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The photoreduction of supported Mo/SiO, catalysts by CO has been investigated at room
temperature as a function of Mo coverage and wavelength of the incident UV irradiation. The CO
adsorbed on photoreduced Mo ions has been investigated by IR spectroscopy. In the literature, it
has been reported that CO photoreduction of Mo/SiO; catalysts leads to the formation of Mo** and
Mo’* ions. Results of this study indicate that CO photoreduction also leads to the formation of Mo
ions in valence states lower than Mo**. In particular, the pairs of IR bands observed at 2100, 2135
cm ™! and 2075, 2125 cm™! were attributed to pairs of CO molecules adsorbed on Mo** or Mo**, and
Mo?** sites, respectively. These sites are assumed to be formed from the CO photoreduction of
dimeric surface molybdates. Another IR band observed at 2035 cm™' may be attributed to the
stretching vibrations of a CO molecule adsorbed in a bridged configuration between two adjoining
Mo?* or to a single CO adsorbed linearly on Mo?* sites. Thus, our results indicate that the
low-temperature CO photoreduction is a complex process and that Mo ions in several valence and
coordination states may be formed simultaneously during CO photoreduction in Mo/SiO,

catalysts. © 1987 Academic Press, Inc.

INTRODUCTION

Supported molybdena catalysts are of
considerable current interest. Study of the
valence state, coordination of Mo ions
on these catalysts, and how the surface
changes with pretreatment and reduction is
often useful in the understanding of various
reactions promoted by these catalysts.
Thermal reduction properties of these cata-
lysts have been investigated widely (/-8).
High-temperature (400-600°C) reduction of
Mo/ALO; (I—4) and Mo/SiO; (5-8) catalysts
by H,, CO, or hydrocarbons has been
shown to lead to the formation of Mo ions
in different coordination and valence states
(Mo®*, Mo*', Mo**, Mo*"). On the other
hand, it has been reported that Mo/SiO,
catalysts could be reduced selectively to
Mo’ or Mo** state by the low-temperature
photoreduction with H, or CO (9-11). It
was suggested that the photoreduced Mo>*
(H,, A > 320 nm) and Mo** (CO, A < 340
nm) are in tetrahedral coordination and it
was inferred that the corresponding Mo%*
ions in the oxidized catalyst are also in
tetrahedral coordination. The tetrahedral

0021-9517/87 $3.00
Copyright © 1987 by Academic Press, Inc.
All rights of reproduction in any form reserved.

configuration of Mo** ions on CO-photore-
duced catalysts was assumed to be main-
tained by strongly adsorbed CO molecules
occupying the oxygen vacancies.

The properties of low-temperature CO-
photoreduced Mo/SiO; catalysts have been
shown to differ significantly from thermally
reduced catalysts (9-11). The CO-photore-
duced Mo/SiO, catalysts have been shown
to exhibit very strong reducing properties
(9-11). The strong reducing properties of
these catalysts are evidenced by their abil-
ity to reduce N,O at —120°C, CO; at 90°C,
and H,O at 150°C (9-11). It was suggested
that the very high reducing properties of
these catalysts are due to the unique prop-
erties of Mo** ions formed during CO pho-
toreduction, and that the differences be-
tween the thermally and CO-photoreduced
catalysts are due to the differences in the
coordination state of reduced Mo ions
9-11).

The photocatalytic properties of sup-
ported molybdena catalysts have been in-
vestigated by several workers (12-16). It
has been shown that these properties are
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sensitive to coordination of Mo ions in the
surface molybdates and it was suggested
that these properties may be used for the
characterization of the surface (12-16).

The work reported herein investigates
the CO photoreducibility of Mo/SiO, cata-
lysts at room temperature as a function of
Mo coverage and wavelength of the inci-
dent irradiation and gives IR spectroscopic
results of CO adsorbed on photoreduced
Mo ions.

EXPERIMENTAL
Catalyst Preparation

The details of the methods used in cata-
lyst preparation are described elsewhere
(17). Two series of Mo/SiO; catalysts were
prepared using commercial-grade SiO,
(Fisher S-662) with 99.9% minimum purity.
The total pore volume was 0.35 cm®g~!. The
Si0, variety used exhibits a very narrow
pore size distribution in the region of nar-
row pores with a sharp maximum at 2.0 nm.

The first series of catalysts was prepared
by the conventional pore volume impreg-
nation technique (impregnated catalysts)
using aqueous solutions of high purity
(NHy)sMo0;0,4 - 4H,O (Anachemia AC-
630). The second series of catalysts was
prepared by the reaction of Mo(n*-C;H;),
complex in pentane (certified, Fisher,
P-393) with the superficial OH groups of the
SiO, support at ambient temperature (fixed
catalysts). The two series of catalysts were
dried first (impregnated catalysts at 130°C
and fixed catalysts at room temperature
under vacuum) and then calcined at 500°C
in air for 15 h.

UV Diffuse Reflectance Spectroscopy

The catalysts were characterized by UV
diffuse reflectance spectroscopy using a
Perkin—-Elmer 559 UV-Vis spectropho-
tometer equipped with a diffuse reflectance
attachment B-258. The catalyst samples
were prepared by grinding the catalyst and
pressing the powder at 8000 psi into 12-mm-
diameter and 2-mm-thick pellets. Spectra

were recorded just after calcination of the
sample pellets at 500°C for 1 h in the range
210-500 nm against a pure SiO, reference
subjected to the same pretreatment proce-
dure as the sample.

CO Photoreduction

CO photoreduction experiments were
conducted in a vibrofluidized bed annular
quartz reactor irradiated in the UV region
by a medium-pressure mercury lamp (Ha-
novia 673A36, 550 W). The lamp was en-
closed in a water-cooled jacket made of
quartz (A = 180 nm) or Pyrex (A = 280 nm).
The water jacket materials served as filters
for the incident UV irradiation. The inlet
gas to the reactor was a 10% CO in argon
mixture free of O, and CO, traces. The
transient CO, signal that appeared at the
reactor outlet was monitored continuously
by leak valve admission to a quadrupole
mass spectrometer (UTI-1000 C) (18).

IR Spectroscopy

The nature of the CO adsorbed on CO-
photoreduced catalysts was investigated by
IR spectroscopy. For these studies a vac-
uum-tight IR cell was used. Provisions
were made so that the IR cell could be
attached to a vacuum system during sample
treatment. The catalyst samples were in-
vestigated in the form of self-supported
wafers. These wafers were prepared by
grinding 10 mg of precalcined catalyst and
pressing the powder in a commercial dye
under 20,000 psi in a hydraulic press. The
sample wafers can be placed in an alumin-
ium holder which can be supported freely
on two glass beams inside the cell. The
sample cell could be moved up to the
heating section of the cell or it could be
positioned between the CaF, IR windows
for spectral recording by simply slanting
the cell (18). The sample wafers were first
calcined in situ at 500°C in O, for 1 h. The
IR cell was then evacuated to a pressure
below 107° Torr and was refilled with CO
(Matheson Research Grade) up to 10 Torr.
The sample wafers were irradiated by a UV
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beam focused at the sample through the
CaF, (A = 180 nm) window in the IR cell.
The effect of the wavelength of the incident
UV irradiation was investigated by using a
Pyrex filter (A = 280 nm) attached to the
CaF, windows during the run.

RESULTS
UV Diffuse Reflectance Spectroscopy

The UV spectra of freshly calcined im-
pregnated and fixed Mo/SiO, catalysts are
given in Figs. 1 and 2. Both types of cata-
lysts exhibit similar absorption bands.
Three principal bands are observed. These
are centered at 240-260 nm, 260-300 nm,
and 300-340 nm. All three bands are ob-
served only at high Mo coverage. At low
coverage absorption bands above 300 nm
are practically absent, and at very low Mo
coverage only the 240- to 260-nm band is
present.

It is now generally accepted that tetrahe-
drally coordinated isolated Mo®" absorb
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Fi1G. 1. UV diffuse reflectance spectra of calcined
(500°C/air/1 h) impregnated Mo/SiQO, catalysts of vari-
ous Mo contents.
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FiG. 2. UV diffuse reflectance spectra of calcined
(500°C/air/1 h) fixed Mo/SiO, catalysts of various Mo
contents.

around 220-280 nm and octahedrally coor-
dinated Mo®* as in polymolybdates absorb
around 300-340 nm. Elsewhere (/3, 14) we
have suggested that the band at 240-260 nm
should be identified with tetrahedrally coor-
dinated isolated Mo®*, the 260- to 300-nm
band with the terminal Mo=O groups of
surface polymolybdates and/or dimers, and
the 300- to 340-nm band with charge trans-
fers involving the Mo-O-Mo bridged
groups of the surface polymolybdates.
Thus, according to the reported spectra for
calcined Mo/SiO, catalysts, isolated tetra-
hedral monomers are abundant at low Mo
coverage while surface polymolybdates
with Mo in octahedral coordination pre-
dominate at high Mo coverage in the freshly
calcined catalysts.

Elsewhere (/8-22) we reported that
on hydrated Mo/SiO, catalysts, the surface
molybdates which are dependent on the Mo
coverage include isolated monomers with
Mo in tetrahedral coordination, a highly
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dispersed phase of tridimensional isopoly-
molybdates, and silicomolybdic acid spe-
cies with Mo in octahedral coordination
and crystalline MoOs;. On these catalysts
the symmetry within the isopolymolyb-
dates, and silicomolybdic acid species is
destroyed during O, calcination at 500°C
and may be restored by rehydration of the
catalysts at room temperature. The col-
lapse of these polymolybdate clusters is
accompanied by a change in the coordi-
nation symmetry of Mo ions from octahe-
dral to tetrahedral according to the inter-
pretation of the UV spectra suggested
above. However, calcination is not ex-
pected to lead to a complete destruction of
the polymolybdate structures, since this
would necessitate the surface diffusion of
molybdates to reform the original struc-
tures during hydration at ambient tempera-
ture. Thus, it was suggested that the change

in the coordination symmetry of Mo ions
from octahedral to tetrahedral as seen by
UV is due to severe distortions in the
octahedral symmetry resulting from the
collapse of the tridimensional clusters.

Photoreduction by CO

The CO photoreduction data for impreg-
nated Mo/SiO, catalysts are shown in Figs.
3-6. The transient CO, concentration signal
observed at the outlet of the reactor as a
function of Mo loading is given in Fig. 3 for
unfiltered light (A = 180 nm). The effect of
filtering the incident UV irradiation (A =
280 nm) on the transient CO, signal is given
in Fig. 4 for a 2 wt% Mo/SiO, catalyst. It
can be immediately noticed that filtered
light (A = 280 nm) gives rise to a considera-
bly lower photoreduction of the surface.
The total number of surface oxygens (N[O])
photoextractable as CO, is calculated by
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F16. 3. Transient CO, response curves obtained during CO photoreduction of impregnated Mo/SiO,
catalysts with unfiltered light (A = 180 nm) at various Mo contents. (Dotted line indicates the change in

scale of the time axis.)
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FiG. 4. Transient CO, response curves obtained during CO photoreduction of a 2 wt% impregnated
Mo/SiO, catalyst. (1) Unfiltered light (A = 180 nm). (2) Filtered light (A = 280 nm). (Dotted line

indicates the change in scale of the time axis.)

integrating the transient CO, concentration
signal up to 2 X 10* s. These results are
shown in Fig. § as a function of Mo loading
for both filtered and unfiltered light. These
data are also represented in terms of the
number of surface oxygens photoextract-
able per Mo atom (N[O]/N[Mo]) and in
terms of the average oxidation number as a
function of Mo loading in Fig. 6.

As can be seen in Fig. 5, the amount of
photoextractable surface oxygen increased
up to 4 wt% Mo and then decreased with
loading for both filtered and unfiltered light.
This behavior results in a net decrease in
the N[O]/N[Mo] ratio with increasing load-
ing (Fig. 6A) and is also reflected in the
decrease in the degree of reduction (in-
crease in the average oxidation number)
with Mo loading.

Figure 6 also shows that significantly
more surface oxygen atoms per Mo could
be photoextracted by CO photoreduction of
the Mo/SiO, catalysts with unfiltered light
(A = 180 nm) than with filtered light (A =

280 nm). At the lowest Mo coverage, about
one surface oxygen atom per Mo could be
photoextracted with unfiltered light (A =
180 nm), while at the same Mo coverage
only about 0.4 surface oxygen atoms per
Mo could be photoextracted with filtered
light (A = 280 nm).

IR Spectroscopy

UV irradiation of Mo/SiO, catalysts in
the presence of CO (Pco = 10 Torr) with
unfiltered (A = 180 nm) or filtered light (A =
280 nm) gives rise to two intense IR bands
centered at 2075 and the 2125 cm ' and to a
third weak band at 2035 cm™! (Figs. 7-9).
Irradiation of pure SiO, wafers in the pres-
ence of CO does not lead to the appearance
of similar IR bands. Evacuation of the
catalyst samples removed the first two
bands (2075 and 2125 cm™!) but not the
weak band at 2035 cm™' which in fact
increased in intensity considerably (Figs. 7,
8). The 2075- and 2125-cm™' bands reap-
peared upon exposure of the evacuated
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F1G. 5. Amount of oxygen atoms photoextractable
as CO, during CO photoreduction of impregnated
Mo/SiO, catalysts as a function of Mo loading. (1)
Unfiltered light (A = 180 nm). (2) Filtered light (A = 280
nm). (3) Difference curve [(1) — (2)].
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sample to fresh CO in the dark and the
intensity of the 2035-cm™' band decreased
concomitantly. The intensities of the 2075-
and 2125-cm~! bands that reappeared upon
exposure of the evacuated samples to fresh
CO are somewhat less intense than the
original bands and may be increased by
reirradiating the sample. These data indi-
cate that the observed IR bands stem from
CO adsorbed on photoreduced Mo sites.
The effect of filtering the incident UV irra-
diation on the observed IR spectra is re-
ported in Fig. 9. Filtering of the incident
UV irradiation using a Pyrex filter (A = 280
nm) caused a significant decrease in the
intensity of the 2075- and 2125-cm ™! bands,
while no new bands are observed (Fig. 9).
This indicates that similar CO adsorption
sites (reduced Mo sites with the same oxi-
dation state and the coordination environ-
ment) are formed during CO photore-
duction of Mo/SiQ, catalysts with both
filtered (A = 280 nm) and unfiltered light (A
= 180 nm).

The general behavior of the 2075-, 2125-,
and 2035-cm ! bands indicates a close rela-
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FiG. 6. Co photoreduction data for impregnated Mo/SiO, catalysts. (A) The molar ratio N[O]/N[Mo]
(oxygen atoms photoextractable as CO; per Mo atom) as a function of Mo loading. (B) The average
oxidation number of photoreduced Mo/SiO, catalysts as a function of Mo loading. (1) Unfiltered light
(A = 180 nm). (2) Filtered light (A = 280 nm). (3) Difference curve [(1) — (2)].
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FiG. 7. IR spectra of CO adsorbed on a photore-
duced impregnated 4 wt% Mo/SiO, catalyst. (1) Cal-
cined catalyst sample in CO (Pco = 10 Torr). (2) After
irradiation of the catalyst sample with unfiltered light
(A = 180 nm) for 1 h in CO. (3) Sample evacuated of
CO. (4) CO reintroduced (Pco = 10 Torr).

tionship between these bands. The two
intense bands at 2075- and 2125-cm™! ap-
pear and disappear simultaneously and are
predominant at high CO pressures while the
2035-cm™! band predominates at low CO
pressures. Figure 10 shows the variation of
the adsorbance ratio of the two bands at
2075 and 2125 cm™! as a function of loading
for both fixed and impregnated Mo/SiO,
catalysts. Given the experimental scatter of
the points in Fig. 10, this ratio appears to
be constant at 0.77 = 0.06. Given the large
variation observed in the oxidation number
for CO-photoreduced impregnated Mo/SiO,
catalysts with loading (Fig. 6B), the insensi-
tivity of the peak absorbance ratio Ajjs/
Ajgs to loading and to the mode of catalyst
preparation suggests that these two bands

have a common origin, and they may stem

from pairs of CO molecules adsorbed on

the same photoreduced Mo** sites. The

two bands could be attributed to the sym-

metric and antisymmetric stretching vibra-

tions of these two molecules (18, 22, 23).
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The 2035-cm™! band that is predominant
at low CO pressures may stem from single
CO molecules adsorbed on the same photo-
reduced Mo** sites as the pairs of CO are
removed during evacuation of the sample at
room temperature. Since the removal of a
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F1G. 8. IR spectra of CO adsorbed on a photore-
duced, fixed 5.3 wt% Mo/SiO, catalyst. (A) After
irradiation of the catalyst sample with unfiltered light
(A = 180 nm) in CO (Pco = 10 Torr). (1) After 1 h; (2)
after 2 h. (B) After irradiation of the catalyst sample
with filtered light (A = 280 nm) in CO (P = 10 Torr).
(1) After 1 h; (2) sample evacuated of CO for 5§ min.
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CO molecule from an adsorbed pair on the
same site should result in a decrease in the
vc.o for the remaining adsorbed CO mole-
cule, the 2035-cm ™' band may be associated
with a linearly bonded CO on the same site.
It is also equally possible that this band
results from a single CO adsorbed on two
Mo*" sites in a bridged configuration (23).
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Figure 11 shows the variation of the peak
absorbances for the 2125- and 2075-cm™!
bands as a function of loading for both fixed
and impregnated Mo/SiO, catalysts. The
spectra were recorded after UV irradiation
of the samples for 1 h in CO (P = 10
Torr). Longer irradiation times did not lead
to any significant increase in the peak inten-
sities. Surprisingly, the observed variation
in the peak absorbances of the 2125- and
2075-cm™! bands for impregnated Mo/SiO,
catalysts resembles very closely the varia-
tion of the CO, evolved per gram catalyst
with loading (compare Figs. 5 and 11). Both
these curves show a maximum around 4
wt% Mo. The peak absorbance values,
which are proportional to the concentration
of reduced Mo** sites holding CO, decrease
with loading at high Mo coverage for both
fixed and impregnated Mo/SiO, catalysts.
This indicates that the reduced Mo** sites
holding CO are not formed from the photo-
reduction of octahedrally coordinated Mo
in the collapsed polymolybdates, since UV
spectroscopic analysis of these catalysts
(Figs. 1 and 2) shows that octahedrally
coordinated Mo®" increase with loading.

Apart from the IR absorption bands ob-
served at 2125, 2075, and 2035 cm™', two
other bands centered at 2135 and 2100 cm ™
are observed at random (Figs. 7-9). The
appearance and the intensity of these bands
could not be predicted with any certainty.
When these bands are present they can be
removed from the spectrum either by pro-
longed irradiation (Fig. 8) or by evacuation
of the sample at room temperature (Fig. 8).
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F16G. 9. (A) IR spectra of CO adsorbed on a photore-
duced, fixed 1.94 wt% Mo/SiO, catalyst. (1) After
irradiation of the catalyst sample with filtered light (A
= 280 nm) for 1 h in CO (Pco = 10 Torr). (2) After
irradiation of the same sample for another hour with
unfiltered light (A = 180 nm). (B) IR spectra of CO
adsorbed on a photoreduced, fixed 3 wt% Mo/SiO,
catalyst. (1) After irradiation of the catalyst sample
with filtered light (A = 280 nm) for 1 hin CO (Pco = 10
Torr). (2) After irradiation of a fresh catalyst sample
with unfiltered light (A = 180 nm) for 1 h in CO (Pcg =
10 Torr).

The general behavior of these bands paral-
lels the behavior of the 2075- and 2125-cm™!
bands. This would suggest that these bands
may also have a common origin and may
stem from pairs of CO molecules adsorbed
on reduced Mo sites (23). The frequencies
of these bands indicate that the valency
states of the reduced Mo sites are higher
than those of the Mo™" sites responsible for
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FiG. 10. The peak absorbance ratio (Aj;s/Ays) of
CO stretching bands on Mo/SiO, catalysts as a func-
tion of Mo loading. (A) Impregnated catalysts; (O0)
fixed catalysts.
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the 2075- and 2125-cm™! bands. The lability
and the poor reproducibility of these bands
indicate the transient nature of the oxida-
tion state of Mo responsible for these
bands.

DISCUSSION

Low-temperature  photoreductions of
Mo/SiO; catalysts have been studied exten-
sively by Pershin et al. (9), Shelimov et al.
(10), and Kazansky et al. (I1). Photore-
duction of Mo/SiO, catalysts by H, (A = 320
nm) was shown to lead to the reduction of
MoS* states selectively to Mo>* states.
From ESR data they concluded that the
Mo’* ESR signal with g, = 1.811, g, =
1.919, and g; = 1.952 at 77 K stems from
Mo’* ions in distorted tetrahedral coordi-
nation, and it was inferred that the corre-
sponding Mo®* ions in the oxidized cata-
lysts are also in tetrahedral coordination.
Reduction of Mo/SiO, catalysts with H,
using unfiltered light (A = 320 nm) leads to
the formation of a mixture of Mo** and
Mo’* ions. On the basis of quantitative
measurements of CO, evolved and the O,

2

Peak absorbance x 10

Wt % Mo

FiG. 11. Variation in the peak absorbance for CO adsorbed on photoreduced Mo/SiO, catalysts as a

function of Mo loading. (A) Impregnated catalysts. (B) Fixed catalysts. Unfiltered light: (&) 2125 ecm™,

-1

(0) 2075 cm™'. Filtered light: (©) 2125 cm™", (+) 2075 cm™".
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uptake by the reduced catalysts during re-
oxidation Kazansky et al. (9—11) concluded
that the surface of a 1 wt% Mo/SiO, cata-
lyst could be photoreduced quantitatively
to the Mo** state by CO (A = 340 nm).
From UV spectroscopic data of the re-
duced catalysts they concluded that the
Mo** ions are in tetrahedral coordination.
The tetrahedral coordination of the Mo**
ions was assumed to be maintained via the
adsorption of a CO molecule. However, it
should be mentioned that the interpretation
of UV spectroscopic data of reduced sup-
ported molybdena catalysts is complex and
there are no reliable literature data avail-
able to date, on the optical spectra of Mo**
ions in tetrahedral coordination, to substan-
tiate such an assignment. Furthermore, Ka-
zansky et al. (9-11) also reports that some
Mo’" ions in octahedral coordination are
also formed during CO photoreduction (g,
= 1.947, g, = 1.875). They indicate,
however, that the concentration of these
ions is below 1% of the total Mo content. It
is well documented that only a fraction of
the reduced Mo’* ions is detected by ESR
(I, 4). Some Mo’ " ions present in a reduced
system can escape detection by ESR due to
antiferromagnetic coupling in Mo"-O-
Mo*’ species that would quench the ESR
signal (/, 4). This would suggest that the
concentration of Mo®* ions present on CO-
photoreduced catalysts may be significantly
higher than what is reported by Kazansky
et al. (9—11) and also, the possibility of the
formation of lower-valent Mo ions through
further photoreduction of octahedrally co-
ordinated Mo’* cannot be completely ruled
out. Recently, Guglielminotti and Giamello
(23) have shown that Mo®* sites are formed
during CO photoreduction of Mo/SiO, cata-
lysts previously reduced thermally (H,/4
h/450°C).

CO photoreducibility data obtained by us
(Fig. 5) show that the amount of photoex-
tractable surface oxygen per gram catalyst
decreases with loading at high Mo coverage
(>4 wt% Mo). From previous Raman spec-
troscopic investigations of these catalysts

we have shown that on impregnated Mo/
SiO; catalysts MoOs is formed at loadings
as low as 2 wt% Mo and its concentration
was seen to increase with increasing Mo
coverage. Thus the decrease in the amount
of photoextractable surface oxygen with
loading at high Mo coverage (Fig. 5) should
be partly attributed to an increase in the
concentration of MoQO; on the surface. Fur-
thermore, CO photoreducibility data ob-
tained with impregnated Mo/SiO; catalysts
indicate that significantly more surface oxy-
gen atoms per Mo could be photoextracted
with unfiltered light (A = 180 nm) than with
filtered light (A = 280 nm) (Fig. 6A). Ka-
zansky et al. (9-11) have shown that CO
photoreduction of Mo/SiO, catalysts leads
to the formation of Mo** ions in tetrahedral
coordination and to some Mo’" ions in
octahedral coordination. These results
would suggest that during CO photore-
duction Mo*" ions are formed from the
photoreduction of isolated tetrahedral
monomers and Mo’" from the photore-
duction of octahedrally coordinated Mo®*
ions in polymolybdates. Tetrahedrally co-
ordinated Mo®* isolated monomers absorb
around 240-260 nm (Figs. 1 and 2) (2/) and
as a consequence CO photoreduction of
these catalysts using filtered light (A = 280
nm) should not lead to the reduction of
Mo®" isolated monomers. With filtered light
only the species absorbing above 280 nm
are excited and could be photoreduced by
CO. The majority of the species absorbing
in this region are the octahedrally coordi-
nated Mo*® in polymolybdates. These spe-
cies may be expected to be CO photore-
duced via charge transfer complexes
involving Mo—O-Mo bonds. Thus the ob-
served differences in the CO photoreduc-
ibility of impregnated Mo/SiO, catalysts by
unfiltered (A = 180 nm) and filtered (A = 280
nm) light (Figs. 5 and 6) may be attributed
to an absence of any photoreduction of
Mo®" isolated monomers by CO with fil-
tered light. Accordingly, the CO photo-
reduction process may be viewed as fol-
lows:
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According to the above interpretation, the
difference between the two curves in Figs.
5 and 6 for filtered and unfiltered light
(dashed curves) should yield the concentra-
tion of tetrahedrally coordinated Mo®*
monomers on the surface as a function of
loading. Thus, according to Fig. 6A (curve
3) the fraction of the tetrahedral monomers
1s at a maximum at the lowest Mo coverage
(60%), and falls sharply to a value of ~5%
at the highest Mo coverage studied.

In the Results section, we attributed the
major IR bands observed at 2125, 2075, and
2035 cm™! to pairs of CO adsorbed on CO
photoreduced Mo** sites and to a single CO
molecule adsorbed on similar sites in a
linear or bridged configuration. Similar IR
bands are observed on CO-photoreduced
Mo/Si0, catalysts by both filtered (A = 280
nm) and unfiltered (A = 180 nm) light. Thus,
it may be concluded that the photoreduced
Mo** sites holding CO are not necessarily
formed from the photoreduction of isolated
tetrahedral monomers. Furthermore, our
data (Fig. 11) also revealed that these sites
are probably not formed from the photore-
duction of octahedrally coordinated Mo®*
in the collapsed polymolybdates (Fig. 11).
Thus, the Mo** sites holding CO could have
formed from the CO photoreduction of sur-
face molybdates that absorb in the region
260-300 nm and are excited by both filtered
(A = 280 nm) and unfiltered light (A\ = 180
nm). The surface molybdates that absorb in

this region may be identified with dimeric
molybdates and terminal Mo=O0O in poly-
molybdates (13, 14).

A special feature of the CO adsorption on
transition metal cations is the possibility to
derive the valence state and coordination of
the adsorbing metal cation from the IR
frequency data of the adsorbed CO mole-
cules. Peri (24) and Caceres ef al. (25)
attributed the IR bands of adsorbed CO on
thermally reduced Mo/AlL,O; catalysts ob-
served at 2040-2025 cm™! to CO adsorbed
on Mo sites and the band at 2185-2190
cm~! to CO on Mo?** sites. Recently, Del-
gado et al. (26) and Zaki et al. (27) also
reported the presence of a band around
2186 cm™! for CO adsorbed on thermally
reduced supported molybdena catalysts
with different support materials and this
band has been attributed to Mo**~CO com-
plexes. CO adsorbed on thermally (CO/
1 h/400°C) and CO-photoreduced V3*/SiO,
catalysts yields a pair of IR bands at
2170-2174 and 2185-2189 c¢cm~' (28, 29).
These bands have been attributed to CO ad-
sorbed on V3* sites. On reduced Cr¢*/Si0O,
catalysts a band observed at 2095 cm~! (30)
or at 2035 cm~! (3/) has been attributed to
CO species adsorbed in a bridged configura-
tion on two Cr?* sites. Generally, the IR
bands of CO adsorbed on metal cations be-
low 2100 cm ™! are seen to arise for CO held
either linearly (2000-2030 cm™!) or in a dou-
ble-bridged configuration (1800-2000 cm~1)
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on fully reduced metal sites (M%) (24, 32).
IR bands above 2100 cm™' have been usu-
ally attributed to CO held on ionic metal
sites (32).

Thus, according to the literature data the
observed IR bands on CO-photoreduced
Mo/SiO, catalysts should stem from CO
adsorbed on reduced Mo sites having va-
lency states lower than Mo** (probably
Mo** or Mo?*). Since the average oxidation
number for CO-photoreduced Mo/SiO, cat-
alysts never falls below 4+, the fraction of
these low-valent ions should be extremely
small.

Kazansky et al. (11) reported that CO
photoreduction of Cr8*/SiO, catalysts leads
to the formation of Cr*" ions on the surface.
They suggest that these species are formed
from the CO photoreduction of bichromate
surface complexes. Thus, it may be tenta-
tively suggested that the observed IR bands
at 2075 and 2125 cm™! stem from pairs of
CO molecules adsorbed on Mo’" sites
formed from the photoreduction of dimeric
molybdates. This assumption is consistent
with the previous deduction that the Mo**
sites holding CO are formed from the pho-
toreduction of certain surface molybdates
that absorb in the 260- to 300-nm region and
are therefore excited by both filtered (A =
280 nm) and unfiltered (A = 180 nm) light
and that these species may be identified
with dimeric molybdates (13, 14).

0 0o o 0
S N
, re AN
2t N 2075, 2125 em-!
0/\ 0/ AN

The 2035-cm ! band then may be attributed
to a single CO molecule adsorbed linearly
or in a double-bridged configuration on
these two Mo?* sites.

0 0

g 1
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Recently Guglielminotti and Giamello
(23) reported very weak IR bands for CO
adsorbed on thermally reduced Mo/SiO,
catalysts (H,/4 h/450°C) at 2203 and 2181
cm™!. These bands were assigned to CO
adsorbed on Mo’" and Mo*" ions, respec-
tively. CO photoreduction of these ther-
mally reduced catalysts leads to the appear-
ance of two strong bands at 2128 and 2080
cm™! and to a weak band at 2043 cm™'. The
position and the behavior of these bands
parallel the IR bands that we observed.
From isotopic *CO-"2CO exchange experi-
ments, they concluded that the 2128- and
2080-cm™' bands arise from pairs of CO
adsorbed on photoreduced Mo** sites and
the 2143-cm ! band arises from a single CO
adsorbed on two Mo’ sites in a double-
bridged configuration. These data are in
excellent agreement with our results and
provide additional support for our interpre-
tation.

Similar to the IR bands that we observed
at 2100 and 2135 cm ™!, Guglielminotti and
Giamello (23) also observed two bands at
2108 and 2140 cm™!. Interestingly, they also
reported the lack of reproducibility of these
bands. In their opinion, these bands arise
from pairs of CO adsorbed on Mo*" sites.
Also, recently Zaki et al. (27) attributed
two very similar weak IR bands at 2130 and
2105 cm™! found for CO adsorbed on ther-
mally reduced supported molybdena cata-
lysts on various supports to dicarbonyl
Mo**(CO), species. However, according to
data by the same author and others which
ascribe a vibration at 2180-2190 cm™! to
Mo**(CO), the reported stretching frequen-
cies of 2100 and 2135 cm ™! would appear to
be too low to be attributed to dicarbonyl
Mo**(CO), species. Thus, we believe that
these bands at 2100 and 2135 cm ™' arise
from pairs of CO adsorbed on Mo™? sites
which are intermediates in the CO photore-
duction of Mo®" in the dimeric surface
molybdates to Mo?'. Accordingly the CO
photoreduction of dimeric molybdates may
be viewed as in Scheme 1.

On the other hand, if the two IR bands at
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2100 and 2135 cm! are attributed to di-
carbonyl Mo**(CO), species as suggested
by Guglielminotti and Giamello (23) and
Zaki et al. (27) then the bands at 2075 and
2125 cm™!' may be attributed to either
Mo**(CO),- or Mo**(CO)»-type species.
However, the attribution of the latter IR
bands to dicarbonyl Mo**(CO), species
may still be valid in view of the fact that
Mo** ions have never been observed by
ESR on CO-photoreduced catalysts (911,
23). Moreover, the reduced Mo** ions asso-
ciated with the two IR bands at 2075 and
2125 cm™! appear to be a final product of
CO photoreduction of Mo/SiO;, catalysts.

According to this latter interpretation, the
species responsible for the observed IR
bands may be viewed as in Scheme 2.

Although, the IR spectroscopic data of
CO adsorbed on photoreduced Mo/SiO,
catalysts may be interpreted as indicating
the presence of reduced Mo ions with oxi-
dation states lower than 4+, the definite
valence state of these ions cannot be es-
tablished on the basis of IR spectroscopic
data alone. Therefore, our data do not
allow us to discriminate between the
Schemes 1 and 2.

Pershin et al. (9), Shelimov et al. (10),
and Kazansky et al. (11) reported that the
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extremely high reducing properties of CO-
photoreduced Mo/SiO; catalysts, such as
the ability to reduce N,O at —120°C, CO, at
90°C, and H,O at 150°C, are turned on only
after degassing the strongly adsorbed CO at
150°C. The only IR band that could not be
removed from the IR spectrum after de-
gassing the sample is the 2035-cm ™! band
which is attributed to a single CO adsorbed
linearly or in a double-bridged config-
uration on Mo** sites. Guglielminotti and
Giamello (23) reported that the IR band
pertaining to these species could be re-
moved from the spectrum only after out-
gassing the sample at temperatures above
100°C. Thus, it may be possible that the
strong reducing properties of CO-photore-
duced Mo/SiO; catalysts as observed in
(9-11) are associated with the low-coor-
dinated Mo** ions rather than with the
Mo** ions. Furthermore, Pershin et al. (9),
Shelimov et al. (10), and Kazansky ef al.
(/1) reported that the propylene metathesis
activity of CO-photoreduced Mo/SiO, cata-
lysts is not quenched after exposure of
these catalysts to N,O (CO-photoreduced
catalysts are easily oxidized by N,O even at
temperatures as low as —120°C (9—11)). The
IR bands attributed to CO adsorbed on
Mo?* sites are easily removed by exposure
of the CO-photoreduced samples to O, at
room temperature. This would suggest that
metathesis activity of CO-photoreduced
Mo/SiO, catalysts (/1) resides with photo-
reduced Mo ions in higher valence states
(probably Mo*") that are not oxidized by
N>O at room temperature. This is in agree-
ment with previous observations (23, 33,
34) which suggest that very low-valent Mo
ions are not active in metathesis.
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