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Reduction of polycrystalline MOO, in the course of heat treatment in vacua has been studied by means 
of ESR. The formation of two different MO(V) centers has been identified: center A with g, = 1.946, g, 
= 1.960, g, = 1.868; and center B characterized by g, = 1.943, g, = 1.954, g, = 1.878. Center B 
exhibited a well-resolved hypertine structure resulting from naturally abundant odd isotopes of MO: A, 
= 3.2 mT, A, = 3.0 mT, A, = 7.0 mT. Species A formed at an early stage of reduction has been 
identified as MO(V) in rhombically distorted square pyramidal surrounding, whereas center B appear- 
ing in strongly reduced samples shows a distorted octahedral coordination. The results have been 
interpreted in terms of the crystallographic shear mechanism. 

Introduction 

The mechanism of Moos reduction has 
been, for a long time, a subject of wide- 
spread interest because of particularly high 
oxygen mobility observed for this oxide (I- 
6). This phenomenon has been found to be 
closely connected with catalytic properties 
of molybdena based catalysts (4, 7-11). It 
has been suggested that the facility with 
which oxygen can be released and absorbed 
by Moo3 may be associated with the forma- 
tion of crystallographic shear planes which 
accommodate changes in the oxygen/metal 
ratio by switching from corner sharing to 
edge sharing (and conversely) of some of 
the oxygen ion octahedra in the structure 
(2, 5, 9-13). According to this scheme 
structural rearrangements accompanying 
reduction consist in the elimination of oxy- 
gen vacancies formed at the initial stage 
and in consequence change substantially 

the local environment of the molybdenum 
ions involved. 

The ESR spectroscopy has been exten- 
sively used for investigation of the molyb- 
denum valences distribution and also for 
determination of the local environment of 
the paramagnetic molybdenum species (Id- 
24). The analysis of g-tensor which is de- 
rived from the resonance fields yields direct 
information about the symmetry of crystal 
field surrounding the paramagnetic centre. 

In the present paper the results of care- 
fully performed ESR investigation of MOO, 
reduction are reported, which provide con- 
siderable support for the suggested “crys- 
tallographic shear” mechanism of Moo3 re- 
duction. 

Experimental 

The polycrystalline Moo3 (Merck, pro 
analysi) placed in quartz EPR tubes was 
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heated in air at 703 K for 1 hour, subse- 
quently connected to the vacuum line 
equipped with greaseless stopcocks, out- 
gassed at room temperature for 1 hour and 
submitted to heat treatment at 703 K under 
vacuum of 10e3 Pa for different periods of 
time ranging from 5 to 60 minutes. The sam- 
ples were then studied in the ESR spec- 
trometer. Subsequently the reduced sam- 
ples were submitted to reoxidation in air 
and the ESR spectra were recorded after 
each oxidizing treatment. 

ESR analysis. The spectra were recorded 
at 77 K, as well as in the temperature range 
123 K - 293 K by using a Varian E-line 
Century Series spectrometer model E- 1 I2 
operating in the X-band and a variable tem- 
perature accessory V-4557 (available in the 
Institute of Physical Chemistry of Kiel Uni- 
versity, Federal Republic of Germany) and 
on an ESR X-band spectrometer type SE/X 
(available in the Institute of Chemistry of 
Jagiellonian University, Krakow, Poland). 
Spin densities were estimated by use of a 
VOS04 standard. DPPII sample (g = 
2.0036) was used for determination of the g 
values. 

Results 

The samples of polycrystalline Mo03, af- 
ter an initial oxidizing treatment, were 
white and did not show any ESR signal, 
indicating a stoichiometric composition for 
the compound. Heating in uacuo at 703 K 
resulted in change of color to white-grayish 
or gray for strongly reduced preparations. 
All Moo3 samples reduced in this way ex- 
hibited ESR signals, which differed consid- 
erably depending on the degree of reduc- 
tion, i.e., time of applied heat treatment. 

Figure 1 (solid line) shows the ESR spec- 
trum recorded at 77 K of Moo3 treated in 
vacua at 703 K for 5 min. The shape of the 
signal represents an asymmetrical iine indi- 
cating local crystal field of nonaxial symme- 
try. Analysis of the spectrum leads to the 
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FIG. 1. ESR spectra of MoOx reduced in UQCUO at 
703 K: - 5-min treatment; ---, 8-min treatment. 

following magnetic parameters: g,, = 1.946, 
g,, = 1.960 (corresponding to gL), and g, = 
1.868 (corresponding to g,,). Only very 
weak poorly resolved satellite absorptions, 
possibly due to the hyperfine structure re- 
sulting from the 25% abundant 95Mo and 
9%b isotopes with nuclear spin I = 3, are 
observed. This signal is denoted as signal 
A. 

The ESR spectrum of the sample treated 
in uacao for 8 min shows some additional 
features, indicating the superposition of an- 
other spectrum with different g tensor 
asymmetry (Fig. 1, dashed line). This new 
spectrum, denoted B, becomes more in- 
tense with time of reduction. For the sam- 
ple heated for 35 min, the spectrum pre- 
sented in Fig. 2 (solid line) is obtained. This 
signal is characterized by g1 = 1.943, g, = 
1.954, and g, = 1.878. Well-resolved hyper- 
fine structure corresponding to the natural 
abundance of odd MO isotopes allowed de- 
termination of the hyperfine splitting con- 
stants A, = 3.2 mT, AY = 3.0 mT, a3ld A, = 
7.0 mT. The calculated magnetic parame- 
ters of the A and B spectra enabled assign- 
ment of them to MO(V) species in a nonax- 
ial environment differing slightly by a 
degree of crystal field distortion. 

Further heating in uacuo led to an in- 
crease of signal B integral intensity accom- 
panied by ESR line broadening. This re- 
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FIG. 2. ESR spectra of MOOR reduced in uacuo at 
703 K: - 3S-min treatment; ---, 60-min treatment. 

sulted in disappearance of the hyperflne 
pattern and worse resolution of perpendic- 
ular g tensor components (Fig. 2, dashed 
line). 

In all vacuum-treated samples a narrow 
single line with g = 2.003 was observed. 
Similar signals have been noted previously 
for various oxides (19, 25-29). There is no 
unequivocal interpretation of this absorp- 
tion. F centers, carbon impurities, O- ions, 
or organic radicals can be responsible for 
this. In the present case the oxidizing pre- 
treatment of Moo3 samples as well as the 
use of a greaseless vacuum system seems to 
eliminate the possibility of carbon impuri- 
ties. On the other hand, the saturation 
properties of the signal and its diminishing 
upon contact with air led us to ascribe ab- 
sorption around g = 2.003 to the singly ion- 
ized oxygen vacancy. The exact nature of 
this signal is being studied presently and the 
results will be published in a separate pa- 
per. 

Reoxidizing treatment tended to reverse 
the changes in the ESR spectra. Readmis- 

sion of air at room temperature slightly im- 
proved the resolution of signal B (Fig. 3a). 
A subsequent 5-min heating at 703 K re- 
sulted in decrease of the ESR signal inten- 
sity. Simultaneously, features characteris- 
tic of signal A appeared on the background 
of signal B absorption (Fig. 3b). Further ox- 
idation at 703 K for 15 min led to the ap- 
pearance of a pure A signal, its intensity 
decreasing with time of reoxidation (Fig. 
3c), up to complete vanishing after 90 min 
treatment. 

Adsorption of water vapor at room tem- 
perature by a Moo3 sample pretreated for 5 
min in wcuo at 703 K led to the partial 
conversion of signal A present in this prep- 
aration to signal B. Contact with water va- 
por had no substantial influence on the ESR 
spectra of stronger reduced samples. 

Discussion 

In the reduced Moo3 system several va- 
lence states of molybdenum ions are possi- 
ble. Mo(V1) is diamagnetic and therefore 
inactive in ESR. Mo(IV) is a non-Kramers 

FIG. 3. ESR spectra of MOO, reduced for 35 min at 
703 K and subsequently submitted to reoxidation: (a) 
-, after contact with air at room temperature; (b) ---, 
after5mininairat703K;(c)...,after15mininairat 
703 K. 
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ion and in its possible environment in MoOj 
is not expected to give the ESR signal. ESR 
spectra of Mo(II1) in the oxide matrix have 
already been reported and their parameters 
differ substantially from the present results 
(30). On the other hand the presence of 
MO(V) generally observed in the reduced 
molybdena containing systems was mani- 
fested in the ESR spectra as an asymmetri- 
cal signal with gll = 1.85-1.92 and g, = 
1.92-1.95 (14-24). Therefore the signals A 
and B reported here have been assigned to 
MO(V) ions in two different environments 
of nonaxial symmetry. 

In order to interpret the obtained ESR 
data it is necessary to discuss briefly the 
crystallographic structure of MoOX. The 
molybdena lattice is a layer structure built 
up of distorted Moos octahedra. The dis- 
tortion of the Moo6 unit is caused by the 
off-center displacement of the metal atom 
toward one of the surrounding oxygens 
(31). Localization of an additional electron 
on a molybdenum(V1) site, i.e., formation 
of MO(V), leads to a situation which, con- 
sidering the coordination of molybdenum, 
is similar to that encountered in molyb- 
deny1 complexes (32-34). The energy level 
diagram of the molecular orbitals for such 
complexes has been calculated by 
Ballhausen and Gray assuming C,, symme- 
try (32). Because of rhombic distortion of 
Moos elementary octahedra, the CZu sym- 
metry provides a better structural descrip- 
tion (21). Figure 4 shows the energy level 
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FIG. 4. Orbital energy diagram for MO(V) d’ ion in 

C,, ligand field. 

diagram of the MO(V) d’ ion in the ligand 
field of C,, symmetry. The paramagnetic 
electron is located in the a&y) orbital with 
mainly molybdenum d, character. In the 
case of species B a reasonable value of 0.85 
for spin density in dq was found by compar- 
ison of the experimentally determined hy- 
perfine anisotropic parameter Pexp = j$(A, 
- A,,) equal to 127.4 MHz with the theo- 
retically computed value of Ptheor. = 150.7 
MHz given by Morton and Preston (35). 

The g values and the ligand field energies 
are interrelated by the approximate equa- 
tions 

,=g.-$ 
where g, is the free electron g value, A is the 
spin-orbit coupling constant of molybde- 
num ion, and A, 6, and r) are the energies 
attributed to the optical transitions az(xy) + 
4Yx2 - Y2)P a2(xy) + &tu.), and dv) + 
bgyz), respectively. Parameter A corre- 
sponds to the lo-Dq splitting in the octahe- 
dral crystal field, 6 reflects the degree of 
tetragonal distortion, whereas 7 determines 
the magnitude of rhombic distortion. The 
spin-orbit coupling constant for the MO(V) 
in Moo3 has been determined to be 375 

-I and is about 35% of the free ion value 
;I?). Such a strong reduction is common for 
oxycations and is due to the covalency ef- 
fects (32-34), 

Substituting the g factor components de- 
termined for species A and B from their 
ESR spectra in Eqs. (I), (2), and (3) the 
crystal field parameters of the nearest sur- 
rounding of respective MO(V) centers may 
be evaluated. Suitable calculations give for 
centers A AA = 22,500 cm-‘, aA = 13,500 
cm-‘, r)A = 17,500 Cm-‘, and for centers B 



Aa = 24,000 cm-‘, 8a = 12,5OCl Cm-‘, r)a = also indicates that the pentacoordinated 
15,500 cm-r. From optical measurements it MO(V) centers are localized mainly at the 
is known that for the pentacoordinated surface of MOOR crystallites. Thus the 
MO(V) oxycation in an oxide matrix, A is result of the adsorption experiment con- 
equal to 21,8OO-22,100 cm-l, S = 13,800 firms our previous considerations. 
cm-‘, and r) = 16,700 cm-l (21). Compari- Identification of centers A and B as pen- 
son of crystal field parameters calculated tavalent molybdenum in distorted pyrami- 
from the g formulas with experimental data dal and octahedral coordinations, respec- 
shows that computed values are close to tively, implies the possible interpretation of 
the experimental results, the agreement be- reported ESR experiments in terms of crys- 
ing strikingly good for A-type MO(V) spe- tallographic shear effect occurring in Moo3 
cies. This would indicate that the (MoO~)~- upon reduction. 
cluster (i.e., MO(V) ion in rhombically dis- ESR spectra demonstrate clearly that at 
torted tetragonal pyramid adjacent to an the initial stage of reduction pentacoordi- 
oxygen vacancy opposite to molybdenyl nated MO(V) ions adjacent to an oxygen va- 
oxygen) is responsible for the ESR signal cancy are formed at the surface of Moo3 
denoted previously as signal A. On the crystallites (Fig. 1). The appearance of 
other hand the crystal field parameters cal- MO(V) in octahedral surrounding after fur- 
culated for the surrounding of B species re- ther reduction (Fig. 2) is explained in terms 
veal considerably lower tetragonal and of elimination of oxygen vacancies due to 
rhombic distortion (6, > 8s) 1)A > r)a), indi- the switch of structural polyhedra from cor- 
cating the increase of the local symmetry ner to edge sharing. This rearrangement is 
with respect to A centers. An ESR signal responsible for the change in molybdenum 
identical to that of spectrum B was ob- coordination number from 5 to 6. Prolonged 
served by us for the same Moo3 prepara- reduction resulted in worse resolution of 
tions reduced with atomic hydrogen at the ESR spectra due to the high concentra- 
room temperature (36). There the experi- tion of paramagnetic species and increasing 
mental conditions provided samples with dipolar broadening effects. Subsequent 
fully occupied anionic sites resulting in oc- reoxidation led to the reverse structural 
tahedral environment of MO(V). Spectrum changes. Contact with air at room tempera- 
B may be ascribed to the (MoO~)~- cluster ture improved the resolution of the ESR 
of octahedrally coordinated MO(V) ion. spectrum most probably due to the partial 

Adsorption of water vapor and some depletion of paramagnetic species responsi- 
other polar compounds is known to influ- ble for the ESR absorption. Brief heating in 
ence the ESR spectra of coordinatively un- air at 703 K led to an intermediate situa- 
saturated transition metal ions due to the tion-the intensity of octahedrally coordi- 
completion of their coordination sphere nated species decreased and simulta- 
(37, 38). The appearance of signal B in the neously the signal characteristic for the 
ESR spectrum of slightly reduced MOO, af- MO(V) in distorted square pyramidal sur- 
ter contact with HZ0 and the diminishing of rounding appeared again in the ESR spec- 
signal A reflect the improvement of the lo- trum (Fig. 3b). Such behavior indicates that 
cal symmetry of MO(V) ions involved. This shear structures become destroyed upon 
is consistent with the assumption that the oxidizing treatment at 703 K. In the course 
adsorbed water molecule enters the nearest of structure reconstruction paramagnetic 
surrounding of the pentacoordinated defects such as pentacoordinated molyb- 
(MoO$ site and adjusts the symmetry of deny1 ions are created, being responsible 
the latter to the distorted octahedron. It for oxygen deficiency in the final stage of 
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reoxidation (Fig. 3~). The total disappear- 
ance of the ESR signal after 90 min of oxi- 
dizing treatment corresponds to the resto- 
ration of the stoichiometric composition of 
the Moo3 sample. 

Conclusions 

The occurrence of MO(V) molybdenyl 
ions either in rhombically distorted square 
pyramid coordination with one vacant oxy- 
gen position or in rhombically distorted oc- 
tahedral surrounding of oxygen ions has 
been found in reduced Moo3 by means of 
ESR spectroscopy. The former centers ap- 
peared at the very early stages of reduction, 
whereas the latter, indicating structural re- 
arrangements, were observable in the more 
strongly reduced samples. Reoxidation re- 
sulted in the reverse changes. Present ESR 
results give strong support to the suggested 
shear mechanism for Moo3 reduction. 
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