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MoO, + Al O, catalysts containing up to 30 wt% of the active phase, previously studied
in the oxidized state, have been examined by optical reflectance and EPR after treatment in
reducing and outgassing conditions. Evidence was found for changes in the nature of the
surface structures as a function of the acidity of the support, the molybdenum concentration
and conditions of reduction. At the lowest concentrations (up to 4 wt% MoQ,) interaction
with the most basic sites of the support leads to the oxyanionic [Mo¥O,]*~ form. In the
intermediate composition range (4-10 wt%), increased acidity of the support, brought about
by progressive depletion of distinct types of surface OH groups of Al,Oj, gives rise to
stabilized Mo(V) in the form of the oxyanionic species [MoQO,]*~, [HMo00O,]?>~ and
[Mo0,0,]4", besides oxycations such as mono- and bis-molybdenyl species, [MoO(OH)]*
and [Mo,0;]*". In the molybdenum-rich catalysts polyoxyanions containing Mo(V1) and
Mo(V) are found in mild conditions, while Mo(IV) is formed by more drastic reduction.
Further, in this region oxycations such as MoO3* are present both at the surface and in the

buik.

INTRODUCTION

The studies reported in Part I (/) have
indicated that the geometry of coordina-
tion of molybdenum in oxidized catalysts
varies from predominantly monomeric tet-
rahedral (in the low MoO, region) to octa-
hedral Mo(VI), deposited in polymeric
form over the surface or incorporated in
the lattice, at higher MoQ; contents;
at still higher MoO, concentrations,
Al;(Mo0O,); is formed containing tetrahe-
dral Mo(V1). In the present paper we re-
port on the structure of these same
catalysts after reduction or outgassing.
These studies provide the basis for discus-
sion of catalytic performance in some
model reactions to be reported in Parts I11
and IV (2,3). Reference to the various
samples will be made as MoQO,-x where x
indicates the percentage of active element.
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EXPERIMENTAL PROCEDURE

ESR measurements were made at room
temperature with a JEOL JES ME 1X
type spectrometer (X-band) using 100 kHz
field modulation. Relative spin concentra-
tions were derived by comparison of the
doubly integrated Mo(V) spectral inten-
sities with the strong pitch Varian refer-
ence. The g-values were determined by
calibration against the fourth line of the
Mn-marker, with AH = 87 gauss.

Samples, prepared as in Part [ (/), were
outgassed in a stream of pure He at 500°C
for 2 h, and (a) cooled to room tempera-
ture, again in He (outgassed samples) or
(b) reduced by a 1:1 flow of He+ H,
(total volume 60 cm?® min—') at 350°C for §
h, followed by cooling to room tempera-
ture in He (reduced samples). Contact
with air was therefore carefully avoided.
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To ensure that the ESR signal was propor-
tional to the number of paramagnetic
centers per unit volume, care was taken to
fill the ESR sample tubes up to a height
exceeding the depth of the resonant cavity.

Reduction and reoxidation rates were
determined on a TG analyzer (Du Pont
950), under strictly controlled conditions,
as follows: a 100-150 mg sample sus-
pended in a gold crucible was heated in
dry air (flow-rate: 60 ml/min; heating rate:
15° C/min) to the desired temperature
(350, 400, or 500°C). After removal of
moisture and outgassing in He until the ox-
ygen level was below 20-30 ppm at the
exit of the furnace, as measured by a gal-
vanometric device (4), a H,/He mixture
(1:6 or 1:1 molar ratios) was admitted
until constant weight (from 2 to 3 h). The
reduced samples were then bathed in dry
He and reoxidized in air to constant
weight. Reported weight changes refer to
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FiG. la. EPR spectra of outgassed samples (6~15
wt% MoQ0;), against a Mn/MgO marker (see
text).
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the MoQO, content in dried samples; the
accuracy was 0.2 mg.

Diffuse refiectance spectra were recorded
in the 210-700 nm range on a Perkin-
Elmer Hitachi EPS 3T spectrophotometer
against an Al,O, standard, after sample
preparation in a dry-box.

RESULTS

Electron Spin Resonance

Both reduced and outgassed samples
show a signal at g, = 1.94; further, a
rather narrow signal at g, = 2.01 is found
in MoOQ;-poor reduced samples. No ESR
signal is observed in outgassed samples
below MoQ;-6, but from this composition
onwards, the g, signal intensity increases
with MoO,-content (Figs. 1a, b). Relative
spin concentrations, which reach a max-
imum around 20 wt% MoQ; (Fig. 3), are
lower in outgassed than in reduced
samples at all compositions. The apparent
degree of asymmetry also increases with
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Fi1G. 1b. EPR spectra of outgassed samples (15-30
wt% MoO,).
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F1G. 2a. EPR spectra of reduced samples (4-15
wt% MoO,).

MoO; concentration and g and g, are
well separated at M0QO,-30; spectral pa-
rameters are shown in Table 1. In reduced
samples the g, signal (below 10 wt%
MoQj) is a maximum at MoO,-4; this
signal disappears on admission of O, or
H,0. The g, signal, observed over the
whole range of compositions, is similar to
that found in outgassed samples, but is ap-
parently less asymmetric (Figs. 2a, b).
Relative spin concentrations per wunit
weight of support calculated over g, and g,

TABLE 1
EPR PARAMETERS DERIVED BY
SPECTRAL SIMULATION

£ AH,, Gauss
% MoO; Treatment 1 /" 1 i Line shape
10 QOutgassing 1.94 189 ~ 75 ~100 Lorentzian
20 Outgassing 195 190 ~ 65 ~ 80 Lorentzian
30 Outgassing 1.94 1.88 ~ 65 ~ 80 Gaussian
10 Reduction 194 188 -~ 75 ~100 Gaussian
30 Reduction 1.94 190 ~1i00 ~140 Lorentzian

F16. 2b. EPR spectra of reduced samples (15-30
wt% MoQ;).

vary with composition and exhibit relative
maxima at MoQ;-10 and MoQ;-25. Figure
3 clearly indicates two distinct Mo(V)
regions in reduced samples (curve a) as
opposed to one in outgassed specimens
(curveb). On the basis of the spin concen-
tration per unit weight of MoQ,, the twin
peak of the g, signal turns into a single one
with a maximum around MoQ,-10 (Fig. 4).
With regard to spin concentration, an es-
timate based upon strong pitch values
leads to about 10'7 spins/g of catalyst, cor-
responding to a small fraction of all Mo
present in the catalyst only, and also much
lower than that expected from reduction
experiments (valence state of Mo at 350°C
is 5.7-5.4).

The characteristics of the spectra
(Table 1) prove the presence of Mo(V),
which is typically described by g = 1.94
(5-7); anisotropic g-values also indicate
that Mo(V) is in an electrical field of py-
ramidal or axially distorted tetrahedral
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symmetry, in good agreement with litera-
ture data (7-10).

Reduction-Oxidation

Results of reduction and reoxidation
experiments are summarized in Table 2.
On reduction, formal valence states gradu-
ally fall with increasing MoO, concentra-
tion; while lower T and p,, favor reduction
to Mo(V), under more severe conditions
(i.e., high T) valence levels such as (III)
and (I1V) are reached. It would appear
from optical microscopy that metallic Mo
is present together with Mo(IV) or a
higher oxidation state; no evidence was
found for Mo(III) ions. The catalysts also
vary in reduction rates which increase with
MoO; content; the variation is particularly
pronounced at the most severe conditions
(T = 500°C, py, = 0.5 atm). With regard to
reoxidation, MoQO,-poor catalysts are the
most difficult to reoxidize, both in terms of
degree and rates; this behaviour is most
pronounced at lower temperatures.
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Fi1G. 3. Relative integrated intensity of g, and g,-
signals per gram support, as a function of the com-
position (arbitrary scale). (a) reduced samples. (b)
outgassed samples.
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Fic. 4. Relative integrated intensity of g, and g,-
signals per gram MoQOs, as a function of the composi-
tion and expressed on the same arbitrary scale as
Fig. 3. (a) reduced samples, (b) outgassed samples.

Electronic Spectra

Reduced samples. Comparison of the
electronic spectra of reduced samples
(Table 3a) with those of fresh catalysts
(see Fig. 4 in Part I (J), shows the pro-
found structural modifications on reduc-
tion; abrupt changes are observed at 15
wt% MoO; and point to two distinct
regions. Below MoQ,;-15 reduction leads
to strong absorption around 300 and
400 nm, besides the unchanged 250-270
nm absorption; a shoulder at 500 nm
(MoQ;-2) overlaps with the 400 nm band
at higher MoQ; compositions to give a
broad band. The position of the maximum
of the 300 nm band gradually shifts from
290 to 330 nm, with increasing MoO, con-
tents; also, the intensities of the 300 and
400-500 nm bands rise up to MoQO;-10.
Afterwards, the spectra change drastically,
showing generally lower intensity at
270-330 nm, a very broad band in the
400-500 nm range and a diffuse band
between 600 and 700 nm.

The 250-270 nm absorption is ascribed
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TABLE 2
VALENCE LEVELS OF MOLYBDENUM, AND REDUCTION AND REOXIDATION RATES®

Reduction Reoxidation
Valence Fraction

Catalyst? Ty Ph. Vb x 107 state Tox Vox® reoxidized
MoO,;-8 350°C 0,167 1,08 5,70 350°C 37,5%
MoO;-10 350°C 0,167 2,32 5,65 350°C 0,018 66,5%
MoOQ;-15 350°C 0,167 2,63 5,34 350°C 0,047 81,5%
MoQ,-20 350°C 0,167 10 5,05 350°C 0,037 88,5%
Mo0O,-10 350°C 0,50 5 5,39 350°C 0,002 98,0%
MoO,-15 350°C 0,50 11 5,24 350°C 0,033 100%
Mo00;-20 350°C 0,50 27,5 4,81 350°C 0,040 88%
MoQ,-25 350°C 0,50 14,1 4,70 350°C 0,043 91,4%
Mo0Q,;-30 350°C 0,50 15,4 4,35 350°C
MoO;-4 400°C 0,50 12,12 5,25 400°C 0,048 83,5%
MoO;-6 400°C 0,50 9,70 5,40 400°C 0,050 91,2%
MoO,-15 400°C 0,50 47,6 4,78 400°C 0,054 95,1%
Mo0,-20 400°C 0,50 41,7 4,63 400°C 0,047 92,7%
MoO;-25 400°C 0,50 58,9 4,24 400°C 0,055 96%
Mo0O,-4 500°C 0,50 26,9 5,18 500°C 0,030 100%
MoO;-10 500°C 0,50 38,4 4,75 500°C 0,067 99,5%
MoO;-15 500°C 0,50 64,5 4,32 500°C 0,076 100%
Mo0;-20 500°C 0,50 83,5 3,98 500°C 0,075 100%
Mo0Q;-25 500°C 0,50 125 3,50 500°C 0,074 100%
Mo0,-30 500°C 0,50 166 3,26 500°C 0,054 99,6%
Al-Mo-700 500°C 0,50 37,1 2,53 500°C 0,02 23,5%
Al-Mo-500 500°C 0,50 50,0 3,27 500°C 0,08 93%

¢ In reduction experiments a 120’ time lag was used as reference.

b Vi = rate of reduction, expressed as g O, lost/g MoO,; min~1.

¢ Vox = rate of reoxidation, expressed as g O, absorbed/g MoO; min~.

¢ Calcined at 500°C for 8 hr, unless indicated otherwise.

TABLE 3a
REFLECTANCE SPECTRA OF REDUCED M00Q,:Al,0; SAMPLES

Samples Position of the bands (nm) Observations
Mo0,;-2-500 250 sh 290 425 500 (1) Diffuse absorptioninthe visible
MoQ;-4-500 255 285sh 420 br [500sh]® increases with increasing MoO,
Mo0O;-6-500 260 295 400shbr [540 sh]
MoQ,-8-500 270 sh 305 400 sh br [500 sh] (2) Intensity of the band at ~700
Mo0;-10-500 270 sh 330 410 [500 sh] nm reaches a maximum at the
Mo0,;-15-500 270 sh 420 sh 480 620 sh® Mo0,-30 composition
Mo0,-20-500 290 sh 410 620 sh®
Mo0;-25-500 290 sh 430 640-68(°
MoQ,-30-500 290 sh 440 640-680°

2{ ] Band not well defined, due to overlapping with the band at ~400 nm.

® These bands shift to higher X (~700 nm) on exposing samples to air.
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TABLE 3b
REFLECTANCE SPECTRA OF OUTGASSED MoQ; Al,O; SAMPLES

Samples Position of the bands (nm) Observations
Mo0,-8-500 270-280 420-480" — Both the diffuse absorbance in the
Mo0O;-15-500 290 300« 400-600° ~700 region 400-500 nm and the intensity
MoO;-20-500 280 sh 315¢ l 420-540° ~700 l of the band at 700 nm reach a
Mo0O;-25-500 280 sh 3224 400-540" ~700 maximum at MoOg-25.
Mo00,-30-500 265 290-310¢ 1 420-540" 1 ~700 1T

“ This band is composite and hence difficult to locate precisely.

> Absorption in the interval 400-540 nm is diffuse.

to tetrahedral Mo(VI) (171-13). As to the
300-330 nm band, attribution to octahe-
dral Mo(VI) is rejected because of the
increasing intensity of the band after re-
duction; the band is thus assigned to re-
duced species (see below: Table 4, Refs.
(/4-23)). Considering absorption bands
separately, reduced Mo is thus apparent
from the 500 nm band of Mo(IV) in a dis-
torted octahedral coordination (2/) or of
Mo(V) in monomeric form (/3,/4); Mo(V)

in a Cy, or O, symmetry is also suggested
by the 400 nm band (//,/3). However, the
simultaneous occurrence of the 270, 330,
400 and 500 nm bands in the low MoQO,
range after reduction suggests a complex
surface structure; comparison with spectra
of reference compounds (Table 4) in-
dicates bis-molybdenyl-like structures as
in the MoJO,(acac), complex (18), which
is octahedral.

As to the MoO;-richer catalysts (Table

TABLE 4
REFLECTANCE SPECTRA OF MODEL COMPOUNDS

Model compound Amax (nm) Observations Ref.
Mo(OH); (acac),-3H,0* 490 Mo®*, monomer 4)
Mo,0,4(OH), 373 690 Mof*-Mo** in square pyramid (/5)
configuration

P,Mo,0%_.. 600-750  Position of the band varies (16)
with degree of reduction
(Mo™)

Mo,0; (acac)® 327 400(sh br)? 485 Pairs of Mo®* bound through (/7)
Mo-0O-Mo bonds

Mo,0; (acac)y? 263-287  320-30 405 490 (750) Position at 750 nm is attrib-  (/8)
uted to the transition
(acac — Mo®")

[MoOCL >~ 445 712 Mot in highly distorted 9
tetragonal coordination

MoOPO, 380 700 Mo®* in square pyramid 20
configuration

MoO, 500 (br) [Mo*Qg] in a highly dis- @n
torted octahedron

MoCl, 518 Mo** 22)

Mo™ (acac);* 370 ~430(sh br) Mo?* in octahedral 23)

coordination

" (acac) = acetylacetonate.
b Intense owing to nearby charge transfer band.
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3a), results of reduction experiments
(Table 2) and the attribution of the 500 nm
band to Mo(IV) (Table 4), indicate that
variations in the spectra should be as-
signed to a gradual increase in Mo(IV),
Furthermore, the broad band in the
600-700 nm region appears to arise from
structures such as Mo,0,,(OH),, charac-
terized by mixed Mo(VI) and Mo(V) in
square-pyramidal configurations, or re-
duced heteropolyacids of the type [P,Mo,
O%;_.(Table 4). Moreover, as the position
of the maximum shifts from 620 to 680 nm
as the MoOj; content increases, a gradual
increase of degree of reduction (higher
Mo(V)/Mo(V1) ratios) is suggested. Con-
sidering the 600-700 and 400 nm bands
together, Mo(V) in structures containing
the MoO3* ion, i.e. like MoOPQ,, appear
possible as well.

Outgassed samples. Spectra of out-
gassed samples (Table 3b) are typically
described by the MoQ,-8 and MoO,-25
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samples. In the former case, the spectra
are very similar to those of oxidized
samples with a single absorption band at
270 nm and some diffuse absorption at
400-500 nm. The MoO;-25 sample has
the 270 and 330 nm bands in common with
oxidized samples, and shows diffuse ab-
sorption around 500 nm and strong ab-
sorption at 700 nm. The intensity of this
band increases with the MoQ; concentra-
tion up to MoQ;-25 and then decreases.

Spectral evidence, together with ESR
results, indicates that coordination geome-
tries already present in the oxidized
samples (270 and 330 nm) remain almost
unchanged on outgassing; the presence of
the 500 and 700 nm bands at the highest
MoO; range indicates that octahedral con-
figurations have been partly transformed
into structures containing both Mo(VI)
and Mo(V), as in reduced samples. At
the mild experimental conditions of
outgassing, the structures are likely to

TABLE 5

Outgassed®

Reduced?®

Low MoO; region

High MoO4
region

High MoO,

region Low MoO, region

Model

Technique Attribution Symmetry  (2-4%) (6-15%) (15-30%) (2-4%) (6-15%) (15-30%) compounds
Optical
reflectance
270 nm Mo(VI) tetrahedral X X low } X — (MoOy*-
330 nm Mo(VD) octahedral _ X X x low Mo,0%;
400 nm Mo(V) {C.,, —_ low low X X X
octahedral
500 nm Mo(V) —_ low low X X X MoO(OH) (acac),
Mo(IV) {distorted X MoO,
octahedral
600-750 nm Mo(VD) + Mo(V) {square — very low X low — X P;Mo0,085
pyramid
270,330,400nm  Mo(V)dimer octahedral X — Mo, 0; (acac),
500 nm
380,700 nm Mo(VI) + Mo(V) {square X Mo,0,((OH),
Mo(V) pyramid MoOPO,
450,700 nm Mo(V) octahedral X (MoOCl,)*", MoO**
tetragonally
distorted
Reduction — — Mo(V) Mo(V) Mo(V)+ Mo(V)+
(T = 350°C) or Mo(1V) Mo(IV}
outgassing (T = 350°C) — 2 & 8182 2 2

EPR

“ x = present; — = absent.
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originate from polymeric chains by random
rupture of bridged oxygen bonds rather
than terminal oxygens, thus leading to
either monomeric Mo(V) (500 nm) or po-
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samples, it is reasonable to suppose, by
analogy with the behavior of chromium on
similar supports, that in the course of the
reduction structures of the type

lymeric mixed Mo(VI)/Mo(V) species
(600-700 nm), as follows:
ﬁ ﬁ) ﬁ Iol ﬁV I(l)VI v RV
—Mo—O——Mo—O—Mo—O—Mo———-*/Mo\——O——/Mo\—O—/Mo\ + /N{o\
0/ \O O/ (o] 0/ \O 0/ \O 0O 0O O 0 0O O
The differences in the solid state proper-
ties of the various catalysts are sum- 9 8
marized in Table 5. M
o] o]
} |
DISCUSSION Al Al
(A’-site)

The results presented indicate two dis-
tinct regions of surface structure, respec-
tively below and above the composition
MoO,-15. The discussion is therefore di-
vided into two parts, including both
outgassed and reduced samples.

Low MoQjregion. Reduction experi-
ments show a linear decrease of Mo-
valence states as a function of the MoQ,-
concentration (Table 2); among these,
Mo(V) has been revealed by ESR and re-
flectance spectra, in agreement with some
previous reports (5-8,11,24,25). In the lit-
erature, the nature of these stabilized
Mo(V) species is still controversial.
Masson (24) suggests that Mo(V) derives
from surface species formed by interaction
between monolayer MoQO; and the sup-
port. It has also been claimed that Mo(V)
originates from Al,(MoQO,); (8,11.25) or
from [MoO4;] occupying octahedral va-
cancies of the Al,O; support (6,26); the
latter interpretation is based on observed
dissimilarities in samples supported on 7
or y-AlLQO; According to Seshadri (5),
Mo(V) is due to MoQ?* species stabilized
by coordination with surface atoms.

The present results, while confirming
some general features already reported,
allow further conclusions with regard to
the debated question. In the low MoO,
region, given the essentially tetrahedral na-
ture of the precursors in the oxidized

are formed which imply Mo(V) bound to
the most basic sites of the Al,O, support.
These A’-like structures reasonably ex-
plain the slight weight gain of the samples
up to 4 wt% Mo0O; during the initial stages
of reduction, by analogy with Dollimore
and Rickett (27), and the rates of reduction
and reoxidation (Table 2). At lower MoO,
contents, the high fraction of isolated tetra-
hedra with doubly-bonded oxygens as
compared to the polymeric MoQ,; species
with bridged oxygens (high MoQ; region)
explains not only the greater resistance to
reduction but also the greater difficulty in
reoxidation, which probably comes about
from competition between O, and residual
water retained on the solid after the reduc-
tion step. In accordance with the beha-
viour towards coordinatively unsaturated
tetrahedral ions of wvarious transition
metals (28), the stronger chemisorption of
water may justify the impediment to reox-
idation of reduced catalysts. The observed
g, signal in reduced samples in the lowest
MoOQO; region disappears on admission of
O, or water and may be taken as an indi-
rect confirmation of the existence of quasi-
isolated tetrahedra which change their
characteristics upon chemisorption of
H,O.

As the MoO, concentration increases
from 4 to 10-15 wt%, the nature of the
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catalysts changes, as indicated by: (a) the
progressive drift of the ~ 300 nm band
from 290 to 330 nm (Table 3a) and (b) the
increasing intensity of all characteristic ab-
sorption bands (270, 330, 400, 500 nm) of
bis-molybdenyl-like structures reaching
maximum values at MoQ;-10 and dropping
sharply at MoQO;-15.

The intensity of the Mo(V) ESR signal
has a similar behavior (Fig. 3), indicating
eventually a structural correlation. The
ESR signal might be related to the de-
scribed bis-molybdenyl-structures; this at-
tribution appears less likely, since at room
temperature these dimeric structures are
almost diamagnetic (5). Therefore, other
true paramagnetic species are to be in-
voked. While a definite answer to the ques-
tion must await an accurate study of the
variations in the ESR signal intensity as a
function of the temperature, the observed
variations of the line shape with concentra-
tion appear to favor monomeric rather
than dimeric species. Thus, it appears that
the ESR signal intensity does not simply
represent a direct measure for the total
number of Mo(V) centers. On the whole,
spectroscopic and ESR results point to a
simultaneous increase of dimeric and mon-
omeric species towards higher MoO, con-
tent. With regard to monomers, one may
expect, besides the [MoO,]® (A'-site)
form, singly protonized forms involving
only one Al center per Mo atom, as:

O, OH
N/
Mo

I\

(') OH

Al
(A”-site)

coordinated in the anion as [HMoQ,]?",
or as the cation [MoO(OH) ]2+ (A''" -site).
Similarly, the dimeric Mo(V) species, well
asserted on the basis of reflectance
spectra, can be regarded either as bis-
molybdenyl-like structures [Mo,05]4"
(B’ -type) or as reduced dimolybdate struc-
tures, such as

GIORDANO ET AL.

o]
1 ] 1 1l
/Mo\— o] —/Mo\ HO -—N{O —0 —N{O— OH
{y ¢% ¢ ¢
Al Al Al Al Al Al
{Mo,0,]¢" [H;Mo0,0,]%"
(B"-site) (B™-site)

Both of them can be described as deriva-
tives of A’ and A’ sites through in-
termolecular dehydration or step-wise re-
duction of the precursors in the oxidized
samples. Concluding, we may state that:
(a) the ESR signal measures paramagnetic
monomeric sites (A’, A" and A"""), (b) re-
flectance spectra and reduction experi-
ments give also information about dimeric
species (B, B"' and B’’’ sites), (¢) mono-
meric and dimeric species reach maximum
concentrations at MoO;-10 with a pre-
vailing trend to dimeric structures.

High MoO; region. The higher rates of
reduction, the increasing Mo(I1V) fraction
(Table 2), and the complete reoxidation of
molybdenum-rich catalysts, are easily un-
derstood on the basis of the polymeric
octahedral nature of the active surface
sites in oxidized samples (/). The almost
complete disappearance of absorption in
the 270-330 nm region in the reduced
samples indicates a profound reorganiza-
tion of the catalyst surface with numerous
ruptures of bridged oxygen bonds in the
polymeric chain and leading to consider-
able amounts of Mo(IV), just as in the
case of MoO,. To explain the presence of
some Mo(V) (see secondary peaks in
Fig. 3), rupture of bridged oxygen bonds at
preferential positions or different pre-
cursors are possible. The observation that
under the milder conditions of outgassing
Mo(V) is the only reduced species formed,
favors the first proposition; moreover, sim-
ilarity of results from outgassing and re-
duction experiments (Tables 3a, b) in-
dicate similar Mo-surface complexes, with
Mo(V) either in the form of Mo,0O,, (OH),
or as reduced heteropolyacids (Table 5).
Their formation is rationalized if we recall
the polymeric octahedral species present
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in oxidized samples. As, however, these
species are diamagnetic (29), the observed
EPR signal (Fig. 3) cannot be well under-
stood. A plausible explanation follows
from the consideration that the progressive
increase in MoQ, content affects not only
the geometry of coordination of supported
species but also the acid-base character-
istics of the support. To understand
changes in the acid-base characteristics,
consider progressive depletion of OH-
groups as the amount of MoQ; increases:
upon dehydration one may expect creation
of pair and triplet defects on the support,
which should constitute strong acid sites at
the unusually exposed aluminum ions (30).
Cation vacancies such as oxide ions miss-
ing from regular surface oxide domain sites
may also coexist and these should also be
very strongly acidic (3/). The increasing
acidity of the support with progressive re-
moval of OH-groups should in turn affect
the acid-base character of Mo-oxo-species:
if these changes are similar to those found
in acid solutions (32), then MoO3* is ex-
pected at the highest acid concentrations,
followed by [Mo0,0;]*" and [Mo0,0,]?* at
lower acidity. Amongst these, only MoO3?*
is paramagnetic and this species may ac-
count for the observed ESR signal. This
view complies well with previous evidence
of the presence of MoO?*" on 7-AlLO; (5)
and with the lower Mo(V) threshold on
n-Al,O3 compared to y-Al,O; (6), which
differs from n-ALO; by its acidity (33,34).
We thus propose local formation of struc-
tures arising from interaction of MoO?**
and AlO~, with Mo(V) in the role of a cat-
ion, as in MoOPOQO, (35). In this respect,
we recall the results of Sultanov et al. (10)
who reported a maximum concentration of
Mo(V) at Al/Mo=1 for coprecipitated
MoQ; - Al,O; samples outgassed at 600°C;
the observed anisotropic factors (g, =
1.93, g\ = 1.88), very close to our values,
were interpreted as due to interaction
of the axial oxygen of [MoO,] octa-
hedra with the electron-acceptor Al-
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oxide centers (Lewis acid centers). Al ions
thus appear to play a primary role in the
process of stabilization of Mo(V).
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