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The magnetic, electron paramagnetic resonance (EPR), infrared (ir), and optical properties of the
orthorhombic (x <0.20) and monoclinic (x = 0.28) phases of (Mo,V,..,),0s have been measured and
interpreted. The magnetic data are interpreted in terms of a ligand-field model in which the octahedral
2 T, term of v*is split by the combined perturbations of axial distortion and spin-orbit coupling, with the
result that the 2ng term is split into a magnetic ground level, a weakly magnetic intermediate level, and a
magnetic highest level. The g-values and linewidth data are in good agreement with the magnetic results.
The susceptibility and EPR studies indicate that the paramagnetic centers are deep-donor VH*-0-Mo®*
pairs and that the oxygen symmetry is more nearly octahedral in the monoclinic phase. The ir spectra
indicate a weakening of the shortest metal-oxygen bond in the monoclinic phase, and the optical spectra
show a concomitant increase in the octahedral component of the ligand field in this phase. The
implications of these results for oxidation catalysis by (Mo, V;_,),0Os are discussed.

Introduction

Mixed oxides are frequently used to
catalyze oxidation reactions. In particular,
catalysts composed of V,0s; and MoQO,,
often containing small quantities of other
oxides, are employed in the catalytic oxida-
tion of several organic compounds, such as
the oxidation of benzene to maleic anhydride
(1). A few attempts have been made to cor-
relate the physicochemical properties of the
V,0s-MoQO; system with its catalytic
activity, which is optimal in the range 25-
28 mole% MoQO; (1-8). These studies have
shown that within the range 25-33 mole%
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DMR75-09215 from the National Science Foundation.
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171

MoO; the V** concentration (3, 4, 6) and
electrical conductivity are maximal and the
activation energy is minimal (5) in these
semiconductors. A shift in the infrared band
near 1000 cm ™' due to multiple metal-oxy-
gen bonds to lower frequencies with increas-
ing Mo content has also been observed (4, 7).

The phase relations and crystal structures
of the V,05-MoO; oxides may provide
important information for understanding
their catalytic behavior. It has been shown
that molybdenum can replace vanadium in
V205 and that this replacement produces a
solid solution of composition (Mo, V;-,),0s
extending at 650°C to x=0.28(9).
However, a detailed structural examination
reveals that the structure changes from
orthorhombic to monoclinic near x =0.20
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(9). The structures of monoclinic
(M00_28V0_72)205 (9) and orthorhombic
V.05 (10) are shown in Fig. 1. The structures
consist of edge-shared octahedra which form
zigzag chains in the ¢ direction, with these
chains being connected by corner sharing
between octahedra in adjacent chains. The
structures can also be considered to consist of
ReOs-type slabs, with each slab being two
octahedra thick, in the bc plane which are
connected to adjacent slabs by edge sharing.
The major difference between the two struc-
tures is the displacement of the metal ions
from the centers of the octahedra. In the
V,0;5 structure all metal ions within an
ReO;-type slab are displaced in the same
direction, whereas in the monoclinic struc-
ture they are shifted pairwise in opposite
directions. In both structures the metal ions
in edge-shared octahedra are displaced in
opposite directions to minimize electrostatic
repulsions. The metal-oxygen distances for
both structures are given in Table 1. The
more nearly equal metal-oxygen distances in

(Mo 0. ZDVD.YzlPB

FIG. 1. The structures of (Moo 25V 72).05 (top) and
V,0s (bottom) constructed from MQOg octahedra at two
levels. Shaded octahedra are situated at a lower level
than the unshaded octahedra. The positions of the
metal ions within the octahedra are indicated by dots.
(Adapted from Ref. (9).)
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TABLE 1
METAL-OXYGEN DISTANCES IN (M0g25V.72)205

AND V,054

{Mo00.28V0.72)205
distances” V.05 distances®

Bond (A) (A)
M-0, 1.659 1.585
M-0, 1.733 1.780
M-0; 1.804 1.878
M-O, 2.081 1.878
M-0Os 2.094 2.021
M-0Og4 2.544 2.785

? Reference (9).
b Reference (10).

(Mo 28V 0.72)205 imply that the metal-oxy-
gen polyhedra have a more pronounced
octahedral arrangement in the monoclinic
phase.

In this- paper we have undertaken a
comprehensive study of the magnetic, elec-
tron paramagnetic resonance (EPR),
infrared (ir), and optical properties of the
orthorhombic and monoclinic phases of
(Mo, V;_,):0s5 in an attempt to help under-
stand the behavior of these interesting
and useful catalysts by better defining their
physicochemical properties.

Experimental

Samples were prepared by heating mix-
tures of V,0s, V,03, and MoQ; according to
the equation:

2x MoOs +§ V,04

3
+ (1 "‘2_x)V205 —> (MO,V1—x)205- (1)

The starting materials were Johnson-
Matthey Specpure V,0; and Mallinckrodt
MoO;, both of which contained negligible
paramagnetic impurity concentrations. V,0;
was prepared by reduction of V,Os with
hydrogen at 800°C for 12 hr. The mixtures
were contained in a sealed silica tube at
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650°C. After a first firing for 48 hr, the tube
was broken and the samples were reground
and refired until thin X-ray powder patterns
indicated that they were monophasic. In
agreement with Kilborg (9), we have found

that for x <0.20 the unit cell is orthorhom- .

bic, and in the range 0.20=x=<0.28 it is
monoclinic. For x =0.30 a few weak lines
could be assigned to VOMoO,. The
compositions x =0.10, 0.25, and 0.28 were
selected for detailed study, and their unit-cell
dimensions, which are in reasonable
agreement with previous studies (9, 11), are
given in Table II.

The magnetic susceptibility was measured
and corrected as described in II. MoO;
exhibited a  temperature-independent
paramagnetism of 24 X 107% emu/mole in
the range 1.5-300°K, so that, in view of this
small susceptibility and the rather low Mo
content of the samples, the susceptibilities
were not corrected for the temperature-
independent paramagnetism of MoOs. EPR,
ir, and optical spectra were also recorded as
described in II.

Results and Discussion
Magnetic Susceptibility

The reciprocal susceptibility per mole of
(Mo,V;_,),0s as a function of temperature
is shown in Fig. 2. The increase in suscep-
tibility with Mo concentration above 100°K
suggests a corresponding increase in
paramagnetic ion concentration. The high-
temperature data can be fitted to the Curie-

TABLE 1I
UNIT-CELL DIMENSIONS OF (Mo, V;_,),0s5

a b c I¢]
x (A) (A) (A) (deg)
0.00 11.50 4.37 3.56 90.0
0.10 11.57 4.32 3.59 90.0
0.25 11.80 4.18 3.64 90.6
0.28 11.81 4.17 3.65 90.6
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Weiss law, y = C/(T — 6), where C and 0 are
the Curie and Weiss constants, respectively.
The magnetic moment per mole of Mo is
given by u =2.828 (C/2x)""%. The magnetic
parameters C, 6, and u for (Mo,V;_,).0s
are given in Table III.

The magnetic moments are nearly
independent of molybdenum concentration
and close to the spin-only value, which
indicates that the substitution of molyb-
denum for vanadium is accomplished by the
formation of a paramagnetic center having
one unpaired electron, most likely Mo’*(4d")
or V**(3d’). That the paramagnetic ion is
indeed V** has been shown by its charac-
teristic hyperfine structure in samples with
low Mo content (2) and is also indicated by
the magnetic analysis given below and by the
EPR results discussed in the next section.

Since there is no evidence for magnetic
ordering down to 2°K, @ is not significant as
an interaction constant, and, as in II, it is
possible to interpret the magnetic behavior
in terms of the effective magnetic moment
e =2.828 (xT)""?. Theoretical expressions
from which u.q can be calculated for a d' ion
in an octahedral ligand field under the
combined perturbations of axial distortion
and spin-orbit coupling have been given in L.
In (Mo, V1_,)20s the axial distortion occurs
along the shortest V** — O bonds and relative
to this direction the oxygen symmetry is
approximately C,,. The ligand-field
parameters for (Mo, V;_,),Os obtained by a
least-squares fit of the theoretical moments
to the experimental ones are given in Table
IV. Figures 3 and 4 show the agreement

TABLE III
MAGNETIC PARAMETERS FOR (Mo, V;_,),0s

Cc 0 u/B

X (emu-deg-mole™") (K) (g-atom Mo™h)
0.10 0.078 ~38 1.77
0.24 0.182 -60 1.71
0.28 0.222 -93 1.78
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F1G. 2. Temperature dependence of the reciprocal molar susceptibility of (Mo, V;_,),0s.

between the theoretical and experimental
moments and the corresponding energy-
level diagram for (M0g 25V .72)205. As found
inI and I, the ordering of the energy levels is
I7(B)<Ts(E)<I4(E), so that V** has a
magnetic ground level, a weakly magnetic
intermediate level, and a magnetic highest
level.

The parameters k, A, and 4 in Table III can
be interpreted in terms of the electronic
and crystal structure of (Mo, V1-,)20s. The
value k =1 at x = 0.10 indicates that the 3d’

TABLE 1V
LIGAND-FIELD PARAMETERS FOR (Mo,V;_,),05

A [73 Aa
x k® €ev) (eV)
0.10 1.0 0.010 0.021
0.25 0.8 0.014 0.010
0.28 0.8 0.016 0.010

“ The errors in k, A, and 4 are 0.1, 0.002 eV, and
0.003 eV, respectively.

electron is localized on V**, and the value
k =0.8for x =0.25 and 0.28 reflects a partial
delocalization of the paramagnetic electron
onto the surrounding ligands. However, the
k values and activation energies (=0.67 eV
for x < 0.33) (5) are considerably higher than
in B'-Cu, V,0s (12) for a given V** concen-
tration. The relatively high k values and
activation energies and nearly spin-only
magnetic moments in (Mo, V;_,),Os can be
accounted for by assuming that the substitu-
tion of Mo®* for V> in these solids results in
the formation of V**~O-Mo®* pairs, which
act as deep donors because the paramagnetic
electron is effectively trapped by its electro-
static attraction to Mo®*. This deep-donor
center has also been suggested in the system
Na,V,_.Mo,0;s on the basis of atomic dis-
tributions (13). In (Mo, V1_,).0s it is ener-
getically favorable for the V**~Mo®" pairs to
be bridged by the corner-shared oxygen
within an ReO;-type slab (see Fig. 1), since
this results in the largest V**(d)-O(pw)-
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F1G. 3. Comparisons of the experimental (dots) and theoretical (solid curve) moments as a function of
temperature for (Mog23V.72)20s. The solid curve was calculated using k =0.8, A =0.016 ev, and

A=0.009¢eV.

Mo®*(d) overlap. On this basis it is perhaps
possible to understand the difference
between the monoclinic and orthorhombic
structures shown in Fig. 1. In particular, the
pairwise displacement of Mo®* and V** in
opposite directions within an ReO;-type slab
for x = 0.20 results in maximal 180° V**(d)-
O(pm)-Mo®*(d) overlap within a slab.
However, the displacement of Mo®* and
V** in the same direction for x <0.20 will
reduce the V**(d)-O(pm)-Mo®* (d) overlap.
Maximal overlap should be preferred, espe-
cially at higher Mo concentrations, and
experimentally it appears that the pairwise
displacement of V** and Mo®" in opposite
directions becomes favored for x > 0.20. The
structural study of (Mog25V0.72)20s (9)
indicates that these pairs should be located
randomly within the ReOs-type slabs.
Furthermore, the decrease in k in going from

x=0.1to x=0.25 and 0.28 correlates with
the corresponding increase in V4+(d)—
O(pm)-Mo®*(d) overlap.

As found in II, the spin—orbit coupling
constants are considerably lower than the
free-ion value (0.31 eV) and increase with x.
In analogy to VO(H,0)2" (14), the reduced
A’s probably result from the lower effective
nuclear charge of vanadium caused by
covalent V**-O bonding. The increase in A
with x suggests a corresponding increase in
the effective nuclear charge of vanadium,
which could result from the removal of V**
electron density by Mo®".

The axial distortion can be interpreted in
terms of the metal-oxygen distances in Table
I. As indicated in II, the small positive 4’s,
indicating a slightly compressed C,, sym-
metry, probably result from the near
compensation of the axial compression due
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F1G. 4. Energy-level diagram for (Mo 25V0.72)205
showing the effects of axial distortion, spin-orbit coup-
ling, and magnetic field on the >T,, ground term of the
octahedral field.

to the shortest V*"'-O bond by the axial
expansion resulting from the opposite,
longest V**-O bond. The abrupt decrease in
4 in going from x = 0.1 to x = 0.25 and 0.28
reflects the more nearly octahedral oxygen
arrangement in the monoclinic phase.
Specifically, the decrease in 4 follows from
the increase in the shortest V**-O distance
(0.074 A) and the decrease in the longest
Vv**-0 distance (0.241 A) upon transform-
ing to the monoclinic phase.

Electron Paramagnetic Resonance

Typical EPR spectra of (M0¢.10V0.90)205
and (Mog25Vo.75)20s are shown in Figs. 5
and 6. The spectra in the monoclinic phase
consisted of a single asymmetric line having
g=1.96, which is characteristic of V**.
Better resolution of the asymmetric line is
obtained in the orthorhombic phase, and the
EPR spectra in this phase could be fitted to
Eq. (3) in L. The best least-squares fit of the
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theoretical spectrum to the experimental one
at 50°K is shown in Fig. 5, and the EPR
parameters derived from this spectrum are
g =1.908, g,=1.991, and 4AH,,,=81G,
where gjand g, are the g-values parallel and
perpendicular to the shortest V**-O bond,
respectively, and 4H,/, is the full width at
half-maximum absorption. g, and g, are
independent of temperature, and the spin
susceptibility behaves paramagnetically in
the range 10-300°K, which indicates that
only the ground V** level produces the
observed resonance. In the Ballhausen—Gray
molecular—orbital ~scheme for vanadyl
complexes (14), the above g-values are
consistent with a magnetic d,, ground level,
which is equivalent to the ground I';(B) level
found from the magnetic analysis of the last
section.

The temperature dependence of the line-
width for (M0o.10V0.90)205 is shown in Fig. 7.
The peak-to-peak linewidth, AH,,, and
AH, /; exhibit a similar temperature depen-
dence, so that the temperature dependence
of the linewidth can be determined by simply
measuring AH, ;. The linewidth decreases
with temperature up to about 40°K, has a
minimum in the range 40-80°K, and then

(Mog,0¥a9020s
T=S50K

¥ = 9.0150 GHz

FiG. 5. EPR spectrum of (Moo .10V0.90)20s. The
broken line was computed from Eq. (3) in I using the
parameters g;=1.908, g, =1.991, and 4H,,,=81G.
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increases with temperature above about
80°K. The qualitative interpretation of this
behavior is similar to that given in II, with the
exception that electronic hopping at low
temperatures is unlikely due to the high
activation energy. Hence, the decrease in
linewidth at low temperatures probably
results from occupation of the weakly
magnetic, intermediate [s(E) level, the
minimum at intermediate temperatures may
be associated with the nearly equal popu-
lation of the I'¢(E) and the ground magnetic
I;(B) levels, and the increase in linewidth at
higher temperatures probably reflects occu-
pation of the highest, magnetic I';(E) level.

The linewidth vs temperature plots for
(M00.25V0.75)205 and (Moo 25V0.72)205 are
shown in Flg 8 and, as for (M00,10V0,90)205,
can be interpreted using the energy-level
diagram derived from the susceptibility
studies. In particular, the absence of line
broadening as the temperature is lowered
follows from the fact that the separation
between the I'7(B) and ['4(E) levels at these
compositions is only one-third the separation
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at x = 0.10, so that the onset of broadening
should occur below about 10°K, which is our
lowest attainable temperature. The good
agreement between the susceptibility and
EPR studies in (Mo, V;_,),0s lends strong
support to the magnetic analysis of the last
section.

Infrared Spectra

The ir spectra in (Mo, V1-,),0s for x =0,
0.1, 0.25, and 0.28 at 300°K are shown in
Fig. 9, and the band maxima are given in
Table V. The ir spectra and band maxima are
in good agreement with a previous study of
the V,05-MoQ; system (7). The narrow,
high-frequency bands near 1000 cm™' are
characteristic of the stretching vibration of
the muitiple M—O bond (15), and the broad
peaks near 800 cm ' are possibly due to the
vibration of polymeric chains M—O-M-0 in
which oxygen atoms are common corners of
the MOg octahedra (16). As x is increased
from 0 to 0.28 there is a shift in the high-

-1

frequency band from 1025 to 1015cm™,
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F1G. 9. Infrared spectra of (Mo, V;_,),0s at 300°K.

which suggests a weakening of the shortest
M -0 bond with increasing Mo content. This
is consistent with the increase of 0.074 A in
the shortest M—Q distance in going from
x =0to x = 0.28 and also with the removal of
electron density by Mo®*, as indicated pre-
viously by the increase in spin—orbit coupling
constant with x. At the molecular level, it is
reasonable that the stronger V*'-0-Mo®"
interaction in the monoclinic phase will tend
to reduce the M-O; bonding and hence
increase the M-0; distance.

Optical Spectra

The optical absorption spectrum of
(M0 25V0.75)205 at 77°K is shown in Fig. 10,
and the band maxima are given in Table VL

TABLE V
INFRARED BAND MAXIMA FOR (Mo, V;_,),0s

Band (cm™})

x 1 2 3 4 5
0.00 480 600 825 1025 1115
0.10 475 590 820 1025 1115
0.25 475 580 810 1015 1115
0.28 470 575 810 1015 1115
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The optical spectrum of (Moo 28V0.72)205 is
nearly identical to that in Fig. 10. As dis-
cussed in I1, the orgin of the individual bands
in Fig. 10 is probably vibronic or electronic.
The envelope of these bands defines two
main ligand-field bands near 10,000 and
15,000 cm™ !, which have been designated
bands I and II, respectively, in II. As argued
in II, the energy of band I should equal
10 Dq. The bands lying above 29,000 cm™’
are probably charge-transfer bands.
Unfortunately, the two main bands for x =
0.1 are too broad to define their positions.
However, an optical experiment on a lightly
doped sample having x =0.01 at 300°K
revealed that band I had shifted to about
8000 cm ™!, which indicates a reduction in the
octahedral component of the ligand field.
This is expected on the basis of the metal-
oxygen distances in Table I, since the
increase in M-0O,; and decrease in M-QOg
distances as x is increased from O to 0.28
should increase the octahedral ligand field at
V**, which is supported by the reduced axial
distortion in the monoclinic phase deduced
from the susceptibility studies.

Conclusions

The results of this study indicate that the
paramagnetic centers in the orthorhombic
and monoclinic phases of (Mo, V;_,),0s are
deep-donor V**-O-Mo®" pairs. In the
monoclinic phase the oxygen symmetry
is more nearly octahedral and the M-O;
bond is weaker than in the orthorhombic
phase.

We have observed that, like V,Os,
(Mo, V1-,),0s cleaves preferentially
perpendicular to the b axis, which exposes
the vanadyl oxygen (O;) on the surface. The
weaker V**—0; bond in the monoclinic
phase may have some catalytic significance,
since vanadyl oxygen plays a special role in
the catalytic activity of several molybdates
(17). In particular, a weaker V**-~O bond
would facilitate oxygen release and binding,
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F1G. 10. Optical absorption spectrum of (Moo 25V.75)205 at 77°K.

which is considered to be an essential
function of these catalysts. Hence it is some-
what surprising that the maximum catalytic
activity occurs in the range 25-28 mole%
MoQ; (where x ~0.14), since this composi-
tional range does not correspond to the
weakest V**-O bond.

TABLE VI
OPTICAL BAND MAXIMA FOR
(M0 25V0.75)205

Position
Band (em™)

43,500
38,500
29,200
23,500
18,200
15,400
11,700
10.200

8,000

O 00~ N bW =
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