International Joumnal of

=)

Mass Spectrometry

lees

ELSEVIE International Journal of Mass Spectrometry 209 (2001) 1-4

g |

Accelerated Communication

Rhenium oxide cluster anions in a molecular beam
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Abstract

The formation of rhenium oxide cluster anions is studied in a pulsed molecular beam experiment as a function of sourc
conditions and oxygen content (0.1-10%) in the carrier gagORelusters are formed directly in plasma reactions in the laser
vaporization cluster source. With both increasing oxygen content and stagnation pressure, larger oxide clusters are form
(m=n) and the distribution is dominated by certain mass peaks of high intensity indicating a high stability. At lower pressure
and less oxygen content, a large variety of oxides is observed. Most stable clusters contain Re atoms with a formal oxidatic
state of+7 and oxygen in the-2 oxidation state. Oxygen rich clusters can be attributed to a series,fREO,),,(0), with
I=0-1, m=0-4, and r-0—1. The results are explained by the nature of the Re—O bond which is important for the alkene
metathesis reaction mechanism. (Int J Mass Spectrom 209 (2001) 1-4) © 2001 Elsevier Science B.V.

Keywords:Clusters; Transition metal oxides; Rhenium oxides; Mass spectrometry

1. Introduction cerning group VII transition metal oxide clusters have
been performed [8-11].

In recent years, transition metal oxide clusters have  In this Letter, we present a mass spectrometric
gained considerable importance due to applications asinvestigation of oxygen-rich negatively charged rhe-
model systems in heterogeneous catalysis and mate-nium oxide clusters (R©,) for the first time. Mo-
rials science on a microscopic level [1,2]. Recently, a lecular-like rhenium oxide anions are known from the
number of sophisticated studies concerning the elec- anions of hydrogen acids of Re like RgOReG; ",
tronic and geometric structures, and chemical reactiv- RéG, and Re@ [12]. Due to strong repulsive
ity of transition metal oxide clusters have been carried coulomb interactions, no gas-phase spectroscopic

out (see[3-7]). Only few experimental studies con- studies of these species have been performed. Sup-
ported rhenium clusters have shown important appli-

cations in alkene metathesis reactions in heteroge-

neous catalysis [13]. One of the most important and
~ * Corresponding author. successful active phases in alkene metathesis are
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on AlL,O; or SiO,, because of the availability of d and
f outer electrons. As is well known, selectivity and Re O-
turnover frequencies depend strongly on the compo- nm
sition, which is related to the oxidation state of the carrier gas: 0.1 % O, (in He 5.0)
metal. Not only rhenium in the-7 oxidation state, but (
also other oxidation states+g, +6, ...) of Re are (n,m)=(1,3)
noticed to be very important during this process, ™~
stabilizing the active complex in the metathesis reac-
tion. It still remains open, whether rhenium is able to ReO;= (1, 2)
form stable oxides in various oxidation states, which
are not only int(_ermediates with a short life time, but _
stable self consistent gas phase ions. Thus, gas phase > bar
mass spectrometry as applied in this study gives a
detailed insight into formation criteria and stability of
the respective ions. The present study is intended to

1,4)

(1,95)

screen the formation conditions and intensity distri-
butions of ReO,, clusters with the aid of mass v
spectrometric abundances to establish the criteria of 5 bar

formation and stability, and to determine the nature of
bonding between Re and oxygen.

2. Experimental 10 bar

An early stage of the experimental setup has been
described in a previous paper [11], but is modified to
enhance the resolution &rh=100 of the in-line
time-of-flight mass spectrometer (TOF-MS) and the Fig. 1. Time-of-flight mass spectra of &, clusters obtained with
overall transmittance of our new four stage linear a carrier gas containing 0.1%,@ helium. Spectra from the top to
molecular beam machine. Oxide clusters are gener- the pottom are recorded with increasing stagnation pressure of the

. L carrier gas. In the same order larger clusters are formed. For each
ated in a pulsed laser vaporization cluster source. A number n of Re atoms per cluster a multiple of oxide series is
focused beam of 532 nm photons of a Q-switched observed.

Nd:yttrium-aluminum-garnet laser (10 Hz repetition
rate; pulse energy: 5-25 mJ) hits a set of rotating/
translating rhenium wires (each 1 mm in diameter;
99.5%, Goodfellow). The resulting plasma is cooled Figs. 1-3 show time-of-flight mass spectra of
with a high-pressure pulse of the carrier gas (0.1-10% Re,O,, clusters of different stoichiometries with high

O, diluted in helium, 99.999%, Messer Griesheim) oxygen content. R®,, clusters are prepared as a
which enters the cluster source via a pulsed solenoid function of both Q concentration in the carrier gas
valve. The clusters undergo an adiabatic supersonicand source pressure. Changing the laser fluence does
beam expansion resulting in translationally cold beam not affect the cluster distributions.

bunches. After passing two skimmers and ion optics, At 0.1% oxygen concentration in the carrier gas
the negatively charged clusters are mass analyzed(Fig. 1) a large variety of small (==1-5) ReO,,

with the TOF-MS. clusters are formed. Even when using small traces of
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3. Results and discussion
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Fig. 3. Time-of-flight mass spectra of &, clusters obtained with

Fig. 2. Time-of-flight mass spectra of F@&;, clusters obtained with a carrier gas containing 10%,@ helium. Spectra from the top to
a carrier gas containing 1%,0n helium. Spectra from the top to the bottom are recorded with increasing stagnation pressure of the

the bottom are recorded with increasing stagnation pressure of the CaTier gas. In the same order larger clusters are formed. For each
carrier gas. In the same order larger clusters are formed. For eachNumber n of Re atoms per cluster a multiple of oxide series is
number n of Re atoms per cluster a multiple of oxide series is OPserved.
observed.

cluster distribution is changing systematically towards
oxygen in the carrier gas, no pure Relusters are  oxygen rich components. Here, the spectra are dom-
observed as a result of the strong Re—O binding inated by Re@, ReQ, Re,0;,, Re;0;,, R0, and
energy (RQ(Re-0O)626.8 kJ/mole [14]). At lower larger, less resolved oxides. Especially,,@g, and
stagnation pressures (up to 5 bar) the most prominentRe;O;; have particularly high intensities. This can be
oxides are Re@j; ReO,, Re0O;, Re0Os, and explained using simple bonding considerations of
Re,Og . Increasing the stagnation pressure at constantoxidation states. Due to the presence of f-orbitals
oxygen concentration, the intensity distribution is rhenium is able to take on a large coordination sphere.
shifted slightly towards higher masses. In the 10 bar Therefore, oxide clusters have compositions &tm
regime, Re@, ReQ, Re,0,, Re,0O5, ReOg, and Additionally, the most stable oxide clusters will
Re, 0, appear with highest abundances. achieve the highest oxidation state for the Re atoms:

Using an oxygen concentration of 1% (Fig. 2) the In Re;O;, rhenium has the oxidation state &f7.



This evolution is evident when increasing the
oxygen content up to 10% (see Fig. 3). When the

stagnation pressure is enhanced, the mass distributionstate around +7. A general

is shifted towards larger clusters. At each number of
Re atoms per cluster only a few very intense oxygen
rich clusters appear: R®;;, Re0O;, ReOig,
Re;03;, Re,055 Re;05, and RgO45s.

Under these extreme oxidation conditions a gen-
eral stoichiometry (Reg)(Re,0,),(0),, with
[=0-1, m=0-4, and »~0-1 appears. The extraordi-
nary stability of RgO;, does not fit into this series.
This can be explained by a very stable complex of
composition RgO,-O5 with Re in an oxidation state
of +7. The ozonide anion is attached onto this frame-
work due to the high electron affinity of 2.10 eV [14].
Re,0O;y diminishes strongly and R®;;, ReOig
Re;05;, and RgO3; are the most prominent clusters.
The explanation of stability due to high oxidation states
is also evident, when positively charged rhenium oxides
are generated. Beyer and coworkers [15] have studied
Re O, clusters (&1, m=2-6, 8) using collision in-
duced dissociation and ligand exchange reactions. The
most stable oxide is ReO- again in the+7 state.

In a recent investigation, Zhou and coworkers [16]
have performed infrared-matrix spectroscopy and ad-
ditional discrete Fourier transform (DFT) calculations
of small neutral and negatively charged rhenium
oxide molecules. In that study, reaction mechanisms
are presented and electron capture seems important.

These mass spectroscopic investigations are fur-
ther supported by photoelectron spectroscopic studies
of small RO, clusters performed in our group [17].
These results are in good agreement with recent DFT
calculations [16]. Briefly, the nature of Re—O bonding
seems to appear covalent ionic due to the overlap
between Re 5d orbitals and oxygen 2p orbitals.
Additionally, the larger RgD,,, clusters take on very
high electron affinities.

4, Conclusion

We have reported on the formation and stability
criteria of oxygen rich R€,, clusters as a function of
cluster source conditions and oxygen concentration of
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the carrier gas for the first time. Very intense, Rg,
clusters appear each with rhenium in the oxidation
stoichiometry of
(ReQ),(Re,0,)(O), with 1=0-1, m=0-4, and
n=0-1 is observed. For B®;, an ozonide complex
Re,0,0;3 is postulated. These findings provide in-
sights into oxidation state dependences of@&Reas
will be valuable for the basic understanding of alkene
metathesis.
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