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ARNE MAGNELIL BIRGITTA BLOMBERG-HANSSON,
LARS KIHLBORG and GUSTAV SUNDKVIST

Institute of Chemistry, University of Uppsala, Uppsala, Sweden

Members of the homologous molybdenum and molybdenum wolf-
ram oxide series Me,O,,_; with n equal to 8, 9, 10, 11, 12 and 14 have
been prepared. The phase relations of the series have been studied
as a function of the wolfram to molybdenum ratio and of the tempera-
ture. The former has been found to determine the value of » in the
first place, higher homologues forming with increasing relative con-
tents of wolfram.

A comﬁanson is given between previously derived unit cell dimen-
sions for the homologues and those actually observed for preparations
of various compositions. .

Studies of some chemical properties have been found to indicate

that the structural uniformity of the series also corresponds to & very
similar chemical behaviour.

The existence of a series of structurally interrelated molybdenum and
molybdenum wolfram oxides of the general formula Me,O,,_, (Me = Mo, W)
was recently reported by one of the present authors!. Previously known
members of this series were the molybdenum oxides MogOy3 and MogO,e2.
It was found that several molybdenum wolfram oxides of about the same metal
to oxygen ratio of 1:2.9 are built analogously and detailed structure deter-
minations were carried out for the two double oxides Me,;0,9 and Me,; 04, 3.
The investigation was facilitated by a general discussion of the geometrical
properties of structures of this type 4.

A brief description of the structure of e. g. Me,,O,y Will serve to illustrate
the building principles of this oxide series. (Cf. Fig. 1.) The structure may
be considered as built up of blocks of ReO,-type, ¢. e. three-dimensional aggre-
gates of metal-oxygen octahedra joined by sharing corners in a basically cubic
arrangement. The blocks are of infinite extension in two dimensions and have
a characteristic width of ten octahedra in a third direction. The actual MeOg
octahedra are distorted, the metal atoms forming puckered networks and the
oxygen polyhedra being modified to a square pyramidal arrangement with a
remote oxygen atom completing the octahedra. The blocks are mutually
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Fig. 1. Structure of the phase Me,,0y of the homologous series MeyOgn.y. The metal atoms

(small circles ) are slightly displaced normally to the figure, the direction of the displacement

being indicated by the different shadowing. The arrow shows the direction of the finite extens-
ton of the ReO, type blocks, which are indicated by dashed lines.

connected along characteristically folded planes by MeO4 octahedra sharing
edges. The various members of the series, Me,O,,,, differ concerning the
number of MeOg octahedra (n) determining the finite extension of the blocks.
It was suggested that this series of compounds, expressible by a general
formula and built on common structural principles, be characterized as.a
homologous sertes.

Further studies on this series have now revealed the existence of the two
oxides Me,,045 and Me,,0,, and given some knowledge of the formation con-
ditions and stability of the various phases. Exact unit cell dimensions have
been determined and compared with the ideal ones.

EXPERIMENTAL METHODS

The samples were generally prepared by heating weighed mixtures of molybdenum
metal, molybdenum trioxide a.ndp wolfram trioxide in evacuated, sealed silica tubes for a.
couple of days. The starting materials were molybdenum powder (Kahlbaum) which
had been heated in vacuo at about 400° C, molybdenum trioxide (Baker) dried at 400° C
and wolframic acid (Kahlbaum) which had been heated for several hours at about 850° C.
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Due to the considerable volatility of molybdenum trioxide at the heating temperatures
it was necessary to keep the temperature as constant as possible and to minimize the
temperature gradient in the silica tubes. The tubes were thus kept in narrow holes,
bored in a heavy cylinder of fire-resisting steel, which was covered by a steel lid. The
cylinder was heated in a vertical electric furnace. A platinum-platinum rhodium thermo-
couple was introduced in one of the holes of the cylinder through a narrow opening in
the lid. The cold junction of the thermocouple was kept at 0° C in a Dewar flask contain-
ing ice and water. A constant voltage, just insufficient to give the temperature wanted
was applied to the furnace while a small; additional voltage was controlled by the thermo-
couple using & Wheelco regulator. In this way the variations of temperature were reduced
to about + 2° at a heating temperature of 600—950° C. The samples were quenched in
water from the reaction temperature.

In spite of these precautions it was often found difficult to obtain reproducible results
when preparing and heat treating the pure molybdenum oxides. It was found that the
phase and stability relations in the molybdenum oxygen system are even more complicated
than has been known previously. Further studies on this subject are in progress and a
note on some preliminary results has recently appeared elsewhere . It was found that
equilibrium was much more quickly attained in samples containing wolfram. For high
wolfram contents, however, the reaction rate was rather low and high temperatures had
to be used in order to reach equilibrium within a reasonable period of time.

The samples were investigated by taking X-ray powder photographs in a Guinier
focusing camera of 80 mm diameter using monochromatized Cu-Ka or Cr-Ka radiation.
The very low background of these photographs greatly facilitated the observation of
extraneous phases. The powder patterns were evaluated according to the method given
by Higg ®, which introduces an automatic correction for film shrinkage. In order to
increase the accuracy, sodium chloride (¢ = 5.6398 A) was always added to the powder
specimens as an internal standard. Single crystals from various preparations wers also
investigated by taking rotation and Weissenberg photographs with Cu-K radiation.

PHASE ANALYSIS

Mixtures of the gross composition Mo, ,W,0, , were heated at tempera-
tures between 650° and 950° C for a couple of days. The preparatiens obtained
in this way consisted of dark blue or blue-violet crystals. With low contents’
‘of wolfram, the crystals often appeared as aggregates of needles or prisms,
grown together parallel to the needle axis. The needle-shape of these species,
however, was frequently destroyed due to a very marked cleavage at right
angles to the needle axis. The cleavage surface showed a very high reflexion
rower. With higher contents of wolfram, the crystals were smaller and the
needle-shape was more pronounced.

The X-ray powder patterns of the substances investigated were rather
complicated throughout. The preliminary analyses of the samples thus had
to be carried out by means of photographs of selected single crystals. These
diagrams could generally be interpreted by comparison with the ideal structural
data previously derived for the various members of the Me,O,,, series 4.
The approximate unit cell dimensions thus obtained made possible the inter-
pretation of the powder photographs. Samples containing molybdenum wol-
fram oxides of this homologous series were found to be fairly homogeneous
since, in general, only a few, very weak lines of extraneous phases were observed
in the powder patterns.

The results of the phase analysis are illustrated in Fig. 2, which gives
& tentative diagram of the phase relations of the homologous series
(Mo,_,, W,), O, as a function of the value of = and of the formation tem-
perature.
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While the phases MogO,; and MogO,s — often contaminated by other
oxides — could be prepared by heating samples not containing wolfram at
rather restricted intervals of temperature around 700° and 750° C respectively,
the presence of a small proportion of wolfram (z = 0.06) was found to bring
about the formation of pure Me,O,, phase within the approximate temperature
region 650°—750° C. The phase Me,,059 was obtained by heating samples
with z equal to 0.14 and 0.24 at temperatures between 700° and 800° C while
preparations with z values of 0.32—0.44 and 0.48 heated at 850° C were identi-
fied as consisting of the phases Me;,0;; and Me,,0y, respectively. With higher
contents of wolfram, still higher members of the homologous series were
obtained. However, the identity of the phases could no longer be determined
with certainty, due to the continually increasing similarity between the powder
patterns of the higher homologues.

Attempts to prepare the phases Me;;O3, and Me,304 in a similar way at
750° G and higher temperatures were not successful. The former compound,
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however, was obtained as a small amount of tiny, thin crystal needles together
with a major constituent consisting of a micro-crystalline substance of the
approximate composition MoWO, when heating an equimolecular mixture
of molybdenum trioxide and wolfram trioxide in an evacuated, sealed silica
tube at about 700°C for 45 days3?. As this experiment was carried out
without special precautions to ensure a constant temperature within the
reaction tube, the actual molybdenum to wolfram ratio of the crystal needles
is unknown.

The experiments obviously show that the relative wolfram content is a
fundamental factor determining the width of the ReO;-type blocks of the
oxide formed. The influence of the formation temperature is obvious for the
pure molybdenum oxides but seems to be of minor importance for the mixed
oxides within the range of temperature investigated. This might be more fully
elucidated by extensive studies of samples prepared at lower temperatures.
Due to the low reaction rate even at moderate wolfram contents, such an
investigation would be rather tedious. However, the observations reported
above might indicate that phases Me,0,, , with n are even more stable at
high temperatures than those with » odd.

UNIT CELL DIMENSIONS

The fundamental role played by the ReO; type building unit in the struc-
tures of this oxide series manifests itself as a pronounced substructure effect
in the X-ray diffraction patterns. Since the metal atoms of the ReO, type
blocks form puckered layers (cf. Fig. 1), the subcell corresponds to two units

of MeOy and shows (psuedo)tetragonal symmetry with a’ = ¢’ = d}/ 2 and b’
(tetragonal axis) slightly longer than d (d = the space diagonal of a regular
MeO, octahedron)4. All strong reflexions of the various members of the
homologous series appear in multiplets close to the reciprocal lattice points
of the subcell.

The substructure effect causes the X-ray patterns of the homologues to
be very similar, the similarity of the diagrams increasing with increasing .
In spite of their considerable complexity, it was possible to interpret the powder
photographs of the phases with » = 8, 9, 10, 12, and 14 up to fairly high
diffraction angles and to derive unit cell dimensions of preparations of various
compositions. Representative parts of the powder patterns are listed in Table 1.

Table 2 gives a comparison between the unit cell dimensions thus obtained
and the ideal ones, calculated on the basis of the values of d = 3.750 A for
the length of the space diagonal of a regular MeO4 octahedron and of § = 0.21
for the parameter introduced to allow for the mutual repulsion of the metal
atoms of octahedra joined by sharing edges. (The formulae used when cal-
culating the ideal dimensions are given in reference .) The accuracy of the
observed cell data may be estimated to be better than -4 0.01 A for the a
and ¢ axes, 4 0.002 A for the b axis and + 0.02° for the monoclinic angle.
The data given in this paper for MogOy; and Moy0O,4 are thus somewhat more
exact than those previously reported 8. - :

The agreement between observed and ideal values for the length of the
a axes is good, the difference amounting to 0.11 A (0.65 %,) for MogO,s and
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Table 2. Observed and ideal unit cell dimensions of members of the series MeyOsq.,.

al bA cA B csin g A

0,
Phase % A
W/ obs | ideal | obs | ideal | obs | ideal | obs | ideal | obs | ideal | (ideal-
obs)

Me,O,, 0| 16.88 | 16.77 | 4.052 >3.750| 13.39 | 13.82 | 73°81| 73°88| 12.86 | 13.27 | 0.41

Me, O, 0 16.80 | 16.77 | 4.039 | >3.760| 14.58 | 15.00 | 95°43| 94°56| 14.51 | 14.95 | 0.44
» 6| 16.82 | 16.77 | 4.027 | >3.750| 14.59 | 15.00 | 95°47| 94°56| 14.53 | 14.95 | 0.42

Me,4O,, | 14 16.78 | 16.77 | 4.005 | >3.750| 17.43 | 17.76 | 111°74 | 110°51 | 16.19 | 16.63 | 0.44
» 24| 16.83 | 16.77 | 3.988 | >3.750 | 17.45 | 17.76 | 111°73 | 110°51 | 16.21 | 16.63 | 0.42

Me;3,0y | 32| 16.80 | 16.77 | 3.970 | >3.750| 19.61 | 20.00 | 89°25| 88°61| 19.61 | 19.99 | 0.38
40| 16.81 | 16.77 | 3.961 | >3.750| 19.62 | 20.00 | 89°26| 88°61| 19.62 | 19.99 | 0.37
» 44 16.80 | 16.77 | 3.956 | >3.750| 19.64 | 20.00 | 89°23| 88°61| 19.64 | 19.99 | 0.35

Me,O,, |48{ 16.78 | 16.77 | 3.943 | >3.750 | 24.04 | 24.43 | 73°19| 72°87| 23.01 | 23.35 | 0.34

being less (0.01—0.07 A) for the other preparations. The extension of the
lattice in this direction is very little influenced by the value of » and the
relative content of wolfram.

The ¢ axes and monoclinic angles observed are in fair agreement with the
ideal values. A spectacular idea of their combined deviation is obtained by
comparing the observed and ideal values of the product csinf, representing
the finite width of the ReO,-type blocks. The observed widths are throughout
less than the ideal ones. These differences cannot be removed by altering the
value of the parameter ¢ in the formula for the ideal unit cell dimensions
(¢. e. by assuming other interatomic distances between the metal atoms of the
MeO,q octahedra joined by edges) as this would give rise to considerable dis-
crepancies between the observed and ideal metal atom coordinates4. The
deviations between the observed and ideal widths of the ReOs-type blocks
must evidently be due to a contraction in this direction as compared with the
extension in the direction of the a axis. It is noteworthy that the absolute
value of the contraction is fairly constant irrespective of the value of » and
thus of the width of the blocks.

The variation of the length of the b axis is of special interest as the increase
of this dimension in comparison with the space diagonal of the regular MeO,
octahedron is associated with the puckering of the metal atom layers and
the distortion of the oxygen polyhedra. The values of b (cf. Fig. 3) decrease
with increasing wolfram content. The introduction of wolfram atoms in the
structures evidently causes a modification of the metal-oxygen polyhedra
towards a more regular octahedral arrangement. It is of interest in this con-

* nection to notice that the structure of the wolfram oxide W,,O,s belonging to
the series Me,O;,, is not puckered and is very probably built up of fairly
ideal WOg octahedra ®. The length of the b axis of this compound amounts
to 3.767 A 8. The variation of the b axis dimension of the Me,O,,; oxides is
discontinuous when passing from one homologue to another.
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Fig. 4. Twinning of Me, 0,y (idealized diagram ).

TWINNING

As mentioned above the crystals often appear in aggregates, the crystal
individuals having grown together parallel to the monoclinic axis. Weissen-
berg photographs of a crystal of the phase Me,,0,, revealed the existence of
twinning, the angle between the a axes of the twins amounting to 144°. This
indicates the twinning to be caused by a change of the slope of the ReQ,-
type blocks in the way illustrated in Fig. 4, (302) being the twin plane. The
ideal value according to this scheme for the angle between the a directions of
the twin individuals is 143.°12 (= 2 f”in the notation used in the discussion of
the geometry of these substances ¢). This angle will have the same value also
for twins of other members of the homologous series. The general indices for
the twin plane of the homologue Me,O,,; (2 = 3p+¢, p and ¢ integers)

Acta Chem. Scand. 9 (1955) No. 8
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will be (100) for ¢ = —1, (301) for ¢ = 0, and (302) for ¢ = 1 or generally
(30 g+-1).

Growing together of crystal individuals not governed by a twin law has
also been observed.

CHEMICAL PROPERTIES

According to Glemser and Lutz!?, MogO,; (’f-molybdenum oxide”) and
MogO4 (”f'-molybdenum oxide”) differ considerably in their chemical
properties, the former being soluble in dilute ammonia while the latter is not
affected by this reagent. Treating a mixture of the two oxides with ammonia
was suggested by these authors as a means of preparing MoyO,, in a pure
state.

In view of the close structural relationship a considerable difference between
the chemical properties of the two oxides seemed rather improbable. Pure
samples (a few crystals) of these compounds and also of the higher homo-
logues were thus tested with various reagents, viz. hydrochloric acid, sul-
phuric acid, nitric acid, sodium hydroxide, and ammonia. The samples were
observed under the microscope. In no case could an obvious attack be noticed
even after a few hours. A preparation containing {-molybdenum oxide® was,
however, dissolved by ammonia. It thus seems probable that the ’f-molyb-
denum oxide” of Glemser and Lutz, is identical with the {-oxide while their
f'-oxide is MogOg5, M0gyO,q or a mixture of these two phases.

The authors wish to thank Professor G. Higg for his kind interest in this investigation.
The work forms part of a research program on metal oxides and related compounds
financially supported by the Swedish Natural Science Research Council.
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