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A Refinement of the Crystal Structure of Molybdenum
Dioxide
BJORN G. BRANDT and A. C. SKAPSKI*

Institute of Inorganic and Physical Chemistry, University of Stockholm, Stockholm, Sweden

The crystal structure of molybdenum dioxide has been refined
using new data. The structure proposed by Magnéli is confirmed,
although the space group has been shown to be strictly P2,/c and
not P2,. Least-squares refinement has reached R = 0.053 for 1344
visually estimated independent reflections.

In the structure, which consists of Mo — O octahedra linked together
by edges and corners, the Mo—O distances are in the range 1.972—
2.073 A (o6~ 0.003 A). The very short Mo—Mo bond length is found
to be 2.5106 A (o~ 0.0005 A).

The known oxides of molybdenum include the dioxide and a series of phases
of compositions between MoQO; 75 and MoO,. The structures of several of
these compounds, including that of the dioxide, were determined by Magnéli.l
More recently Kihlborg? has carried out an accurate structural study of the
higher molybdenum oxides in which he refined several known structures and
determined a number of new ones.

In 1946 Magnéli® reported that the dioxide had a distorted rutile-type
structure. A striking feature was the presence of very short metal-metal
contacts. The positions of the oxygen atoms, however, were not determined
with sufficient accuracy to allow a discussion of the Mo—O bond lengths.
This has prompted us to undertake a study, based on new diffraction data,
to determine the interatomic distances accurately.

EXPERIMENTAL

Molybdenum dioxide was prepared by the electrolytic reduction of a melt of the
composition K,0.5M00,.* The dioxide appeared as rather irregular, brownish violet
crystals of relatively large size. The crystal chosen for single-crystal study had the
approximate size 0.13 X 0.09 X 0.07 mm. It was rotated about the b-axis and Weis-
senberg photographs were taken with MoK« radiation using the multiple-film technique.
Films of different speeds (Ilford G, B, and C) were used to achieve the desired attenua-

* Present address: Chemical Crystallography Laboratory, Imperial College, London, S.W.7,
England.
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662 BRANDT AND SKAPSKI

tion of the spots. Layers h0l —h9! were registered and the intensities of 1381 independent
reflections were estimated visually against a calibrated intensity scale.

Most of the calculations were carried out on the computers FACIT EDB and BESK.
The Asbrink-Brindén least-squares program (No. 6023 in World List of Crystallographic
Programs, (1962)) was used. This employs a block-diagonal matrix approximation and
individual isotropic temperature factors. In all cases refinement was continued until the
successive shifts were less than 5 9, of the respective standard deviations. Atomic scatter-
ing factors of Mo®**+ (Ref. 5) and O~ (Ref. 6) were used. For Mo?* the real part of the
anomalous dispersion correction was applied.” The absorption corrections were calculated
using Werner’s program (No. 6019) and a linear absorption coefficient y = 90.6 em™.

X-RAY POWDER DATA

X-Ray powder photographs were taken in a Guinier camera with strictly
monochromatised CuKa«, radiation, using potassium chloride (a = 6.2919 A
at 20°C) as an internal standard. The unit-cell dimensions and their standard
deviations shown below were obtained by least-squares refinement. The
corresponding values obtained by Magnéli ef al.® are shown in brackets.

5.6109 -+ 0.0008 A (5.584 A)

a =

b = 4.8562 + 0.0006 A (4.842 A)
¢ = 5.6285 + 0.0007 A (5.608 A)
B 120.95° + 0.01° (120.94°

V = 131.52 4 0.03 A3 (130.1 A3)

Table 1. X-Ray powder data for MoO,, CuKa, radiation (A = 1.54050 A).

I d(A) Sin®*0obs hkl Sin®fcalc.
vw 4.80 0.02577 100 0.02562
vs 3.42 0.05072 011 0.05062

110 0.05078
w 2.813 0.07497 102 0.07493
m 2.444 0.09931 202 0.09925
8 2.429 0.10059 211 0.10056

020 0.10063
m 2.414 0.10184 002 0.10186
m 2.405 0.10256 200 0.10250

111 0.10252
w 2.184 0.12441 212 0.12440
vw 2.170 0.12595 021 0.12610
w 2.156 0.12769 210 0.12765
w 1.8426 0.17475 302 0.17481
m 1.8586 0.17551 122 0.17556
vw 1.8260 0.17794 121 0.17800
m 1.7263 0.19909 213 0.19917
m 1.7232 0.19979 222 0.19988
w 1.7181 0.20099 113 0.20113
m 1.7127 0.20225 311 0.20241

022 0.20249
m 1.7100 0.20290 220 0.20313
m 1.6980 0.20578 222 0.20567
vw 1.6040 0.23059 300 0.23062
w 1.5450 0.24854 313 0.24846
w 1.5363 0.25136 131 0.25123
w 1.5347 0.25190 031 0.25189
w 1.5269 0.25446 013 0.25433
w 1.4676 0.27545 322 0.27544
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STRUCTURE OF MOLYBDENUM DIOXIDE 663

As can be seen the unit-cell volume is somewhat larger than that previously
reported. The X-ray powder pattern is given in Table 1.

SPACE GROUP

The Weissenberg photographs showed the following systematic absences:

hOl with I+2n
0k0 with k+2n

These are characteristic of space group P2,/c (No. 14). Both these conditions,
however, are violated by the presence of a few weak reflections. Thus a Weissen-
berg photograph about the b-axis with 30 days exposure showed two very weak
reflections 507 and 705, while a photograph about the a-axis showed a weak
reflection 010. The occurrence of the former reflections is the reason why
Magnéli chose the space group P2, (No. 4). The possibility of multiple reflec-
tion ® was not considered at that time.

REFINEMENT OF THE STRUCTURE

In the first stages of refinement the co-ordinates given by Magnéli3 for
space group P2, were used as the starting point and that space group was
assumed to be the correct one. When all 1381 reflections were included the
refinement stopped at B = 0.068. At this stage the absorption correction was
applied and refinement continued to R = 0.064. It soon became apparent
that some of the strong reflections were suffering from extinction, and when 35
of them were removed the refinement went to B = 0.052.

At the end of this refinement two facts emerged. Firstly the atomic posi-
tions were extremely close to those compatible with space group P2,/c, and
secondly, for the two “forbidden” reflections 507 and 705 (the 010 reflection
was not measured) the calculated structure factors were negligible compared
to the observed values. It therefore seemed likely that the real space group
was P2,/c and the extra reflections were due to multiple reflection. This has
been further discussed in a separate publication.l® The two forbidden reflec-
tions were removed and the refinement was continued under identical condi-
tions to the last one, but assuming the centrosymmetric space group. The
final R factor was 0.053 and the standard deviations fell to almost half their
previous values. Taking into account the smaller number of parameters being
refined (12 positional or thermal - 10 scale, against 23 positional or thermal
+ 10 scale), the slight rise in R is not significant.

Up to this point Cruickshank’s weighting scheme ! had been used. The
weighting-scheme analysis, however, showed that the strong reflections were
still affected by extinction. If one removed a total of 76 reflections, and
continued the refinement R fell to 0.049. We feel, however, that the removal
of such a large number of reflections selectively may not be justified. Refine-
ment was therefore continued with only 35 reflections removed, but using
Hughes’ weighting scheme 2 with Fp, = 21.1 and g = 4 as the constants.
The R factor remained constant (0.053), as did also the standard deviations,
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664 BRANDT AND SKAPSKI

but the weighting scheme analysis was improved. We intend to attempt to
apply an extinction correction according to Zachariasen® by modifying the
program of Coppens et al.}

The final positional and thermal parameters, together with their standard
deviations, are shown in Table 2. A weighting-scheme analysis from the final
cycle of refinement is shown in Table 3, and a list of observed and calculated
structure factors in Table 4.

Table 2. The structure of MoO,. The figures in italics are the coordinates given by Magnéli
and Andersson *°.

Space group: P2,/c (No. 14)

Unit-cell dimensions: @ = 5.6109, b = 4.8562, ¢ = 5.6285 A
B = 120° 57

Unit-cell content: 4 MoO,

All atoms in 4(e): wyz; TYz; =, 3 + ¥, 4 —2z; 2, §—y, 3 + 2.

Atom x 4 o(x) ¥ + oly) z + o(2) B + o(B) A®
0.232 0 0.017

Mo 1 0.23164 -+ 0.00005 0.99159 + 0.00006 0.01644 + 0.00005 0.181 + 0.002
0.11 0.21 0.24

02 0.1123 + 0.0006  0.2171 + 0.0006  0.2335 4 0.0005  0.370 + 0.020
0.39 0.70 0.30

03 0.3908 + 0.0006 0.6969 + 0.0006 0.2987 4+ 0.0006 0.339 + 0.019

Table 3. Weighting-scheme analysis from the last cycle of refinement. w = weighting
factor, 4 = || Fobs| — | Fealcl|.

Interval Number of wa? Interval - Number of wAa?
sinf independent  (normalized) Fobs independent (normalized)
reflections reflections

0.00—0.46 186 1.38 0— 6 11 1.40
0.46—0.58 195 1.00 6—13 248 1.07
0.58—0.67 162 1.38 13—19 343 1.21
0.67—0.74 157 0.85 19-—-26 244 1.02
0.74—0.79 142 0.99 26—32 171 0.46
0.79—0.84 116 0.88 3238 130 0.74
0.84—-0.89 114 0.71 38—45 69 1.20
0.89—0.93 111 0.64 45—51 69 0.72
0.93—0.97 97 0.76 51—58 37 1.53
0.97—1.00 64 1.04 > 58 22 1.72

A final difference Fourier (F,—F ) shows no unusual features and no signs
of any significant anisotropy of the thermal vibration. Since the calculated
temperature factors of all atoms are very low, and in reality must be positive,
any anisotropy must be low in an absolute sense.

The temperature factors of both the molybdenum and oxygen atoms are
the lowest reported for any molybdenum oxide. This is consistent with the
fact that the dioxide has the highest degree of close packing among them.
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STRUCTURE OF MOLYBDENUM DIOXIDE 665

If the unit-cell volume is divided by the number of oxygen atoms in the unit
cell, the quotient for MoO, is 16.44 A3 whereas the values for the other oxides
range over 16.9—20.5 As2

DISCUSSION OF THE STRUCTURE

The refinement has shown that the structure proposed by Magnéli3 is
correct, and none of the atoms has moved by more than 0.05 A from the
originally proposed positions; the biggest movement is of the molybdenum
atoms (0.05 A). The most significant change is that the structure has been
shown to conform strietly to space group P2,/c and not P2,. Magnéli and
Andersson !® had earlier pointed out that the structure of MoO, was very
nearly centrosymmetric, and proposed a set of coordinates in that space
group.

The structure which consists of Mo—O octahedra joined by corners and
edges, is shown in Fig. 1. In a string of octahedra joined by edges, the Mo—Mo
distances are alternately shorter and longer than in the metal. The octahedra,
all of which are identical, are only moderately distorted (see Fig. 2), the
Mo—O distances ranging between 1.972 and 2.073 A. The greatest distortion
occurs along the edge which contains the very short Mo—Mo bond across it.
Here the O—O distance is 3.088 A, compared to the others which are in the
range 2.707—2.901 A. The interatomic distances and angles are shown in
Table 5.

Fig. 1. The structure of MoO,. Fig. 2. The coordination about the
molybdenum atom showing the short
metal-metal bond. The molybdenum atoms
(small circles) and oxygen atoms 1, 2, 4,
and 6 all lie approximately in a common

plane.
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666 BRANDT AND SKAPSKI

Table 4. Observed and calculated structure factors for MoO,.

=
»
-
o
I3
a
L]
a
2
-
a
L4
-
o
o
a
o
°
)
-
)
£
-~
L]

k k obs
3 0 0 3249 = 36¢1 10 0~ 12 217 196 6= 1= 4 1743
a 0 0 535 5848 9 0~ 12 27°9 286 3~ 1~ 4 133
5 0 0 39+9 4145 8 0~ 12 212 = 19+3 2- 1- 4 160
6 0 0 5649 = 571 7 0 - 12 24+3 - 25+0 o 1 4 15+6
7 0 0 43+7 ~ 405 6 0 - 12 187 14+8 2 1 4 8.2
8 0 0 338 37-0 5 0-12 304 30+8 4- 1- 6 13-7
9 0 o0 387 364 3 0-12 358 - 37°8 3- 1- ¢ 71
10 0 o 1449 = '8°9 0~ 12 265 273 2- 1- 6 9.2
11 0 0 310 = 297 0 o 12 110 648 1M1« 1= 7 3543
I 0 0 200 21+3 10 12 1640 = 163 10- 1= 7 1543
i 0 2 103 8 2 0 12 10+7 = 10+6 9=~ 1~ 450
“2 0 2 80+6 - 109-8 12 0-14 19:5 ~ 212 7- 1~ 567
3 0 2 5 7 11 Q- 14 2 - 5e2 6~ 1= 98
s 0 2 694  80+4 0 0-14 20+  21+9 5= 1- 598
5 0 2 2444 2340 El 0 - 14 15+0 137 4- 1= 2743
3 0 2 41°7 = 404 8 Q- 14 1 .; - 175 3~ 1- 571
7 0 2 33:0 = 295 7 0-wu 253 = 253 2- 1- 388
8 0 2 28+0 27+6 6 0= 14 13+4 1245 1« 1= 4692
9 0 2 261 251 5 0~ 14 21+3 2240 0 1 4245
M 0 2 233 - 23+0 4 0-14 10:7 - 88 11 270
1 0 2 20+1 - 203 3 0~ 14 157 = 1743 2 1 7 400
12 0 2 88 84 7 0=~ 2 5049 = 52¢5 3 1 13+8
%3  0-.2 48+1 - 62+ § 0- 2 14:9 1345 4 1 34+8
4 0~ 2 757 1014 9 0- 2 4547 454 6 1 2746
5 0-.2 55¢9 610 10 0- 2 1644 ~ 1245 8 1 19+0
& 0- 2 42+7 - 4344 1 0- 2 356 = 358 12+ t- 2349
9 0- 4 493" 53¢ 13 0- 2 23+9 23+7 M1 - 1= 2747
8 0- 4 25 22+ 4 0- 2 8 88 0- 1- 19+5
¥1 0- 4 53¢3 = 63+ 1" 0- 4 35+3 -~ 36°4 9- 1= 3846
6 0- 4 28¢5 ~ 28« 12 0- 4 15:9 = 13. 8- 1- 1248
5 0~ 4 5442 6240 B0« 4 26°0 258 7- 1- 5045
1 0~ 4 35+7 3848 14 0- 4 100 8e 5= 1= 512
“} 0- 4 48+1 - 631 n o o- 28+5 = 39+6 3- 1= a7+0
2 0- 4 66°5 = 91+9 13 0- 27°1 272 2- 1- 21+3
1 0= 4 49¢2 570 4 0~ 175 156 1« 1= 380
0 0 4 72+ 94+ 15 0= 137 = 13+5 0 1 27+3
1 0 4 2241 - 22+ 3 0- 187 17°6 11 296
2 0 4 579 =" 59« 14 0 - 19-; 2141 2 1 2744
4 0 4 53 535 15 0~ 136 = 137 3 1 151
5 0 4 30 6o 13 0= 10 22+3 20+1 4 1 234
6 0 4 47+5 -~ 499 14 0 - 10 183 187 5 1 74
7 0 4 8~ 118 5 0-10 8e7 = 7°4 [ 1 19+7
8 0 4 28+4 28+5 14 0 - 12 207 . 231 12« 1=1 234
9 0 4 19°5 181 #e 3 0-7 52 0.0 M- 1.1 241
10 0 4 131 « 127 e 7 0-.5 4+5 0+0 0M- 1-11 234
0 0= 167 11- 301 §e1 = §ei 9- 1-11 2944
9 0~ 413 45 4 1 10+6 = 9.0 8- 1-11 20+2
8 0=~ ¢ 9e8 = &o 6 1 151 1248 7- 1-11 3341
7 0 = 55¢1 « 59 *2 1 64°7 = 11442 5« 1=-11 391
6 0= 24+1 - 2492 3 1 1 ZO‘Z - 204 3- 1-11 3546
s 0- 6640 7302 4 1 1 4. 712 1- 1-11 2749
4 0~ 40°5 4248 5 1 1 342 31-; 0 111 147
3 0- 5248 = §9°5 6 1 1 50°0 =~ 47 1 1 1 2344
2 0= 3546 = 371 7 1 1 366 = 343 2 101 154
1 0.- 38+4 39+4 8 1 1 216 326 3 1 1 161
0o 0 474  49+9 9 1 1 311 30-4 122- 1-1 22+5
1 0 3143 ~ 32+ v 1 1 1748 = 169 M- 1-1 12+2
2 0 27-9 - ss-Z L R 249 = 24+9 0- 1-1 2240
3 0 542 178 3~ 1=~ 1 41+1 -~ 479 9w twi 219
4 0 428 43+4 *d4 - 11 652 785 8- t-1 18+4
6 0 6 3040 = 281 6~ 1- 2 12+7 1140 g- 1 -1 261
7 0 6 9eg = 703 1 1 2 12+4 120 - 1 -1 15+3
8 0 6 2641 251 2 1 2 19+2 191 5« 1«1 26+6
9 o & 5.3 5e7 4 1 2 3 85 3~ 1-1 27-8
12 0- 8 2602 = 244 ;l -1~ 3 58+2 = 57°9 1- 1-1 235
11 0=~ 8 319 = 31+9 -1-3 37°0 = 353 M- 1-15 68
10 0- 8 15¢6 - 12¢4 W= 1-3 56°5 62-1 10 - 1= 15 18+4
9 0~ 8 44+4°  'S0+4 ¥4- 1~ 3 57°9  68e2 9~ 1-~-15 9+
1 0~ 8 5102 = 521 #}~ 1= 3 5243 = 634 8- 1-15 16+3
6 0- 8 9+6 401 ¥ = 1= 3 62+3 = 1001 7- 1=-1 142
5 0= 8 49+4 499 - 1= 3 4144 470 6= 1-1 12+3
4 0~ 8 152 140 %0 1 3 650 92+0 5- 1-1 177
3 0- 8 547 = 57°3 1 3 16°5 = 15¢9 5 1 - 501
2 0- 8 3440 - 350 *2 1 3 6745 =~ 7892 6 1= 557
1 0=~ 8 47+2 4843 4 1 3 671 659 7 1- 1 48+3
o 0 8 32+9 3341 5 1 3 147 137 8 1~ 1 2748
1 0 8 26%1 = 245 6 1 3 47°0°~ 4he4 9 1~ 1 394
2 0 &8 29+0 .- 28+8 7 1 3 2207 = 2092 M 1- 1 82
3 0 '8 1741 145 8 1 3 28¢7 2749 11 1- 1 309
4 0 8 319 323 9 1 3 2241 213 13 1- 1 2127
s 0 8 142 = 1143 v 1 3 1848 ~ 17+4 & 1- 3 20+6
& 0 8 2546 = 27%2 " 13 1749 =~ 17+8 9 1- 3 48+3
12 0- 10 236 = 20+7 9~ 1~ 5 53¢5 438 1 1- 3 37°1
11 0-10 235 - 238 8« 1- 5 10.2. 846 13 1.3 251
W0 0-10 2443 255 7- 1-5 606 - 6244 14 1- 3 9+8
9 0-10 2841 23+2 6= 1- 5 2840 = 27°5 11 1.5 3743
8 0 - 10 20+8 ~ 169 5= 1~ 5 640 681 13 1« 5 2545
7 0=~ 10 4249 ~  46°5 4~ 1- 5 42+7 4146 14 1- 5 118
5 0-10 457 5045 3-1-5 54+3 = 603 s 1= 35 15+0
3 0-1 3347 = 3643 2= 1=~ 5 513 = 57°7 12 17 17°5
2 0-10 8+3 -~ 83 1- 1~ 5 43+5 452 13 1- 7 22+6
1 0-'10 313 33+0 o 1 5 62+ 682 1 1= 7 1840
o o 10 204 20+4 1 1 S 29¢1 - 28+8 5 1- 7 12+5
1 0o 10 30+9 - 318 2 1 5 626 - 6046 13 1- 9 188
2 0 10 2446 = 231 3 1 5 10+0 9°3 14 1- 9 19-9
3 9 10 18+9 17+1 4 1 5 479 477 15 1- 9 116
4 0 10 1740 17°7 6 1 5 348 = 37°9 13 1.1 1246
5 0 1 5 - *0 8 1 5 258 27°1 14 1= 11 202
12 0 - 12 237 - 233 9 1 5 11+0 11-3 3 2 [} 23+0
1 0-12 215 ~ 2002 v 1 5 153 = 158 3 2 0 6746

* Reflections removed from refinement because of extinction.
** Probable Renninger reflections.

=00~

AN S A A WL NWS A

%
o

NN
.
-



STRUCTURE OF MOLYBDENUM DIOXIDE 667

LI 1 Fovs Teale b k 1 Tove  Toale Bk 1 Toale
5 2 37°5 3944 -'2<10 1502 = 139" *2 3 3 781
6 2 286 - 42+ - 2=-10 35°1 = 37°2 4 3 3 507
7 2 4146 ~ 40¢ - 2=-10 13+3 108 5 3 3 163
8 2 252 22« - 2-1 3648 9°6 6 3 39°9
9 2 336 34 - 2-10 43°0 ~ 46°2 7 3 188
10 2 19¢9 - 18« 2--2=-10 171 = 158 ‘8 3 3 3242
1" 2649 = 22’ - 2=10 348 363 9 3 173
12 o 5.3 o8 2 10 181 1675 0 3 1641
13 0 19+7 211 10 22+0 = 20%6 1 17+4
2 1 55 = 4°1 2 10 17+8 = 17%6 5 - - 4 5e9
3 8+1 - 8o 3 10 176 16°1 2- 3- 4 13.2
1 1044 - 8¢ 4 10 20°5 20°5 2 - - 4 1 .g
*2 614 = 77 12 - - 12 232 =« 21°5 1= - 4 121
3. 15+3 = ‘14 1M 2= 12 143 - 13°3 1 4 14+4
4 543 577 10 - - 12 25+9 239 9 - - 5 492
3 23+ 2140 - - 12 21-5 20°5 7 - - 5 532
6 2+0 = 535 - - 12 1949 = 179 6 - - 1504
7 429 - 241 7- 2=-12 347 - 340 5- 3. 5849
H By % L el S S Yo+ 3237 358
. o - - . Wi- 3 .
10 1240 = 11 g - -12 255 = 25°6 2 - - 586
1 2241 = 22¢ 1< 2-12 270 264 1« 3-'5 .42+3
12 -4 74 [} 12 8+8 92 ] 5 501
»3- 2= 37+4 ~ 508 1 12 23¢3 = 2a°3 1 19+6
rd- 2= a2+ 510 2 12 1108 = 117 2 5248
x5 = - 44+ 5246 7~ - 14 16°7 = 14+ 3 3 .5
5- 2~ 4149 - 44+4 10~ 2-14 192 18+9 a3 5142
6 - - 63 - *3 9 - - 14 167 161 6 3444
5 = - 69 - -0 8 - - 14 181 « 18°1 7 3 102
3~ 2~ 43 - .5 z - - 14 15+8 = 147 8 3 207
3 - - 12+ 118 - - 14 142 14+1 9 3 1207
2- 2- 125 = 118 5- 2«14 22:0 218 a- 3= a1
1~ - 7° 644 4 - - 14 ged4 - e 6= 3= 14+9
0 130 1244 - 2-14  24°4 - 254 32 32 105
1 6° 66 5 - 35 T 0 3 1143
2 3 6 56 7 - 49+5 = 52°2 11~ 3= 30-1
3 93 - 9+8 8 - 345 3140 10 - - 15+8°
g - - 4 559 - g;1 9 - 428 - 4446 9 - - 7 4241
- - 4 32°3 - *8 1" - 3342 = 33°3 7= 3 7 5648
5= 2% 4 59+4 682 13 - 226 238 6= 3= 7 118
!; - - 4 531 663 8 - 1123 = 109 5= 3= 55¢8
»y - -4 46+7 = 600 9 - 451 466 4~ 3« 7 160
#2- 2+ 4 482 - 608 1 -4 3749 ~ 38e2 32 32 4642
1~ - 4 33 36+6 13 2- 4 265 262 2~ 3 321
~0 4 5208 &4} 14 2~ 4 121 119 1232 3 125
1 4 24+2 -~ 23°6 1 - 343 = )48 0 b 4445
#2 4 65°7 = 760 12 2 - 21-0 - 19°0 1 3 1 3143
3 4 94, 80 13 2- 245 ° 22%3 2 3746
a 4 51+ 583 14 2= 158 14+8 3 3 120
5 2 4 13l 99 15 2 - 15+8 = 16°1 4 301
6 2 4 327 = 345 12 2 - 16°5 ~ 154 6 3 1 2843
7 2 4 1549-« 161 13 2= 242 236 4- 3= 1247
8 2 4 26 27+0 14 2= 17¢3  17e5. 12+ 3- 174
9 2 4 13 127 15 2~ 8 113 = 107 11 - - 30+3
10 4 201 - 204 13 2-10 126 113 0= 3« 1643
6= 2- 5 1042 « '10¢1 14 2-10 217 2244 9+ 3- 362
4= 2~ 5 133 121 15 2-10 g - 748 FHE 5.8
1- 2 1143 - 106 13 212 1207 1245 7- 3« 3304
1 62 66 1 2 -12 181 18+ 5 3 2849
2 2 7°7 - 6°9 12 2-14 185 ~ 20+0 4 - - 12.&
9- 2= 50 5242 2 3 0 1849 198 32 32 48+
B~ 2= 11 84 3 3 0 11°0 - 10°5 2 - - 16+3
1- 2= 55 - 58e4 4 3 '] 256 - 146 1 - - 327
6 = - 12+9 = 10+7 w2 3 1 5448 ~ 724 0 3 202
5 = - 51¢ 56+1 3 3 1 2140 = 215 1 3 236
4~ 2= 26°7 25+6 4 3 1 632 710 2 3 2 .z
3= 2- 52¢3 = 59°3 S 3 1 299  27%2 3 19
2- 2~ 494 = 539 6 3 1 49°9 - 50°8 a 24+3
1= 2~ 4547 50+2 7 3 1 30°2 = 29+7 5 3 8ed4
0 2 52¢3 542 8 3 1 24+4 235 12 - -1 2348
1 269 = 247 9 3 1 312 298 11« 31 159
2 4102 -~ 4240 10 3 1 15+1 = 131 10 - 3 - 11 2042
3 12-7 9o 1 3 1 224 = 239 9 - - 11 294
4 398 4146 12 3 1 10°5 9 8 - - 11 13+6
6 505 = 367 2= 3= 1 71+8 - 108+6 7- - 11 368
8 212 2146 3o 341 3248 ~ 36°5 6- 3-11 105
9 2 95 10+7 *»4 - 3- 1 55¢3 644 5 - - 11 322
8 - -7 87 8+2 5 3 1 40+4 425 3 - - 11 3201
2- 2- 71 95 ~ 10+0 §- 3- 2 1742 = 167 223211 Bea
11 - -8 32+8 = 317 5« 3= 2 9+6 = 8e4 1= 3-11 32493
10 - - 8 2292 19+4 4- 3~ 2 9+2 77 ] 3 11 1249
9- 2~ 8 367 3741 3- 3- 2 16¢5 157 1 3 1 223
8- 2- 8 1443 = 12¢5 2- 3. 2 1143 98 2 3 1 2.9
7- 2- 8 5042 = 530 1= -2 134 ~ 130 3 3 N 117
6~ 2- 8 8e4 - B [} 3 2 106 89 12« 3-"13 192
5« 2- 8 57°1 60+2 1 2 11«6+ 10°2 11 =3 =13 1446
4=- 2~ 8 172 179 2 3 2 1146 = 99 10 - 3-13 212
3- 2- 8 46°8 - 46°9 3 3 2 148 = 131 9« 3-13 1449
2- 2-8 2240 -~ 2041 2 3 2 1001 ~ 81 8- 3-13 1843
1« 2-8 410 370 5 3. 2 2.0 10°3 7- 3213 21+
o 2 8 2.7 32-2 8- 3- 3 180 168 £2 35713 0.3
i 2 8 316 = 23°0 Z - 3= 3 505 ~ 528 5~ 3-13 29+1
2 2 8 3640 - 37+4 - 3-3 39°5 ~ 44-1 3- 3-13 248
3 2 8 19+7 182 w5 - - 3 49+6 59°+0 1- 3-13 183
6 2 8 218 - 21+1 4 - - 3 4748 527 9- 3-15 14+0
4 2 8 28+2 2840 3- 3. 3 41+9 =~ 29+0 8- 3-13 1643
12~ 2-10 257 = 24°1 *2 - - 3 501 ~ 62¢0 g - 3.15 1443
1- 2-10 2649 = 257 1~ 3- 3 3105 3293 - 3213 1343
10 - 2=-10 182 17-2 *0 3 631 8845 6 3- 1 351
9~ 2~10 354 382 1 3 13°5 = 187 7 341 446
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h x 1 ,o\u ro-lo h x : ,obc ’otln b x 1 'obu 'ulu

8 PICI 283 28% 4 4 5 36°5 381 10 - -3 93 - 99

9 3.1 3549 38+1 6 4 6 2740 = 265 3- 5- 3 415 356
10 3- 1 1744 = 151 8 4 6 19+0 20+6 8- 5.3 1649 15¢3
11 3.1 2803 - 28+8 8- 4~ 5 1392 1744 7- 5~ 3 43°9 = 43+1
13 3. 1 1947 219 5+ 4- 5 1043 = 103 6~ 5- 3 19°4 - 193

9 3- 3 414 42+7 3- 4=~ 5 123 108 5+ 5- 3 433 430
13- 3 32+4 = 34+6 2- 4~ 5 180 - 1747 4- 5. 3 48+9  47+8
2 3-3 235 24+9 0 4 5 1243 107 - 5- 3 437 - 42+
11 3- 5 35+4 ~ 361 1 4 5 12-2 117 2 - -3 715 - 6846
12 3- 5 86 - 10°0 3 4 5 1470 ~ 14+3 1- 5«3 30-6 295
13 3-5 222 22+4 6= 4- 7 17+0 = 1648 9 5 3 $3+5 54+9
14 3-5 144 1505 4~ 4~ 7 154 1346 1 5 3 9+1 - "Be5
12 I~ 7 17°4 - 17+9 1« 4~ 7 1447 = 1246 2 5 3 49:7 - 508
1 3 - ; 35 23+5 14- 4- 8 17+0 17+0 4 3 53-9 553
1 - 1243 133 13-~ 4- 8 164 167 6 3 357 - 38+3
15 3- 7 115 = 139 12« 4~ 8 2046 ~ 19+4 7 3 15-; - 166
B 3-9 152 15e2 1M1- 4- 8 29+2 - 28+9 8 5 3 17- 18-4
14 3- 9 19-0 21-0 10- 4- 8 138 133 9 5 3 176 18+5
1< 3. 39 602 = 7°3 9« 4- 8 38+3 401 10 3 13°4 = 14+1
13 3.1 1241 1141 7- 4- 8 40+1 - 43e2 6= 5- 2 14°3 = 15¢3
14 3-1 17°5 193 5= 4~ 8 45+4 457 5 = - 4 1106 = 112
%2 a 0 6140 « 767 4- 4- 8 1348 114 4~ -4

3 4 o 2747 - 2741 3- 4- 8 4642 - 475 3J- 5- 4

4 4 0 53°4 5444 - 4- 8 25+2 - 2549 2- 5~ 4

5 4 0 3047 3047 1- 4- 38 3644 37°4 1 - - 4

6 4 o0 447 - 44°2 o 4 8 29:2  29+6 ¢ 5 4

7 4 0 34+4 = 34°0 1 4 8 225 = 22+5 1 4

8 a4 o0 28°7  28+2 2 4 8 287 - 26°7 3 05 4

9 4 0 339 327 3 4 8 158 145 13-~ 5- 5

1 4 0 255 « 2541 4 a 8 25e7  26°1 12-5-

8- 4=~ 1 171 1449 6 4 8 217 = 23+0 11 - 5- 3

6~ 4~ 1 1105 = 1149 14- 4-10 $-5-5

5~ 4~ 1 101 = 94§ 13- 4-10 7= 5~

4- 4.1 7°2 = 25 12~ 4-10 6- 5~

I3- 4~ 1 177 1740 M- 4-10 5- %=

14 1 1503 1447 0- 4=-10 4- 5=

2 4 1 ] 7+3 9~ 41 3= 5-5

3 4 1 1643 = 157 8- 4-10 2= 5-

4 4 1 1446 = 1349 7= 4-10 1= 5-

5 4 1 122 1205 5- 4-10 0

g~ 4- 3543 3740 3- 4-10 ] 2

8- 4= 184 1541 1- 4-10 2

7=~ 4~ 431 -« 45+6 0 4 10 4

6= 4= 3504 = 357 1 4 10 6

5. 4= 47°1 287 2 4 10 8

4~ 4~ 56+8 628 3 4 w0 9

3~ a4~ 37+8 - 38-0 4 4 10 14 - 5«

2. 4- 65¢7 ~ 717 13- 4-12 13 - -1

1= 4+ 24+2 22+5 12 - 4-12 12 - -1

0 4 2 66°1  70%6 11- 4-12 n-5-7

1 4 2 1144 = 1040 10 - 4-12 9= 5~
*2 4 62+0 = 74+1 9 4-12 7- 5=

3 4 85 = 7 8« 4-12 52 2:

4 4 2 563 610 7~ 4-12 4= 5-

5 4 2344 213 6~ 4-12 3 - -

5 4 3743 « 38e2 5- 4-12 2- 2=

7 4 2449 - 235 3- 4-12 1= 5=

8 a4 2 2604 24+8 1- 4-12 o 5

9 4 2 225 207 1 4 12 1 7
0 4 2 1848 = 173 10~ 4-14 2 7
1 4 2 186 - 19+0 9~ 4-~-14 3 7

6- 4= 3 1240 = 1240 8~ 4-14 4

4- 4~ 3 22+3 224 7- 4-14 4-5-

3~ 4~ 3 105 94 6= 4-14 13- 5-

1« 4« 3 183 = 186 5« 4-14 12 - -

1 4 3 167 16+9 4- 4-14 M= 5

2 4 3 11e1 =« 9¢1 3~ 4-14 0~ 5-

3 4 3 95 = 94 11 4- 2 9~ -
1M1- 4« 1 309 - 3249 13 4- 2 7= 5=

9~ 4- 4 456 452 13 4- 4 3 - -

8- 4- 4 184 1546 14 4. 6 )= 5-

7- 4- 4 50+1 ~ 50+0 3 5 0 2= 5-

6~ 4- 4 2744 ~ 2641 4 5 0 1= 35-

5~ 4- 4 48-2 505 s 5 0 9 5

1- 4- 4 37 3707 5 5 o L

3- 4- 4 17~ 30 9= 5- 1 23
¥2 - 4- &4 5144 = 599 8- 5- 1 4 g

T 42 4 367 33 7 5- 1 3.3

0 4 4 817 867 6= 5« 1 47+8 - 135 - 5-1

1 4 4 157 ~ 1548 5+ 5- 1 354 368 12-3:-1

2 4 a4 52+1 = 533 4~ 5~ 1 535 54. - 5- i

4 4 4 43-7 258 3. 5.1 2049 « 29. ws izl

6 4 4 38+4 ~ 33+0 2« 5. 1 53¢5 = 5244 9 5 n

7 a4 a4 13°9 = 1202 2 5 1 73+0 - 7840 L )

8 4 a4 250 251 3 5 1 146 = 1346 1= 5- "

9 4 4 1542 155 a 5 1 48+4 4746 3z 2:1 3
10 4 4 1248 = 1302 5 5 1 2444 2448 3= 9~ 1
- 4- 6 234 2304 & 5 1 313 3 - 2- 1 93 ‘g
e 4 § 3049 -« 31e8 7 5 1 271 ~ 26+ ] 1 1845 = 18+8
9~ 4= § 3942 403 8 5 1 288 29 2 g 1 1343 = 14+3
1-4- 8 4341 = 52.2 9 5 1 2321 23. 12 - 13 158 - 195

- 4= § 18+ - 158 05 1 157 15. ¥:3:28 26 - '7u8

5« 4- 6§ 556 96+4 11 5 1 20+7 = 20°4 10 Rt 172 16+9
4- 4- 6 32¢1 319 4- 5= 2 101 101 ze 3 15515
37408 45— a6k 3:3: 2% s 12 FRE I RS W B 5
2- 4- 6 383- 359 2= 5- 2 1204~ 1141 22183 s 1a

T~ 4- 6 393 3G 1= 5+ 2  224- 2199 iz 21 11417 314
0 4 6 42+7  11+6 105 2 188 198 -5 ,g 178 1302
1 4§ 2846 - 27+4 3 5 2 1102 = 1243 5=~ 5~ 338, 28
2 4 6 455 - 46%3 M- 5.3  29:2- 2343 3= 5-1
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STRUCTURE OF MOLYBDENUM DIOXIDE

1 Fove Poalo h k 1 Pobs  Toale L] k 1 ¥obs

1 253 = 26°3 0 8 231 212 8 71 5§ 12:3

3 2040 1 1 8 21+9 = 217 5§~ 7~ 4 15+5

7 2143 = 21 2 8 24+7 - 2444 4~ 7= 6 15-9

0 8041 = 581 3 8 8.2  10°7 2- 7- 8 1146

0 17+4 = 172 4 8 223 235 17 5 13+9

[ 418 46°9 6- 6- 9 16+5 = 16-0 - 7-1 159

0 28+3  29°9 13- 6-10 1149 119 2- 7-7 1243

0 343 - 34-2 12- 6-10 17°5 = 178 M« 7-7 2049

0 28¢5 = 28+7 1 - 6-10 19¢7 = 19+4 10- 7-7 153

0 213 0+9 10- 6-10 155 162 9~ 7-1 32+5

0 2546 34 - §-~1 22+1 . 240 7~ 1-1 316

0 10°3 - 10-1 - 6~-10 29°5 - 28+9 5« 7= 17 337

] 205 ~ 2146 5= 5-10 348 331 3« 7-1 297

1 1340 = 12°5 3 - - 10 303 - 307 2« 7= 7 217

1 21+3  19+9 2- 6-10 1040 - "9 1= 7= 7 28+5

A 178 15°7 1- §-10 24°0 242 o 71 1 28+8

1 15+9 = 161 0 10 14+9 150 17 7 20+5

1 1349 13-4 10 201 = 130 2 1 7 259

1 1349 2.8 10 1444 ~ 13+3 4 7 7 158

2 256 = 25°7 10 13+1 13+3 5 1 1 191

2 347 44 122 - 6§ -12 12:8 = 15¢5 8- 7~ 8 13-7

2 17-2 5+8 11 - 6.- 12 1.7 - 12+0 6= 7~ 8 13+2

2 241 45 10- §-12 154 16°2 13-7-9 123

2 31 9+9 9- 3-12 13¢6 186 12-7-9 13-4

2 32+6 36 8- 6-12 152 - 15+3 M- 7- 9 28+2

2 437 4349 7- 5-12 22:7 - 221 M- 7-3 11-2

2 34+2 = 34-0 5~ 6-1 22:0  23+0 9-7- 9 24+5

2 5940 = 534 3- - 12 2146 = 233 7-1-9 26+3

2 52+ 58+5 1- 5-12 20-7 203 5-7- 9 35+0

2 5122 ~ 5§51 3 7 0 1440 = 14+4 3-7- 9 311

2 R 7+4 4 ] 83 - 9°1 2-7-9 12-7

2 45+ a5+3 5 0 119 12+7 1- 7= 9 20+6

2 13+ 123 6 0 116 115 o 7 9 141

2 332 - 3248 7 0 1208 = 123 1 7 39 15+9

2 21:2 = 1946 M- 7- 1 12:2 = 114 2 1 9 17°4

2 22+ 22+4 9~ 7- 1 276 257 3 71 39 145

2 21+ 20+4 8- 7-1 22+9 137 6~ 7-1 136

2 12¢1 = 131 7-7-1 2940 = 27+5 12- 7-1 153

3 20+ 1946 5§~ 7= 1 2202 - 212 M- 7-1 10-2

3 118 = 12°7 5- 7- 1 259 278 10- 7-1 154

3 128 - 12+8 4= 7-1 411 385 9- 7-11

3 16 160 3~ 7- 1 25+3 ~ 231 7+ 7-11

3 - 14+3 2 1 44+5 - 41+3 5« 7-11

3 - 143 3 1 10+3 = 105 3. 7-11

3 142 4 1 45+5  45-1 1- 7-1

3 175 5 1 1717 1741 o 7 1

3 -~ 186 5 1 348 = 35°0 9~ 7-13

1 2140 7 1 21+1 - 2147 8~ 7-13

4 - 26+0 8 1 143 15+1 7-.1-13

4 3346 9 1 20-1 20°5 6~ 7-13

4 6 10 1 7°6 = B8°3 5~ 7-13

4 44+4 - 438 M-~ 7- 2 12:2 = 1145 11 7- 1

4 2121 = 20+0 8- 7= 2 132 12+ 2-8 0

4 41-7  43+5 6- 7~ 2 88 - 100 3 8 0

4 331 343 5- 7- 2 1523 = 1543 4 8 0 3

4 35:7 = 339 4- 7- 2 12¢4 124 5 8 0 .

4 4544 - 23547 3~ 7- 2 19¢7  18+7 5§ 8 0 L2

4 2843 275 1 7 2 182 18+9 7 8 0 193 -

4 44:4 477 3 7 2 19¢7 ~ 210 8 8 0 13-0

4 187 ~ 18+2 M- 7- 3 2349 - 22+8 9 8 0 20-5

4 461 « 45+2 9- 7~ 3 311 294 1% 8 0 8

4 381 40+3 8- 7- 3 118 106 8~ 8- 1 1546

4 3123 = 30+4 7- 7~ 3 352 - 362 7- 8- 1 *7

4 20+3 19+6 6- 7= 3 304 - 298 6=~ 8= 1 144 =

4 9°5 10-9 5= 71- 3 354 35-0 5= 8= 1 158 =

5 184 - 17+9 4- 71-3 34e5 323 3- 8- 1 158
2143 2047 3- 7-3 2847 - 27°3 3 8 1t 1840 =
10+4  11+0 2-71-3 39+4 - 35+1 5 8 1 11+0
17¢0 - 180 1- 7- 3 205 21-2 0 8 1 84
168  17+4 o 7 3 9« 8=~ 2 24+5
1144 = 10°2 [ B | 8- 8- 2 1807

: 28+2 - 28°5 2 7 3 7- 8- 2 297 -
36+0 357 4 7 3 6= 8=~ 2 2343 =
38+6 = 385 s 1 3 5« 8« 2 291
13.9 - 130 & 7 3 4-.8- 2 29°7
457 43+3 7 7 3 3-8~ 2 2143 -
218 21e2 8. 7 3 2« 8- 2 4247 -
4302 = 42+4 9 71 2 6 8 2 45+7
30+1 = 29+9 8- 7- 4 18 2 76 =
27°9 296 6- 7~ 4 2 8 2 35+3 -
378 374 4~ 7~ 4 4 8 2 30-3
17+0 = 17+8 3~ 7- 4 5 5 8 2 15+4
3247 ~ 35+8 2- 7- 4 3 & 8 2 281 -
117 109 1- 7- & 7 7 8 2 1341 =
285  29+2 o 7 4 1 8 8 2 155
235 = 241 1 7 4 9 9 8 2 1240

7 173 166 5 7 4 3 10- 8- 3 127 -

7 1625 = 1745 M- 7-5 2 6- 8- 3 15+1 =

7 12:6  13+0 9~ 7~ 5 1 4-8- 3 18+0

8 161 159 7-171-5 6 3- 8- 3 17-2

8 1440 = 139 5- 7-5 .1 2-8- 3 8e1 =

8 20°7 -~ 21+6 4- 7- 5 6 1= 8+~ 3 1742 =

8 110 10°5 3- 7-5 8 18 3 154

3 31-3 314 2- 7~ 5 -0 3 8 3 1443 -

8 378 = 390 1- 7-5 44 5 8 3 145

8 361 37-9 o 7 5 300 314 11~ 8- 4 23°1 -

8 13+6 131 2 7 5 31e7 = . 332 9~ 8-~ 4 295

8 339 = 347 4 7 5 330 258 7- 8- 4 28°7 =

8 2041 - 19+4 5§ 71 5 22+0 - 225 6~ 8- 4 208 =

8 311 312 7 7 5 83 ~ 83 5- 8- 4 3241

Scand. 21 (1967) No. 3
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h k 1 ’ob- ’n-lc » x 1 ’oh- ’olln h k 1 'oh. ’gl’ ¢
4- 8- 4 29°7  28+3 1- 8- 10 22+1 1e 5 - I3 1146 - 1290
3~ 8- 4 34+4 =~ 315 0 8 10 87 8+3 5 - 2 149 = 14°4
2- 8- 4 101 = 2902 1 8 10 1423 = 133 5 = 1 148 1442
1- 8- 4 138 18+9 6= 8-11 1104 = 117 5 - F] 13+3 = 14+0
0 B8 4 33:3 4.4 9- 8=~12 112 1292 5- 3= 1 18+0 187
2 8 4 37°0 = 38e5 8- 8-12 9+9 -~ 88 5 - - 3 275 2649
4 8 4 30-3 29°9 7=~ 8-+-12 20+8 - 189 5 - - 3 12+3 = 120
3 8 4 20+9 - 20°+4 5~ 8-12 67 646 5 - - 5 2542 25.4
7 8 4 10+4 - 10+3 5= 8-12 198 20°4 5« 9 7 301 292
8 8 4 14-7 17+1 11 8-~ 2 17+7 = 19+3 5 - - 9 219 20+9
W~ 8- 5 117 « 11+0 0 3 30-9 3240 5 - - 11 185 2143
8~ 8~ 5 204 17+9 ] 5 29-4 2940 6 ~ 5 178 = 17°5
6- 8~ 5 1349 = 13<2 0 5 12+0 1242 [ 3 22+5 = 2340
5~ 8- 5 12¢0 = 13¢5 0 1 172 16+9 5 = 1 208 - 19°4
2- 8-~ 5 1504 = 1541 0 9 14+8 141 6 - - 1 25+3 = 24+0
1 8 5 15+3 139 1- 5 1246 = 12+4 6 - - 2 16+5 =« 16+7
3 8 5 1542 = 14+7 1- ] 175 = 17+9 §- 9-.3 1440 - 126
7 8 5 6e4 - 78 1 - 2 18+3 -~ 18+3 6 - - 4 101 = 10+1
12 - 8 - 11+4 = 102 1 - - 3 135 122 5 - - 5 15¢7 = 140
1= 8- 13°0 = 185 1= - 2 13+7 = 1246 6 ~ - 6 1645 = 163
9~ 8-~ 291 275 1 - - 5 234 21+6 5 - - 8 1204 - 130
7- 8-~ 352 = 3441 1~ - 6 117 = 1244 6 - - 10 B*3 = §+4
5- 8= 29-2 3044 1= 9= 7 173 17+1 7 - 4 73 8+5
4- 8- 1746 150 1~ 9=~ 9 20¢7 211 7 - 3 125 = 118
3~ 8-~ 2740 = 27°3 2 - 7 1840 - 182 7 - 2 10+0 1101
2~ 8- 26+3 ~ 27:2 2 - 5 26+9 = 285 7- 1 136 = 13+2
1- 8- 26°7 251 2 - 3 2749 - 28+9 7- 9- 1 25+4 = 235
0 8 22'6 264 2 - 1 368 -~ 397 7 - - 2 1048 9v2
1 8 1529 = 1641 2 - - 4 14+6 - 138 7 - - 3 25¢0 - 223
2 8 241 - 24+0 2- 9- 5 2140 ~ 20°4 7-9-5 3246 - 29e2
4 8 2344 25%2 2- 9- 4 10-3 = 11-1 7- 98- 73 2602 = 238
6 8 133 = 208 2 - -1 193 - 18+4 7 - -9 276 - 23°7

12~ 8- 102 1045 2~ 9- 8 94 = 10°1 > 7- 9-10 641 = 5e
10-8-7 12~ 923 2~ 9- 9 7:3- 74 7- 9-1 169 = 168
6~ 8- 7 17+4 = 155 2 - - 10 9+5 - 118 8 - 1 16+8 165
4~ 8- 7 17-2 15+9 3 - [ 105 115 8 - 0 10+9 11-9
5 8 7 93 110 3 - 4 14+3 160 8 - -1 114 10-9
12- 8- 8 1143 = 10+5 3 - 2 133 139 8- 9~ 2 1047 10+8

M- 8- 8 220 = 20+2 3 - 1 12+2 - 10+9 8 - - 3 11+3 9
0- 8- 8 1242 117 3 - [ 132 19+7 8- 9- 1 114§ 1149
9~ 8~ 8 24+4 22+0 3 - -1 14+1 « 130 8 - - 6 16+7 15¢6
7- 8- 38 284 = 2678 3- 9- 2 14+9 148 8- 9- 8 8e7 88
5- 8- 8 32+9 J2+6 3 - -3 2348 = 23¢9 8 - - 10 10+5 11-9
3- 8-~ 8 266 = 2840 3 - - 4 110 117 8 - -1 102 «  9+9
2- 8- 8 130 = 118 3- 9-.5 227 - 22+7 8 - 3 1105 127
1- 8- 8 18+4 19 3- 9- 5§ 12+ 118 9 - 1 13:9 151
s 8 8 19-8 19+9 3- 9-7 265 ~ 250 9~ 9= 1 1947 157
1 8 8 1548 - 169 3- 9- 9 22+4 - 214 9- 3. 3 2347 218
2 8 8 189 - 20<2 3~ -1 18+2 - 18-3 9 - -5 27+3 245
3 8 8 115 11+7 a- 5 20+9 208 9- 9- 7 22:0  20+7
4 8 8 149 15+5 4~ 3 230 2948 9 - - 9 241 207
8§~ 8- 9 142 132 4 - 1 268 280 10- 9- & 1248 = 14-2
2- 8- 39 12+5 = 13+6 4- 9~ 1 305 296 0- 9- 5 78 = 8e2
M1 - 8=-10 1541 = 137 4 - - 3 26+0 247 10 - -~ 8 8+0 -~ 106
0 - 8-10 10-4 9e9 4- 9- 2 1549 161 10- 9- 9 10+0 1146
9~ 8«10 2446 2149 4- 9~ 5 17-1 16+8 11- 9- 3 17+3 = 20+0
8~ 8-1 10+3 - 10+1 4- 9- 5 10+6 101 M- 9=~ 5 1545 = 157
7- 8-10 24+9 = 22+9 4- 9- 7 1249 12+3 1= 9~ 17 190 = 191
5= 8~10 23-0 22+0 4 - - 8 15+4 161 3 7 *5 9°9
3~ 8~-10 24°1 - 24+7 4 - - 10 8+3 9e2 4 7 167 20+0
1 9 12¢0 = 135

(Although many reflections quoted here have % negative those actually measured were
equivalent reflections with % positive.)

The short metal-metal bond length found is 2.5106 A, close to the value
reported by Magnéli! The only other molybdenum oxide in which metal-
metal bonding occurs is Mo,;0,,, in which Kihlborg 4,17 found a pair of metal
atoms 2.626 A apart. For comparison the Mo—Mo distance in the metal is
2.725 A.18 Similarly a short contact of 2.60 A is found between tungsten atoms
in W;g0,.1°

Structural studies have been carried out on other related rutile-type oxides,
for example a recent accurate investigation by Kierkegaard and Longo on
VO, using diffractometer data has shown the V—V distance to be 2.6191 A.20
Marinder 2! has in his study of NbO, found the Nb—Nb distance to be 2.802 A
indicating a metal-metal interaction. A further example of metal-metal bond-
ing in oxides is found in low—Ti,0;.22

Acta Chem. Scand. 21 (1967) No. 3



STRUCTURE OF MOLYBDENUM DIOXIDE 671

Table 5. Interatomic distances and angles in MoQO;. The numbering of atoms is the same
as is used in Fig. 2.

Mo, — O, 2073 A & = 0.003 A* Mo, — Mo, 2.5106 A o = 0.0005 A
— 0, 2.064 — Mo, 3.1118
— 0; 1.978 All other Mo — Mo > 3.664
— 0, 1.995
— 0, 1972
— 0, 1.984

Average 2.011
Mo,—Mo,—Mo, 172.6°

0,—0, 2727 A o = 0.004 A 0,—Mo,—0, 82.5° ¢ = 0.15°
—0y4 2.897 0,—Mo,—O0, 91.3
-0, 2.887 0,—Mo,—0, 90.4
-0, 2.707 0,—Mo,—0, 84.0

0,—0, 2.861 0,—Mo,—0, 90.1
-0, 2.723 0,—Mo,—0, 84.8
—0, 2.736 0,—Mo,—O, 85.0

0,—0, 2.893 0;—Mo,—0, 93.5
—0, 2.901 0,—Mo,—0, 94.2

0,—0, 2.832 0,—Mo,—O, 91.1
-0, 3.088 0,—Mo,—0, 101.8

0,—0, 2.786 0,—Mo,—O0, 89.5

Average 2.837

* The standard deviations take into account the uncertainty in the unit-cell dimensions.

Molybdenum-molybdenum bonding also exists in oxides of the formula
A,"Mo,'VO, (Ref. 23) where A = Mg, Mn, Fe, Co, Ni, Zn, and Cd and also
probably in LiScMogO4. 24 In Zn,MozOg the molybdenum atoms occur in
clusters of three and a recent refinement 2% shows the Mo—Mo distances to
be 2.524 A. Thus the Mo—Mo bond in molybdenum dioxide is the shortest
found in oxides, however, it is not the shortest known, as Lawton and Mason 26
have found for molybdenum(II) acetate, Mo,(O,CCHj,),, the remarkably short
metal-metal distance of 2.11 A.

In recent years there has been a great rise in interest in metal-metal
bonding, and very many examples have been found of transition metal and
other metal complexes containing such bonds.2772%
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