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The activation of molecular oxygen by bismuth oxide cluster cations has been observed in the presence of
unsaturated hydrocarbon molecules. Reactivities of gas-phase bismuth oxide cluster cgfiphé<BF 3 or

4,y < 7) with hydrocarbons have been studied by measuring scattering cross sections and analyzing products
formed under multiple collision conditions. The integral cross sections for the scattering of the catidyis Bi
(x=3 or4,y < 7) from argon, alkanes (methane, propane, butane), and alkenes (ethene, propene, 1-butene,
1,3-butadiene) have been measured. In particular, the cati@gBhas a significantly increased cross section

for the scattering from the alkenes as compared to the other oxid@g'Birhe larger total cross section is
explained by assuming an increased cross section for reactive collisions, which could be caused by a specific
reactivity of that cation. Products for the reactions of small bismuth oxide cluster catigdgs B = 3 or

4) with ethene and propene have been investigated by conducting fast-flow reactor experiments. In the series
BixO,* (x = 3 or 4), a simple addition of one or mare alkene molecules to the oxide cation has been observed.
Only BisOs" is special, because it shows addition of alkemel O, as shown by the formation of EDs-

(alkene) and BiyOg(alkene)'.

Introduction 2-fold coordinated B#? Hence, the constituents assume their
o ) B most stable oxidation states;2 for O and+3 for Bi. These

The oxidation of alkenes on metal oxide and transition metal building principles are in line with the structures of the
oxide catalysts is an industrial process of great importance. corresponding oxide clusters of antimoiy” SbOs and BiOg
Various oxygenators are being used, but difficulties occur for paye geometries similar to the well-known structures of other
the obvious oxidant molecular oxygen concerning activation and gtgple gas-phase oxides of group V such #3sRr AsiOg.18
selectivity of the oxidation. The link between reactivity and Generally, the knowledge of cluster structures is crucial for
selectivity is the key to improving catalytic alkene oxidatio®. understanding intrinsic cluster reactivities.
Catalysts containing bismuth oxide compounds are used for Recent experiments on the scattering of bismuth oxide clusters
instance for the production of acrylonitrile and acrolein by (Bi»03):BiO™" (1 < n < 4) by ethene and propene have shown
oxidation or ammoxidation of properiebut the mechanisms  that these oxides exhibit a stronger depletion than the analogous
on a molecular level are not completely known. This is not antimony oxide cluster®!3This result has been interpreted in
surprising, as real catalysts are generally multicomponent terms of an increased reactivity of the bismuth oxide clusters.
systems. For instance, Bi, Mo, P, Si, O, and other elements areThe observation that bismuth oxide clusters are reactive is in
ingredients of the catalysts in the exemplary propene oxidation. jine with the fact that alkenes react readily with bulk:®4,
However, investigations of binary bismuth oxide clusters could while the solid antimony(lll) oxide does not react. Reactivities
be helpful for better understanding details of oxygen transfer for oxide cations other than the intense and stable closed shell
reactions. Metal oxide clusters are suitable model systems for(Bj,05),BiO* have not been studied up to now. Bienati,
studying reactive sites in heterogeneous oxidation reactidns.  Bonad¢-Koutecky, and Fantucci have investigated most recently
Moreover, ab initio computational chemistry methods are the interaction between bismuth oxide cations and alkenes as
accessible for determining the cluster structural and energeticwell as the effect of additional molecular oxygen and the
properties, which are needed for the interpretation of experi- possibility of the production of stable alkenbismuth oxide

mental findings. adducts. This theoretical work is presented in the accompanying
Recent research on bismuth oxide clusters has been mainlyarticle in this issué?

concerned with stoichiometric and closed shell oxides@Bj, Here, we report experimental findings on reactivities of closed

and cations (BiO3),BiO™. Cluster beams produced by employ- shellandradical bismuth oxide cations. The cross sections for

ing reactive laser vaporizatidfi, gas aggregatiof; '3 arc the scattering of bismuth oxide cations from alkenes are

dischargé# or 252Cf sputtering® sources contain these oxide particularly increased for BDs". Also, the reaction products
clusters in large amounts, indicating their special stability. The formed under multiple collision conditions indicate the special
stability is also supported by model calculatidh$? For reactivity of this cation.

example, ground state structure calculations yield compact cage ) .

structures, which are regularly built up from 2-fold coordinated EXPerimental Section

oxygen and 3-fold coordinated bismuth. In the case of cationic The mass spectra have been measured in a three-stage
clusters the charge could be located at 3-fold coordinated O ormolecular beam apparatus that will be briefly described in the
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25 : mass spectra of bismuth oxide cations in the mass range of
BT without. propene BizOy" and BiOy*. The oxides are produced at a typical carrier
--------- 510" Pa propene . .
1510° gas pressure of 1500 Pa (10% i@ He) in the source channel.
a propene . .

| 8o Intense peaks of the bare bismuth cluster cations are ac-
i i Ve companied by oxide peaks. 8, is the most intense oxide,
representing the high thermodynamic stability of this closed shell
b oxide cluster. In the BD,* range no stoichiometric oxide cation

T with all bismuth atoms int-3 and oxygen in-2 oxidation stage
exists. The radical character of Bs™ might cause changes in
reactivity, as will be shown by further analysis. Note that the
signals for the oxide cations B," withy =2, 4 or 5 are very
weak or absent. All signals are depleted, if hydrocarbons are
introduced in the scattering cell.

To derive scattering cross sections, the peak intensities in

these mass spectra are integrated and fitted to the given
Figure 1. Mass spectra of cationic bismuth clusters and bismuth oxide exponential law
clusters. By adding propene, the intensities are increasingly depleted

due to collisions of the clusters in the scattering cell.
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foIIow_ing._The apparatus cons_,ists of three components: a laserhere | is the measured integrated peak intensityjs the
vaporization cluster source with an added reaction channel, ang o jated intensity without scattering gasis the scattering
extra scattering cell for collision experiments, and a time-of-

fiiah h di cross section for a given cluster is the particle density of
ight mass spectrometer. These components are mounted inye geattering gas, and=100 mm) is the length of the collision

differen_tially pumped vacuum chambers, V_VhiCh are separated, oo Only cluster cations, which appear abundant enough at
by a skimmer ad a 5_mmaperture, respecnvely_. . further depletion, have been evaluated. Our experimental method

The laser vaporization cluster source works with a Continuous e 5 res the depletion in the direction of the molecular beam.
flow of carrier gas at room temperature. The design of the sourcerperefore the derived scattering cross sections are integral or
with an attached reaction channel is similar to the known “fast- total, not angularly resolved quantities. These cross sections are

” 21 i i - .
flow reactor” arrangement§:! The reaction channel is as-  yetermined for the alkanes methane, propane, and butane, the
sembled of separate segments with individual gas inlets, thus g, anes ethene, propene, 1-butene, 1,3-butadiene, and also for

allowing the variation of the total passing time and the reaction argon between k 102 and 3x 10! Pa in the collision cell
time by modifying the channel length between 35 and 140 mm. "0 temperature (25C). By employing the hard-sphere

The peam of a ;:I)_ulsed frequ?ncy ddOUbIEd Nd:,YA(l;’, Iaserr] model, we estimate the number of collisions of a single cluster
(Continuum Powerlite 6030) is focused on a rotating bismuth 1, he i the range of typically less than 10. The cations are not

rod. _The pr_oduced plasma is carried through a c_hannel of 4accelerated; their kinetic energy is defined by the velocity of
mm inner diameter and 105 mm length by a continuous flow e yoecular beam (about 1000 mis Figure 2 shows the

of usually 10% oxygen in helium. Because of the high oxygen ¢ sections for bismuth and bismuth oxide clustes©i
content, the bismuth will be partly oxidized in the plasma, and (0 =<y = 4)andBiO," (y=0, 1, 3, 6, or 7). The given values
after collisional cooling the oxide clusters are formed. These ;.o ot corrected for the ge;)n;et’ry of the scattering zone and

undergo reactions in the channel if hydrocarbons are added. Theye getector. Because of our experimental setup, also particles,
reactive gas entrance is located 40 mm before where the chann hich are deflected under small angles to the beam axis, can

is narrowed to @ 2-mm nozzle. A capacitance pressure SensOfgacy the entrance slit of the mass spectrometer. A simple
(MKS Baratron Ty_pe 626) is attached_ near the nOZ_ZIe to measureq, aation of the cross sections for cluster 4anolecule

Fhe gas pressure in the channel. During the foIIowmg EXPansion yieractions can be given by the Langevin moteior BiOs™

into a vacuum chamber a molecular beam containing cations, it o velocity of 1000 m st and ethene, this cross section

anions, ar)(_i neutral species is formed and s_h_aped by a S_kimr_ne'has been calculated to be 15.8 Ahe determined experimental
|(2 mmd c_>r|f|c§_)f.f The _b(lalam passgs the collision C_?_Ikll' Wkt])IChI 'S value is higher, certainly due to the contributing gas kinetic
ocated In a differentially pumped vacuum stage. The absolute ¢,,s section and multiple collision effects. In the following,

gas pressure in thi.sﬁ"’.‘tte”ng ceII(jllsdmeals,ureth|th"absecon e discuss the dependencies of our experimental cross sections
Baratron sensor, which is connected directly to the cell by 10 54 efective guantities without further corrections.

mm diameter tube. After having passed the scattering cell, the * ¢ o055 sections generally increase with molecular size of

clfuf?ter: beam enters the mass spectromgter gham.l:t))e:j. ghe t.ilmethe hydrocarbons. This observation can be explained partly by
of-flight mass spectrometer is constructed as described by Wiley g|5tic interactions but also by increasing inelastic and reactive

SPC . :
an(_i McLaref” with a mass resqlutlon of typically 300. The ;nieractions due to growing polarization effects, which become
cations are accelerated perpendicular to the molecular beam by, 4ant in the case of cluster cations. The scattering cross
applying a pulsed electric field. An einzel lens and a set of o qtigns are distinctly larger for alkenes than for the alkanes

deflector plates fOCUS;qu ion _beam onto a mOdifiEd_ Daly--\yith the same number of C-atoms, because of the stronger
Detector (“Even-Cup’f*#*The signals are amplified 16 times nucleophility of the alkenes. For all cationsgBiand the series

by a timing amplifier (EG&G Ortec 574) and recorded With a BisO,*, the cross sections for a given scattering gas are nearly
digital oscilloscope (LeCroy 9350CM). The data are transmitted identical (Figure 2a). For methane, for instance, this can be

toa p_ersonal computer, e}nd the mass spectra are analyzed withy,yerstood in terms of ierinduced dipole interactions. With
the Microcal Origin (version 4.1) program.

regard to Bi* and BikO,*, the scattering cross sections are also
very similar for a given scattering gas; onlyBi* differs
characteristically (Figure 2b). The scattering cross sections for
Scattering Cross SectionsFigure 1 shows parts of typical  the systems BOg"—alkenes are significantly increased by about

Results and Discussion
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Figure 2. Integral cross sections for the scattering of cluster cations
BisOy" (a, top) and BiO,* (b, bottom) with hydrocarbons and argon.
The average static electric polarizabilifiewere chosen to characterize
the hydrocarbons. Argon was selected to refer to the concomitant
nonreactive scattering.

20% with respect to the other oxidessBjt. As the clusters

and the hydrocarbons have many internal degrees of freedom
it is reasonable to assume that the collisions are rather inelastic
or reactive than elastic. The increased total cross section of

Bi4Oyt might be due to different processes: collision induced
fragmentation, electron transfer, or chemical reactions. Frag-

mentations should be excluded, as we can expect a similar
fragmentational behavior for alkanes and alkenes, which has
not been observed. Because of the high ionization potential of

the alkenes (around 10 eV), electron capture byRi is rather
improbable. Therefore, we suppose that especialj@8ireacts
readily with alkenes, possibly leading to the production of
adducts. In fact, the formation of adducts is in agreement with
theory?®

Product Formation. Compositions of reaction products for
the multiple collision flow tube experiments are derived from

d
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Figure 3. Abundance spectra of cationic bismuth clusters, bismuth
oxide clusters, and reaction products. The products are formed under
multiple collision conditions in the “fast flow reactor”, when ethene is
added. The compositions for the cluster cationgORICHa4)," are
written as triple,y,z. The peaks derived from EDs™ by picking up
ethene and oxygen are marked with arrows.

SCHEME 1: Experimentally Determined Pathways for
Product Formation
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more ethene molecules have been detected. Adducts deriving
from BisO4* are most intense. Since the sum of the intensities
of all cations B§O4(CzH4)," (0 < z < 3) is nearly constant, we
assume that these products are formed by successive addition
of ethene to BjO4™. The increasing intensities of the clusters
BisO" and BgO,* seem to be caused by reductive fragmentation
of larger clusters, induced by the alkene. The@Bi region is
ominated by peaks, which have no analogues in th®\Bi
range. At low ethene partial pressure the @i signal is
depleted and a peak appears, which could be assignedQe-Bi
(CoHg)*™. By further adding ethene, new signals for,®Gi-
(CoHg)2t and BiyO7(CoH4) ™t occur. The sum of the intensities
of the four last mentioned clusters is nearly constant. We
conclude that BjOg(CzH4)* and BiyOs(CzH4)," are produced
by consecutive addition of ethene and molecular oxygen that is
part of the carrier gas.

The specific reactivity of BiOg™ is very different to that of
the BsO,+ and BpO,* clusters, since BDy™ and BpO,* cations
only show ethene adducts and never subsequential oxygenation.
In the following, we discuss several suggestions on the reaction
mechanisms starting with BDe¢™. These proposals are sum-
marized in Scheme 1. The addition of ethene tg0Bi leads

product mass spectra as shown in Figure 3. Ethene wastg the formation of the reactive intermediate,®i(CzHJ)™ (1)

introduced into the reaction channel with typical pressures of

which readily adds molecular oxygen and formg@i(CoH,4) ™+

about 100 Pa. The distance between the gas inlet and the nozzlg|| ). The alternative sequence with intermediate formation of
is 40 mm. The product distributions have been measured at roomgj,Og* seems to be improbable: " does not appear in

temperature (ca. 25C). The distance between the spot of
vaporization and the reactive gas inlet is always 65 mm. If this

the mass spectra and theoretical calculations yield thggBi
is not stable. Examination of the scattering fromalso yields

distance is increased to 110 mm, the absolute cluster and producho special interaction between Bt and molecular oxygen.
intensity is decreased as expected. However, the relativeTherefore, we assume that the association gbBi and ethene

abundance distributions of the products remain nearly un-

is the first step and the addition of,@ the second step in the

changed. Therefore, we assume that the clusters are thermalizeghrmation of BiyOg(C:Hs)™ (Il). Theoretical investigations

at the reactive gas inlet position at 65 mm.

The product distributions for BD,(C>Ha), differ characteristi-
cally for x = 3 andx = 4. As for BkO,", adducts with one or

strongly support this assumption, since,@* has been
identified as a radical species with an unpaired electron located
at one of the bridging oxygen atoms which induces the high
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reactivity of this species with alkenes. The structure of the C;H4O for ethene and £160 for propene. Further investigations
intermediatd has been calculated as ay8 cage with added  should be directed to the oxygen transfer toward the alkene and
C,Hg4, bound to an oxygen atom (see ref 19 Figure 8, structure the product formation, which could possibly be done by ion
b). In | the spin is located at the outer C-atom, which reacts cyclotron resonance mass spectrometry methods.

with molecular oxygen leading to the formation of the alkyl

superoxide radical BDs*C,H40>" (Il ). Superoxides are often- Acknowledgment. We gratefu_lly acknowledge support by _
discussed intermediates in oxidation, combustion processes, andhe Deutsche Forschungsgemeinschaft, the Fonds der Chemi-
atmospheric chemistry, where alkyl radicals are invoRfed. Schen Industrie, and the Humboldt-Forschungs Fonds.
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