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The Crystal Structure of Cobalt Molybdate, CoMo0Q4
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Cobalt molybdate crystallizes in the monoclinic system, space group C2/m, with 8 molecules in a cell
of a=9-67, b=8-85, c=7-76 A, f=113° 49", The structure, which has a marked sub-cell exhibiting al-
most perfect tetragonal symmetry, was determined by Patterson and Fourier methods and refined by
least-squares methods. The oxygen atoms are sixfold coordinated around both cations in a close-packed
arrangement of distorted octahedra, based upon the NaCl (or CoO) type structure. However, not all
the octahedral holes are filled by the cations; the cations only occupy edge-sharing octahedra in such
a way that infinite chains parallel to the ¢ axis are formed. Each chain of filled octahedra is surrounded
by other chains of unfilled octahedra. Each of the two independent Co atoms is displaced from the
center of its octahedron by about 0-1 A, with Co-O distances ranging from 2-03 to 2-17 A and from
201 to 2-16 A ; similarly each of the two crystallographically independent Mo atoms is displaced from
the center of its octahedron by about 0-4 A, with Mo-O distances ranging from 1-73 to 2-31 A and
from 1-72 to 2:33 A. These displacements result in a wide range of inter-cationic distances in the structure.
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Introduction

The crystal structures of the molybdates of small cat-
ions (e.g. Co, Fe, Mg, Mn, Ni, Zn) are unknown al-
though the tungstate analogues have been studied; in
particular, the structure of NiWQ, has been investig-
ated in detail (Keeling, 1957). In a previous commun-
ication (Smith, 1962) the lattice geometry of CoMoOQO,
as derived from single-crystal and powder diffraction
data was described. The unusual lattice relationships
and high degree of pseudo-symmetry present in this
structure prompted the complete structure determin-
ation which is now reported here.

For the sake of completeness the crystal data and
brief details of the symmetry of CoMoQ, are repeated.

System: Monoclinic.

Space group C2/m.

Cell a=9-666 + 0-008, b =8-854 + 0-008,
c=7-755+0-008 A, f=113°49" + 12/,
V=607 A3, Z=38.

Calculated density 4-79 g.cm—3.

Highest measured density of powder material 4.69
g.cm—3.

The structure has a very marked pseudo-tetragonal
sub-cell (asin fxbxic), with symmetry near to
I4/mmm. The relation of this pseudo-tetragonal cell to
the true monoclinic cell was illustrated earlier (Smith,
1962). In addition the intensities of reflections on the
reciprocal lattice layers of constant / are related ap-
proximately to those on the layers (/+4) and (/+8) by

* Research performed in part under the auspices of the
U.S. Atomic Energy Commission.

+ Present address: Department of Chemistry, Northwest-
ern University, Evanston, Illinois 60201, U.S.A.
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F(h—n, k, 14+2n)=K F(hkl), n=2, 4, where the pro-
portionality factor K falls off nearly as the square not
of the sum of the squares of the atomic scattering fac-
tors. This relation holds approximately up to /=10%
(see Table 3).

The space groups compatible with the observed ex-
tinctions (kk/, h+k odd) are C2/m, Cm and C2. Space
group C2/m has been assumed here, both because it
is favored by the intensity statistics and because of our
failure to observe a piezoelectric effect with a very sen-
sitive apparatus.f A reasonable structure has been
found on this assumption, whereas attempts to find a
structure in the lower symmetry space groups have
been unsuccessful.

Experimental

A complete set of three-dimensional intensity data was
collected at room temperature with Mo Ko radiation
from one crystal. Data were recorded for the layers
/=0to 10 and also for the layers 40/ and Ok/. Intensities
were estimated visually from multiple films out to ap-
proximately A-!sinf=1 A-1. The intensities were re-
duced to F2 by application of the usual Lorentz—
polarization corrections. The linear absorption coef-

# Note added in proof. - The relationship of the indices of
‘equivalent’ reflections related by the pseudo-tetragonal sym-
metry, in the even [ layers, is given by the continued trans-
formation on hkl of —(lj2+k), £(l]2+h), I.

e.g. 422 — 352,352
352 —~ 622, 622
622 - 152,152
152 — 422,422

The change of sign of the second index is permitted by
monoclinic symmetry.

T We are indebted to F. Holtzberg for performing this
experiment for us.
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ficient of CoMoO, for Mo K« radiation is 95-3 cm™1,
and since the crystal employed in the analysis had ap-
proximate dimensions 0-2 mm x0-2 mm x 0-35 mm,
our neglect of an absorption correction may not be
too serious. No correction has been applied for extinc-
tion. The |F,|? values were brought to a common scale
with the use of data from the other two principal zones,
and this scale was made approximately absolute by
Wilson’s method. The average overall isotropic tem-
perature factor was found to be 0-6 Az,

Structure determination

Certain general features of the structure could be guess-
ed from the peculiar intensity relationships between
the various / layers. For instance the very marked in-
tensity similarities in the even / layers, in particular,
indicated that most, if not all, of the atoms must be ly-
ing in or very close to the (002) planes of the sub-cell.
These planes, which are the (204) planes of the true
cell, easily give the strongest intensity, which is almost
equal to the sum of the atomic scattering factors X f2.
It was also noted that d,,;=194 A is a very likely
cation-oxygen distance, while the pseudo-tetragonal
symmetry indicated that the x and y coordinates of all
the atoms ought to be nearly equal.

The three-dimensional Patterson map quickly con-
firmed these ideas and showed the distribution of the
vector peaks in each sub-cell to be almost identical.
It was clear that the cations were sited in (I) two sets
of mirror plane positions (4/) with (II) a further two
sets on each of the twofold axes (44) and (4g). The pro-
blem at this point was to distinguish which of the cat-
ions was in each of the four positions because the
vector peaks arising from inter-cation vectors of like
and unlike kinds were all superposed. The cation-
oxygen vectors were likewise indistinguishable. Thus
although it proved possible to derive four sets of cat-
ion coordinates, which gave a vector set consistent
with the Patterson, it was not possible to decide whe-
ther the cations were distributed in an ordered or dis-
ordered manner over these sites. In addition to the
sets of cation coordinates, three sets of oxygen co-
ordinates were also obtained from the Patterson map
(one set of which proved to be incorrect). From these
atomic parameters structure factors were calculated
on the assumption that the Co and Mo were ran-
domly distributed over the four sites. The subsequent
three-dimensional F, map revealed the complete oxygen
coordination, which took the form of a close-packed
arrangement of octahedra. Three sets of oxygen atoms
were in the general positions (8/) with two further sets
in the mirror plane (4i). In this map, the mirror plane
cation peaks were of the same weight and were very
elongated in the z direction; while these features might
be expected in an ‘average’ structure, where the signs
of the weak odd !/ reflections are incorrect, the peak
distortion could also be interpreted as disorder in the
sites of these cations.

THE CRYSTAL STRUCTURE OF COBALT MOLYBDATE, CoMoO4

In structures possessing sub-cells the weak reflections
arise from small differences in atomic content and/or
sites of the sub-cells, and the assignment of correct
signs to these weak superlattice reflections is always a
major problem. A statistical analysis of the super-
lattice reflections (Mackay, 1953) for CoMoO, yielded
an average displacement from the ‘ideal’ structure of
0-19 A. Accordingly a series of structure-factor calcul-
ations was made for models incorporating several dis-
placement values and for other models having a dis-
ordered arrangement of cations. None of these models
was satisfactory. Attention was therefore concentrated
on an ordered model and four trial structures were
examined, each based upon a different ordered arrange-
ment of cations that lead to the same vector set. In all
these the agreement between F, and F. for the /-odd
reflections was poor but for the /-even reflections it was
good. The model which gave best agreement for the
l-even reflections was chosen for refinement, and this
turned out to be the proper choice.

The refinement

Least-squares refinements were carried out on F using
our local modification of the Busing-Levy ORFLS
full-matrix program for the IBM 7094 computer. The
scattering factors used were those for Co, O, and Mo*
tabulated by Ibers (1962), except that the Mo+ values
were reduced to approximate Mo® values by compar-
ison with the Thomas-Fermi-Dirac values for Mo*
and Mo°. Dispersion corrections were applied to F;
(Ibers & Hamilton, 1964), use being made of the values
tabulated by Templeton (1962). The weighting scheme
employed was: w=(150/F) for F> 150, w=(F/50) for
F<50 and w=1 for 50 < F< 150 electrons.

In the first series of calculations each of the nine
atoms in the asymmetric unit was assigned a variable
isotropic thermal parameter and refinement was car-
ried out for the /-even reflections only. This was done
because previous calculations for /-odd reflections had
shown very poor agreement (conventional R>50%7)
and it was not known whether this poor agreement re-
sulted from an improper placement of some or all of
the heavy atoms (off, for example, by % in z) or (as it
turned out) because the heavy atoms were slightly mis-
placed, causing the important heavy-atom contribu-
tions to these weak /-odd reflections to be incorrect.
A subsequent refinement of the /-odd reflections based
on the positions obtained from the /-even refinement
began with an R of 18%; and dropped in one cycle to
11%. From this point on all of the 1317 independent
reflections were refined together, and the conventional
R factor for this refinement was 0-087 and the weighted
R factor 0-10. Although it seemed unlikely that this
excellent agreement could be achieved if the postulated
structure were not correct, a further refinement was
carried out in which in addition the site occupancies of
the heavy atoms were varied. This refinement yielded
the same agreement factors, no significant shifts of the
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Table 1. Atomic parameters for CoMoO,

Atom  Position X y z
Mo(1) 4(7) 0-2844 (DT O 0-6391 (2)
Mo(2) 4(g) 0 0-2852 (1) 0

Co(1) 4(i) 0-3108 (2) 0 0-1555 (3)
Co(2) 4(h) 0 0-3094 (2) A

o(1) 8(J) 0-5035 (9) 0-1515 (9) 0-2395 (11)
0(2) 8()) 0-1528 (10)  0-1656 (11)  0-0772 (13)
0(3) 8(/) 0-1642 (10)  0:1534 (10)  0-5815 (12)
04 4(1) 0:3476 (12) O 0:4376 (16)
O(5) 4() 0-3487 (14) O 0-9156 (18)

B or B¥ B2z B33 B3
0-00078 (10) 0-00143 (10) 0-00145 (19) —0-00013 (10)
0-00134 (11) 0-00085 (9) 0-00111 (18) 0-00018 (10)
0-00117 (18) 0-00171 (17) 0-00259 (33) 0-00020 (17)
0-00148 (17) 0-00131 (17) G-CG220 (29) 0-00049(16)
0-40 (8)

0-92 (11)
0-80 (11)
0-43 (13)
0-74 (15)

* Temperature factor expression for the heavy atoms in exp {— (81142 + B22k2 + B33/2+2B13h1)}; for the oxygen atoms the

isotropic B (A2) is listed.

+ Figures in parentheses are the estimated standard deviations in the preceding value.

previous parameters, and the following occupancies:
Mo(1) 1-024+0-010, Mo(2) 1-001+0-009, Co(l)
1-003 £ 0-015, Co(2) 0-998 + 0-014. These differ insigni-
ficantly from unit occupancy, and hence proof is pro-
vided that the structure is stoichiometric and ordered.
Certain geometric features of the resultant structure
were surprising; in particular each of the Mo atoms
was displaced about 0-4 A from the center of its octa-
hedron. Refinements carried out in which the heavy
atoms were re-set to the centers of the octahedra diver-
ged, and no evidence could be found that the structure
we had found was a false-minimum one. Finally at-
tempts were made to refine a distorted version of the
C2/m model in Cm. All of these calculations met with
disaster, for the atoms moved toward C2/m with re-
sultant spurious shifts from nearly singular matrices.

A difference Fourier synthesis calculated from the
structure factors of the isotropic refinement with fixed
occupancies of unity in C2/m showed peaks as high as
8-9 ¢.A-3, about 309 of the height of an oxygen atom
peak in this structure. Some of the peaks were ascrib-
able to anisotropy of the thermal motions of the heavy
atoms, and in a final series of calculations refinement
was carried out with the heavy atoms allowed to vib-
rate anisotropically, but with the oxygen atoms re-
stricted to isotropic motion. This refinement of 41
variables for the 1317 data converged rapidly to a con-
ventional R factor of 0-082 and to a weighted R factor
of 0-095. The improvement over the isotropic refine-
ment, as judged by Hamilton’s weighted R-factor test
(Hamilton, 1965) is highly significant. The parameters
obtained in this refinement are listed in Table 1, to-
gether with their standard deviations as obtained from
the inverse matrix. There are no unexpected correl-
ations between parameters; in fact, none of the correl-
ation coefficients exceed 0-5.

In Table 2 the principal axes and orientations of the
vibrational ellipsoids of the heavy atoms are listed.

In Table 3 the values of F, and |F,| are given. The
| Fe| for unobserved reflections are not listed in Table 3
for none exceeded Fuyin as estimated from Imin.

A difference Fourier synthesis based on this aniso-
tropic refinement showed no peaks higher than 5e.A-3,
approximately 159 of the height of an oxygen atom
in this structure,

Table 2. Root-mean-square amplitudes of vibration (A)
and orientation of principal axes

Atom Axis 1 Axis 2 Axis 3 Angle 1, a*
Mo(l)  0-046(4) 0-075(3) 0-080(4) 52(5)
Mo(2)  0-052(4) 0-058(3) 0-080(3) 80(6)
Co(1) 0-065(5) 0-082(4) 0-093(5) 132(8)
Co(2) 0-072(5) 0-072(5) 0-084(5) 62(20)

* By symmetry one of the axes must be in the b direction,
and this turns out to be axis 2 in each case. The angle is be-
tween axis 1 and the a axis, as measured clockwise looking
down the positive b axis.

Discussion

The structure is a close-packed arrangement of oxygen
octahedra about both types of cations and can be
thought of as a distorted modification of the CoO
structure. The relationship between the structures can
be seen from Fig. 1 where the (001) projection of CoQO is
shown together with the c-axis projection of CoMoOj,.
The {110) directions of CoO are parallel to the a
sin and b axes of CoMoO, with the area of the
(a sin B x b) face nearly 9/2 times that of the (001) face
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Fig. 1. c-Axis projection of CoO and CoMoO4 showing rela-
tionship between the structures.
Circled crosses: Co and O sites of CoO structure.
Circled dots: Idealized cation/oxygen sites in CoMo0Oy.
Open circles: Idealized oxygen sites in CoMo0Os.
--- Qutline of unit cell of CoMoO, projected down c¢ axis.
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Table 3. Observed and calculated structure amplitudes (in electrons) for CoMoO,

ssensenlz Qeeenens

~FRBwosno

@O PNOD O NV

cNL—ONC

OV e R EO MO G\ wr RO O ANO e D

—_

COWNONLU— OO FL NV e RNBANO NV FOC SNOW

seseesela

e ———,———~QO000UO0OGCOUO

92
2.2
20.0
62.0
.1
54.4
69.0
53.2
1077
10.2
66.2
6l
4.4
45,7
58,1
125.%
57.6
8.6
62.0
48.0
34.)
9.7
36,2
60.7
62.0
58.9%
55.1

97.5
37.5
Bé.4
42.7
49.3
6548
14.8
1.2
33.3
33.6
44,6
at.p

197.8
3.7
232.2
27404
83.1
152.9
6l1.3
118.9
174006
65.¢
221.4
5743
Q8.4

103.1

%7
53.3

48.2
46,5
57.6

2423
1¢0.0
65.7
54.8
78.4
164.2

52,6

2.0
155.2

51.9
8.6
S1.8
6.7
36.7
T4.4
28.6
67.2
67.8
5T.8
“5.6

Lesnsees

1.9
38,0
90.9
38.9
444
.4
5.1
65.4
?28.4
35.8
48.1
40.3

H K 265
-9 1 8.2
=11 1 76.4
0 2 92.3
4 2 114
6 2 40.4
10 2 87.0
12 2 50.3
=2 2 23.4
=4 2 5.1
-6 2 130.2
-4 2 a.d
-10 2 4l.b
=12 2 &l.5
13 31.s
3 3 5.7
5 3 10.3
73 e2.2
73 6h.9
-1 3 219
-3 3 4S5.2
-5 3 20.4
-9 3 325
=11 3 45.2
0 & 45,1
2 & 2.6
4 & 30.7
6 & 6643
€ 4 7640
10 & 2.6
12 4 107.6
-2 4 8J.1
-6 4 104.5
-8 & 38.0
-12 4 15.1
3 5 T15.8
5 5 47,3
7 5 33.8
b5 3.6
115 3%5.4
-1 5 48.0
-5 5 S5.8
-1l 5 4.8
0 ¢
2 6 2.2
4 6 35.7
6 & 4.8
19 6 s
12 (6 38.0
-2 "6 382
-4 6 947
g 6 82.6
-12 6 51.3
17 76.2
3 1 25.5
5 71037
9 1 95.1
-1 1T 3.7
-3 1 .0
=5 T 31.3
-1 7 st
-9 T TL.3
2 8 13.5
8 8 59.1
10 8 36,7
12 3 T4
~2 8 66.0
-6 8 93.2
-8 B 45.4
-10 8 70.2
19 63.1
3 9 109.7
t 7 120.9
19 63.1
-9 N
-3 9 S7T.3
-5 3 1)y
-1 9 647
-7 9 35.0
=117 2.9
010 18.7
2 10 3.7
1010 39.1
12 10 71.5
=2 10 30.3
-4 19 3143
-6 10 57.2
-3 10 42,9
-10 10 46.4
111 25.6
311 333
5 11 110.3
911 Ts.4
-1 11 S5.7
-3 11 80.2
-5 11 4.1
-7 11 2.1
-9 11 65.9
012 62.5
412 6243
6 12 37.0
10 12 7l.4
-4 12 73.7
-3 12 66,2
3 1) 65,5
113 6%.2
-1 13 62.7
=513 53.°
-7 13 392
0 14 39.7
2 14 941
6 16 12,2
-2 14 6.5
016 61.8
018 37.
cessseala 20ees
0 0 223.1
2 0 1%9.3
6 0 265.9
10 0 BE.0
12 0 96.1
-2 0 192.5
=4 2 1€1.6
-5 0 268.9
-12 0 8l.
-14 0 100.2

cav

8.4
12.0
8.8
4.2
313
89.6
50.3
23.7
87.4
28.5
116.7
0.7
41,7
23.7
42.3
15.2
85.8
62.9
28.3
.l
18.2
340
“8.7
4l.8
0.9
2643
S57.3
66
25%.4
105.0
ET.1
118.6
36.8
85.8
71.5
45,6
86.1
30,6
3it.e
g5
55.1
85,2

1 236.5

25.2
29.0

100.2

93.3

63.6
56.4
101.0
122.2
57.2

W

49.9

206.3
180.9
216.7
eT.4
99,1
193.0
137.1
26e.7
83.0
981
218.5

W X OMS  CAL
31 62,2 49.6
T 1 92.0 er.e
9 1 4J.) 4B.4
11 1 64.7 64.8
=3 1 296.9 209.6
-5 1 44.l 4043
-9 1 92.1 30.0
-1 1 47,4 5041
-13 1 56,3 &L.0
0 2 225.2 21t.2
2 2 26405 15.7
4 2 30H.5 280.0
32 152.0 141.9
10 2 68.8 66.4
12 2 4.3 4l.4
<2 2 176.6 220.8
-6 2 266, 271.8
-10 2 131.7 13640
-1z 2 6t.6 6l.4
=14 2 4¥.9 4l.¥
L) 26,3 15.2
53 255.0 221.2
5 3 33.0 35.0
9 3 142.3 152.5
-1 3 20807 184.9
-3 3 15.5 8.8
=5 3 226.8 216.5
-1 ) 43,9 43,3
-1l 3 137.5 152.5
-15 3 55.0 6l.6
9 & b3.2 52.9
7 4 234.0 220.8
4 4 61.6 ST.6
6 & LT3.) l64.6
12 4 5%.1 ST.4
12 4 35.4 41,7
-2 & 4T 4l
-4 & 222.2 222.5
-6 64,9 5T.1
-8 & 155.6°159.4
-12 45.0 52.4
-6 bl.4 4.2
1 305, 282.7
3 3.9 6C.4
5 122.9 112.5
7 136.4 157.4
1 108.5 116.3
-3
-5
-1
-9
-1
2
o
6
¥
-2
-4
-6
-8
-10

9
-1
-5
-1
-9 29.7 42,3
S1L 7 13,7 1284
0 3 101.7 90.2
4 B 1545 158.1
6 42,0 38.0
3 L R YA
10
-2
-t
-8
-10
1
s
7
1
-39 147.3 13747
-1 3.6 786
- 73.6 B86.5

0 43.3 &5.6
17.2
0 98.3 7.8

0
2 0 25.0
4

NP P DO RND S D N

-
e qapet

-7

>

NNNAN - — e - =~ 000000000

G VOLI VR R DDDD AN NNNNNOC OO OO0 OO NMNNNAVE R AP PSSR S PN E LW W W NN
Kl < ~~

87.1
7

1.4

43.9
116.5
42.7
48.6
54.3
53.5
59.9
38.0
19.2
6.5
42.0
4046
56.3
82.4
49.7
47,1
64,8
5.7
53.3
3.2
117.7

24.2
94,06

13.6

52.0

2.6

39.8

3.3

36.8

49.0
8u. )
2.1

79.6

2l.4
47.6

27.1
1025

S6.7

45.3
43.9

o

eesesnels 4acae

¥

SBS

5.5

caL

25.1

200.2

154.6
148.3

148.4

126.9

369

sseasesls

0
Qo
L]
o
o
0
0
[

= m——000O
O~ d~~d NG OCOTCOOOCNININAVNANE PR R F PP LS F P bW W w N VNRNAONNN

78.5
15.6
59.1
72.5
41.8
V6.2
45,4
102.3
82.6
21.0
7341
4420
55.7
3.9
6042
3.4
(AT
ey
21.5
32.3
b3.6
34.2
793
41.9
2.2
7.9
63,1
85.8
316
5.2
65.9
1.3
31,7
25.1
40,7
73.3
22.5
51.9
5.4
27.%
85.8
2.7
23.3
83.3
19,2
22.7
6343
T4.1
36,1
88.2
2645

4h.b
664

See

53.1

14,5

68.5

62.9
57.0
46.8

10
-2
-4

-8
-10

x 3w
8 56.3
8 33.6
8 S6.l
8 55.%
8 26.9
8 58.6
9 85.5
9 11246
9 55,9
9 4T.6
9 8l.8
9 54.0
9 67,2
@ 60.8

10 23.4

10 45.5

10 &7.2

10 33,4
10 36.0

10 37.2

10 48.0

10 4l.6

10 3t.3

1 32.0

1 13.9

11 4704

11 Eles

11 54,0

1 67.3

11 63.6

nosi.r

11 %4.5

12 51.8

12 32,4

12 57,3

12 55,0

12 513

12 653

125529

13534

13 517

13 58.1

13 63.4

13 44,2

13 456

14

16 416

14 5601

14 44,7

14

14

14 65.5

14 75.2

15 32.¢

16 523

16 $71.9

16 67,1

18 363

180.4
Sl.4

117.4
1139

33.9
122.3

&T1.5

5643

43,4

elet

%4.7

67.7

9.2

47.1
4l.9
T6.1
63.9
67.3
34,2
2.6
0.2
66.C
70.3
20.1
436
65.7
8.4
4l.7




G. W.SMITH AND JAMES A.IBERS

Table 3 (cont.)
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Table 4. Selected interatomic distances (A)*
Mo(1) Octahedron Co(1) Octahedron
Mo(1)-0@3) 1:726 ()t Co(1)-0(2) 2:028 (2) Mo(1)-Mo(2)
-04) 1-891 -0(5) 2034 —Co(l)
-0(5) 1-980 -0(4) 2:072 -Co(1)
-0(1) 2313 (2) -O(1) 2173 (2) ~Co(1)
0O(1)-0(1) 2-683 O(1)-0O(1) 2-683 -Co(2)
-0(3) 2947 (2) ~0(2) 3-112 (2) —Co(2)
-0(@3) 3996 (2) -0(2) 4189 (2) Mo(2)-Mo(2)
-04) 2695 (2) -04) 2:877 (2) —Co(1)
-0(5) 2-581 (2) -0(5) 2711 (2) ~Co(1)
0(3)-0(3) 2717 0(2)-0(2) 2933 -Co(2)
-0@4) 2794 (2) -0(4) 3051 (2) Co(1)-Co(2)
-O(5) 2-838 -0(5) 3033 (2 Co(2)-Co(2)
0O(4)-0(5) 3-703 Od-0(5) 4052
Mo(2) Octahedron Co(2) Octahedron
Mo(2)-0(2) 1719 (2) Co(2)-0(3) 2:007 (2)
-O(1) 1927 (2) -O(1) 2:063 (2)
-O(5) 2328 (2) -0(4) 2164 (2)
O(1)-O(1)  3-688 O(1)-0O(1)  4-068
-0(2) 2:824 (2) -0(3) 3024 (2
~-0(2) 2782 (2) -0(3) 3056 (2)
-0(5) 2-581 (2) -04) 2695 (2)
-0(5) 2711 (2) -04) 2:877 (2)
0(2)-0(2) 2710 0(3)-0(3) 2911
-0(5) 2961 (2) -0(4) 3072 (2)
-0O(5) 4005 (2) -0(4) 4160 (2)
0O(5)-0(5) 2-686 04)-0(4) 2:709
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* Approximate errors on these distances are: Mo-O and Co-O, 0-008 to 0-013; 0-O, 0-011 to 0-018; Mo-Mo, Mo-Co, and

Co-Co, 0-002 to 0-003 A.
1 (2) indicates that there are two such distances equal by symmetry.
{ All inter-cation distances <4-50 A are given,
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of CoO. However, in CoMoO, not all of the 18 metal
and 18 oxygen atom sites allowed by the CoO structure
are filled. Two oxygen and ten metal atoms are omitted
so that the sub-cell of CoMo0O, has the correct number
of 8 metal and 16 oxygen atoms. The volume of the
sub-cell of CoMoO, is very close in value to the volume
of 4 cells of CoO, whereas in the idealized structure
the volume is equivalent to 44 cells. This reduction in
volume of the sub-cell is directly related to the change
in oxygen atom content from 18 to 16.

The contraction in volume introduces some distor-
tion of the octahedra, and the cations are off their
ideal position in the centers of the octahedra (Fig. 3b).
The effect, which is about 0-4 A for the Mo atoms and
0-1 A for the Co atoms, resembles that occurring in
the structure of NiWOQ,, and as in this structure the
cations are off center in the opposite sense. However,
the octahedral packing in CoMoO, differs markedly
from that in NiWO, where like-filled octahedra share
edges but unlike octahedra share corners only. In
CoMoQO, both the like and unlike octahedra share
edges to form infinite chains parallel to the ¢ direction
(Fig. 2). The sequence of pairs of cations in the (204)
plane, down the chainis : - - Mo, Mo; Co, Mo; Co, Co:
Mo, Co; Mo, Mo - - -

Each chain is surrounded by four other chains and
joined to them by corner sharing of oxygen atoms, with
a displacement, parallel to ¢, of one octahedron of the

CHAIN OF CHAIN OF
OCTAHEDRAL FILLED
HOLES OCTAHEDRA

Fig. 2. Structure of CoMoQ, showing the chains of close-
packed octahedra parallel to ¢ axis. Chains of filled octa-
hedra are joined by corner-sharing to other chains leaving
unfilled octahedral holes in between.

central chain relative to its four neighbors. Between
the filled chains occur chains of ‘holes’ of unfilled
octahedra, and viewed down the ¢ axis the structure
exhibits the pseudo-tetragonal symmetry so evident in
the X-ray photographs.

In Table 4 we list selected bond distances, and in
Figs. 3(a) and (b) we show the principal inter-cation
distances together with an indication of the directions
in which these cations are displaced from the centers
of their respective octahedra.

The Co-O distances for both Co(1) and Co(2) are
reasonably constant and lie in the range 2:01-2-17 A.
In contrast, the distortion arising out of the displace-
ments of the Mo atoms leads to a much wider range
for Mo-0 distances. The calculated values lie between
Mo(2)

Vio(2) Co(2)

R\t

Mo(1) Coll)

338A! 3194 3:07A 3194

0(2) 3.5 ~Co(2)  359A “~\Mo(2)
s-soAM )35;9A ®338A ;
\ 319A! 3074 319A 3
el 39A i 3 _—
C?630(1) Mo(1) ®
374A 372A
__388A__ . 38BA
<
Mo(2) c_cof2) Mo(2}
(a)
A,
*
®

>
yo

(6)

Fig. 3. (a) (010) projection of unit cell showing principal cation
distances. (b) c-Axis projection of octahedral chain. The
off-center displacement of the cations is indicated by the
arrows, Small dot: Mo atom. Circled dot: Co atom.
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1-72 and 2-33 A; the lower limit is typical of those oc-
curring in MoQ, tetrahedra but it has been reported
for MoOg octahedra in the structure of sodium dimol-
ybdate (Lindquist, 1950q).

Inter-cation distances (Table 4, Fig. 3a) also show
wide variation, particularly for the edge-sharing octa-
hedra. Distances between cations in octahedra which
share corners either within a chain, e.g. Co(1)-Mo(1),
Mo(2)-Co(2) or between chains, e.g. Mo(1)~Co(2) and
Co(1)-Mo(2), are close to those found in the complex
molybdenum oxides, MogO,; and Mo,O,s (Magnéli,
1948), though less than those reported in the complex
ions (M070,4)6~ and (MogOy)*~ (Lindquist, 19505).
On the other hand, the cation distances for the edge-
sharing octahedra show a very wide range of distances.
Extreme values arise between like cations: e.g.
Mo(2)-Mo(2)=3-80 A compared with Co(1)-Co(2)=
307 A. Other intercation distances compare favorably
with those in the complex para- and tetra-molybdate
ions.

Why these displacements of the cations from the
centers of their octahedra occur is not known, but a
study of the magnetic and electrical properties of
CoMoO, might possibly provide pertinent information.
There are very few well-refined complex oxide struc-
tures reported in the literature, and we believe that the
displacements found here are probably more common
than one would suspect on the basis of the classic
oxide structures, many of which are sorely in need of
redetermination or refinement.

It has been reported (Smith, 1962) that nickel mol-
ybdate is isomorphous with cobalt molybdate and
simple attempts have been made to synthesize the other
molybdates of small cations such as Fe, Mg, Mn, and
Zn. The X-ray powder photographs of these molyb-
dates all gave exceedingly complex patterns all differ-
ing from each other. As the valency state of the iron
and manganese in the starting materials was uncertain,
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the composition of the iron and manganese compounds
is in doubt.

However, Young (1964) reports that at ambient pres-
sures MnMoO, and MgMoOQ, give similar diffraction
patterns but that ZnMoO, and FeMoO, each give
unique patterns. It is also reported (Young & Schwartz,
1963) that when the small-cation molybdates are syn-
thesized at high pressures and temperatures the stable
structure is of the wolframite type with cell parameters,
in each case, very close to those of the tungstate ana-
logues; but after prolonged heating at 600°C reversion
takes place to their respective structures at ordinary
pressures.

The early calculations were made on a DEUCE
computer, using programs written by Dr Rollett, and
on an Elliott 803. Thanks are due to Mr D. J. Smith,
who made the calculations, for his structure-factor pro-
gram for the Elliott machine.

We wish to thank the Chairman and Directors of the
British Petroleum Company Limited for permission
to publish this paper.
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Introduction
In the past not much attention has been paid to the alloy
formation between scandium, yttrium or rare earth elements
and tin or lead as second components. AB; compounds with

CujAu structure type were the only compounds reported
which have been analyzed structurally. Partial phase dia-
grams have been reported for La-Pb (Canneri, 1931) and
Ce~Pb (Vogel & Heumann, 1943) based mostly on metallo-



