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Stoichiometry of Molybdenum Subcarbonyl Species Encaged in NaY
and HY Zeolites

Transition-metal carbonyls supported on
inorganic matrices show prominent cata-
lytic properties (/). In particular, zeolites
are expected to provide potential media for
producing well-defined catalytically active
species because of their well-characterized
structures. Low-valent molybdenum cata-
lysts prepared from Mo(CO)s encapsulated
in zeolites are involved in such systems (2).
The structure and chemical reactivity of in-
termediate carbonyl species produced dur-
ing the decomposition of Mo(CQO)¢ are very
intriguing for tailoring and synthesizing cat-
alytically active species from Mo(CO)s.

Infrared studies of adsorption and de-
composition of Mo(CO)s on NaY and HY
zeolites have been conducted by Gallezot ¢
al. (3) and Yon-Sing and Howe (4) to eluci-
date interaction modes between the carbon-
yls and the zeolites. The formation of defi-
nite subcarbonyl species has been found at
370-420 K (3, 4). A stoichiometry of
Mo(CO)4 has been claimed for the subcar-
bonyl species in the HY zeolite on the basis
of the amount of evolved CO during the
decomposition (3). A gravimetric study of
the decomposition also suggested forma-
tion of Mo(CO), or Mox(CO)s for a NaY
zeolite (4). On the other hand, Mo(CO),
and/or its dimeric species have been pro-
posed for a stable intermediate subcarbonyl
species under similar conditions on non-
zeolitic oxide matrices: Al,Os (5) and ZnO
(6). The difference, if any, in the stable sub-
carbonyl species between matrices would
be quite important to understand the chem-
istry of anchoring metal carbonyls.

In the present study, an exact stoichiom-
etry of the thermally stable molybdenum

subcarbonyl species was examined for NaY
and HY zeolites by using temperature-pro-
grammed decomposition (TPDE) tech-
niques coupled with a BCO isotopic lavel-
ing technique. Contrary to the resuits of
previous workers (3, 4), it has been found
here that the stoichiometry of the definite
subcarbonyl species on the NaY and HY
zeolites is Mo(CQO); as observed on non-
zeolitic metal oxides (5, 6).

NaY and its decationized HY zeolites
(Si/Al = 2.78) were supplied by the Cataly-
sis Society of Japan as reference catalysts
(JRC-Z-YS5.6 and HY5.6) (7). The degree of
decationization was nominally 72% but
91% by XPS analysis. After evacuation at
673 K for 1-2 h, the powdered samples
were exposed to Mo(CO)s vapor (ca. 8 Pa)
at room temperature for a selected period
(usually for 12 h). The TPDE studies of
Mo(CO)s encaged in zeolites were con-
ducted in a dynamic vacuum and evolving
gases were continuously and repeatedly an-
alyzed by a mass filter over a mass range of
ml/e = 1-51. The decomposition tempera-
ture was raised at a rate of 1.85 K min™!
from room temperature to ca. 600 K. In the
zeolite system, CO (m/e = 12 and 28) and
H, (/e = 2) were the only desorbed gases.
No formation of CO, (m/e = 44) or CH, (m/
e = 15) was observed within the detection
limit. The amount of Mo(CO), adsorbed on
the zeolite was chemically analyzed after
the TPDE experiments.

IR spectra of the molybdenum carbonyls
adsorbed on the NaY or HY zeolite were
measured at room temperature by using an
in situ cell (9). The zeolite wafer was also
evacuated at 673 K for 1-2 h, followed by
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Fi6. 1. Temperature-programmed decomposition
profiles of CO (m/e = 28) and H, (m/e = 2) for
Mo(CO)s encapsulated in the NaY (a) and HY (b) zeo-
lites. The adsorption amounts of Mo(CO), were 2.0
and 1.4 molecules/supercage for the NaY and HY zeo-
lites, respectively. (—) CO; (--) H, (the intensity is
doubled for clarity).

an exposure to Mo(CO)s for 10-60 s at
room temperature.

Figure 1 shows the TPDE profiles of CO
and H, for Mo(CO)s encaged in the NaY
and HY zeolites. The CO profile for the
NaY zeolite consists of two distinct peaks,
indicating the formation of definite interme-
diate molybdenum subcarbonyl species at
370-420 K in vacuo during the decomposi-
tion of Mo(CO)s to Mo-metal aggregates
4, 8, 9). It is considered that the thermally
stable subcarbonyl species is formed at the
lower decomposition temperature (7T7),
whereas the subcarbonyl species is decom-
posed at the higher decomposition tempera-
ture (Ty). In the case of the HY zeolite, two
CO peaks were observed but not well re-
solved; T increased, while Ty decreased,
compared with those for the NaY zeolite. A
characteristic production of H, in the HY
zeolite at >390 K is consistent with partial
oxidation of molybdenum by reactions with
surface hydroxyl groups (2, 3, 8) as ob-
served for Mo(CO)s/Al,O; systems (5).
These zeolite-dependent decomposition be-
haviors of ‘Mo(CO)¢ reside in the base
strength of zeolite framework oxygen (9)

NOTES

and have been discussed in detail elsewhere
(10, 11). In this report, the stoichiometry of
the subcarbonyl species is to be examined
below.

The CO/Mo stoichiometry of the ther-
mally stable subcarbonyl species was esti-
mated for the NaY zeolite from the area
intensity ratio of the peaks at Ty and Ty in
the TPDE profile. The ratio of 1.25 = 0.10
suggests the composition of the subcar-
bonyl species to be Mo(CO), 7401, assuming
that all of the CO detected here corre-
sponds to the composition of Mo(CO)s. In
the other TPDE experiments, the decompo-
sition temperature was raised to 373 K and
kept constant (1-2 h) until the evolution of
CO essentially ceased. Subsequently, the
decomposition temperature was increased
again for a complete decomposition of the
subcarbonyl species. On a prolonged evac-
uation at 373 K, selective formations of the
thermally stable subcarbonyl species were
confirmed in the separate IR studies (9).
The area ratios of the TPDE peaks ob-
served at <373 and >373 K indicated the
compositions of Mo(CO), for the subcar-
bonyl species encaged in the NaY zeolites.
Similar TPDE experiments suggested the
formation of Mo(CQO),; as a thermally sta-
ble subcarbonyl species on the HY zeolite.
These stoichiometries are very close to
Mo(CO); rather than to Mo(CO), (3, 4).

However, these TPDE procedures might
involve some ambiguities for the determi-
nations of an exact composition of the sub-
carbonyl species; some part of Mo(CO)g
might be decomposed directly to molybde-
num metal (NaY) (4, 8, 9) or to partially
oxidized molybdenum species (HY) (2, 3,
8) at T1, or Ty and/or undetected carbon-
containing products might be formed at the
expense of CO. Mo(CO)¢ and subcarbonyl
species might sublime from the zeolite cage
during the TPDE experiments. In order to
remove these ambiguities in the above
TPDE experiments, a 3CO isotopic lavel-
ing technique was applied by utilizing the
fact that the subcarbonyl species is revers-
ibly converted to original Mo(CO)¢ at room
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Fi6. 2. Temperature-programmed decomposition
profiles of 2CO (m/e = 28) and B3CO (m/e = 29) for
Mo(CQ) reproduced by a *CO introduction to the
subcarbonyl species encaged in the NaY zeolite (0.6
Mo(CO)g/supercage).

temperature (3, 4, 9). After evacuation at
373 K until no evolution of CO was de-
tected, 3CO (MSD, 99.3%) was introduced
stepwise to the subcarbonyl species in the
zeolites at 300-330 K to reproduce
Mo(CO)s. The formation of Mo(CO)¢ was
confirmed by a color change of the sample
(from brown to white). After measurement
of the amounts of '2CO and 3CO in the gas
phase, TPDE profiles were obtained for
2CO (m/e = 28 and 12) and CO (m/e = 29
and 13).

Figure 2 shows the profiles thus obtained
for the NaY zeolite. The 2CO/CO ratio
was invariant all over the decomposition
and close to unity (1.1). Taking into consid-
eration the amounts of 2CO and ¥CO in the
gas phase and the amount of adsorbed mo-
lybdenum, the composition of Mo(CO)s,
was obtained for the subcarbonyl species
encapsulated in the NaY zeolite. Dupli-
cated experiments confirmed the results. In
the case of the HY zeolite, the stoichiome-
try of the stable subcarbonyl species was
calculated to be Mo(CO),4. These results
unambiguously substantiate the stoichiom-
etry of Mo(CO); for the subcarbonyl spe-
cies encapsulated in the NaY and HY zeo-
lites.

It should be noted here that the stoichi-
ometry obtained above is possibly an aver-
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aged one over the several subcarbonyl spe-
cies with different CO/Mo ratios. In the
case of the NaY zeolite, the subcarbonyl
species is characterized by a set of the IR
bands at 1915, 1796, and 1770 cm™! as
shown in Fig. 3a. This is in conformity with
the results of other workers (4, 12). A more
detailed IR study (9), however, has sug-
gested the coexistence of two kinds of sub-
carbonyl species on the basis of the findings
that an additional band appears at 1923
cm™! on an evacuation at 423 K or on a
prolonged heat treatment at 383 K in vacuo.
These subcarbonyl species are considered
from the very close IR spectra to have iden-
tical compositions and very close configu-
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Fi1G. 3. IR spectra of the molybdenum subcarbonyl
species encaged in the NaY and HY zeolites. (a and ¢)
Evacuated at 373 K for 30 min after the adsorption of
Mo(CO), at room temperature on the NaY and HY
zeolites, respectively; (b and d) the samples (a) and (c)
after introduction of NHj; (ca. 2 kPa) at room tempera-
ture, respectively.
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rations but slightly different thermal stabili-
ties. Accordingly, it is concluded that the
molybdenum subcarbonyl species encaged
in the NaY zeolite are predominantly
Mo(CO);. On the basis of the similarity of
the IR spectrum in Fig. 3a to those for
Re(CO); supported on MgO and ALOs (13),
Mo(CO); moiety is expected to be stabi-
lized on an oxygen triad in the NaY frame-
work with a significantly distorted octahe-
dral symmetry.

The above conclusion is further sup-
ported by the IR spectrum in Fig. 3b. An
introduction of NHj to the subcarbonyl spe-
cies provided a new set of the IR bands at
1898 and 1770 cm™!, accompanied by an im-
mediate color change from orange to white
or very pale yellow. No evolution of CO
was detected by IR. These IR bands are
assigned to cis-Mo(CO);(NH;); (1880¥s and
1730 cm™') (I4) rather than Mo
(CO)¢(NH,), (2010™, 1915vvs, 1837"¥¢, and
1780 cm 1) (14). It is evident that the sub-
carbonyl species, Mo(CO);, stabilized on
the NaY zeolite react with NHj; to produce
Mo(CO);(NH3);.

With the HY zeolite, a very small portion
of molybdenum is irreversibly oxidized at
373 K as deduced from a small amount of
H, evolution up to this temperature (Fig.
1b). This is consistent with the results of
other workers (2,8). A majority of
Mo(CO); is reversibly decomposed to sub-
carbonyl species at 373 K (/2). The BCO
TPDE suggests the composition of
Mo(CO); for these stable subcarbonyls.

As depicted in Fig. 3¢, a more compli-
cated IR spectrum is observed for the mo-
lybdenum subcarbonyls encaged in the HY
zeolite than that in the NaY zeolite. From
the behavior of relative band intensities, it
was found that the spectra consisted of, at
least, two sets of bands. Subcarbonyl spe-
cies A is characterized by the main bands at
2050, 1969, 1825, and 1670 cm~! and species
B by the resolved bands at 1928 and 1797
cm~!, Species B showed a slightly higher
thermal stability in vacuo than species A.
Species A was formed in preference to spe-
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cies B in a highly decationized HY zeolite.
The assignment of these subcarbonyl spe-
cies is not straightforward here.

An introduction of NH; to these subcar-
bonyl species immediately brought about a
dramatic change in the IR spectrum as well
as markedly faded color. The resultant
spectrum is shown in Fig. 3d and is unam-
biguously assigned to cis-Mo(CO);(NH;);
as in the NaY zeolite. The extra bands at
1610 and 1455 cm™! are attributed to v, and
v, deformations of NHY, respectively (15).
A weak band at around 1980 cm™! that is
not assigned here was readily eliminated by
an evacuation at room temperature. No ap-
parent formation of Mo(CO)4NH;), was
detected. Molybdenum tetra- and tricar-
bonyl complexes provide preferentially
Mo(CO)4(NH3), and Mo(CO);(NH3);, re-
spectively, on contact with dry NH; at
room temperature (/4). Accordingly, it is
deduced that species A and B in the HY
zeolite are attributed to subcarbonyls with
an identical composition of Mo(CO); but in
different configurations rather than as-
signed to Mo(CO), and Mo(CQO), species.
The higher IR wavenumbers of these sub-
carbonyl species than those in the NaY ze-
olite are explicated in terms of lower elec-
tron donations from the framework
oxygens in the HY zeolite due to their
weaker basicity (10, 11).

In conclusion, the stoichiometry of the
molybdenum subcarbonyl species ther-
mally stable at 370—420 K in vacuo is unam-
biguously elucidated to be Mo(CO); for
NaY and HY zeolites by using IR and tem-
perature-programmed decomposition tech-
niques coupled with a 3CO isotopic lavel-
ing.
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