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Abstract

Rhenium and molybdenum oxomethoxide complexes®B@®Me), ReMoG(MeO);, and MaO,(OMe)s were used as precursors to
prepare highly dispersed mono and bimetallic oxide species supported on the microporous NaY zeolite and mesop@ndsABD).
The prepared materials were characterized by the use of FTIR; ¥, and H-TPR techniques. It was shown that, upon loading into
microporous zeolite, oxomethoxide complexes loose their ligands so that just metal suboxide cores remains in the intracrystalline voids as
the nanosized oxide clusters. The obtained clusters reveals both acidic and redox properties. The maximum amguadsafrbédl per
bimetallic species could be used as a characteristic of both availability of acid sites and oxide dispersion. Reducibility of these species depends
strongly on both their location in the matrix and the size. The matrix texture also affects the transitions between different valent states of Re
and Mo as well as the metal reduction extent.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction difficulties could arise during the preparation of the ultra-
disperse bimetallic particles because the segregation of the
The properties of supported metal and metal oxide cat- components leading to the chemical inhomogeneity, can
alysts depend dramatically on the dispersion of an active also occur in this case.
moiety that is, in turn, dependent on the preparation condi- These difficulties can be overcome by using organometal-
tions, and first of all on the nature of the precursor used. In lic or metal complex precursors with labile organic ligands.
the case of micro and mesoporous zeolites and other sup-Such precursors are readily transformed into a metal or metal
ports, the ion exchange and impregnation of the carrier with oxide phase under mild conditiorj$—4]. In this respect,
aqueous solutions of salts followed by thermal, oxidative, or polynuclear mono and bimetallic oxomethoxide complexes
reductive degradation of a precursor introduced are tradition- are of particular interedtl]. The in situ thermal or redox
ally applied for the preparation of such catalytic materials. decomposition of these precursors yields the polyatomic
However, this preparation technique often requires higher species—metal or metal oxide clusters—whose mobility is
temperatures; that is why the decomposition of the precur- substantially hindered within the cages of the support. Be-
sor compound is almost inevitably complicated by the mi- sides, this synthesis affords metal or oxide nanopatrticles with
gration and aggregation of metal or oxide particles, which uniform composition that correspond to the metal-to-metal
deteriorates the efficiency of the catalyst. Even greater ratio in the starting compound.
In the present work, homo and heterometallic Re and Mo
- _ oxide clusters encapsulated inside the microporous Y ze-
* Correspondlng author. TeIT'i:—7-95-9393570; fax+7-95-9328846. olite and mesoporous Sicand ALOs were prepared via
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alkoxide complexes for the preparation of nanocomposite ple was cooled to room temperature and the temperature was
materials of this kind have been reported so far. Three ma-raised at a rate of 8/min up to 800C. The rate of NH
jor distinctive features of metal alkoxides as starting com- desorption was monitored by a computer-interfaced thermal
pounds are particularly attractive. First, they are well soluble conductivity detector using the ECOCHROM software to
in organic polar solvents. Second, their oxidation resulting collect and process TPD data. The total amount of desorbed
in the corresponding bimetallic oxides occurs at rather low NH3 was evaluated as the area under the TPD curve.
temperature$5]. Third, the molecular dimensions of these Temperature-programmed reduction (TPR) was per-
complexes can be readily adjusted to the steric requirementsormed as follows: 200 mg of sample calcined at 46Cfor
of in situ synthesis by varying the size of alkoxide ligands. 5h was loaded into a quartz tube reactor and then activated
On the other hand, the Re and Mo containing materials by heating at 200C in a flow of dry Ar (10 ml/min) for
could be of both academic and practical interest as the cat-2 h. After cooling to room temperature, the Ar flow was
alysts for a wide variety of organic reactions. changed for the reducing gas mixture (3.5vol.% iH Ar,
25-30ml/min), and the temperature was raised at a rate
of 10°C/min up to 1000C. The rate of hydrogen con-
2. Experimental sumption was monitored by a computer-interfaced thermal
conductivity detector using the ECOCHROM software to
Re—Mo oxomethoxide complexes, were obtained by collect and process TPR data. The total amount of hydrogen
anodic oxidation of metal Re and Mo. Details of this syn- consumed was evaluated as the area under a TPR curve.
thetic approach were described elsewhéreB]. The com-
position and structure of prepared #&g(OMe) [9,10],
ReMoG(OMe); [6], and M@O2(MeQO)s [8] complexes 3. Results and discussion
were characterized using the chemical microanalysis, X-ray
single crystal and powder diffraction techniques, MS tech-  The structures of the starting binuclear complexes are
nique, IR and NMR spectroscopy. shown inFig. 1 Metal atoms in the binuclear complexes
Microporous NaY zeolite with the molar ratio S0 have a six-fold coordination to the oxygen atoms. In addi-
Al203 = 5.1 and a surface area of 663/ was used as a  tjon to the metal-metal bond they are connected via several
starting matrix material. For comparison, mesoporouSiO  pridging metoxy groups (except for MbO,(MeO)s com-
(110nt/g) and ApOs (210nt/g) were also applied as a plex which has no Mo—Mo bond in its structure). Given this
supports. Prior to use, all these supports were calcined inspecificity of precursor structures, one could suppose that
air at 450°C for 6 h. the complex core would remain intact in the course of vari-
Incipient wetness impregnation with methanol solutions oys treatments so that the metal-to-metal ratio in the result-
was used to introduce Re—Mo precursors into the supports.ing oxides will be similar to that in the starting precursor
Then, prepared samples were dried at room temperaturegpecies.

Unless otherwise indicated, the samples were calcined at  On the other hand, the major requirement for using one
450°C for 4 h in air. These homo and heteronuclear SampleS or another Comp|ex as a precursor in the preparation of
are denoted further as W12Og/support (M and M* means  zeolite-based nanocomposites is the geometric adequacy be-
Re or Mo atoms). For comparison, ReeNaY and MoQ+ tween the matrix pore size and complex molecule dimen-
NaY samples that represented the mechanical mixtures ofsjons. So, we evaluated the dimensions of these binuclear
NaY powder and individual Re or Mo oxides were also gxomethoxide complexes using a standard quantum chem-

prepared. _ ~ istry approach available in ‘HyperChem’ soft. The estimated
The metal contents in these samples were determinedyajues (in A) are given as follows.

by the atomic absorption spectroscopy technique and were
found to be within the range 1-5wt.%. Re03(0OMe)g M02,0>2(MeO)g ReMoG(MeO)y
FT-IR spectra were recorded with a Nicolet Protege 460 8.4 x 5.3 91x55 92 x 6.1
spectrometer using the standard KBr technique.
Temperature-programmed  desorption of ammonia

(NH3-TPD) was performed according to the following pro- MeO OMe OMe
cedure: 150 mg of the sample was loaded into a quartz Meo | OMe //OMe MeO  ‘Ome\ ~OMe
tube reactor and calcined at 40D in dry air flow (2h, Me%MQOM Mg —OMe MeO— Mo ReOMe
30 ml/min) and then in dry nitrogen flow (2 h, 30 ml/min). © 0 OMe o ome o
After that the sample was cooled to the room temperature @) MeO, )\ OMe ©

and was kept in a flow of dry Ngifor 30 min. Then, the re- MO R R OMe

actor with the sample was closed and left overnight. Before omé

the NH; desorption measurement, the sample was heated to (b)

100°C in a dry helium flow and kept at this temperature for Frig. 1. structures of binuclear oxomethoxide Re and Mo complexes: ()
1 h to remove physically-adsorbed ammonia. Then the sam-Mo,0,(MeO), (b) ReO3(OMe)s, (c) ReMoG(MeO);.



A.L. Kustov et al./Journal of Molecular Catalysis A: Chemical 216 (2004) 101-106 103

Table 1

OMe
Metal contents (wt.%) in Re- and Mo-containing samples MeO_ / \ _OMe ) HO_ /0 _OH
Me07/Re/ — e\\*OMe c ZOH H(F/Rei();Re\*O
No.  Sample Re Mo  No. Sample Mo I \ / o -CHy o) \0
1 ReOg/NaY 424 - 5 MeOg/NaY  2.27 ¢
2 ReMoQ/NaY 153 090 6 MgOg/SiO, 2.15
3 ReMoQ/SiO, 101 297 7 M@Og/Al,03  2.21
4 ReQ + NaY 5* 8 MoOz+NaY 5* o H /H o H\ H
C . . — AN Lo A e O Ao O
alculated on the basis of the metal content in the starting chemicals. Re—O=p e S REE0="REo
70 N o g ~0~ N
2

From these data, one could suggest that the molecules Fig. 2. Scheme of the decomposition of oxomethoxide complexes.
of binuclear complexes might easily penetrate into the
8 A-zeolite channels. Meanwhile, the presence of a single ) )
precursor molecule inside the Y zeolite large cage of 12 A [12]- This process could be described by the scheme pre-
in diameter should make it difficult for the second molecule Sented inFig.2 .
to accommodate within the same cavity. Therefore, one _QUiteé oOpposite situation is observed in the case of
may expect that in situ oxidative treatment of the impreg- Silica-supported samples, because mesoporous silica has
nated samples leads to the formation of both isolated oxide MUCh bigger pores then microporous zeolite and does not
species with definite distribution among the zeolite matrix '€Veal any acidic properties. In this case the IR-spectra of
and bulk oxide species located on the outer surface of theSiO2-supported ReMog{OMe); complex (freshly prepared
zeolite support. and alr—dr'letIi) reveals adsorptlon bands at 2800—300(}cm
The contents of Re and Mo metals in prepared Sammescharactensﬂc to the organic groups of the oxomethomde_
are given inTable 1 The atomic Re:Mo ratio in calcined ~COMPlex. These adsorption bands disappear after the calci-
ReMoQy/NaY sample is quite similar to the atomic stoi- nation of the sample at 45, indicating the formation of

chiometry in the starting heterometallic precursors. At the corresponding oxide. . _
same time, the significant decrease of this ratio was found in !N the mechanism presented éig. 2, the decomposi-
the case of silica-supported heterometallic oxide. This could tion Of the supported oxomethoxide complexes leads to the
be resulted from partial removal of Re during the calcination formation of corresponding bimetallic oxide species. It is
procedure, which was visually observed as the formation of K"own[13] that oxides of Re and Mo should exhibit acidic

deep-blue coating at the reactor outlet during the heating of ProPerties and therefore can bind severalsNHolecules.
the sample in air flow. Thus, the maximum number of adsorbed Nkholecules

The results of IR-spectroscopy were rather unexpected Pe" metal pair would be characteristic of both availability of

because the spectra of freshly prepared,@RéNay, these acid sites and oxide dispersion.

Mo,Og/NaY and ReMo@/NaY samples were quite simi- This hypothesis was confirmed by the results of
lar to the spectra of starting NaY and did not exhibit any TPD-NHs. The results of TPD-N&imeasurements for sup-
characteristic bands of organic grouad]. ported Re and Mo bimetallic oxides as well as that of initial

The same results were obtained by applying the DTA N&Y are summarized ifiable 2 _
method to study the samples loaded with the oxomethoxide AS it iS seen from these data, all supported oxide sam-
complexes. In fact, DTA profiles of freshly impregnated and PI€s contain weak acidic centers (the maximum on the TPD
air-dried samples did not show any exothermic peak that Profile at~200°C) similar to those present in the initial
could be attributed to the combustion of the complex ligands N&Y zeolite. At the same time, the total acidity consider-
or some organic residues. The absence of the exothermi({:\bW changg; on going from §ample to sample. The acid-
peaks corresponding to the burning of organic molecules in 'Y Of the initial NaY support is most probably connected
these solvent-free samples indicates that the molecule of theVith the own Bronsted acid sites of the zeolite as well as
complex on contacting with zeolite loses its methoxide lig-
ands so that only oxide core penetrate into the mircoporousTaple 2
material. Apparently, the molecule of metal complex could TPD-NH; results for NaY and supported Re and Mo binuclear oxides
be subjected to hydrolisis with residual water that presents Sample NaY MeOg/NaY ReOg/NaY MoReGy/NaY
on the zeolite support. It seems that this process could be en
hanced by own Bronsted and Lewis acid sites of the zeolite

tmax (°C) 192 190 206 201

. " T S (wmoligh) 618 584 707 967
support resulting in a specific replacement of methoxide lig- ¢~ o (umolic?) B (—34) 89 349
ands of the complex by oxygen atoms of the zeolite frame- wme, content pmolig) — 118 114 88
work. The formation of suboxide species on contacting the Molar NHz/Me; - - 0.78 3.97

complex molecule With_ geolite material can be ?"5_0 re_SUIted 2 The total amount of desorbed NHtalculated from the area under
from some non-hydrolitic reactions such as elimination of the TPD-curve.
ether orB-scission well known for Re and Mo compounds b Difference between the acidity of supported samples and initial NaY.
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Table 3
TPD-NH;s results for NaY and Si@supported Re—Mo bimetallic oxides

M0206/NaY

Sample ReMo@NaY ReMoQy/SiO»

MoO;3;+NaY
tmax (°C) 201 218

NH3 (umol/c?) 349 108
Molar NHsz/Me; 3.97 2.01

a Difference between the acidity of supported samples and initial
carrier.

H: consumption, a.u

sodium ions (Lewis acid sites) capable to hold ammonia.
A small decrease in the total acidity of MOg/NaY in ‘ : : ;
comparison with NaY could be caused by the formation of 200 400 600 800 1000
molybdate-like compounds. The similar results for zeolite °c
_supported Mo oxide were Observe,d earhe_[ﬂnfl]..The acid- Fig. 3. Temperature-programmed reduction profiles of the MedlaY
ity of the ReOg/NaY catalyst obtained using binuclear pre- ixiure and supported M@g/NaY sample.
cursor is 25% higher and the ammonia desorption peak is
shifted by 10°C toward higher temperatures in comparison
with the starting zeolite. The heterobimetallic MoRgRaY proceed at different temperatures. And third, the transitions
catalyst exhibits the highest acidity, which is about 60% between various oxidation states of Re and Mo atoms may
higher than that of the zeolite support. The decrease of theoccur in different temperature regions. The last explanation
number of NH molecules per bimetallic unit as calculated seems to be more plausible upon comparing the TPR pat-
from TPD data could be resulted from two reasons: first, terns of zeolite-supported Mo oxides and of the mixtures of
aggregation of isolated oxide molecules into larger particles NaY + individual Mo oxide Fig. 3). In fact, if we assume
and, second, different interactions of the binuclear complex that two peaks on TPR curves of composite materials are
with the support (anchoring or formation of molybdate or the result of the reduction of oxide nanoclusters differently
perrhenate compounds). Therefore, the maximum amount ofhosted in a matrix, then the free oxide should exhibits only
NH3 adsorbed per bimetallic unit would be characteristic of one reduction peak because of equal accessibility of all ox-
both availability of its acid sites and oxide dispersion. ide particles for oxidation. Meanwhile, the TPR profile of
From this viewpoint, it would be interesting to compare the MoGQ; + NaY mechanical mixture exhibits, at least, two
the date on ammonia TPD obtained for the samples preparedvell-separated peaks. Nevertheless, the presence and relative
using different supports: microporous NaY and mesoporous intensities of the peaks on TPR profiles cannot be explained
SiO, (Table 3. In the case of silica having the pore size only by the transitions between different oxidation states of
approximately ten times larger then NaY, the formation of the metal. In fact, the ratio between low-temperature and
quite large aggregated oxide particles should be expectedhigh-temperature peak areas as estimated from TPR curves
Besides that, nonacidic Sy@oes not reveal any specific in-  for the NaY+ MoO3; mixture (Fig. 3) is 2:3, whereas for the
teraction with supported oxides and therefore the dispersionstepwise reduction M) — Mo(IV) — Mo(0), the ratio
of forming bimetallic oxides would be considerably lower should be 1:2. It has to be noted that the total area under this
then in the case of NaY. Unfortunately, it is quite difficult TPR curve is 2.95 K molecule per Mo atom, which cor-
to estimate the dispersion of AD3 supported samples us- responds to the almost complete reduction of molybdenum
ing this technique, because of the substantial own acidity of oxide to the metallic state.
this support. Effect of dispersion on the temperature of transitions be-
On the other hand, there exists another possibility to es- tween different oxidation states of the metal is revealed even
timate the dispersion of supported oxide species. As it was more clearly in the case of Re-containing samples. The TPR
shown in[15—-17]a reducibility of oxide particles is strongly  curves obtained for rhenium oxide in the Re©NaY mix-
affected by their size: the smaller oxide particle the higher is ture (large particles) and for supported,Rg/NaY sample
the temperature of reduction. So, we tried to apply TPR-H (nanopatrticles) are presentedriy. 4.
technique for this estimation. Several high temperature peaks are observed in the case of
For all samples the TPR profiles of all samples studied highly dispersed Re oxide clusters in NaY zeolite. Since the
exhibits several reduction peaks the temperatures and intentotal amount of consumed hydrogen for both samples was
sities of which depend on the nature of both metal and sup-approximately the same and corresponded to the complete
port as well as on the mode of preparation. Three reasonsreduction of Re oxide (about threesHnolecules per Re
of these TPR patterns may be considered. First, the differ-atom), one could suggest that, unlike bulk rhenium oxide,
ent accessibility of oxide species located at the outer surfacethe stabilization of various Re oxidation states takes place
of the support, in the channels and encapsulated within thein the case of its clusters encapsulated inside the zeolite
cages may account for the multiple-peak TPR profiles. Sec-cages. This notion becomes rather reasonable if we take
ond, the reduction of oxide particles of different size could into account two facts: first, the larger the oxide particle
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ReO;+NaY hydrogen uptake decreases two times from 2.37 to 1.19 mol
Ho/atom Mo. It is quite evident that the extraction removes
- preferentially the molybdenum oxide material located at the
& outer surface of the support since the preparation method
.§ does not exclude the formation of large oxide particles out
g‘ of the zeolite interior.
= Re,0/NaY 4. Conclusions
w w T w e Oxomethoxide binuclear Re and Mo complexes loose
200 400 600 o 800 1000 their ligands when loaded into the microporous NaY

zeolite, so that just metal suboxide cores remains in the
intracrystalline voids and reside there as the nanosized
particles.

Binuclear oxide species, obtained using oxomethoxide
Re and Mo complexes, may bind up to four molecules of
NHs3. The maximum amount of Nfladsorbed would be
characteristic of both availability of acid sites and oxide

Fig. 4. TPR profiles of Rgg/NaY and ReQ@ + NaY.

size, the easier its reduction, and, second, the aggregation o§
nanosized particles should precede their redudii&nl?]

So, the complete reduction of these nanoparticles would be

achieved only at high enough temperatures close to those of

the zeolite structure collapse. In the case of large microsized
particles, the difference in temperatures of the transitions e
between different oxidation states is not so noticeable and
the reduction peaks overlap; therefore, the TPR experiment
reveals only one reduction peak that represents superposition
of several peaks that are clearly seen in the TPR curves of
nanosized Re oxide particles.

The texture of the matrix used influences both the reduc-
tion temperature and the completeness of oxide reduction.
The reduction patterns of Mo oxide in the M@ NaY
mixture and supported on silica, alumina, and zeolite sup-
ports are summarized ifable 4

These data show that complete reduction of molybdenum
oxide to the metal state occurs only in the case of bulk oxide
with a poor dispersion as in the mechanical Mo®NaY

dispersion.

The decrease of the number of RjlHnolecules per
bimetallic unit could be resulted from two reasons: first,
aggregation of isolated oxide molecules and, second,
different interactions of the binuclear complex with the
support.

The reduction of Re and Mo oxide nanoparticles is
strongly influenced by the structure of the support. The
temperature of the transitions between different reduc-
tion states of metals depends on their interraction with
carrier and is characteristic of the oxide phase dispersity,
the reduction of more dispersed particles requires higher
temperatures.
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