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The structural and electronic properties of bismuth oxide clusters of stoichiome®y By = 3, 4, 5, 6) and

Bi,O," (y =6, 7, 8) as well as their interaction with ethene have been investigated using an accurate ab initio
density functional approach. The aim of this work is to determine mechanisms under which the metal oxide
clusters can invoke transfer of oxygen atoms to unsaturated organic substrates leading to oxygenated
compounds. Our findings show that stable bismuth oxide clusters such@g Bixidize ethene only in the
presence of molecular oxygen. This means that transfer of oxygen atoms from the cluster framework does
not occur due to strong BiO bonding. We identified the (BDs")C,H, complex with a radical center located

at a carbon atom which allows the molecular oxygen to form “superoxideOgB)C,H,—O, species and
permits addition of another ethene to form the peroxide@Bi)C,Hs;—0,C,H4. These findings support
experimental results of the accompanying paper in this issue. Moreover, we found that an oxirane molecule
can be released from the peroxide form, allowing the formation of reactive chain unj@{B+(C,H,—0)

which might be an interesting species for studying the role of bismuth oxide clusters in catalytic processes.

1. Introduction the aim to determine the reaction products. They have found
that the cluster with stoichiometry g, forms stable com-
plexes when interacting with alkenes, but also in this case ethene
and propene oxides as neutral products have not been identified.
A novel finding of these experiments is that the stable bismuth

Bismuth oxides in combination with different transition metal
(M) oxides (vanadium, iron, molybdendjrhave been widely
studied as catalysts in hydrocarbon oxidation procekgés.
tempts to define a possible reaction mechanism by studying’ " . . . L . .
deuterated alkenes forms interacting wit®-enriched catalysts Ox'd.e cIuster;erles W'.th st0|ch|0met'ry 68k)n " (n.z 2) ylglds .
led to a model based on the assumption that the hydrocarbonlo""rt'cm'Slrly high react_lve cross sections vv_hen_ mteractmg with
oxidation proceeds via the transfer of one oxygen atom bound alkenes. ’V'Ofeo‘_’e“ direct evidence of oxidative pro_pertu_es (.)f
to the transition metal whereas another oxygen atom bound tothese clusters with respect to ethene (and propene) via activation
bismuth favors the abstraction of hydrogen from the alkénes, Of molecular oxygen has been observed.

According to this model, the activated oxygen could bridge two ~ Since bismuth oxide clusters might serve as model systems
metal atoms (BO—M)?2 or bind to the transition metal with ~ for oxidation catalysts, we carried out first a systematic
terminal bond (M= 0); in both cases the M center plays a key theoretical study of the ground state properties of the stoichio-
role in the oxygen transfer reaction. Swift et*athowed that metric BkO4+ and BiyOs* species and their oxygenated forms.
pure solid B}O3; under suitable reaction conditions could be In addition, their chemical behavior in the presence of ethene
catalytically active; in addition it was proposed that only and molecular oxygen has been investigated by following
terminal oxygen may react with the unsaturated substrate.  different reaction paths including: (i) direct oxygen transfer

Gas phase mass-selected experiments carried out on bismutheactions from the cluster to the alkemébond, (i) formation
oxide clusters by Kinne et &lhave evidenced that peaks of of stable intermediates between the clusters and the unsaturated
stable species deplete in the presence of propene. The experihydrocarbons, (iii) activation of molecular oxygen by the cluster
ments have been carried out by scattering a mixture of stableand oxygen transfer reactions to the alkenes; (iv) chain reactions
bismuth clusters with general stoichiometry [Bi@®i,Os)n] 68 of radical species supported on the cluster subunit.
in a reaction cell fed with propene at different partial pressures  The ajm of the present work is to gain a better understanding
both under canonical and single collision conditions (cf. refs ¢ ihe general chemical behavior of oxygenated Bi clusters by

6—8 for details). By comparing the extent of the depletion of e jgentification and energetic characterization of the different
the bismuth oxide mass peaks in the presence of the hydrocarbon., amical species involved in the reactive process.

with the depletion of the same peaks in the presence of inert . . ) -
gases, a conclusion has been drawn that these clusters should The paper 1s orgamzeq as fC.JHOWS' after outlining the
be studied as models for catalysts in oxidation processes Ofcomputatlonal procedur_es n se_ctlon 2, we present the res_ults
unsaturated hydrocarbons. However, the experimental setup dig?’ 9round state properties of Elsmuth oxide clusters +(sect|on
not allow for a characterization of the reaction products. More 3)- We address the role of &," (y = 4, 5, 6) and BiOy" (y
recently Fielicke and Rademann. (cf. accompanying paper in — 6, 7, 8) clusters in the oxidation afbonds in sections 4 and

this issu@) carried out experiments on the same species with 5» 'espectively. Important properties of 48" species as a
possible model system to study catalytic processes are presented

t Humboldt-Universitazu Berlin. in section 6, while conclusions with outlook are given in Section
* UniversitaMilano-Bicocca. 7.
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TABLE 1: Comparison of Calculated and Experimental?
Properties of Bi Atom, Bi,, BiO and BiO* Dimers

IP (eV) EA (eV)
Bi
this work 7.580 0.557
expt 7.285 0.910
Ro (A) Do (kcal mott)
Bix
this work 2.906 48.00
8o " 4789 Bid, Cn (D
this work 1.905 79.90 0 .1
expe 1.934 80.55 AH = +6.57 kecal mol
BiO™
this work 1.792 100.21

a Experimental data for ionization potential (IP), electron affinity
(EA), bond distances, and dissociation enthalplgat 298 K from ref
16.

2. Computational Methods

All the ground state (GS) structural properties of the oxide
clusters as well as the structures of the transition states (TS) .
along the different investigated reaction paths have been
computed with spin-polarized density functional theory (DFT)
based on the non local exchange and correlation functionals
proposed by BecK& (B97). The reliability of these new
functionals has been tested on the G2 thermochemical déia set,
and an improvement with respect to the commonly used hybrid
three-parameter B3LYP functiodalhas been achieved for
calculation of atomization energies and molecular geométries
as well as vibrational frequenciésTo reduce the computational
effort, the effects of the core electrons have been represented
by the effective core potential (ECP) proposed by Krauss et
al.15 for Bi atom and by Basch et &f.for oxygen and carbon
atoms. For the valence orbitals of the Bi atom the dodtie:sP-

AO basis set of ref 15 augmentey & d polarization function e
with exponent 0.200 has been used. For oxygen and carbon Bi,O: G, B0y G

atoms, vye adopted the associated basis S?t of ref 16 _Of d@ub'le- Figure 1. The most stable structures with symmetry labels of the
type which has been augmented by sp diffuse functions (with Bj,0,* (y = 3—6) clusters (isomers I) obtained from DFT approach of
exponents 0.0438 and 0.0845, respectively) and  polariza- section 2. For the BDs" and BgOs+ isomers Il (with symmetry labels)
tion function (with exponents 0.750 and 0.800, respectively). are also displayed with the corresponding enthalpy differeAé¢Ssin
The computed ground state properties of, BiO*, and BiO k_cal mol? (cf. Table 2). Bond lengths are given in angstroms in all
are in excellent agreement with experimental #ags shown ~ 19ures.

in Table 1, giving us the confidence about the accuracy of in order to describe the chemical processes in terms of a
chosen functionals, ECPs and AO basis set. canonical ensemble of interacting particles in the framework
Critical points on the BorrOppenheimer potential energy  of the generalized transition state theory (GTST) (cf. ref 23 and
surface (PES) (cf. ref 18 and references therein) associated withyeferences therein). All reactions have been considered as
stable reactants, intermediates, and products have been detehjmolecular reactions, and no tunneling effects as well as
mined by gradient-based energy minimization methods (cf. ref yibrational anharmonicities have been taken into account. The
19 and references therein) using the Gaussian 98 quantumrs structures have been optimized by imposing severe conver-
chemistry packag#. Transition state (TS) structures have been gence criteria (16 for the electronic density), and the influence
obtained using the synchronous transit guided quasi-Newtonof the coupling of the real vibrational normal modes of the TS
(STQN) method developed by Schlegel and co-wdtkes complex to the imaginary reaction path mode (which is treated
implemented in the Gaussian®&ode. classically in the GTST) has been avoided by the projection
The relative Stabl'lty of the Computed cluster structures is technique proposed by Baboul and Sch|ég§b avoid artificial
discussed in terms of binding energy (BE) per atom defined as distortions of the PES it was carefully checked that the spin
contamination of the wave function (density matrix) inherent
E(Bixoy+) — E(Bi") — (x — 1)E(Bi) — YE(O) to the UHF/KS method remains low also during breaking of
X+y chemical bonds. Charge population analysis based on the natural
atomic orbital (NAO) scheme (cf. ref 25 and references therein)
At each critical point on the PES (obtained with the has been preferred to the classical Mulliken schHérdee to
convergence criteria 10 for gradients) analytical forces have several recognized deficiencies of the latter.
been computed and vibrational frequency analysis has been 3. Structures and Energetics of the Bismuth Oxide
carried out. These quantities have been used in addition to theClusters. According to experimental findin§s® BizO4" and
total energy of the system to obtain the thermodynamic BisOs" (cf. accompanying pap®rclusters play an important
properties (cf. for example ref 22) of the investigated species role in reactions with alkenes. Therefore we first address ground

BiO; Cs (ID

0 -1
AH = +18.92 kcal mol

BE/(x+vYy) =
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TABLE 2: Ground State Energies and Properties of B;O,* Figure 1a,b (cf. ref 6a) and have not been considered further in
(y=3,4,5,6) and BiO," (y = 6,7) Clusters the present study.
%:'T S The removal of the:z oxygen from the isomer in Figure 1a
cal x+y S~ : - N . -
cluste?  sym  Eper(au) HeoeP(au)  mol 1) (kcal mol ) of the_ ﬁbo_4 Icluster gl(\j/eS rise t(?] the BD; ds_pemes (Figure
BiO:" () Ca  —79.823 589 —79.802 654 36.56 1c_) with sing et grounc state. The secon isomer QKBT
BisOs* () C, —79.813062 —79.792179 6.57 85.61 (Figure 1d) with the ring structure has considerably higher
Siagi (H 85 :gg.;gg ggg :gg-;zg %gi 18.92 7785-21% enthalpy (18.92 kcal mol). The calculated BE per atom of
B:gog+ E|)) Cz —95:728 845 _95:703 750 ’ 82..73 the stable @OgJﬁ structure is 783 kcal mot (Table 2).
Bi3OGi () Cs —111.624036—111.594 488 79.05 However, this cluster can be considered as unstable toward
BisOgt () Cs —117.166494 —117.135976 86.94 idati i 1j
BiOC (I) C. —117117 387 —117.086 719 30.91 53 86 oxidation, since an energy ef136.1 kcal mot? is n+eeded for
BisOs' (Il) C, —117.087 749 —117.056 473 49.89 82.00 the extraction of one of the oxygens from the®j" cluster,
5!48{ (:V) 821' —%g.g% ggg —%g-&l‘g g?& 75.48 gf?g whereas the BOs;™ oxidation by molecular oxygen results in
BI.OM Eﬁ) S 132046195-132912880 79.80  76.96 an extremely exoergic process{2.7 kcal mot?) since the
a For geometries of clusters cf. Figure 1 and 2; | to IV label isomers reaction energy barrier has not been located. o
according to the energy orderingThe Hper is the sum of DFT The structure of the oxygenated cluster of stoichiometry
electronic energy and thermal correction to enthalpy at 298THie BizOs™ shown in Figure 1e exhibits very interesting properties.

DFT enthalpy difference between isomef8inding energy per atom | fact, some reactions on metal oxides investigated in connec-
(cf. section 2). E(Bi) = —5.20076213917 al(Bi") = —5.01218221603  {jon with oxidation catalysts are induced also by dioxygen
au; E(O) = —15.8160885040 au). 820 .

specieg®?® The computed structure of this cluster has a

TABLE 3: NAO Charge Population Analysis of the Most molecular subunit similar to the BDs* Cz, cluster with an
Stable Structures of BgO,™ (y = 3, 4, 5, 6) and BiOg" additional oxygen bound to a metal atom and to another oxygen
Clusters atom with distances 2.02 and 1.46 A, respectively. By comparing
atoms  BjOst2@  BigOst@  BigOst2@  BigOst2@  BisOst the dioxygen bond length in the cluster with the experimental
[ —1.44 —1.40 —0.75 —0.07 —1.42 value of the free molecular oxygen in its electronic ground state
Biy 219 1.47 2.20 221 2.23 3P (1.21 A}7 and with the computed bond distance of th 0
(B)fz _%Eg _lii5’7 _02'%30 _0'2621 _1'3.221 peroxide adsorbed on metals (1.492&%°the conclusion can
O3 —-1.38 -1.35 —1.40 —0.68 —1.43 be drawn that this cluster strongly supports an activated
(B)'f 2 218 _2arAa 2 dioxygen species. In fact, the computed vibrational frequency
Os ' ~1.39 ~139 —1.42 of 928.4 cnt! associated with the stretching of the @oup in
gi; 13 _(2)-32 the BkOs™ cluster compares well to the experiment&D—0)

vibrational energy (708900 cnt?l) of peroxide groups on
different metal complexe®. However, the NAO charge distri-
bution analysis of Table 3 shows that the excess of negative
charge on the dioxygen group is smallerl(38 charge units)
than in the free peroxo anion. This confirms that the elongation
of the O-0 distance in the bismuth oxide is not necessarily
caused by a large negative charge on the dioxygen group itself,
state of BiO,+ assumes a closed shell electronic configuration. and therefore its classification as peroxide should be considered

The computed most stable structure with symmetry shown as very approximate. . ]

in Figure 1a has been also previously repoftetiThe second The ground state structure of thesBg" cluster contains an
isomer with theC,, symmetry (Figure 1b) lies relatively close ~ 0zonide-like group (cf. Figure 1f), and according to thermo-
in energy to theCs, structure. The enthalpy difference between chemical analysis it can be considered as a thermodynamically
the two isomers computed at 298 K is 6.6 kcal makith an unstable compound exhibiting only kinetic stability (cf. Table
isomerization barrier of 7.6 kcal midl, indicating their possible ~ 2)- BisOs" can be produced by direct oxidation ofzBi;* with
coexistence at room temperature. A-B—Bi binding subunit a reaction enthalpy of11.4 kcal mot?! and an activation barrier
with an average BiO distance of 2.08 A characterizes both Of +32.9 kcal mot™. The key role of this compound will be
isomers, but in theCs, isomer (1a) theus (capping) oxygen pointed out in connection with the role of bismuth oxide clusters
has longer distance (2.25 A) than the(bridging) oxygens in  in alkene oxidation processes.

the C,, isomer (1.94 A) (1b). These values compare well with 3.2. The BiyOg" Cluster and Its Derivatives. The computed

the bond distances in the BiO and Bi@imers (see Table 1).  most stable structure of the ™ cluster withCs symmetry
Further analysis of geometrical data yields an averag€dDO  arises from the JaksiTeller distortion of the most symmetric
distance of 2.80 A, revealing a pronounced compactness of theseCs, structure as shown in Figure 2a. It exhibits a pronounced
species and the absence of dioxygen bonds. The binding energiesompact molecular skeleton, which maximizes the number of
per atoms given in Table 2 also compare well with the Bi—O bonds avoiding any BiBi and O-O bonds. Notice that
corresponding BiO and BiOdissociation energies reported in  this structure closely resembles the well-know®§and AsOs
Table 1, reflecting a very high cluster stability due to the absence species. The second isomer with compact structure as well as
of metal-metal bonds and to the presence of very stable®i other two isomers containing-@D bonds and terminal oxygen
covalent bonds. Furthermore, according to NAO charge popula- atoms are shown in Figure 2fol. They lie more than 30.0 kcal
tion analysis (Table 3) the average partial charge of Bi atom is mol~! higher in energy with respect to the isomer in Figure 2a
~2.2 charge units which differs substantially from the formal (cf. Table 2) and have not been considered further as important
oxidation state {3) in ionic compounds, emphasizing the species in the present study. In the isomer | of®i (Figure
covalent character of the BO bonds in clusters. Other isomers 2a) the unpaired electron is localized on the mostly exposed
with terminally bound oxygen or with higher multiplicity have  bridging oxygen atom. The corresponding electronic configu-
considerably higher energies with respect to the isomers in ration gives rise to the pronounced charge distribution on this

abFor structures and atom labels of the cluster cf. Figure 1 and Figure
2, respectively.

state properties of these clusters and their derivatives in the
context of the role they might play in oxidation processes of
unsaturated hydrocarbons.

3.1. The BgO4" Cluster and Its Derivatives. The ground
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TABLE 4: Ground and Transition State (TS) Energies of
Bi;O," (y = 4, 5, 6) Clusters Interacting with Ethylene

structures Eprr (QU) H°per (Qu)
(BisO4")CaHa (1) —93.506 793 —93.428 894
(BisO4")CoHa (1)@ —93.486 241 —93.408 694
(Biz0s")CoH, (TSP —93.475 263 —93.398 676
(BisO4")CoHa (TSP —93.385 643 —93.308 132
(Biz0s")CoHa (TS —109.366 668 ~ —109.286 238
(BizO6")CoHa (TSY —125.247975 ~ —125.163216
a 0 —31.8170 39 —31.809 969
.- CoHd —13.656 457 —13.601 838

I 10 2F4

B0, M Bio, & D OC,H.¢ —29.608 472 —29.547 570

0 -1
AH = +30.91 kcal mol . . .
aFor geometries of clusters cf. Figure 4; | and Il label isomers

$=0.5 according to the energy ordering; TS labels the structure of the activated
: complex for the formation of the most stable isomeP~F For the
geometry of the activated complex, cf. Figure 3, Figure 5, and Figure
6, respectively® 9 Energies and enthalpies for stable structures of
molecular oxygen, ethene, and oxirane, respectively.

for the oxygen transfer have been intuitively selected. However,
the TS structures have been located without any constraints to
geometrical parameters and molecular symmetry. The results
on energetics are summarized in Table 4.

. . 4.1. BgO4™ and C;H4. The oxygen transfer reaction from
BiOs ¢, I Bi,Os C (V) the stoichiometric BiO,* cluster (in bothCs, andC,, isomeric
forms) to ethene and involving oxirane as oxidized protflist

an unfavorable process from both thermodynamic and kinetic
points of view (cf. Table 4). The enthalpy for the reaction

0 1
AH = +49.89 keal mol AH0= +75.48 keal mol

Bi,0," + C,H,— Bi,O," + OCH,

calculated at 298 K and involving isomer | (Figure 1a) of@j"
is +52.5 kcal mot?! with an activation barrier of-60.5 kcal
mol~1. This is mainly due to the fact that the process involves
the breaking of a strong BiO bond and that the reduced:Bs™
cluster has lower stability than its oxygenated homologue as
has been pointed out in section 3.1. The same oxidation process
B0, C (I Bio, G (D involving the second isomer Il (Figure 1b) of Bi," yields a
reaction enthalpy o#-45.9 kcal mof? with an activation barrier
] ] ) of +53.89 kcal mot? (the lower barrier in the latter case is
leg\L/jvreellza.s-li—shcfmn;cr)iit ff)tfn?lc,e Vattrr:“;]tlgf:r %f;?;;i(eys:w?t’hzy(ﬁ?nrzsr;sIgbels due to the energy difference between the two isomers). Starting
and corresponding enthalpy differenc&bl® in kf:al mol* obtained the reaptlorl path from both ISOmErs, the. same .TS structure
from DFT approach (cf. section 2). Spin population of the unpaired SNOWn in Figure 3 has been located implying the involvement
electron has been assigned to the corresponding atom. of the isomerization of the BD,* clusters in the oxygen transfer
process. The NAO charge population analysis of the TS structure
atom as reported in Table 3, which allows us to consider the reported in Table 5 compared with the values of the free clusters
cluster as a radical species. of Table 3 evidences that a strong charge rearrangement occurs
The most stable structure of the 8™ cluster shown in both at atoms belonging to the cluster and at carbon atoms of
Figure 2e contains a dioxygen form, and the unpaired electron ethene.
is shared by both oxygen atoms with different weights. Similarly, = The BkO4" cluster interacts with ethene by forming stable
as in the case of BDs™, the second isomer of BD;* lies more complexes as shown in Figure 4a,b, probably due to the fact
than 30.0 kcal mot* higher in energy with respect to the most that the positive charge is mostly localized on the metal centers
stable one (cf. Figure 2f and Table 2) and therefore will be not associating the cluster with a Lewis acid. In both isomers of
further considered. Figure 4, ther character of the carbercarbon bond is lost
Highly oxygenated cluster forms, such ag@j* species, are  and one of the cluster oxygens forms an alcohol-like bond
not stable, being characterized by a positive formation enthalpy whereas the metal atom acts as acid site. The energy difference
in agreement with the experimental findings (cf. accompanying between the two isomers (cf. Figure 4a and Figure 48)1i2.7

1] -
AH = +79.80 keal moi’

papef). kcal mol? with an isomerization barrier of13.7 kcal mof*
4. The Role of BgOy," (y = 4, 5, 6) Clusters in the due to the breaking of a strong BD bond. Notice that the
Oxidation of & Bonds structural subunit of the “pseudo” ethyl alcohol in the framework

In this section we wish to address the oxidative properties of of the isomer Il in Figure 4b is closer associated to the most
the BkO,* (y = 4—6) series with respect to bonds in alkenes.  stable conformation of the free alcohol than in the case of the
We have chosen to present results with ethene in the presenisomer | Figure 4a. The TS structure for the formation of the
paper since we have found that other nonconjugated unsaturatedgsomer | is shown in Figure 4c. The reaction is exoergic by
hydrocarbons (such as propene) do not influence significantly 16.5 kcal mof?, and the energy barrier has been computed as
the energetics of the investigated reactions. Reaction channelst3.7 kcal mot? (cf. Table 4). Furthermore, the values of NAO
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Bi;0; + CH, Bi30y 0C,H,

+60.47,

1
AH0 (kcal mol )

h
—

Reaction coordinates (arb. units)

Figure 3. Structures of reactants, TS, and products as well as the energetics for the reagligniBiC;H, — BizOs" + OC,H, obtained from
DFT approach of section 2 (cf. also Table 4).

a
N +
(Biz0CGH, C, (D Bi,0)CHy € (D (Bisoz)C2H4 G (TS)

0 . # -
AH = +12.67 keal mol " AH = +3.65 kcal mol "
Figure 4. Structures of isomers | and Il of (BD,")C,H4 complex together with the TS and the corresponding enthalpy differexid@sn kcal
mol~! obtained with DFT approach of section 2 (cf. also Table 4).

TABLE 5: NAO Charge Population Analysis of the 4.2. BEOy" (y = 5, 6) and GHa. The ethene oxidation
Transition State Structures of BizOy" (y = 4-6) Clusters reaction involving the BiOs™ cluster is thermodynamically
Interacting with Ethylene favorable and the relatively low reaction energy barrier offers
(BigO4")CoHa (TSP (BizOs")CaHs  (BizOg™)CoHa also accessible kinetics as expected from the results of section

atom F LS} LE; (TSY (Tsy 3.1. In fact, the reaction enthalpy of the process

O —-1.01 -134 -0.84 —0.96 —0.32

o 1% -i37 -135  —ocs Y- Bi;05" + CpH, — B0, + OCH,

Biz 2.21 2.19 1.74 2.20 2.21

(B)i33 ‘%;6‘8 _12‘,41% _111,134 _1520 _0'2,922 amounts to-28.0 kcal mot® with an activation barrier of12.1

84 —140 -141 -138 :%-ﬁ :%-gg kcal mol® (cf. Figure 5 and Table 4). The reactive interaction

OZ N ~139 gives rise to more pronounced charge redistributions on both

G -098 -08 -012 —0.18 —0.25 carbon atoms than in the other cases (cf. Table 5). Furthermore,

€ -008 -011 -018 —0.52 ~040 the TS structure closely resembles the geometry of reactants,

a=d For structures and atom labels of the cluster cf. Figure 4, Figure in agreement with the prediction of the Hammond’s postulate
3, Figure 5, and Figure 6, respectively. for exoergic reactions.

charge population analysis for isomers in Figure 4a,b and for According to results of section 3.1, the ;:Bs™ oxide is

the TS of (B§O4")CoH4 reported in Table 5 evidence that the thermodynamically unstable but kinetically stable; analogous
hydrocarbon loses itst character already in the activated behavior of the free © suggested us to investigate the
complex. thermochemistry of the following reaction:
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Bi;0, OCH,

L -40.15

AH" (keal mol ™)

Reaction coordinates (arb. units)

Figure 5. Structures of reactants, TS, and products as well as the energetics for the reagdgnBiC;Hs — BizO4" + OCH, obtained from
DFT approach of section 2 (cf. also Table 4).

AH(keal mol ™)

Reaction coordinates (arb. units)

Figure 6. Structures of reactants, TS, and products as well as the energetics for the reagdgnBiC,H, — BizOs" + OC,H,4 obtained from
DFT approach of section 2 (cf. also Table 4).

Bi.O;" + C,H,— Bi,O," + OC,H, determining the role of BD4" cluster in the first step oxidatiéh
) ) ) ) of organicst species as will be discussed in the next section.
This reaction is exoergic by 34.5 kcal méland has to
overcome a barrier 0f-20.8 kcal mot? in order to take place
(cf. Figure 6 and Table 4). This result is important for

4.3. The Role of Molecular Oxygen in the Presence of
Stable Clusters in the Oxidation ofz Bonds. As mentioned
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in the Introduction, Kinne et &proposed that the BD, cluster

can be used as a model system to study catalytic properties of
bismuth oxides in oxidation processes of alkenes. The global

gas phase oxidation reaction of ethenestdsonds in general)
involving the BgO4™ species proceeds according to the follow-
ing chemical equation to form oxirarf@:

Bi,0," + 2C,H, + O,— Bi;O," + 20CH,

with a reaction enthalpy ofH°9s = —51.1 kcal mol~* which
is a thermodynamically favorable process.

To obtain an oxidative catalytic cycle involving transfer of
oxygen from the BjO4* cluster to the alkenes, a large amount

of energy is needed to overcome the activation barrier leading
to the oxidized hydrocarbon as demonstrated in section 4.1. This , 4*_ 34 52 keal mol !
shows that the cluster alone cannot act as catalyst by transferring, ;% ,20.77 kcat mor*
its own oxygen atoms. On the other hand, the oxidation of ethene

by Bi3Os' shows a favorable thermodynamics and kinetics as
pointed out in section 4.2. Moreover, once the@®i* has been
formed it reacts easily further to form oxirane and@j* as
products.

On the basis of the above results, we propose a three-ste
oxidation process according to the global thermodynamic cycle
shown in Figure 7 (cf. also Tables 3 and 4).

first step:
Bi,O," + 0,— Bi 0"
A'HC,4s = +11.4 kcal mol™;
A'H 0= 4+32.9 kcal moTl*
second step:
Bi,O;" + C,H,— Bi,O;" + OCH,
A’H® 545 = —35.4 kcal mol'™;
A’H",45= +20.8 kcal mol*
third step:
Bi,Os" + C,H,— Bi;O," + OCH,
A®H° 05 = —28.0 kcal mol ;

APH 0= +12.1 kcal moT*

The thermodynamic energy balance gives ris&tbl®zqg +
A2H®395 + ASHz95 = —51.1 kcal mot? corresponding to the
energetics of the stoichiometric reaction ;Pz + O, —
20GH4. Furthermore, the high exoergicity of the second and

R
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Figure 7. Energetics of the thermodynamic cycle starting frors(at
in the presence of molecular oxygen and ethene to form oxirane.

experimental observation (cf. accompanying pggeis species
exhibits particularly large reactive cross sections when interact-
Ing with a mixture of alkene and molecular oxygen, leading to
the formation of compounds with identified masses correspond-
ing to stoichiometry BiOg™(C2H4); (z= 1, 2). However, from
both experimental evidence and theoretical prediction the free
species BjOg" is expected to be unstable. This fact suggested
to us to investigate the gas phase reactivity of th@©Bi cluster

in stepwise reactions involving ethene as first reactant. The
results are summarized in Figure 8 and Table 6, which will be
used for further discussion.

There is evidence that the bismuth oxide clusters can easily
bind one or more ethene molecules (cf. accompanying Paper
This is also the case of the Bst species, which forms a stable
complex (BiOs")CoH4 (adduct b of Figure 8) by a strongly
exoergic process—<32.7 kcal mof?). The resulting complex
exhibits a radical nature with the unpaired electron being
localized on the terminal carbon atom. Furthermore, it is
important to emphasize that all attempts to locate a TS structure
along the specified reaction coordinates failed in both con-
strained and unconstrained PEBS optimization. This can be
considered as an indication that the reaction might occur also
due to very favorable kinetics. Since the complex,@i")-
C,H4 (cf. Figure 8b) with the radical center has been identified
in experiments as well, but as a reactive intermediate, we studied
addition of Q to this complex following the idea that molecular
oxygen will attack the organic substrate of the complex. In fact,
it has been found (steps b and c) of Figure 8) that the addition
of O, is a very exoergic procesal®03 = —30.4 kcal mof?)

third steps compared to the acFivation enthalpy_ at each Stepleading to superoxide species {8i+)C,H40, (cf. adduct ¢ of
suggests that once the first reaction has been activated the Cyc"?igure 8). Also in this case, a TS structure could not be located

will self-propagate. However, according to our findings (cf.
Section 4.1) which have been confirmed also by the experi-
mental results reported in the accompanying péjpiee, BkO4"
cluster interacting withr systems has a strong tendency to form

stable complexes. This makes the discussed cycle, which in

principle can exist, very difficult to be realized.

The important finding of this section is that the presence of
molecular oxygen is necessary to provoke the reactivity of the
cluster, which initiated further experimental as well as theoretical
work which we present in the next section.

5. The Role of BiO," (y = 6, 7, 8) Clusters in the
Oxidation of & Bonds

The most stable structure of the 85" cluster has been

probably due (cf. see also accompanying p3per the high
reactivity of radical species such as {8i")C;Ha.

Stimulated by this result and by the experimental findings,
we investigated the possibility that the radical reactions could
proceed via addition of another ethene forming anG=-O—
O—C—C pattern attached to the cluster until dissociation of
some species might occur. Accordingly, reaction of the super-
oxide species (BDs")C,H4O, with an ethene gives rise to a
exoergic process (steps c to d of Figure 8) with the energy gain
of 7.1 kcal mot, which is considerably smaller than those of
the previous steps. Also the reaction leading to,QBi)-
C,H40,C,H, is characterized by nearly zero energy barrier.
Notice that the adduct d of Figure 8 closely resembles a peroxide
species, with an extremely activated-O bond (1.46 A), which

characterized as a radical species in section 3.2. According tocan be considered as a precursor for bond breaking producing
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Figure 8. Structures and energetics of complexes with th€Bi cluster obtained by adding molecular oxygen and etherel)land releasing

oxirane (e), and adding ether®. (

TABLE 6: Energies of the Most Stable Structures of
(BisOg")Oy(C2H4), (y = 0—-3; z= 1, 2) Complexes

structures Eprr (au) H°per (au)

(Bi4Os+)CaH4 (D)2 —130.876 892  —130.789 983
(BisOg1)C2H40; (C)? —162.748 185 —162.648 492
(Bi406")CaH40,CH, (d)? —176.417 722 —176.261 679
(BisO6H)CoH4O (ep —146.843400 —146.750 800
(Bi406)CoH4,0CH, ()2 —160.541 062 —160.389 285
(BisO6")C2H40CH40; (K)P —192.413 183

(BisO06")CoH40CHA40,CoH, (1)° —206.084 347

THF® —43.342 689 —43.221 853

a For geometries of clusters cf.

Figure-8b ® Complexes involved

in path V of Figure 9¢ Tetrahydrofuran (path Il of Figure 9).

to the steps e and f of Figure 8 is thermodynamically favorable
by an extent of 23.0 kcal mol and seems to occur in the
absence of activation energy. This confirms all our theoretical
findings for bimolecular reactions involving radical species.
Notice that the adduct f of Figure 8 closely resembles a radical
ether.

The above-discussed chain process certainly involves unusual
chemical species which actually have been so far identified by
guantum chemical calculation only. However, all these species
have been detected experimentally and a particularly high
reactive cross section for s due to reactive collisions has
been observed (cf. accompanying pdpefurthermore, in the

oxirane. Indeed, such a dissociation occurs easily from an Presence of a mixture of ethene and molecular oxygen only a
energetic point of view (the computed reaction energyht,gs
= —21.4 kcal mot?). Also the required activation energy is > v
relatively small, since the TS structure has been located only at/ecular masses corresponding to4B4")C;H40 (adduct c) and
+10.0 kcal mot? above the reactants as shown in Figure 8 for (BiaOs")C2H40.CoH4 (adduct d) as well as (BDs")CoH4O
step dto e: an oxirane molecule is released and a radical specie§adduct €) and (BOs")C2H,OC,H,4 (adduct f). Of course, the
of stoichiometry (BiOs")C,H4O is formed (the TS structure is ) ) - e
omitted in Figure 8). The latter species can, in principle, react oUr theoretical investigation represents the only way that
following different paths: (i) to dissociate a second B¢
molecule and restore the fBl" cluster, (ii) to react with ) . !
molecular oxygen leading to an ozonide-like species, or (jii) to Molecule can be attached directly to48". This has been
react further with an additional ethene molecule. Path (i) requires confirmed by the fact that no experimental evidence has been
the dissociation of a bond between the C atom of thO 4
group and an oxygen atom belonging to the cluster frame. For CzHa and QCzH4(Bis06")CoH40..
this process a reaction enthalpy°,9s = +42.2 kcal mot? is

needed and an even higher reaction barrier might be present.

small quantity of (BiOg+)C,H,4 (adduct b of Figure 8) has been
formed whereas other species have been identified with mo-

claim cannot be made that the reaction mechanism based on

reactions can proceed. However, our mechanism seems to be
realistic under the assumption that no more than one ethene

obtained for the existence of species such ald;®BisOs")-

6. The Role of ByOg" in Catalytic Oxidation

Therefore it can be considered as an unfavorable reaction path. The determined reactive properties of the,@" cluster
For the second path (ii) neither theoretical nor experimental described in previous sections will be used to design a complete
evidence has been found. Finally path (iii) which corresponds thermodynamic cycle. As is well-known, oxidation processes
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Figure 9. Thermodynamic cycle starting from " following Figure 8 (right side) (steps-d) extended by formation of chain throught,O

units by adding molecular oxygen and ethane (stepsk

involving heterogeneous catalysts usually occur via adsorption Figure 9 in which the adduct e would release an oxirane

and activation of molecular oxygen. In the case of transition
metaf® homogeneous catalysts, the activation of @ually
requires that the metal is in a low oxidation st#eThe
chemistry of bismutH-32is dominated by compounds (cf. 8l)
with the metal atoms ir-3 formal oxidation state. Mainly due
to relativistic effects, and inert pair effects of s electrons,
compounds with the metal atoms in lower or higher oxidation
states do exist only under very special conditi®hEherefore,
forms such as BDs' are expected to be particularly stable since

molecule to give back the BDs™ oxide, but this process is both
thermodynamically and kinetically unfavorable since the reaction
enthalpy amounts te-42.9 kcal mot?.,

By considering adduct f, the paths Il and Il are also unlikely
to occur due to endoergicity 6f19.7 and+32.4 kcal mot?,
respectively. Furthermore, notice that, in the case of path Il
the cycle closes to intermediate b and not to thgOB.

Path | is only slightly thermodynamically unfavorable,
although from kinetics considerations this reaction is not likely

the transfer of oxygen atoms to substrate would change thetg occur. The intermediate f is involved in a bimolecular reaction
oxidation state of the metal. This observation has been with O,. Namely, oxirane molecule is released and the cycle
considered as the key assumption in proposing our reactioncjoses to intermediate c, but the reaction mechanism would
mechanism which involves activation of molecular oxygen jnvolve a first-order nucleophilic substitution reaction. Since
acting as primary oxidant and leaving the cluster intact. the free molecular oxygen is not a very strong nucleophilic
A stable compound with stoichiometry (@*)CH4OCoH, species and the involved carbon atom (cf.of Figure 8) has
has been identified experimentally and theoretically. A proposed a small fraction of negative charge (from NAO charge analysis
reaction mechanism for the formation of these products involves population), it is to be expected that the high activation barrier
reactions with GHg, O, and BkOs* species, where the bismuth  would prevent the reaction from taking place.
oxide plays a crucial role in the indirect activation of molecular  |n Figure 9 we report also path V, which we consider to be
oxygen leading to the formation of hydrocarbon peroxide species the most favorable one. By adding an @olecule to adduct f
and oxidized ethene by exoergic processes (cf. Table 6). which retains radical properties as discussed in the previous
The question can be raised whether a catalytic cycle can besection, adduct k can be formed due to a “chain mechanism”,
designed based on the computed properties. The attempt hagliffering from adduct ¢ by an additional QB4 “chain unit”.
been made in Figure 9. The right part of the figure (step§a  The reaction enthalpy has been computed 24.6 kcal mot?,
summarizes our findings presented in Figure 8 and discussedand we have not been able to locate the TS structure similarly
in a previous section showing thatBk" easily reacts with  as in the previously energetically favorable cases (such-dj.a
ethene and molecular oxygen to form stable adducts which canThe similarity of adducts k and ¢ suggested to us to investigate
be considered as intermediates (specied)bor products the possibility that a polyether chain supported on thOBf
(OCGaHy). cluster can be formed. In fact, the peroxide species | differs
Here we wish to address the role of f and e adducts. Starting from d also by an OgH, unit only. It is important to emphasize
from adduct e, the cycle can be closed by following path IV of that the energetics of reaction pathlfcompares well to the
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one calculated for bd of Figure 9, which means that the (4) Swift, E.; Bozik, J. E.; Ondrey, J. Al. Catal. 1971, 21, 212.

reaction along path V could be favorable. Furthermore, Figure __(5) (@ Zhou, B.; Machej, T.; Ruiz, P.; Delmon, B. Catal. 1991,
T . 132 183. (b) Delmon, BHeterog. Chem. Re 1994 1, 219.
9 shows that once BDs" species has been formed and has (6) (a) Kinne, M.; Heidenreich, A.; Rademann, Kngew. Chem., Int.

initiated the reaction giving rise to EDs"™-CoH4—0O—CoH, (f), Ed. 1998 37, 18. (b) Kinne, M.; Bernhardt, T. M.; Kaiser, B.; Rademann,

|t p|ays a spectator ro'e a|ong path V Slnce the Cha|n reactlon K. Int. J. Mass lon. Processd9€97, 167/168, 161. (C) Kaiser, B.; Bernhardt,

. . T. M.; Kinne, M.; Rademann K.; Heidenreich, A. Chem. Phys1999
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: . . 110
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eZﬁC .0 N .a ﬁ (ha OI gto I fe . ed fu hbe 0 eactive (11) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
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in comparison with molecular oxygen, reducing the probability ~ (12) Becke, A. D.J. Chem. Phys1993 98, 5648.

for detection of these species. Nevertheless, our theoreticalPhﬂ%g*;gml%rgeclhé F.A.; Cohen, A.J.; Tozer, D. J.; Handy, NJ.Chem.
. . . . ys_ ), .
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