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Single crystals of a new high pressure modification of molybdenum trioxide, MoO;-II, were grown
in a tetrahedral anvil apparatus at elevated temperature. The structure of MoOs-11 is monoclinic,
P2//m, with unit cell parameters: a = 3.954(1) A, b = 3.687(2) A, ¢ = 7.095(4) A, and 8 =
103.75(4)°. MoOs-II (4.75 g/cm®) is metastable at ambient pressure and converts to less dense
orthorhombic a-MoO; (4.71 g/cc) rapidly at temperatures above ~200°C. Like the a-MoO, structure,
the structure of MoO;-1I is layered. In fact, the individual M00O;;0,,0, layers of the two phases
are virtually identical. However, the stacking sequence of the layers of MoOs-1I (aaq) differs from
that of a-MoO; (aba). This is equated with an improved packing efficiency for the layers of MoO;-

II versus those of a-MoO;.

Introduction

In addition to the thermodynamically sta-
ble a-MoQ; phase, two metastable poly-
morphs of molybdenum trioxide have been
discovered recently, namely, 8-MoO; (I, 2,
3) and B8'-MoO; (4). Briefly, a-M00;,0,,
Oy, has a unique 2D layered structure (5),
whereas, 8- and B'-MoQy, are related to
the 3D ReO, structure. Studies (6) of the
correlation between the «- and B-MoO,
structure-types and catalytic activity, in
particular, with regard to the selective oxi-
dation of methanol to formaldehyde (7),
prompted a search for the existence of other
MoO; phases. It was hypothesized that the
layered structure of a-MoO; might collapse

* Contribution No. 5608.

© 1991 Academic Press, Inc.

at high pressure to form a more condensed
phase. This was not observed. Recently
Asbrink ez al. (8) studied the lattice parame-
ters of a-MoO; as a function of pressure at
ambient temperature and also observed no
new MoO; structure-types. However, we
find that the combination of high pressure
and high temperature does indeed result in
the formation of a new phase, MoO;-11. In
this paper, we describe the single crystal
structure and properties of MoO;-11 in detail
and compare the structure to that of a-
MoO;.

Experimental

Powder samples of MoO;-II were pre-
pared routinely from a-MoO, (Johnson Mat-
they Chemicals—Puratronic) in a tetrahe-

0022-4596/91 $3.00
Copyright © 1991 by Academic Press, Inc.
All rights of reproduction in any form reserved.



122

dral anvil apparatus (gold sample container)
at 60 kbar and 700°C. Powder samples pre-
pared in this way appeared white with a
slightly greenish tint. Single crystals of
MoO;-1I were prepared in the same appara-
tus at 65 kbar with the following heat treat-
ment: hold 15 hr at 1000°C; slow cool at
20°C/hr to 760°C; and furnace cool to room
temperature. Crystals prepared in this man-
ner appeared darker than the powder sam-
ples above, suggesting that some amount of
reduction had occurred. However, powder
patterns (Table I) taken from ground single
crystals were indistinguishable from those
of the white MoO,-II powder.

Crystal Structure Determination

Data were collected with an Enraf-Nonius
CAD4 X-ray diffractometer equipped with
a monochromatic MoK, source using a par-
allelepiped crystal of MoO,-11 with dimen-
sions (0.03 x 0.03 x 0.07 mm). Fourteen
diffraction maxima were located and used
to obtain cell parameters with dimensions a
= 3.954(1) A, b = 3.687(2) A, ¢ = 7.095(4)
A, and 8 = 103.75(4)°. For Z = 2, the calcu-
lated density is 4.754 g/cm?.

A total of 462 reflections was collected at
room temperature using the w-scan mode in
the range, 5.9° < 20 < 49.9°, with a
2.30-2.50° scan width and a 2.00°/min fixed
scan speed. There was no evidence of radia-
tion damage to the crystal during data col-
lection. The data were treated in the usual
fashion for Lorentz-polarization and ab-
sorption (DIFABS (9)), yielding 198 unique
reflections with 7 > 2.0 o. Transmission fac-
tors varied from 0.59 to 1.59.

The structure was solved! using an auto-
mated Patterson solution method which re-

! Crystallographic calculations were performed on
a DEC/CRAY computer network, using a system of
programs developed by J. C. Calabrese. The package
incorporates the DIFABS absorption method (9) and
the ORTEP plot program (10).
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TABLE 1
PowDER PATTERN OF M0O;-11

h ok 1 200 d(A I(ale)’ I (obsy
0 0 1 1285 68917  292.6 43
1 0 0 2316 3.8407 1868 23
I 0 —1 2369 37559  698.2 90
0 0 2 2586 3.4458  352.9 100
0 1 1 2743 3.2510  1000.0 82
1 0 1 29.18 3.0598  190.9 18
1 0 =2 3046 2.9349 1.3 —
11 0 33.70 2.6598  418.2 31
1 1 =1 3407 2.6311 21.8 6
0 1 2 3566  2.5175 75.4 1
P 1 3822 23546 20.9 5
1 0 2 39.05 2.3068 78.8 sh
0 0 303922 22972 225.0 ] 100
1 1 -2 3923 22962 95.8

1 0 —3 4069 22173 81.2 14
2 0 =1 4594 19752 1313 36
11 2 46.43  1.9556 64.4 2%
0 1 3 46.58  1.9497 80.7 }

2 0 0 4734  1.9203 26.8 7
1 1 -3 4787 1.9001 14.3 4
2 0 -2 4847 1.8780 81.9 20
0 2 0 49.44 1.8435  180.4 24
1 0 35094 1.7927 0.1 —
0 2 1 5130 1.7809 15.2 5
2 0 1 5241  1.7457 61.4 13
2 1 -1 5256 1.7411 89.4 20
1 0 -4 5281 17334 44.0 21
0 0 4 5316 1.7229 3.6 } sh
2 1 0 53.82 17032  107.1 16
2 0 -3 5451 1.6833 0.7 —
2 1 -2 5486 1.6734 26.4 7
1 2 0 5527  1.6620 30.7 8
1 2 -1 5553 16549  121.6 16
0 2 25662 1.6255 74.3 14
11 3 5713 16122 103.6 15
1 2 1 5845 1.5791 49.5 1
2 1 1 5850 1.5778 16.0 } sh
1 1 -4 5887 1.5687 57.4

1 2 -2 59.18 1.5611 0.4 37
0 1 4 5919 1.5609  132.4

% Copper radiation; A = 1.54180 A.

b Strong preferred orientation (associated with the
layer stacking axis) is observed for both MoO;-II and
a-MoO;; sh = shoulder.

quired that the molybdenum and three inde-
pendent oxygen atoms lie on the mirror
plane. The model was refined in space group
P2,/m (No. 11) with full matrix least squares
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TABLE 11

FRACTIONAL COORDINATES ( X 10,000) AND
IsOTROPIC THERMAL PARAMETERS FOR MoO;-11
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TABLE HI

ANISOTROPIC THERMAL PARAMETERS (.7\ X 1000)
expl—19.739(U hha*a*... + 2(Uhka*b*...))]

Atom X y z B,

Mo 3286 (4) 2500 2966 (2) 0.5(1)
o) 4401 (31) —-2500 3691 (19) 0.5(3)
0(2) —924 (29) 2500 3240(18) 0.5(3)
03) 2709 (35) 2500 547 (20) 1.3 4)

toR = 0.048 and R,, = 0.061, where R, =
Bw(|Fy| — |F D Ew( Fyl?] with @ x [oX(I)
+ 0.0009(1)2]~'2, The final e.s.d. of an ob-
servation of unit weight is 2.60. The largest
final difference-Fourier residual was 1.79
e/A3 near the molybdenum atom. Atomic
scattering factors were taken from the “‘In-
ternational Tables for X-ray Crystallog-
raphy.”’

Tables II and III list the final positional
parameters and the anisotropic thermal pa-
rameters for MoOs-11, respectively. Bond
lengths and angles are given in Table IV.

Discussion

Figure 1 concisely illustrates the major
structural difference between the layered
phases, MoO;-1I and -MoO;. While the in-
dividual layers of each phase are nearly
identical (see below), a change in the stack-
ing sequence from aaa for high pressure
MoO;-II to aba for ambient pressure o-
MoO; occurs, such that, the following rela-
tionships exist:

MoO;-11 a-MoQ,
monoclinic orthorhombic
a 39544 =~ a (3963 Ay
b (3.687 A) = c (3.696 A);
and c¢sinB (6892 A) = b2 (6.928 ;\).

Conversion of a-MoO; to MoO,-II in-
volves displacements of the molybdenum

Atom Un Un Uss Up Uy Uy
Mo 6.7 (8) 6.3 (9) 5.2(9) 0.0 0.9 (6) 0.0
o) 8 (6) 2 M 13 7 (i} 7 (5) 0
02 4 (6) 1 (6) 11 (6) 0 -2 (5 0
0(3) 18 M 17 (8) 5 0 0 10 (6) 0

and oxygen atoms of the b layer of the a-
MoO; structure, relative to the a layer,
which are equivalent to a 180° rotation of
the b layer about the stacking axis (Fig. 1).
As noted in this study and elsewhere (8),
high pressure alone is insufficient to bring
about this phase change. The necessity for
high temperature in addition to high pres-
sure is most likely the result of a small driv-
ing force associated with the a-MoO; to
MoOs-II phase transformation—the relative
density increase being ~1% (4.71 g/ml vs
4.75 g/em?, respectively). The major com-

TABLE IV

A CoMPARISON OF BOND LENGTHS (A) AND
BoND ANGLES (°) IN MoOs-11 AND a-MoOy*

Bond Lengths MoO;-11 a-MoO;
Mo-0O(1)a 2.331(13) 2.332
Mo-0O(1) (2 x) 1.937 (4) 1.948
Mo-0(2)b 2251 (1D 2.251
Mo-0(2) 1.721 (1) 1.734
Mo-0(3) 1.677 (14) 1.671
0(3),,-0(3),,,0 0.754 0.793

Bond Angles MoO;-11 a-MoO;
O(1)-Mo-0(1) 144.3 (7) 143.1
0(2)-Mo-0(2)b 168.9 (7) 167.8
0O(3)-Mo-O(1)a 165.2 (4) 164.9

¢ Symmetry operation codes:

a 1 — x, 12 + vy, 1 -z
b 1+ x, v, z.

b 0(3),,,,,—0(3),,,,, represents the distance between the
mean planes of adjacent O(3) oxygens in adjacent
layers.
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o - M003

F1G. 1. The structures of MoO;-11 and a-MoO; with emphasis on the change in layer stacking.

ponent of this density increase is the com-
pression of the structure along the layer
stacking axis (a factor of 4 greater than ei-
ther orthogonal axis). For reasons discussed
below, this compression equates with an in-
creased interpenetration of the molybdenyl

M003 -1I

oxygens in the Van der Waals gap (as mea-
sured by the 0(3),,,—0(3),,, distance; Table
1V). Therefore, the packing of the layers of
MoOs-11 is seen as being more efficient than
that of a-MaO;.

Figure 2 and Table IV compare the basic

a-MoO;

FIG. 2. Equivalent views of the M00O;;0,,0,,, octahedra of MoOs-II and a-MoO; (bond lengths in A)
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Mo00,,0,,0,,, building blocks of both the
high and the low pressure forms of molybde-
num trioxide. It is interesting to note that in
his description of the molybdenum trioxide
structure, Kihlborg (5) depicted a-MoO;,
as being comprised of infinite chains of
Mo0O,,0,, tetrahedra, with only weak in-
terchain interactions (through the Mo-O
bonds equivalent to the Mo-O(l)a and
Mo-0(2)b bonds of the MoO;-11 structure)
resulting in the formation of the unique
MoO; double layer (Fig. 1). If this structural
interpretation is correct, then one might pre-
dict that, upon high pressure phase transfor-
mation, these long interchain bond dis-
tances would be unaffected, since any
compression along these bonds would ne-
cessitate a corresponding lengthening of the
shorter intrachain bonds in order to main-
tain bond order, i.e., the coordination would
more closely approach octahedral. Within
statistical limits, the molybdenum coordina-
tion spheres of MoOs-11 and @-MoO, are
virtually the same (Fig. 2). In light of this
observation, the structural description of
MoO, by Kihlborg (5), namely, that the
structure can be viewed as being built up
of weakly interacting tetrahedral chains, is
further supported.
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