  layers  examined .  I t  leads to a special  re la t ionship  
b e t w e e n  a, c a n d  fl, for, as the  l ayer  for 1 = 4 super imposes  
d i rec t ly  u p o n  t h e  zero layer ,  t he  reciprocal  la t t ice  po in t  
004 lies d i rec t ly  over  the  200 po in t  on a*, i.e. 

4 c * c o s f l * = 2 a *  or a c o s ( 1 8 0 - f l ) = c / 2 .  

Figs .  1 a n d  2 show the  a r r a n g e m e n t  of the  var ious  layers  
of t he  rec iprocal  la t t ice  a n d  Fig.  3 t he  re la t ionship  
b e t w e e n  the  t r ue  monocl in ic  cell a n d  the  pseudo- te t r ag -  
onal  ceils. 
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Fig. 3. Relationship between pseudo-tetragonal cells and true 
monoclinic cell. The c axis has been elongated for clarity. 

F o r  t he  p s e u d o - t e t r a g o n a l  cell (a 1, al ,  c) t he  hkl re- 
f lexions on the  zero a n d  even  layers  were  p re sen t  on ly  for  
(h+k ,+l )=2n ,  whi ls t  for  t h e  smal le r  t e t r a g o n a l  cell 
(al, al, c/2) the  same  ref lexions were  i ndexed  for  hkl 
all  even  or all odd.  This  f ace -cen t red  p s e u d o - t e t r a g o n a l  
cell  cor responds  to  t h e  smal le r  b o d y  cen t r ed  cell 
(a2, a2, c/2). F o r  t he  monocl in ie  cell, t he  hkl ref lexions 
a re  p re sen t  on ly  for (h + k ) = 2 n  a n d  the re  are  no o the r  

sy s t ema t i c  absences ;  t he  space g roup  is the re fore  C2, Cm, 
or C2/m. :No a t t e m p t  has  been  m a d e  to d is t inguish  be- 
t w e e n  them.  

F r o m  s ingle-crys ta l  p h o t o g r a p h s  

asinfl=b=8"86+_O.O1, a = 9 . 6 5 + 0 . 0 1 ,  c = 7.71_+ 0.01 A ,  
fl =113"4 +_ 0.2 °, V = 6 0 4 A  a. 

Chemica l  ana lys is :  Co 26.10%, Me 43.95%. 
Theore t i ca l  analys is  for CoMoO4: Co 26-94%, Me  43.83%. 
H ighes t  m e a s u r e d  dens i ty  of p o w d e r = 4 . 6 4  g.cm. -s. 
Theore t i ca l  dens i ty  for  8 molecules /ce l l  =4 .79  g.cm. -s. 

The  u n u s u a l  la t t ice  g e o m e t r y  of t h e  c rys ta l  causes  
g rea t  s impl i f ica t ion  of t he  genera l  express ion  for  t h e  
monoc l in ic  sys tem,  sin ~ 0 = M A + k~B + 12C +hlD, w h e r e  
A,  B and  D are  n o w  equal  or n e a r l y  so. I n  an  a t t e m p t  
to dec ide  w h e t h e r  t he re  were  real  differences b e t w e e n  
A,  B a n d  D, a leas t -squares  analys is  was  m a d e  of t he  
sin ~ 0 va lues  o b t a i n e d  f rom p o w d e r  p h o t o g r a p h s  t a k e n  
in a 114.6 ram.  d i a m e t e r  c a m e r a  us ing  Cu Ka and  Cr K a  
rad ia t ions .  The  g rea t e r  dispers ive p o w e r  of Cr K a  was  
used  to  sepa ra te  severa l  v e r y  close reflexions,  a n d  the  
sin 2 00rKa va lues  were  f inal ly  c o n v e r t e d  to sin 2 0ca Ks. 
A m e a n  of bo th  sets was  used  in t he  analysis .  Tab le  1 
sets  ou t  t h e  d i f f rac t ion  d a t a ;  those  ref lexions m a r k e d  *, 
wh ich  could  be  i ndexed  unequ ivoca l ly  f rom the  single- 
c rys ta l  da ta ,  were  used  for t he  analysis .  The  t w e n t y - t w o  
ref lexions so used  were  i n d e x e d  w i th  40 sets of hkl. 
Three  ana lyses  were  m a d e  ~mder the  fol lowing condi t ions  
(i) A # B # D ,  (ii) A = B 4 D ,  (iii) A = B = D .  T h e  de r ived  
cons t an t s  A,  B,  C a n d  D,  shown hi  Tab le  2, are  v e r y  
close for  each  case b u t  t he  res idual  s t a n d a r d  e r ror  is 
least  w h e n  A = B  =D. I n  t he  absence  of m o r e  a c c u r a t e  
da ta ,  such as m i g h t  be p r o v i d e d  b y  a focusing camera ,  

the r~l~i0ns a sinfl=b and a c0s (180-fl)=c/2 have 
been  t a k e n  to  be  exac t  a n d  the  list  of sin ~ 0c compi led  
on  this  a s sumpt ion .  Because  of t h e  equ iva l en t  va lues  of 
sin e 0 for  severa l  sets of hkl n o t  all t he  p lanes  whose  
indices are  l is ted w o u l d  necessar i ly  con t r i bu t e  to  a 
ref lexion on the  p o w d e r  pho tog raph .  

The  X - r a y  d a t a  for n ickel  m o l y b d a t e ,  NiMoO4 (Brenner ,  
1955) h a v e  been  q u o t e d  as be ing  bes t  f i t ted  b y  a t e t r agona l  
cell a n d  a compar i son  of t he  d a t a  for  CoMoO 4 w i th  t h a t  
for  NiMoO 4 (ASTM 9-175) sugges ted  t h a t  the  s t ruc tu re s  
m i g h t  be i somorphous .  A sample  of NiMoO 4 was  there-  
fore p r e p a r e d  by  roas t ing  t oge the r  s to ich iomet r ic  propor-  
t ions of n icke l  oxide a n d  m o l y b d e n u m  tr ioxide.  A t  least  



SI-I O R T  C O M M U N I C A T I O N S  1057 

Table 2. 

Cu K a =  1.5418/k 
CoMoO 4 

A 

A eF B :# D A = B :~ D A = B = D 

D B A 0.007589 0.007586 0.007570 0.007593 0.007581 ] 0.007581] 

C 0.011784 0.011782 0.011775 
a 9.675/k 9.668 A 9.666 A 

a sin/~ 8.860 8.854 8.854 
b 8-851 8.854 8.854 

c sin/~ 7.102 7"102 7.104 
c 7.755 7.755 7.755 
fl 113 ° 41' 113 ° 41' 113 ° 39' 

iWiMoO 4 
, ^ 

A : ~ B : ~ D  A = B : ~ D  A = B = D  

0.0077700.0077750.007767 0.007773 0.007771] 0.007771] 

0.011988 0.011987 0.011986 
9"555 • 9.555 A 9.555/~ 
8-747 8-745 8.745 
8-743 8.745 8.745 
7.041 7"041 7.042 
7.691 7-693 7.694 
113 ° 44' 113 ° 45' 113 ° 45' 

4 hr. heat ing at 750 °C. or 2 hr. at  800-820 °C. was 
found to be necessary. The powder pa t te rn  was almost 
identical with  tha t  of cobalt molybdate  apart  from a 
slight increase in 0 values. The same least-squares analysis 
of the sin 2 0 values again indicated tha t  the constants 
A, B and D were equal. The data  are tabula ted in Tables 
1 and 2. The calculated and measured densities of nickel 
molybdate  are 4.94 g.cm. -a and 4.91 g.cm. -a respectively. 

These two molybdates  have a different crystal struc- 
ture from the tungstate  analogues, which belong to an 
isomorphous series RWO4, where R = Co, Fe, Mg, Ni and 
Zn. Unti l  the iron, magnesium and zinc molybdates  have 

been formed it is not  possible to conclude whether  a 
similar isomorphous molybda te  series does exist. (The 
data  are being sent to Prof. A. J.  C. Wilson (Cardiff) 
for inclusion in the X-ray  Powder  Data  File). 

The author  wishes to thank  the Chai rman and Directors 
of The British Pet ro leum Company Limited,  for per- 
mission to publish this paper. 
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Prel iminary X-ray crystallographic data  were gathered 
for N-Benzyldi thiocyanopyrrole  during the  search for a 
d i th iocyanated  pyrrole whose uni t  cell dimensions and 
symmet ry  would allow a rapid determinat ion by two- 
dimensional Pat terson and Fourier  methods  of the  sub- 
s t i tut ion position of the thiocyanate  groups on the pyrrole 
ring. Chemical proof of structure (Matteson & Snyder, 
1957) has indicated the subst i tut ion to be fl, tha t  is two 
carbons removed from the nitrogen, whereas N M R  
spectra (Gronowitz, HSrnfeldt,  Gestblom & Hoffman,  
1961) point  strongly to a substitution. 

Crystals were grown by slow cooling of a saturated 
95% ethanol  solution. They appeared as t ransparent  
light brown colored or thorhombic prisms, elongated in 
the  direction subsequent ly designated as the b axis. 
Rotat ion,  Weissenberg and precession photographs 
(Cu Kc~ radiation) showed the crystals to be orthorhombic 
and having the following cell dimensions:  

a o = 17.26 + 0.01, b o = 10.22 + 0.01, 
c o = 14.54 _ 0.01 A .  

The space group was unambiguously determined to be 
P b c a - D ~  by not ing the systematic absences of reflection 
on Weissenberg and precession photographs. The densi ty 
was exper imental ly  de termined by flotation to be 1"396 
g.cm. -a which agrees closely with a calculated densi ty of 

1.405 g.cm. -a for a uni t  cell containing 8 molecules. 
The molecules are thus in general positions. 

During the course of the X-ray  investigation, it was 
observed tha t  all photographs exhibi ted a very sharp 
fall-off in the  diffracted intensities, wi th  vir tual ly no 
recorded diffraction occurring at interplanar  spacings 
shorter than  1.2 /~. I t  was thought  tha t  this was indica- 
t ive of ra ther  large tempera ture  motions,  however  
in tensi ty  measurements  made  at  - 1 4 0  °C. using the 
General Electric Single Crystal Orienter (Cu K a  radia- 
tion) and Precession Photographs ( M o K a  radiation) 
showed only a small amount  of sharpening, thus ruling 
out the  possibility of large thermal  motions.  On the basis 
of the low tempera ture  data,  it must  be concluded tha t  
the  observed sharp fall-off in intensities is not  due to 
excessive thermal  motions but  rather  very likely due to 
stacking disorders. 

:No further  work on this compound is contemplated at 
this time. 
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