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The ESR signals ascribed to Mo® have been found when bismuth molybdate or
molybdenum oxide catalysts were exposed to propene at temperatures between 225
and 500°C. With molybdenum oxide the signal intensities increase steadily with
time; with bismuth molybdates they increase continuously at lower temperatures,
but increase and then decay rapidly at higher temperatures. When 1:1 mixtures of
propene and oxygen contact the catalysts, no Mo®> signals are seen while gaseous
oxygen is still present, With bismuth molybdate and 1-butene, the Mo®™ signals
behave as with propene, but with hydrogen the Mo® signals increase continuously.
These changes are discussed in relation to the reduction of the catalysts, as revealed
in parts III and IV, and some deductions are made about the possible bonding of
the hydrocarbon radicals to the molybdenum ions and the effects of oxygen gas and

bismuth ions on that bonding.

A correlation has been reported between
the intensity of an ESR signal attributed
to Mo™ in a supported MoQ; catalyst and
the activity of the catalyst in polymerization
reactions (I). Cornaz et al. (2) reported
that in MoO; which had been degassed at
500°C, or partially reduced by 1-butene at
350°C, a number of ESR lines were visible
at —196°C, including one at g = 1.94 at-
tributed to Mo®, although they found no
signals when the spectrum was recorded at
room temperature. On exposure of the
sample to oxygen at —195°C, the Mo
signal diminished, but no new lines ap-
peared. With bismuth molybdate, first acti-
vated in oxygen or air at 500°C and subse-
quently degassed at 400°C for 4 hr, no Mo**
lines were observed. Nevertheless, there
seems little doubt that bismuth molybdate
is extensively reduced by 1-butene (3)
and also by propene (other parts of this
paper). It was expected that Mo® and Mo**
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would be produced, possibly in states that
show paramagnetism, and it seemed worth
looking for ESR signals from bismuth
molybdate and MoQO; catalysts, reduced by
propene and by propene-oxygen mixtures
for differing times and at different temper-
atures.

EQUIPMENT AND EXPERIMENTAL PROCEDURE

The ESR spectrometer. This was a Decca
Type X1 spectrometer with 100 keps field
modulation and phase-sensitive detection.
The klystron supplied about 30 mW to the
cavity and was phase-locked at a frequency
of 9270 Meps, and a correction signal was
applied for changes in the resonant fre-
quency of the cavity. Full microwave power
was used and no signal saturation was ob-
served at room temperature. For initial
scans of the spectrum, the field was swept
from zero to about 5000 G in about 1000 sec,
and for measurements of the Mo®™ signals
at about 1 G/sec around the value corre-
sponding to ¢ = 2.
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A Decca variable-temperature cavity in-
sert was used for some studies at ca. 77°K.
Unfortunately, the highest temperature at-
tainable, 300°C, is well below the normal
operating range of the catalysts (450-
550°C). Consequently, it was necessary to
record the spectra at room temperature
after treatment of the catalysts. The cata-
lyst samples were contained in an 8-mm
quartz tube which could be located accu-
rately in the ESR cavity (a Decea Mw 232)
and also transferred to a conventional
vacuum system for evacuation and admis-
sion of gases. The sample tube was at-
tached by a graded seal to a 20 ml Pyrex
vessel, to provide ample gas space, and the
whole sample vessel could be surrounded by
an accurately regulated furnace to attain
the temperature of activation or reduction.
It was necessary to standardize the activa-
tion, reaction, and transfer procedures
rigorously to obtain reproducible results.

EXPERIMENTAL PROCEDURE

With the procedures described below, the
results were reproducible to better than
10%.

After activation of the catalysts in situ
for 1 hr in oxygen at 150 torr and 500°C,
the sample tube was rapidly removed from
the furnace and immersed in a slush bath
at 1956°K to stop the reaction. The quench-
ing time necessary to attain a temperature
low enough for this purpose was estimated
to be only a few seconds. The sample was
then evacuated to 5 X 107 torr.

Vapors from tap grease and the labora-
tory air reduced the hot catalysts, giving
rise to large Mo® signals (4). To investigate
nonreduced catalysts, vapors were excluded
from the sample by liquid nitrogen traps
and the samples were sealed after the
evacuation prior to the recording of the
ESR spectrum. However, when reduction
by propene, 1-butene, or hydrogen was
investigated, it was not so necessary to ex-
clude grease vapors, so transfer of the sam-
ples to the ESR spectrometer was greatly
facilitated.

For the reductions, the hydrocarbon
vapor at a measured pressure was admitted
to the catalyst maintained at the required
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temperature, and after reduction for a
measured time the sample was quenched
rapidly to 195°K without removing the
gases. Earlier procedures, where the gases
were removed by evacuation before quench-
ing, proved unsatisfactory. For each point
obtained at short times in a series at a
particular reaction temperature, repeated
activations and reductions were carried out
until reproducible results were obtained.
Most spectra were taken at room tempera-
ture, but a few examinations were made at
77°K.

An internal reference signal from a ruby
crystal fixed in the ESR cavity was used to
compare the signal intensities obtained from
different samples and to enable corrections
to be applied for the slight variations found
in the spectrometer’s gain. By comparison
with a sample of CuSO,-5H,0, it was esti-
mated that a relative intensity of unity
corresponds to about 5 X 10 Mo® ions in
the cavity.

THE SPECTRA

Our preliminary studies showed that
“Syton P” supported catalysts SBM-1 and
SM-1 gave large signals caused by the pre-
sence of iron and manganese, some of which
would obseure any small Mo® lines. Reduec-
tion of UBM-2 often produced a large broad
line extending from 0 to 5000 G, with a
maximum about g = 2 which greatly dis-
torted the Mo™ signals. A similar line was
often observed on reducing SB-2 and UBM-
4. The signal persisted after reoxidizing the
samples. No satisfactory explanation of this
persistent but rather irreproducible signal
can be given. The ultrapure supported cata-
lysts SBM-3 and SM-2, which did not show
the broad signal, were therefore used for the
present investigation.

The ultrapure supported catalysts showed
well-defined signals that varied systemati-
cally and reproducibly with the conditions
and the duration of reduction with propene,
1-butene, and hydrogen. Figure 1 shows
two ESR signals. The broader one, with
gy — 1865 and ¢, = 1.933, is typical of
lines observed under reducing conditions,
and is ascribed to Mo®* (5). This signal was
asymmetric as expected for a polycrystalline
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Fic. 1. A typical ESR spectrum, containing a Mo®* signal and a signal assigned to carbon.

sample. The general line shape remained
fairly constant with an overall width of
about 140 G which varied by less than
+5% for all observed Mo* lines. The
doubly integrated areas under a number of
these signals were calculated by a numerical
integration method (6) and were found to be
proportional to the corresponding peak—
peak heights of the derivative curves. These
“heights” were therefore used as measures
of the number of Mo®** species present after
correcting for changes in spectrometer gain
and sensitivity.

The signal at g = 2.0036 appeared on the
SBM-3 and SM-2 samples reduced by pro-
pene. It was fairly symmetric, with line
width of & G, and its relative peak height
was usually small compared with the Mo®*
-signal for all observed reductions. Its inten-
sity did not change on evacuation; it de-
creased on exposure to oxygen, but returned
to the original value when the oxygen was
removed. It is therefore more likely to be
due to carbon than a free hydrocarbon
radical, but it was not investigated system-
atically. (It did not appear on reduction of
the catalysts by hydrogen.)

Examination of various reduced ultrapure
samples at 103°K showed the expected in-
crease in size of the Mo®* signals, but no
new signals of the type reported by Cornaz

et al. (2) were found from these or from
activated or reoxidized samples of SBM-3,
UBM-4, SM-2, and SB-2.

Variation of Mo> Signals with Reaction
Conditions

Prolonged evacuation of SBM-3 at 500°
C, in a vessel free from grease, did not pro-
duce any Mo®* signals. Evacuation of SM-2
did produce small Mo signals. These
results agree with those reported by Cornaz
et al. (2) and suggest that there is little
free MoQO; in the bismuth molybdate
catalyst.

The behaviors of SBM-3 and SM-2 on
exposure to propene differed greatly. The
Mo signal obtained with SM-2 continued
to increase with time whereas the mixed
oxide exhibited an initial increase in Mo®
signal intensity followed by a decrease
which in turn (at the highest temperatures
studied) led into a region where the Mo®*
concentration increased once more. Figure
2 shows the steady increase with time of the
Mo signal on exposure of SM-2 to 20 torr
C;H, at 375°C, and the much steeper initial
rise at 500°C. Figure 3 shows that with
SBM-3 and 20 torr C,;H, at the lower tem-
peratures used (225 and 275°C), the mixed
oxide resembles the “low temperature” sup-
ported molybdenum oxide in its behavior.
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Fic. 2. Relative Mo®* signal with time for 20 torr
C;H over SM-2 at 375 and 500°C.

At the intermediate temperatures, 325-
475°C, a further process, whose efficiency
increased with increasing temperature, oc-
curred and reduced the Mo™ intensities thus
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causing them to pass through maxima which
occur at shorter times for higher temper-
atures. At the highest temperatures studied
(475 and 500°C) the first and second proc-
esses are very rapid, and are followed by
a third process such that at 475°C the Mo
signal shows both a maximum and a mini-
mum value. At 500°C the three processes
are so rapid that no maximum or minimum
is observed and the SM-2 and SBM-3
curves at 500°C are closely similar in ap-
pearance, though not in magnitude of signal.
As the results presented in Part IV indi-
cate, only the first two of these processes
are related to the initial catalytic reaction
since the final continually-inereasing Mo®
signal intensity occurs during a period in
which all the propene in the system has been
oxidized. It is possible that the third process
corresponds only to reactions within the
catalyst itself; unfortunately other possible
reactions, such as those with produets like
CO, have not yet been investigated.
Inereasing the propene pressure at fixed
temperatures (Fig. 4) on SBM-3 increased
both the initial (Mo® increasing) and sec-
ondary (Mo® decreasing) processes in such
a way that the maxima corresponded to a
greater Mo® signal intensity and oceurred

500 °C
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Fie. 3. Relative Mo** signal with time for 20 torr C;H; over SBM-3 at various temperatures.
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Fic. 4. Relative Mo®* signal with time for 5, 20, and 100 torr C;H; over SBM-3 at 375°C.

after a shorter time. At high pressures and pressure effects is relatively unclear as the
high temperatures it was impossible to fol- maxima oceur so clearly, although, as Fig.
low these processes by the quenching tech- 5 shows, the maxima are still present at a
nique. KEven at 425° the pattern of the propene pressure of 100 torr, which is close

TIME  (HOURS)

Fia. 5. Relative Mo®* signal with time for 5, 20, and 100 torr C;Hg over SBM=3 4t 425°C.
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F1a. 6. Relative Mo3* signal with time for 20 torr
1-butene over SBM-3 at 325 and 375°C.

to that used in the catalytic reaction system
employing a stoichiometric propene-air feed
at atmospherie pressure.

Some comparative studies (Fig. 6) of the
reduction of SBM-3 with 1-butene show
clearly that Mo is formed and removed
just as with propene. Figure 6 shows that
the initial buildup of signal strength is
roughly the same at 325 and 375°C but, as
with propene, the decay is faster at the
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higher temperature. The maximum signal
intensities are somewhat higher than with
propene.

Figure 7 shows that on reduction with
hydrogen Mo** signals also appear, building
up more slowly at comparable temperatures.
There is no decay, however; the signals
increased for 4 hr under the conditions
mvestigated.

Finally, experiments were carried out to
look for Mo™ signals from SBM-3 and SM-
2 exposed to 1:1 mixtures of propene and
oxygen. 20 torr of C;H, and 20 torr of O,
were admitted to samples of the catalysts at
425, 475, or 500°C. After selected reaction
times, the sample tube was quenched as
before and the spectra were examined at
room temperature. The results obtained
with SM-2 and SBM-3 were closely similar.
In each case no Mo® appeared in the cata-
lysts until all the gas-phase oxygen had
been consumed by the oxidation (4). Thus
Mo® signals appeared only after a finite
period of time which was of course shorter
at the higher temperatures. The absence of
the Mo® signals early in the runs is not due
to paramagnetic interactions of these cen-
ters with oxygen since the evacuated cata-
lysts yield results similar to those obtained
from samples studied in the presence of
gas phase oxygen,

100 v
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Fic. 7. Relative Mo+ signal with time for 5, 20, 100 torr H, over SBM-3 at 425°C.
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DiscussioN

The results establish quite clearly that
Mo®* species are produced in the reduction
of bismuth molybdates or molybdenum
oxide by propene over wide ranges of tem-
perature and propene pressures, and also by
reduction of bismuth molybdates by 1-
butene and by hydrogen.

There are substantial differences in the
behavior of Mo®* signals from SBM-3 and
from SM-3, however. The signals on SM-2
increase with time at all temperatures in-
vestigated (Fig. 2), whereas on SBM-3 the
signals increase with time at low tempera-
tures (e.g., 225°C), but at higher tempera-
tures a second process causing Mo® to dis-
appear becomes increasingly important Fig.
3).

It seems very probable that the first proc-
ess on both catalysts is the irreversible
dissociative chemisorption of propene. As
indicated in Part I, it is generally accepted
that the chemisorption leads to a symmetri-
cal allylic intermediate, probably bonded
to a molybdenum ion. We shall write

CsHs + Mo + 02~ — [CyH;--MoJ** + OH™ + ¢,
' @

where the electron may be localized on a
further metal ion. The bonding between
the allylic species and the molybdenum
cation is likely to be o= bonding. The four-
centered o-bonding molecular orbital is
formed from the filled =-bonding orbital of
the allylic species and the initially empty
4d;. atomic orbital of the molybdenum
cation. The three-centered w-bonding molec-
ular orbital is formed from the empty d..
atomic orbital of the molybdenum cation
and the nonbonding orbital of the allylic
ligand. Of these two molecular orbitals, the
o orbital is filled, whereas the = ligand-
cation bonding orbital contains only one
electron. This system of bonding would
result in a partial positive charge on the
chemisorbed allyl species and also allows
for reduction of a neighboring Mo* cation
to Mo* by the electron set free in reaction
1.

Full occupation of both the o and =
molecular orbitals [i.e., with the electron
in Eq. (I) localized in the complex], allows
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for no paramagnetism associated with the
complex. Bonding the allyl species to the
molybdenum cation by the ¢ orbital alone,
with accompanying electron transfer from
the ligand to the molybdenum ion, leads
to the species

(CsHa) - -Mos+

which, although accounting for the pro-
duction of Mo, leaves the ligand as a
carbonium ion. If the latter were the case,
then the relative oxidation rates of alkenes
with different structures would span many
more orders of magnitude than is observed
in practice. This point has been presented
in detail by Adams (7) and, noting his
comments, we prefer the first bonding sys-
tem proposed here since this produces an
allyl species with only a partial positive
charge.

It is assumed that the ESR signals re-
ported in the present paper arise from the
Mo® ions formed at sites adjacent to the
chemisorption complex by reduction of Mo®*
ions by electrons from reaction (I); it is
significant that identical signals are ob-
served after reduction with hydrogen. No
signals were observed under our experi-
mental conditions which could be attributed
unambiguously to the complex itself. It
would be interesting to observe ESR spectra
from the same samples at liquid helium
temperatures in order to determine whether
signals from the complex appear as the
relaxation times are increased.

Further oxidation of the allylic species,
or chemisorption of propene on Mo®*, may
lead to reduction of Mo* to Mo*, and
hence to a diminution of the initial rate of
rise of the Mo® signal as seen in Figs. 2
and 3. At the higher temperatures, this is
augmented by depletion of gas-phase pro-
pene. However, it is very difficult to see
how the second process on SBM-3 can be
solely due to further coupled oxidation of
the allyl radical and reduction of only
molybdenum; the second process must in-
volve bismuth. Now bismuth oxide by itself
is not an active catalyst (see Fig. 3 of Part
1), nor is it reduced rapidly by propene (4).
Consequently it appears that reduction of
Bi** occurs after, or is lmked with, the
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reduction of Mo®+. If this is so, the disap-
pearance of Mo® in the second process over
SBM-3 could be attributed to reactions
like Eq. (II), rather than to further re-
duction of Mo to Mo*.

Mo®** + Bitt — Mos+ + Bit, I1)

Thus further oxidation of the allyl radical
can be associated with reduction of Bi** by
coupled reactions, leading to net processes
like Eq. (IIT) (alternatively, lower oxida-
tion states of bismuth may be formed).

[CsHs- -MoJs+ + OH- + 02 + 3Bi*+

— C;H,0 4+ Mo+ + H,0 + 3Bizt, (III)

The increase in electrical conductivity of
SBM-3 on reduction (Part III) could be
attributed to the release of electrons to the
conduction bands from the lower oxidation
states of bismuth, as well as from those of
molybdenum. The conductivity studies show
that SBM-3 is more readily reduced than
SM-2, but do not reveal whether the con-
duction electrons are released directly from
oxide ions or via lower oxidation states of
molybdenum or bismuth.

The absence of Mot signals from either
catalyst when propene and oxygen are pre-
sent strongly suggest the ready reoxidation
of Mo* to Mo®, presumably by release of
electrons to chemisorbing oxygen molecules
or atoms, The action of bismuth in SBM-3
is similarly regarded as a reoxidizing
function.

It 1s pertinent to note here that the lower
oxidation states of molybdenum provide for
an increased possibility of back donation
from filled cation d-orbitals into the =-
bonding molecular orbital system. Such
increased back donation leads to strength-
ening of the ligand-cation bonding and also
to a relative weakening of the carbon-
carbon bonds in the ligand skeleton, result-
ing in lower selectivity, since the selective
oxidation to acrolein arises only as a
result of selective carbon-hydrogen bond
scission. Thus ‘one may expect that
the selectivity to acrolein will fall as
the catalyst surface becomes more re-
duced. As the results in Part IV demon-
strate, this was observed in practice. It is
also interesting to note that the bonding
scheme proposed allows for relatively rapid
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desorption of the 1-3 conjugated oxidation
products (e.g., acrolein, acrylonitrile, buta-
diene) obtained in general over these cata-
lysts. Essentially, 1-3 conjugation in the
ligand increases the delocalization in the
=-bonding ligand orbital and hence reduces
the overlap between this and the atomic
orbitals of the ssurface cations.

It seems likely that 1-butene behaves in a
very similar way to propene in eausing the
observed patterns of Mo’ signals. On the
other hand, the chemisorption of hydrogen
almost certainly occurs on oxide ions, not on
Mo ions, and the whole sequence and rates
of reactions are different; there is no inter-
mediate other than OH- ions. The absence
of the second process with hydrogen sug-
gests that the chemisorbed hydrocarbon
intermediate is intimately involved in elec-
tron-transfer processes between molybde-
num and bismuth ions as in Eq. (IIT).

It would clearly be desirable to examine
other oxide-pairs that form active, selective
catalysts and where both cations show oxi-
dation states with known ESR spectra. At
present the absence of any signals clearly
identifiable with lower oxidation states of
bismuth is a great handicap to attempts to
interpret in detail the behavior of the sig-
nals from bismuth molybdate catalysts.
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