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Abstract. Infrared multiple photon dissociation

\ (IR-MPD) spectroscopy in conjunction with den-

sity functional theory (DFT) calculations has been
employed to study the activation of molecular
oxygen and ethylene co-adsorbed on a free gold
dimer cation Au,”. Both studied complexes,
Au05(CoHyg)* and Aux05(CoHy)o*, show distinct

«”  features of both intact O, and ethylene co-

adsorbed on the cluster. However, the ethylene
C=C double bond is activated, increasing in

length by up to 0.07 A compared with the free molecule, and the red shift of the OO vibration frequency
increases with the number of adsorbed ethylene molecules, indicating a small but increasing activation of the O—
O bond. The small O, activation and the rather weak interaction between O, and C,H, are also reflected in the
calculated electronic structure of the co-adsorption complexes which shows only a small occupation of the empty
anti-bonding O, 2rr'2p orbital as well as the localization of most of the Kohn—Sham orbitals on O, and CsHy,,
respectively, with only limited mixing between O, and C,H, orbitals. The results are compared with theoretical
studies on neutral Au,O»(CoH,4) (x=3, 5, 7, 9) complexes.
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Introduction

he selective oxidation of hydrocarbons represents a central

reaction in modern petroleum-based chemical industry [1].
One of the most important hydrocarbons is ethylene, C,H,,
since it is used as a raw material for the synthesis of ethylene
oxide (epoxide) and acetaldehyde and thus for the subsequent
production of, e.g., polyesters, polyurethane, surfactants, deter-
gents, anti-freeze, and food additives [2—-5].
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Industrially ethylene oxide is nowadays produced via direct
oxidation of ethylene with molecular oxygen or air in the
presence of an Ag/a—Al,O5 catalyst at about 470-570 K. To
avoid the undesirable highly exothermic combustion of ethyl-
ene to CO,, not only a highly selective catalyst but also an
optimized process is needed. This can be achieved, e.g., by
controlled heat removal, the addition of several promoters, and
intentional poisoning of the catalyst [2—5]. With such an opti-
mized process, a typical ethylene oxide selectivity of 70-83%
can be achieved, which can be further increased to 90-93% by
addition of NO, to the feed gas [2]. However, due to the high
costs of ethylene, even small further improvements of the
catalyst selectivity are highly desirable.

So far, only silver-based materials have been identified as
efficient and rather selective ethylene epoxidation catalysts.
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Despite long-standing and intense research, the mechanism
underlying the industrial ethylene epoxidation reaction is still
not completely understood. However, there is a general agree-
ment that molecular oxygen is predissociated on the catalyst
prior to reaction with ethylene. Thus, numerous studies
discussed the importance of different oxygen species for prod-
uct selectivity ([5—8] and references therein). Most other tran-
sition metals that easily dissociate molecular oxygen also acti-
vate and dissociate the ethylene C—H bond which leads to
combustion rather than oxidation of ethylene, and consequent-
ly the literature on other metals for ethylene epoxidation catal-
ysis is limited [8].

Promising alternative candidates might be small gold parti-
cles. Already two decades ago, Haruta and co-workers showed
that gold nanoparticles with diameters smaller than 4 nm me-
diate the low-temperature oxidation of the alkene propylene
with selectivities higher than 90% and conversions of 1-2%
[9]. Furthermore, free gold clusters have been reported to
activate the ethylene C=C double bond but to not affect the
C—H bonds [10-16]. In addition, gold particles typically bind
0O, as intact molecules; thus, oxidation reactions mediated by
gold clusters were shown to proceed via direct interaction of
the reactants with molecular oxygen (for example, [17-22])
which opens up mechanistically completely new reaction path-
ways and enables low-temperature oxidation reactions. So far,
however, studies on the ethylene oxidation mediated by gold
surfaces and particles are scarce and mainly of theoretical
nature.

The only experimental study on the potential thermally
driven ethylene oxidation on gold surfaces dates back to 1986
and did not observe any reaction between ethylene and atomic
oxygen on Au(110) [23]. For electrocatalytic oxidation of eth-
ylene, an early experimental study using a gold electrode indi-
cated the formation of a CH3;CH,O intermediate [24] whereas a
later study observed high product selectivity for acetaldehyde
[25]. In marked contrast, gold nanoparticles supported on TiO,
were found to be highly selective towards epoxide formation
[26]. Most interestingly, all theoretical investigations of gold
surfaces only considered the reaction of atomic instead of
molecular oxygen with ethylene. The reaction typically pro-
ceeds via an oxametallacycle (OMC, Me—C(H,)C(H,)O-Me
with Me denoting metal atoms) intermediate which represents
the precursor for subsequent epoxide and acetaldehyde forma-
tion. For all studied surfaces, acetaldehyde formation was found
to be both thermodynamically and kinetically favorable over
ethylene oxide formation [7, 8, 27, 28]. Based on density
functional theory (DFT) calculations, two mechanisms were
identified which determine the catalyst selectivity towards eth-
ylene oxide: For the OMC to transform to epoxide instead of
acetaldehyde, the C—metal bond must be weaker than the O—
metal bond and the formed epoxide must be stabilized against
the adsorbed acetaldehyde [29].

In contrast to the surface studies, the interaction of ethylene
with molecular oxygen has been investigated in the presence of
gold nanoparticles, clusters, and atoms. For example, prismatic
shaped Aus was found to be not a good oxidation catalyst since
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the reaction is kinetically unfavorable due to the weak binding
of O, to Aus [30]. Employing the dipped adcluster model with
Au,0, and Auy0, as adclusters, superoxide O, formation has
been identified as a crucial prerequisite for ethylene oxidation
[31]. It was suggested that gold may function as a good oxida-
tion catalyst when superoxide species can be formed and
stabilized, which is however not possible on extended gold
surfaces. The importance of O—O bond activation has also been
addressed in theoretical explorations of the hexagonal
fec(111)-like and square fec(100)-like faces of a neutral Ausg
cluster as catalytically active sites [32], as well as of defect-
stabilized Au atoms on graphene [33]. Furthermore, co-
adsorbed additional ethylene or CO has been shown to serve
as a promoter for O—O bond cleavage and thus for considerable
reduction of activation barriers [34]. Similarly, theoretical stud-
ies of the O,/C,H, co-adsorption of a series of neutral gold
clusters Au, (x =1-9) have predicted the ability of ethylene to
promote the dissociation of O, [35, 36].

In this contribution, we present the first experimental inves-
tigation of the interaction of molecular oxygen and ethylene in
the presence of a small well-defined gold cluster, Au,". By
employing infrared multiple photon dissociation (IR-MPD)
spectroscopy in conjunction with DFT calculations, we inves-
tigate the co-adsorption complexes Au,0,(C,H4)" and
Au,0,(C,H,)," in comparison with Au,O," and Au,(CoH,)."
(z=1, 2). Both co-adsorption complexes show distinct features
of intact O, and ethylene and do not indicate the formation of
oxidation products. Although the O—O bond activation is
shown to increase with the number of co-adsorbed ethylene
molecules, the activation is most likely too small to enable
room-temperature oxidation reactions.

Methods
Experimental Methods

The experiments were carried out using a molecular beam
apparatus and the Free Electron Laser for Intra-Cavity Exper-
iments (FELICE) as described elsewhere [37, 38]. Briefly,
cationic gold clusters were produced by pulsed laser ablation
of'a gold target in the presence of a short pulse of helium carrier
gas seeded with about 5% oxygen. Au,(C,H,)." and
Au,0,(C,H,)." complexes were formed by introducing a mix-
ture of 1% ethylene in helium via a second pulsed valve in an
adjacent flow tube reactor. The cluster source and the flow tube
reactor were held at room temperature during the experiment.
After expansion of the reaction mixture, the formed molecular
beam interacted with the IR laser beam of FELICE (spectral
range of 245-1700 cm ™, spectral width of approximately 0.4%
FWHM of the central frequency, and 9-ps-long macropulse
consisting of 1-ns-spaced micropulses). Sequential absorption
of multiple IR photons led to the heating and fragmentation of
the complex. IR-MPD spectra were recorded by measuring the
cluster complex intensity / in the mass spectrum as a function
of the IR frequency. For reference, mass spectra without IR
radiation were recorded in between successive IR laser shots,
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yielding a reference cluster complex intensity /,. After interac-
tion with FELICE, the ion beam was mass-analyzed with a
reflectron time-of-flight mass spectrometer (estimated mass
resolution of 800—1000 in the mass range of the Au," cluster
complexes).

Theoretical Methods

The theoretical calculations were performed by using the Vi-
enna ab initio simulation package (VASP) [39-42]. The wave
functions were expanded in a plane wave basis with a kinetic
energy cut-off of 400 eV. The interaction between the atom
cores and the valence electrons was described by the projector
augmented wave (PAW) potential [43], and the exchange-
correlation potential by the PBE generalized gradient approx-
imation (GGA) [44]. To minimize the electrostatic interaction
with the images, a supercell with a lattice constant of 25 A was
used and a neutralizing background charge and dipole and
quadrupole corrections to the total energy were applied [45].

The wave function character was evaluated by projecting
them onto spherical harmonics (in particular =0, 1, 2) within
spheres around each atom (angular momentum projected local
density of states (PLDOS)). The radius of the spheres was
chosen as the half the average bond length (covalent radius)
and amounted to 1.36 A (Au), 0.76 A (C), and 0.31 A (H) [46].
The density of states (DOS) shown in Figure 2 is the sum of the
projected contributions (1=0-2) calculated for each of the
involved atoms.

The vibrational spectra of the cluster complexes were cal-
culated in the harmonic approximation by determining the
dynamical matrix (matrix containing the electron density re-
sponse to atomic displacements from equilibrium) using den-
sity functional perturbation theory [47, 48] (see Table 1 in the
supporting information for level of accuracy achieved in our
calculations). No frequency scaling was applied, except for the
O, stretch vibration as discussed below.

Results and Discussion
Adsorption of O, on Gold Clusters

The interaction between gold clusters and molecular oxygen
has been studied intensively before. The adsorption of O, on
gold clusters is chiefly governed by the mixing of the half-
occupied anti-bonding n*zp orbitals of O, with the s-type
orbitals of the gold cluster [49, 50]. Due to the 5d'%6s' electron
configuration of the gold atom, this leads to a pronounced odd-
even alternation in the reactivity of gold anions with clusters
comprising an even number of Au atoms (and thus one un-
paired electron) being reactive and those comprising an odd
number of Au atoms (and thus a spin-paired electron configu-
ration) being non-reactive [51-56]. In contrast, cationic gold
clusters were not found to react with molecular oxygen under
thermal conditions down to 100 K [21, 51, 57, 58], and the
reaction with O, was only observed if oxygen was added to the
strong non-thermal laser plasma of a laser ablation source [59]
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or after preadsorption of electron-donating reactants such as
H,, N,, and CH4 [20, 21, 60]. However, a few years
ago, Woodham and Fielicke reported on the preparation of
Au(0,)," (x=2-25) complexes at about 210 K in a flow tube
reactor [61]. Subsequent IR-MPD spectroscopy of some of the
formed complexes revealed that Au;," and Au,,” even bind a
first O, molecule in a superoxo state, whereas Au," and
Au,; " physisorb a first O, molecule, and superoxo species
are only observed upon adsorption of multiple O, molecules.

In the present study, we have produced Au,O," by intro-
ducing O, to the He carrier gas of the laser ablation source;
thus, the reaction occurred under non-thermal conditions. Pre-
vious experiments showed that this approach can lead to the
formation of Au,COy+ (x=1-4, y=1-8), i.e., O, can dissociate
most likely during the laser vaporization process [62]. Our
mass spectra show that AuxOy+ with an odd number of O atoms
are only produced in a small amount indicating that O, disso-
ciation in the cluster source only represents a minor process.
Furthermore, Figure 1 a displays the IR-MPD spectrum of
Au,0," clearly showing the O—O stretch vibration as a deple-
tion of the ratio 7/Iy at 1503 cm™'. The very weak signal around
1370 cm ™' was not observed in repeated measurements under
slightly different conditions and is thus regarded as noise
instead of a real signal. This demonstrates that in Au,O,"
oxygen is physisorbed as an intact O, molecule and the O-O
bond is only slightly activated (compare 1503 cm ™' with
1580 cm ™' of the free O, molecule [63]). Superoxide formation
as, e.g., reported for Au;," is not observed for the gold dimer.

Figure 1 b displays the corresponding calculated vibrational
spectrum for Au,0," (iso 2,1,0). The O-O stretch vibration is
calculated to be 1472 cm ' which we interpret as a slight
overestimation of the weak gold—oxygen interaction, although
it should be noted that the same method also slightly overesti-
mates (by < 1%, see Table 1 in the supporting information, SI)
the free O, stretch vibration. To compensate for this discrep-
ancy between the experimental and theoretical O—O stretch
vibration of about 30 cm ™', we introduce a scaling factor of
1.021 for the O-O stretch. This scaling factor will in the
following be applied to all O-O stretch frequencies while all
other modes remain unscaled.

The calculated spectrum shows two further modes at
383 cm ' and 211 cm ' which can be assigned to two
bending-like Au—O, modes (for details see Figure S2 in the
supporting information). Both modes could not be directly
observed in the experiment since in this region the spectrum
of Au,0," is contaminated by fragmentation of Au,(0O,)," into
the Au,0," mass channel which appears as a signal /7> 1
centered at 323 cm ! and 244 cm™'. However, the calculated
spectra of Au,0," and Au,(0,)," show that these vibrations
have similar eigenfrequencies for both complexes (see
Figure S2 in the supporting information). Although we have
no direct experimental evidence, it appears plausible to con-
clude that the overestimation of the gold—oxygen interaction in
Au,0, " leads not only to a red shift of the O—O stretch mode by
about 30 cm ™! but also to a blue shift of the higher-energy Au—
0, bending-like mode (theoretically predicted at 383 cm ') of
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Figure 1. Experimental IR-MPD (left column) and calculated vibrational spectra (right column) of (a, b) Au,O,™, (¢, d) Aus(CoH,)*
(black curves) and Aux(CoHa4)," (gray curves) [10], (e, ) AuxO5(CoH4)*, and (g, h) Au,O,(CsHy),*. Panel (h) shows the calculated
spectra of iso 2,1,2-a (black curve) and iso 2,1,2-c (gray curve). The gray curve has been shifted for the sake of clarity. The calculated
spectra are convoluted with a 20 cm™' FWHM Gaussian line shape function and are all shown on the same scale. The intensity of the
O-0 stretch mode (blue curve) has been divided by a factor of 10 in all spectra, except in the one of 2,1,2-c. The structures
corresponding to the calculated spectra are shown at the bottom and are discussed in the text. The labels iso x,y,z correspond to

Au,(O2),(CoHa),". Au, O, C, and H atoms are depicted by yellow, red, gray, and white spheres. The numbers give the C=C and O-O
bond length in A
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at least 50 cm ™', In marked contrast, the lower-energy Au-O,
bending-like mode (theoretically predicted at 244 cm ') seems
red-shifted although it appears to be rather insensitive to the
gold—oxygen interaction (see also discussion below for the
complexes Au,0,(C>H,)" and Au,05(C>H,),"). We can thus
not decisively conclude whether these frequency mismatches
are solely due to a mismatch in the Au, —O, interaction or also
due to possible shallowness of the binding potential. Details on
the electronic structure of Au,O," are given in the supporting
information.

IR-MPD Spectra of Au>(C>H,)." (z=1, 2)
Complexes

In a recent IR-MPD spectroscopic and theoretical investigation
of Au(C,H,).", we have shown that up to three C,H, mole-
cules bind to gold cations in a 7-bonded configuration [10], in
agreement with previous theoretical studies [11, 14, 16]. The
interaction of gold clusters with ethylene is governed by
mixing of the ethylene C=C bond—forming orbitals occ and
e with gold orbitals. This leads to a net electron charge
donation from ethylene to the gold cluster and an activation
of'the C=C double bond, whereas the C—H bond is not affected.

For comparison, Figure 1 c displays the IR-MPD spectra of
the gold dimer complexes Au,(C,H4)" (black curve) and
Au,(C,H,)," (gray curve) [10]. The experimentally observed
bands labeled I to IV are in agreement with the calculated
vibrational spectra (Figure 1d) of the z-bonded minimum en-
ergy structures (iso 2,0,1 and iso 2,0,2-a). Bands I and III
correspond to coupled C=C stretch/in-plane CH, scissor mo-
tions, band II can be assigned to CH, scissor motions, and band
IV to CH, wagging motions. In very good agreement with the
experimental data, band III slightly blue-shifts (experimental
19 em ™', theoretical 23 ¢cm™') upon adsorption of a second
ethylene molecule, indicating a small deactivation of the C=C
bond, and band IV slightly red-shifts (experimental 15 cm ',
theoretical 14 cm ™' and 11 cm™"), whereas the spectral position
of band II appears to be independent of the number of adsorbed
C,H, molecules on the cluster. Furthermore, band I is theoret-
ically predicted to blue-shift by 8 cm ™, an effect that cannot be
observed in the IR-MPD spectrum due to the small signal
intensity of the experimental band I.

As discussed previously [10], the similarity of the vibrational
frequencies of both bands I and II for the di- and mono-ethylene
complexes most likely leads to a cancelation of the signal in the
IR-MPD spectrum of Au,(C,H,;)" via fragmentation of
Au,(C,H,)," into the mass channel of Auz(C2H4)+ and can thus
explain the very weak bands I and II in the spectrum of
Au,(C,H,)". It should be noted that the calculated frequencies
of bands I, III, and IV and even their relative spectral shifts
going from Au,(C,H,)" to Auy(C,Hy)," are in favorable agree-
ment with the experimentally observed frequencies. In contrast,
the calculated frequency of band II is consistently overestimated
by about 60-70 cm ' for all investigated complexes,
Auy(C,Hy). " and Au,O,(C,H,)." (see also discussion below).
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In our previous study, we found a second isomer
(iso 2,0,2-b) with both ethylene molecules z-bonded to the
same Au atom. This isomer is 0.33 eV higher in energy but
has a very similar vibrational spectrum and cannot be distin-
guished from the minimum energy structure on the basis of the
IR-MPD spectrum.

IR-MPD Spectra of Au,0,(C-H,)," (z=1, 2)
Co-adsorption Complexes

In order to gain insight into the interaction between ethylene
and molecular oxygen, we have next studied the co-adsorption
complexes Au,0,(C,H,)" and Au,0,(C,H,), . Figure 1 e
displays the IR-MPD spectrum of Au,0,(C,H,4)" which ex-
hibits all features of the above discussed complex Au,(C,Hy)",
which we will continue to refer to as bands I-1V, as well as a
relatively intense band centered at 1458 cm™ ! that is assigned to
the OO stretch vibration of molecular oxygen. Compared with
Au,0,", the O-O stretch vibration is red-shifted from 1503 to
1458 cm ! indicating a slightly increased O—O bond activation.
Furthermore, compared with Auz(C2H4)+, band III is some-
what blue-shifted by about 15 cm ™' whereas the spectral posi-
tion of band IV and most likely also of band II is not affected.
The low intensity of band I of Au,(C,H,)" renders any conclu-
sions about this band difficult. Besides, a new band at 346 cm
is observed.

This IR-MPD spectrum is consistent with the calculated
spectrum (Figure 1f) of the minimum energy structure iso
2,1,1 in which O, and C,H, are co-adsorbed at two different
Au atoms. In particular, the predicted red shift of the O-O
stretch vibration and the blue shift of band III are mirrored in
the experimental spectrum. However, the experimental spec-
trum shows a red shift of the OO stretch mode by 45 cm
(from 1503 for Au,O," to 1458 cm™' for Au,O(C,Hy)"),
whereas the calculations predict a red shift of 70 cm ™' (from
1503 for Au,0," to 1432 cm™ ' for Au,0,(C,H4)") which
indicates that the weak gold—oxygen bond is even more
overestimated in the co-adsorption complex. Furthermore, the
predicted intensity of band III, especially relative to that pre-
dicted for band IV, is overestimated. This band was already
weak in the experimental spectrum of Au,(C,Hy)", likely due
to (partial) signal canceling resulting from fragmentation of
Au,(C,H,), " complexes, and such a scenario could also play
a role here. As described above, mode II is consistently blue-
shifted by 60-70 cm™ ' in all calculated spectra and is thus
hidden in the red edge of the strong O—O stretch band (marked
by an arrow). Furthermore, the theoretical spectrum predicts a
small blue shift of band I by 10 cm ™.

At the red end of the spectrum, the calculations predict four
modes at 448, 365, 349 cm_l, and 205 cm™ ! which correspond
to the Au—O, bending-like motions and the asymmetric and
symmetric Au—C,H, stretch modes, respectively. In contrast,
the experimental spectrum shows only one band centered at
346 cm . It appears safe to assign this to the theoretically
predicted symmetric and asymmetric Au—C,Hy stretch modes,
even though their predicted intensities are lower than the
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higher-energy Au—O, bending-like mode. The apparent ab-
sence of the latter in the experimental spectrum might be
explained by the already discussed overestimation of the weak
gold—oxygen interaction, which for Au,0, " led to a red shift of
at least 50 cm ™. Considering the even more pronounced over-
estimation of the gold—oxygen bond in Au,0,(C,H,)", it seems
reasonable to assume that this mode is even further red-shifted
from the predicted 448 cm ™' and that it might overlap with the
Au—C,H, stretch modes. We thus interpret the band observed
at 346 cm ' as due to an overlap of the Au—O, bending-like and
Au-C,H, stretch modes. The lower-energy Au-O, bending-
like mode (theoretically predicted at 205 cm ') is most likely
shifted out of the probed spectral region.

Figure 1 g shows the IR-MPD spectrum recorded for the
Au,0,(C,H,)," mass channel This spectrum also shows a
double peak in the spectral region of 1300-1500 cm ' which
might be attributed to a slightly red-shifted (by about 17 cm™'
to 1441 cm ') O-O stretch mode and band II of z-bonded
ethylene, although the total depletion is less than for
Au,0,(C,Hy),". Bands I and III are no longer discernible in
the spectrum, whereas bands II and IV appear largely unaffect-
ed. In contrast to Au,0,(C,H,)", the low wavenumber region
of the spectrum now exhibits two intense modes at 361 cm !
and 443 cm™, respectively.

This spectrum is in reasonable agreement with the
calculated vibrational spectrum (cf. Figure 1h) of a com-
plex with the two ethylene molecules adsorbed on the
same Au atom and the O, molecule co-adsorbed on the
second Au atom (iso 2,1,2-a). In particular, this spectrum
shows a strongly reduced oscillator strength for modes I
and III which can explain their absence in the experi-
mental spectrum. It also nicely reproduces the shift in
the O—O stretch mode (experimental 17 cm ', theoretical
20 cm_l). Similar to Au,0,(C,H,4)", band II is hidden
under the O-O stretch mode and is marked by an arrow.
The predicted intensity for the O—O stretch vibration is,
however, not reduced, leaving the reduced depletion in-
tensity unexplained, potentially hinting at the presence of
another isomer. At the red end of the spectrum, four
modes at 409, 317, 290, and 214 cm ' are predicted
which correspond to the Au—-O, bending-like modes as
well as the symmetric Au—C,Hy stretch modes of the two
ethylene molecules. If we again assume that the Au,'~O,
bending-like vibration has been overestimated, the 409cm
! band can either overlap with the band at 361 cm ' or
even shift out of the probed spectral window. Although
somewhat red-shifted, the remaining modes predicted at
317 em ™' and 290 cm™' could then explain the presence
of the experimental bands at 443 cm ' and 361 cm .
The asymmetric Au—C,H, stretch modes have frequen-
cies of 379 and 346 cm ' but only very small oscillator
strengths and are thus not visible in the IR-MPD and the
theoretical vibrational spectrum.

Most interestingly, the above-described isomer of
Au,0,(C,H,), " does not represent the minimum energy struc-
ture. We have found three isomers 0.49 eV (iso 2,1,2-b),
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0.46 eV (is02,1,2-c), and 0.38 eV (iso 2,1,2-d) lower in energy,
respectively, in which the C,H4 molecules bind to two different
Au atoms (cf. Figure S4 in the supporting information). The O,
molecule is either 5'- or 7°-bonded to a C,H,-binding Au atom
or bridge-bonded between the two Au atoms. 7'- and #°-
binding lead to a considerable red shift of the O-O
stretch vibration (relative to free O,) by about 345 cm™' and
360 cm ', respectively, bringing it down to 1230 cm ™, effec-
tively ruling out their presence as no intense depletion is
observed here.

In contrast, in the bridge-bonded isomer, the O—O stretch
vibration couples with C,H, modes and is even further red-
shifted by about 540 to 1042 cm™ ', almost overlapping band
IV of the m-bonded ethylene (see gray spectrum in
Figure 1h). In addition, iso 2,1,2-c has strong low-
frequency bands centered at 386 cm™ ' (arising from three
modes: the low intensity Au—O, stretch mode and the two
asymmetric Au—C,H, stretch modes) and 342 cm ' (two
symmetric Au—C,H, stretch modes and a Au—O, rocking-
like mode). At first glance, these modes could better ac-
count for the two bands observed in the low-energy part of
the IR-MPD spectrum than iso 2,1,2-a, although the fre-
quency mismatch between observed and predicted band
maxima is still considerable. It would thus be tempting to
assign the experimental spectrum as solely due to iso 2,1,2-
¢ were it not for the double peak structure in the 1300—
1500 cm ™' range: if we assume the low-frequency compo-
nent is invariably assignable to the ethylene CH, scissor
motion (assuming a consistent theoretical overestimation of
band II by 60-70 cm ! as found for Auz(C2H4)1,2+ and
Au,0,(C,H,)"), iso 2,1,2-¢ can only account for this band
and not for the more intense band with a maximum at
1450 cm™'. With its only moderately red-shifted O—O
stretch mode, iso 2,1,2-a offers a plausible explanation for
this band. We thus tentatively assign the IR-MPD spectrum
to a combination of isomers iso 2,1,2-c and iso 2,1,2-a and
speculate that the presence of a higher-energy isomer iso
2,1,2-a is due to kinetic trapping of an entrance complex,
where the second ethylene preferably adsorbs on the Au
atom already binding the first ethylene. A bridge-bound
isomer for Au,0,(C>H4)" was considered computationally,
but this proved unstable, consistently converging to a struc-
ture where O, and ethylene adsorb on opposite Au atoms.

To summarize, the IR-MPD spectra of the co-adsorption
complexes Au,0,(C,H,)" and Au,0,(CoH,)," show distinct
features of both intact O, and ethylene co-adsorbed on the
cluster. Despite the observation of intact O, and C,Hy, the
continuous red shift of the O—O vibration going from iso
2,1,1-a to iso 2,1,2-a indicates an increasing activation of the
0O-0 bond due to the co-adsorption of ethylene molecules (the
bridge-bound O in iso 2,1,2-c obviously is much more strong-
ly affected). Furthermore, modes I and III are shown to blue-
shift upon co-adsorption of a second ethylene molecule or O,
on Au,(C,H,)". Since these modes correspond to a mixed C=C
stretch/in-plane CH, scissor motion, this indicates a slight
deactivation of the C=C bond.
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C-C, C—-H, and O—0 Bond Activation

To gain further insight into the mutual activation of the O-O
bond and the deactivation of the C=C bond upon co-adsorption
of O, and C,H, on Au,', we have theoretically studied the
geometric and electronic structure of the complexes
Au,0,(C>H,)" and Au,0,(C,H,)," in more detail.

Recently, we have theoretically investigated the structure of
the complex Au,(C,H,)" and showed that adsorption of one
ethylene molecule on the cluster leads to an elongation of the
C=C bond from 1.33 for the free C,H, molecule (1.34 A
experimental value [64]) to 1.40 A in Auy(C,H,)" (cf. iso
2,0,1) [10]. Co-adsorption of O, on the free (i.e., non-
ethylene binding) Au atom slightly reduces the C=C bond
length (<0.01 A compared with ethylene in Auy(C,H,)") ac-
companied by a small elongation of the calculated O—O bond
length (0.01 A compared with free O,). Although these bond
length changes are very small, they are reflected in the vibra-
tional spectra: bands I and II corresponding to coupled C=C
stretch/in-plane CH, scissor motions slightly blue-shift (cf.
Figure le, f) and the O-O stretch vibration red-shifts from
1580 (free O,) to 1458 cm ™' (Au,0,(C>H,)"). Furthermore,
0,/C,H, co-adsorption on Au, " leads to a slight shortening of
the Au—Au bond from 2.62 of the bare Au," to 2.60 A in the co-
adsorption complex.

As described above, the IR-MPD spectrum of Au,(C,Hy), "
is in reasonable agreement with the calculated spectrum of the
minimum energy structure (iso 2,0,2-a) in which each ethylene
molecule is bound to one of the Au atoms in a z-bonded
configuration. In this complex, the C=C bond lengths of both
molecules amount to 1.39 A, which is slightly shorter than in
Auz(C2H4)Jr and is in agreement with the small blue shift of
bands I and III. The isomer with both ethylene molecules z-
bonded to the same Au atom (iso 2,0,2-b) is 0.33 eV higher in
energy. The C=C bond length in this complex also amounts to
1.39 A, and the vibrational spectrum is very similar to the
spectrum of iso 2,0,2-a.

The IR-MPD spectrum of Au,O,(C,H,)," is tentatively
assigned to two species. One of these is iso 2,1,2-a, which
corresponds to the co-adsorption of O, on iso 2,0,2-b. This leads
to an elongation of the Au-Au bond to 2.69 A (compare with
2.62 A for Au,"), the O, orientation in this structure breaks the
symmetry, and the two ethylene molecules no longer occupy
equivalent sites leading to a splitting of bands I and III. The C,H,
molecule closer to the O, molecule (labeled (1) in Figure 1) is
characterized by a C=C bond length of 1.39 A and is thus hardly
affected by the O, molecule. The corresponding bands I and 11
are theoretically predicted at 1521 cm™' and 1268 cm ', respec-
tively, similar to bands I and III of Au(C,H,)," at 1512 cm 'and
1260 cm™' (d(C=C)=1.39 A). In contrast, the C,H, molecule
more distant to O, (labeled (2) in Figure 1) is slightly activated to
d(C=C)=1.40 A with bands I and Il predicted at 1505 cm ™" and
1240 cm !, respectively, similar to bands I and III of Au,(C,H,)"
at 1504 cm ™' and 1237 cm ™' (d(C=C)=1.40 A). However, due
to the small oscillator strengths of these modes, they are not
observed in the experimental spectrum. In addition, the co-
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adsorption of O, on Au,(C,H,)," leads to a further small activa-
tion of the O—O bond to 1.25 A compared with 1.23 A in free O,
and 1.24 A in Au,0,(C,H,)" in agreement with the observed red
shift of the O—O stretch vibration to 1441 cm ™. For none of the
investigated complexes, any C—H bond activation is observed
(compare d(C-H)=1.09 A in Auy(C,H,)." and AuO,(C-H,),"
with d(C-H)=1.09 A in free C,H,).

The second isomer tentatively assigned, iso 2,1,2-c, corre-
sponds to co-adsorption of O, on iso 2,0,2-a by bridging the
two Au atoms. This leads to a rotation of the C,H, molecules
and a considerable elongation of the Au—Au bond to 2.88 A
(compare with 2.62 A in Au,"). Both ethylene molecules are
slightly activated to d(C=C)=1.40 A, and the O-O bond is
considerably elongated to 1.35 A. This is consistent with the

strong red shift of the O—O stretch mode by about 540 cm ™.

Electronic Structure of Au>0>(C>H,)," Complexes

Despite the observed O—O and C=C bond activation processes,
the O, activation is rather small and the IR-MPD spectra are
well-described by simple co-adsorption products without any
indication for further C—O or O-H bond formation reactions.
To understand this weak O,/C,H, interaction, Figure 2 dis-
plays the electronic density of states (DOS) for Au,O,(C,Hy)"
and Au,0,(C,H,), " (iso 2,1,2-a) together with selected Kohn—
Sham (KS) orbitals. The DOS are shown separately for spin-up
(majority spin) and spin-down (minority spin) electrons. The
features colored red correspond to electron occupation local-
ized on the O, molecule, the green features to the sum of
charges localized on the C,H, and the O, molecule, and the
gray features represent the total DOS. For both complexes, the
low-lying orbitals closely resemble the orbitals o, G e, O2ps
and my, of free 02 as well as the C—H bond—forming orbitals
0 ct, 0 s T oo, and @ ¢ of the free ethylene molecule,
i.e., these orbitals are localized on the O, and C,H, molecules,
respectively. Similar to the previously studied complex
Au,(C,H,)" [10], the ethylene C=C double bond—forming
orbitals occ and mcc for Au202(C2H4)+ and Au,0,(C,Hy),"
mix with the Au, "~ d-orbitals leading to a partial depopulation
of the 7cc and an elongation of the C=C double bond by up to
0.07 A compared with the free ethylene molecule [10]. Since
all CH, bond—forming orbitals are localized on the C,H, mol-
ecule and do not mix with gold orbitals, the ethylene C—H
bonds are not activated compared with free ethylene.

The anti-bonding n*zp orbitals of O, close to the Fermi
energy (er) are occupied forming the orbitals labeled #22 and
#23 for Allz()z(CzH4)Jr and #28 and #29 for AU202(C2H4)2+.
Whereas orbitals #22 and #29 are of bonding nature between
0, and Au, ", orbitals #23 and #28 are mainly localized on the
O, molecule. The highest occupied molecular orbital (HOMO)
is formed by interaction of the Au, " 1S superatom-like orbital
[65] with one of the unoccupied O, orbitals. This pulls part of
the initially unoccupied 7r*2p orbitals below the Fermi level
leading to a partial occupation of the orbital and an activation
of the O—O bond. However, since this contribution to the
HOMO is rather small, i.e., most of the initially unoccupied
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Figure 2. Electronic structure, represented by the density of states (DOS) and isosurfaces (encompassing 90% of the electron
density) of selected Kohn—Sham orbitals (with positive and negative values depicted in blue and pink, respectively) for (a)

Au05(CoHa)" and (b) Au02(CoHa)e

*. The DOS is shown separately for spin-up and spin-down electrons. For occupied states

(energy below the Fermi level &g, vertical dashed line), the area under the DOS curve is filled. The red features correspond to the
electronic states (charge) localized on the O, molecule, the green features to the charge localized on the C,H, and the O, molecules,

and the gray curve represent the total DOS

ﬂ*zp orbitals are still located above ¢, the activation of the O-O
bond is rather small, reflected by an elongation of only 0.01 A
for AuO,(C,H,)" and 0.02 A for AuO,(C,H4)," and a rather
small red shift of the O-O stretch vibration (122 cm ' and
139 cm™', respectively). The interaction of the cationic gold
cluster with O, is similar to the previously reported interaction
of neutral gold clusters with O, but different to Au,O, for
which the gold—O, interaction is governed by a considerable
occupation of the initially unoccupied ﬂ*zp orbitals [49].
Furthermore, some peaks of the Au,0,(C,H,)" and
Au,0,(C,Hy)," DOS (in particular between — 12 and — 9 eV)

show (at least small) contributions of both O, and C,Hj.
However, the corresponding KS orbitals (e.g., the orbitals
labeled #14 and #16 for Au,0,(C,H4)" and #24 and #25 for
Au,0,(C,H,),") do not indicate any noticeable mixing of O,
and C,H, orbitals but rather represent multi-centered orbitals.
Thus, the localization of most of the KS orbitals on O, and
C,Hy, respectively, the small contribution of the initially unoc-
cupied 7r*2p orbital to the HOMO, and the limited mixing
between O, and C,H, orbitals are responsible for the rather
weak interaction and mutual activation between the co-
adsorbed molecules.
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0,/C,H, Co-adsorption on Neutral Gold Clusters

The mutual activation of O, and C,H4 mediated by neutral gold
clusters has been investigated previously by means of DFT
calculations. Small neutral gold clusters with an odd number of
atoms Au, (x=3-9; i.e., with one unpaired s-electron) were
found to activate one oxygen molecule to a superoxo state
(d(0-0)=1.28-1.31 A) [35] which represents a considerably
stronger activation than observed for Au, " in the present study.
Despite the strong activation of O,, molecular adsorption of O,
has been found to be thermodynamically favorable over disso-
ciative adsorption (with the exception of Aug) which appears to
be in contrast to an earlier study on neutral Au,O, complexes
[49]. Similar to Au,', a first ethylene molecule binds to the
neutral cluster in a z-configuration (with the exception of Aus)
and the C=C bond is elongated to about 1.38-1.39 A [11] and
1.41-1.43 A [12], respectively.

Co-adsorption of one O, and one C,H, molecule has been
shown to be slightly cooperative, i.e., the energy of simulta-
neous adsorption of both molecules is 0.05-0.1 eV larger than
the sum of the individual adsorption energies [35]. Most inter-
estingly, co-adsorption of C;H4 on Au,O, has been found to
hardly influence the charge transfer to the molecularly
adsorbed O, molecule [36], and consequently, the change of
0O-0 bond activation upon C,H, co-adsorption is very small. A
similar small ethylene-induced O—O bond activation is also
observed in the IR-MPD spectra of Au,0,(C,H4)" and
Au202(C2H4)2+.

Despite the small O—O bond activation induced upon eth-
ylene co-adsorption on neutral Au,O,, charge transfer process-
es have been shown to promote O, dissociation by energeti-
cally stabilizing the isomers with dissociated oxygen and thus
considerably reducing the energy barrier for O—O bond disso-
ciation [36]. Since the barriers are still around 1.0 eV, the
adsorption of multiple ethylene molecules has been proposed
to further decrease the barrier and to make the reaction feasible
at low temperatures. However, several studies on oxidation
reactions mediated by gold clusters such as the oxidation of
CO [17, 18], methane [20], H, [21], and ethylene [31-33]
showed that O, dissociation does not represent a necessary
prerequisite for gold-mediated oxidation reactions. The mole-
cules can rather interact with sufficiently activated but molec-
ularly adsorbed O, which was shown to open mechanistically
different reaction pathways and to enable low-temperature
oxidation reactions. Consequently, not only the activation of
O, but also the activation of the reaction partner might be
crucial. In the previous sections, we have shown that adsorp-
tion of two ethylene molecules besides O, on Au," leads not
only to the largest O, but also to the largest C=C bond activa-
tion. Thus, the adsorption of multiple ethylene molecules ap-
pears to lead to a cooperative effect resulting in maximal O,
and C,H, activation and could provide the necessary precon-
ditions for any potential subsequent oxidation reactions.

However, due to the intrinsically weak interaction between
the cationic gold cluster and molecular oxygen, this cooperative
effect appears to be insufficient for any further C-O or O-H
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bond formation reactions. This is in agreement with the pro-
posed necessity of a superoxide species for successful ethylene
oxidation [31]. Neutral and anionic gold clusters have been
shown to activate ethylene to a similar extent as gold cations
[11, 12] but, with the exception of Au,o" and Au,, [61], neutral
and anionic gold clusters with one unpaired s-electron typically
activate molecular oxygen considerably stronger [35, 49, 56,
61, 66-73]. Thus, neutral and anionic gold cluster are suggested
to represent better candidates to mediate the oxidation of ethyl-
ene. The reaction might be energetically even more favorable in
the presence of a cluster that preferably binds ethylene in a di-o-
bonded configuration instead of a z-bonded configuration. In
the z-bonded configuration, the C atoms retain their sp” hybrid-
ization of the free C,H4 molecule while they are rehybridized to
an almost sp’-like state in the di-o-bonded configuration leading
to a considerably stronger activation of the C—C bond [11, 12,
15]. Since only for the neutral Aus cluster di-o-bonding of
ethylene has been shown to be energetically more favorable
than z-bonding, Aus appears to be the most promising candidate
to successfully mediate the direct oxidation of ethylene without
predissociation of the O, molecule.

However, a recent theoretical study has shown that both
epoxide and acetaldehyde formation are energetically more
favorable with initially z-bonded ethylene [32]. Ethylene binds
to the hexagonal fcc(111)-like face of a neutral Ausg clusterina
di-o-bonded configuration leading to d(C~C)=1.478 A while
O, adsorption on this face leads to an activation of the O-O
bond to d(O-0)=1.366 A. Most interestingly, co-adsorption
of both molecules on the same hexagonal face of Ausg results
in a small deactivation of both molecules to d(C—C)=1.463 A
and d(0O-0) =1.348 A. In contrast, ethylene binds to the square
fce(100)-like face of the cluster in a z-bonded configuration
with d(C—C)=1.381 A, and O, is activated on the same face to
d(0-0)=1.358 A. Co-adsorption of both molecules does not
affect the ethylene molecule (d(C—C)=1.380 A) but further
activates the O—O bond to d(0-0)=1.368 A. The subsequent
oxidation reactions to epoxide and acetaldehyde were then
found to be energetically more favorable on the fcc(100)-like
face with z-bonded ethylene. This shows that a strong activa-
tion of the O—O bond is more important for subsequent oxida-
tion reactions than the activation of the C=C bond. Thus,
ethylene oxidation should be most favorable in the presence
of anionic gold cluster with an odd number of atoms.

Conclusion

We employed IR-MPD spectroscopy in conjunction with DFT
calculations to investigate the activation of molecular oxygen
and ethylene in the co-adsorption complexes Au,0,(C,H,)"
and Au,0,(C,H,),". Both complexes show characteristic fea-
tures of intact O, and C,H,4 and do not indicate the formation of
oxidation products. However, spectral shifts of the C=C and
O-O0 stretch modes are observed which are in agreement with
an activation of the C=C double bond by up to 0.07 A and a
small activation of the O—O bond by up to 0.02 A which
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increases with the increasing number of co-adsorbed ethylene
molecules. The small O, activation and the rather weak inter-
action between O, and C,H, are also reflected in the electronic
structure of the co-adsorption complexes which shows only a
small occupation of the empty anti-bonding O, 27r*2p orbital as
well as the localization of most of the Kohn—Sham orbitals on
0O, and C,Hy, respectively. This study shows that although the
co-adsorption of ethylene molecules enhances the activation of
the oxygen molecules, the cationic Au, " cannot promote suf-
ficient activation to enable room-temperature ethylene oxida-
tion. To enhance the O, activation to a Superoxo or peroxo
state, larger gold cluster cations such as Au;o" and Au,," [61]
or anionic clusters with an odd number of gold atoms Au, (x=
odd number) [35, 49, 56, 67, 68, 70, 71] should be employed.
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