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Abstract: Activation of O, is the most critical step in catalytic oxidation reactions involving gold and remains
poorly understood. Here we report a systematic investigation of the interactions between O, and small
gold cluster anions Au,” (n = 1—7) using photoelectron spectroscopy. Higher resolution photoelectron
spectra are obtained for the molecularly chemisorbed even-sized Au,0,~ (n = 2, 4, 6) complexes. Well-
resolved vibrational structures due to O—O stretching are observed and can be readily distinguished from
the Au-derived PES bands. The adiabatic detachment energies and O—O vibrational frequencies are
measured to be 3.03 £ 0.04, 3.53 4+ 0.05, and 3.17 4+ 0.05 eV, and 1360 4 80, 1360 + 80, and 1330 +
80 cm~' for n = 2, 4, 6, respectively. Physisorbed Au, (O,) complexes for n =1, 3, 5, 7 are observed for
the first time, providing direct evidence for the inertness of the closed-shell odd-sized Au,~ clusters toward
O.. Neutral even-sized Au, clusters are closed-shell and are expected to be inert toward O,, which is not
consistent with the reduced O—O0 vibrational frequencies observed in the photoelectron spectra relative to
free O,. It is suggested that the photodetachment transitions can only access excited states of the neutral
even-sized Au,O, complexes; a double-well potential is proposed consisting of the ground-state van der
Walls well at long Au,—O, distances and a higher energy deeper well at short Au,—O, distances derived
from singlet O, ('Ag). The current study provides further insight into O, interactions with small gold clusters,

as well as accurate experimental data to benchmark theoretical investigations.

1. Introduction

The reactivity of gold clusters with O, is important for
understanding the remarkable catalytic effects discovered for
gold nanoparticles.' Bulk gold surfaces are known to be inactive
toward O,,% and thus O, activation is believed to be the main
rate-limiting step in nanogold catalysis. While both anionic and
cationic Au species have been proposed as active sites in
nanogold catalysis,’ © recent experimental evidence suggests
that the catalytic active sizes for CO oxidation may involve
subnanometer gold particles containing only about 10 Au
atoms.” Unsupported nanosized Au particles have also been
shown to be active catalysts,> suggesting that the catalytic
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activity may be intrinsic to the nano- or subnanogold particles.
A critical question pertaining to nanogold catalysis is whether
and how gold nanoparticles interact with and activate molecular
oxygen.

Size-selected gas phase clusters can serve as well-defined and
controllable models for mechanistic understandings of nanogold
catalysis at the molecular level.''® Early reactivity studies of
Au,~ toward O, revealed molecular O, addition as the primary
reaction channel only for the even-sized clusters, whereas the
odd-sized clusters are inert toward O,.'° The even—odd alterna-
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tion correlates well with a similar trend in the electron affinities
of Au,,?® suggesting that electron transfer from Au,~ to O, might
be the primary reaction mechanism.'® In subsequent photo-
electron spectroscopy (PES) studies,'*'* spectroscopic evidence
was reported, showing that the even-sized Au, O, clusters are
indeed molecularly chemisorbed complexes via the observation
of O—O vibrational structures, with estimated vibrational
spacings ranging from ~180 meV (1450 cm™!) for n = 2 and
6 to 152 meV (1230 cm™') for n = 4.

There have been numerous theoretical investigations on the
reactivity of gold clusters with O,. While most theoretical studies
show the even—odd effect for the anion clusters, consistent with
the experimental observations, the situation for the neutral
clusters is more complicated because there is a lack of direct
experimental probe for the uncharged species. Several previous
density functional theory (DFT) studies show persistently that
neutral Au clusters interact with O, rather weakly, insufficient
to activate molecular oxygen.?'** Specifically, Landman and
co-workers®' concluded that, despite the weak binding to O,,
neutral and cationic Au clusters do not induce O—O bond
activation. Jena and co-workers'> showed that in neutral Au,0,
and AuyO, clusters electron transfer takes place from O, to Au,
and Auy, owing to the high electronegativity of Au. Ding et al.*
showed that there is no O, chemisorption in the Au,O, (n = 2,
4, 6) neutral complexes, and thus their O—O stretching
frequencies should be close to or almost the same as that in
free O, (1580 cm™!). Ab initio calculations by the groups of
Gordon and Metiu showed that while O, has a 1.07 eV binding
energy to Au,” it only weakly interacts with either Aus~ or
Auz.>* They showed that DFT methods can give rise to large
errors in predicting the O, binding to gold clusters.

However, the consistent theoretical predictions of weak
binding between O, and neutral gold clusters do not agree with
the observed vibrational structures in the PES spectra of even-
sized Au, 0.~ (n = 2, 4, 6) complexes.'* Since PES probes the
final neutral states, the observed vibrational structures should
be due to the O—O vibration in the neutral Au, 0, (n = 2, 4, 6)
complexes. The reduced O—O frequencies relative to free O,
in the PES spectra are puzzling. Clearly, there is something
significant that is not well understood about the O, interactions
with small gold clusters. High-quality spectroscopic data are
needed to provide further insight.

In the current article, we report a systematic PES study of
the Au,0,” (n = 1—7) complexes for both the even- and odd-
sized clusters. For the even-sized clusters (n = 2, 4, 6),
significantly better resolved spectra are obtained and the possible
mechanisms for the observed reduced O—O frequencies are
discussed. For the odd-sized clusters (n = 1, 3, 5, 7), physisorbed
Au,” (0,) complexes are observed for the first time and their
PES spectra are nearly identical to those of the parent Au,”
clusters, providing direct spectroscopic evidence for the inertness
of these clusters toward O,. For AuO,™ and AuzO,, both the
dioxide forms and the O, complexes are observed when an O,/
He carrier gas is used, whereas only the dioxide forms are
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observed when a N,O/He carrier gas is used. The current results
provide further insight into the mechanisms of O, activation
by small gold clusters and can be used to benchmark high-level
computational studies on the interactions of O, with Au clusters.

2. Experimental Method

The experiment was carried out using a magnetic-bottle PES
apparatus equipped with a laser vaporization cluster source, details
of which have been described previously.?* Briefly, the Au,0,~
cluster complexes were produced by laser vaporization of a pure
Au disk target in the presence of a He carrier gas seeded with
different amounts of O, and analyzed using a time-of-flight mass
spectrometer. The Au, O, (n = 1—7) clusters of current interest
were each mass-selected and decelerated before being photode-
tached. The photodetachment experiments were performed at three
photon energies: 355 nm (3.496), 266 nm (4.661 eV), and 193 nm
(6.424 eV). Effort was made to control cluster temperatures and to
choose colder clusters for photodetachment, which has proved
essential for obtaining high-quality PES data.?> Photoelectrons were
collected at nearly 100% efficiency by the magnetic bottle and
analyzed in a 3.5 m long electron flight tube. The experiment was
run at 20 Hz repetition rate with the cluster beam off at alternating
laser shots for background subtraction. Photoelectron time-of-flight
spectra were converted to kinetic energy (Ek) spectra, calibrated
using the known spectra of Au~ and Rh™. The reported electron-
binding energy spectra were obtained by subtracting the kinetic
energy spectra from the respective photon energies. The energy
resolution of the PES apparatus was AEK/Ek = 2.5%, that is, ~25
meV for 1 eV electrons.

We found that in our cluster source the cluster distributions
depended strongly on the O, content in the He carrier gas. At 0.1%
0O,, we observed only Au,O,” complexes with even 7 in the size
range of n = 2—8, consistent with previous studies.'®'* At 0.5%
0,, we found that most of the even-sized Au,  clusters were
converted to the Au,O,” complexes. At the same time, more
extensive O-containing clusters (Au,O,) were observed, including
odd-numbered n and x. At 5% O,, we observed nearly continuous
cluster distributions of Au,O,” in both n and x due to extensive
oxidation and complex formation. Most of our PES experiments
were done using the 0.5% O,/He carrier gas. For AuO,™, we used
5% O,/He carrier gas to enhance its intensity. We also used N,O%-
seeded He carrier as the O source and were able to observe AuQO,~
and Au;0,~, which were compared with the results from the O,-
seeded carrier gas.

3. Results

3.1. Au, 0, (n = 2, 4, 6). The PES spectra of Au,O,” (n =
2,4, 6) at 193 nm are compared with those of the corresponding
bare Au,, clusters in Figure 1. Higher resolution spectra at 266
nm for Au,O,” are shown in Figure 2. The new data are
consistent with the previous reports by Gantefor and co-
workers,'* but are better resolved. In the 193 nm spectra (Figure
1), weak and broad features are observed in the low binding
energy side, which come primarily from detachment from the
O, unit in Au,O, . The relatively sharp features at higher
binding energies (>4.8 eV) originate from the Au cluster
substrates. At 266 nm (Figure 2), only the O,-derived bands
are observed, which are resolved into different vibrational
progressions. In the 266 spectrum of Au,O," (Figure 2a), three
vibrational progressions (X, A, B) are resolved with frequencies
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Figure 1. Photoelectron spectra of even-sized Au, O, (n = 2, 4, 6) at 193 nm (6.424 eV) in comparison with those of the corresponding Au,, clusters.
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Figure 2. Photoelectron spectra of Au,0,” (n = 2, 4, 6) at 266 nm (4.661
eV). Resolved vibrational structures are labeled.

of 1360, 1250, and ~700 cm™!, respectively. In the 266 nm of
Auy O, (Figure 2b), two bands are observed, where the X band
is vibrationally resolved. For AugO,~ (Figure 2c), three bands
are observed and vibrational structures are resolved in the X
and A bands. The B band in the spectra of Au,O,™ and Au,Og
was not identified in the previous study due to lower spectral
resolution and poor signal-to-noise ratios.'* However, because
of the photon energy cutoff at 266 nm and the difficulty in
detecting low-energy electrons by the magnetic-bottle PES
analyzer, the spectral intensity above 4.5 eV in Figure 2 is not
reliable. Nevertheless, as will be discussed in Section 4.2, the
O,-derived spectral features in Au, 0, (n = 2, 4, 6) resemble
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Table 1. Observed Adiabatic (ADE) and Vertical (VDE)
Detachment Energies and O—O Vibrational Frequencies from the

PES Spectra of Au,0,~ (n = 2, 4, 6)7
feature ADE (eV) VDE (eV) vib freq (cm™7)

Au,0,” X 3.03 (4) 3.29 (5) 1360 (70)
A 3.86 (4) 4.01 (5) 1250 (70)
B 4.32(5) ~4.54 ~700
Au 4.84 (4)

AuyO,~ X 3.53(5) 3.78 (5) 1360 (80)
A 4.37(5)
Au 4.81 (4)

AugO,~ X 3.17 (5) 3.61(5) 1330 (100)
A 4.01 (5) 4.15(5) 1100 (80)
B 4.48 (5) >4.48
Au 4.83 (4)

“Numbers in parentheses represent the experimental uncertainties in
the last digits.

those of free O,, and the assignment of the B band in the
spectra of the n = 2 and 6 species in the current study is sound.

From the vibrationally resolved spectra, the vertical detach-
ment energy (VDE) for the ground-state transition in each case
is readily obtained from the most intense vibrational peak, as
summarized in Table 1, where the ground-state vibrational
frequencies are also given. However, the vibrational peaks of
band X in each spectrum show a width of about 120—140 meV,
which is much larger than the instrumental resolution. This large
spectral width can be due to either contributions from unresolved
low-frequency vibrational modes or lifetime broadening. There-
fore, the ground-state adiabatic detachment energy (ADE) is
estimated by drawing a straight line along the leading edge of
the first vibrational peak in each case and then adding the
instrumental resolution to the intersection with the binding
energy axis. The obtained ADE values are also given in Table
1 for Au,0,” (n = 2, 4, 6).

3.2. AuO, . The 193 nm spectra of AuO,  are shown in
Figure 3 at different source conditions and compared with that
of Au". The spectrum in Figure 3a is obtained with a 1% N,O-
seeded He carrier gas. This spectrum is entirely due to the linear
OAuO~ dioxide, which has been studied in detail in a recent
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Figure 3. Photoelectron spectra of AuO,™ at 193 nm in comparison with
that of Au™. (a) Spectrum of AuO,~ dioxide using a N,O/He carrier gas;
the assignments are from ref 26. (b and c¢) Spectra of AuO,™ using an O,/
He carrier gas, showing contributions of the Au (O,) van der Waals
complex, whose intensities increase with better cooling from (b) to (c).

joint PES and ab initio study.”® The spectral assignments
obtained from the previous study are given in Figure 3a. The
spectrum shown in Figure 3b is measured for AuO,™ produced
using 5% O,/He as the carrier gas. This spectrum is different
from the data in Figure 3a: an extra peak (X’) around 2.3 eV is
observed and at the same time the relative intensity of the X
band for the AuO,” dioxide appears to be enhanced. As we
increase the cooling effect of the cluster source, we observe
the relative intensity of the X’ band increases (Figure 3c).

As described previously,? the cluster temperatures from our
source depend on the residence time inside the cluster nozzle.
The longer the residence time, the colder the clusters. We can
tune the residence time or the relative cluster temperatures by
varying the delay time of the cluster extraction for mass analyses
with respect to the firing of the vaporization laser. A smaller
delay time implies a short residence time or hot clusters. In
Figure S1, we show a series of spectra for AuO,™ produced
with the 5% O,/He carrier gas at different residence times. We
observe that under hot conditions only the AuO, ™~ dioxide isomer
is produced. As we increase the residence time, the extra peak
gradually appears and becomes very strong at the longest
residence time. These observations suggest that the extra peak
comes from a weakly bound or physisorbed Au™(O,) complex.
Indeed, the X’ peak of Au™(0,) is nearly the same as that of
Au~ (Figure 3d). The second and third peaks from the Au™(O,)
complex should also be similar to those (A and B) of Au™, and
they overlap with the X and C bands of AuO,” dioxide,

(26) Zhai, H. J.; Burgel, C.; Bonacic-Koutecky, V.; Wang, L. S. J. Am.
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Figure 4. Photoelectron spectrum of the Au™(O,) van der Waals complex
at 355 nm (3.496 eV) in comparison with that of Au™.

Table 2. Observed Adiabatic Detachment Energies (ADE) of
Physisorbed O, Complexes for the Odd-Sized Clusters, Au, (O,)
(n=1, 3,5, 7), Compared with Those of the Corresponding Free
Au,” Clusters?

Au,~(0,) ADE Auy ADE? AE°
1 2322 (10) 1 2.30863 0.013
3 3.89 (1) 3 3.88(2) 0.01
5 3.10 (2) 5 3.08 (3) 0.02
7 3.42 (3) 7 3.42(3) ~0

“All values are in eV. Numbers in parentheses represent the
uncertainties in the last digits. ®The ADE of Au~ is from ref 36, and
those for the larger clusters are from ref 27. € Shift of the ADE of
Au, (0,) relative to that of Au, .

respectively, as can be seen by comparing Figure 3, ¢ and d.
We further measured the spectrum of the physisorbed Au™(O,)
complex with enhanced resolution at 355 nm (Figure 4a), which
displays unresolved fine features. The ADE of Au (O,) is
measured to be 2.322 eV (Table 2), which is slightly higher
than that of Au™ (2.3086 eV) and is consistent with the weakly
bound nature of Au™(O,).

3.3. AuzO; . The 193 nm spectra of Au;O,™ under different
source conditions are compared with that of bare Au;™ in Figure
5. The spectrum shown in Figure 5b was obtained for Au;O,™
using a 1% N,O/He carrier gas under similar conditions to those
for the AuO,™ dioxide spectrum in Figure 3a. This spectrum
displays extremely high electron-binding energies, with the VDE
of the X band being 4.32 eV. Similar to the AuO,~ dioxide,
this Au;O,~ species must be also in the dioxide form. The
spectrum in Figure 5c was obtained by using the 0.5% O,/He
carrier gas. The Au;O,~ system behaves similarly to AuO, : in
addition to the dioxide form, a weak low-binding energy peak
(X', Figure 5c) appears at ~3.9 eV. The binding energy of this
peak is very similar to that of bare Aus~, suggesting that this
peak comes from a physisorbed Au; (O,) similar to Au™(O,).
However, the relative intensity of the Au; (O,) complex is
always weak even under the coldest source conditions. In Figure
6, we compare the 266 nm spectra of AuzO,™ and Au;~ under
higher spectral resolution. The relative intensity of the X" band
is much enhanced. The ADE of the Au; (0,) complex is
measured to be 3.89 eV (Table 2), slightly blue-shifted relative
to that of Au;~ (3.88 eV), consistent with the weakly bonded
nature of Au; (O;). The A band of Au;~ exhibited a dramatic
photon energy dependence, and its relative intensity was

J. AM. CHEM. SOC. = VOL. 132, NO. 12, 2010 4347
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Figure 6. Photoelectron spectrum of the weakly bonded Au;™(O,) complex
at 355 nm in comparison with that of Au;™.

significantly reduced at 266 nm (Figure 6b), as pointed out
previously.?’

3.4. Aus0,™ and Au,0, . The spectra of AusO,™ and Au;0,~
at two different photon energies are compared with their parent
gold clusters in Figures 7 and 8, respectively. We observe the
spectra of AusO,” and Au;0,  to be nearly identical to their
respective parent gold clusters. Even the ADE of each O,
complex displays no measurable shift from its parent gold
clusters within our experimental uncertainties (Table 2). These
observations suggest that these two clusters exist in the form
of weakly bonded van der Waals complexes, Aus (O,) and
Au;7(0,), in which O, exerts little perturbation to the parent
gold clusters. We have also produced van der Waals clusters
of Au,~ with Ar and obtained their PES spectra, which are all
identical to those of the parent gold clusters with little spectral
shift.”® There are some very weak signals in the spectra of the
0O, complexes, notably between 3.5 and 4.0 eV in the case of
Aus (0O,) (Figure 7a) and between 4.0 and 4.4 eV in the case
of Au; (0O,) (Figure 8a). These weak signals could come from
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Figure 8. Photoelectron spectra of weakly bonded Au; (O,) complex at
193 and 355 nm in comparison with those of Au; .

minor populations of the dioxide isomers. However, using the
N,O/He carrier gas, we observed negligible intensities for the
dioxides in these cases.

4. Discussion

4.1. Physisorption of O, to Odd-Sized Au,” (n = 1,3,5,7)
Clusters. The observation of physisorbed Au, (O,) complexes
for the odd-sized clusters is a vivid demonstration of the
inertness of these closed-shell gold cluster anions toward O,.
The dioxide isomers of AuO,  and Au3;O,” are formed,
respectively, by reactions of Au™ and Au;~ with O atoms, which
can be produced in the laser vaporization plasma. This conclu-
sion is confirmed by the experiment using N,O as the oxygen
source. Although the AuO,™ dioxide is more stable than the
Au™(O,) complex, it cannot be formed by direct reactions of
Au~ with O,. Jena and co-workers showed using DFT calcula-
tions that there is a 3 eV barrier for the Au™ + O, reaction to
form the dioxide,'® which cannot be overcome under thermal
conditions. The physisorbed nature of the Au™(0O,) complex has
been recently studied in detail, showing that the O, binding
energy to Au~ is only about 0.03 eV (0.78 kcal/mol) at the
CCSD(T) level and the complete basis set limit.>® Bonacic-

(28) (a) Huang, W.; Wang, L. S. Phys. Chem. Chem. Phys. 2009, 11, 2663.
(b) Huang, W.; Wang, L. S. Phys. Rev. Lett. 2009, 102, 153401. (c)
Huang, W.; Bulusu, S.; Pal, R.; Zeng, X. C.; Wang, L. S. ACS Nano
2009, 3, 1225.

(29) Gao, Y.; Huang, W.; Woodford, J.; Wang, L. S.; Zeng, X. C. J. Am.
Chem. Soc. 2009, 131, 9484.
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Figure 9. Schematics showing the relationship between adiabatic detach-
ment energies (ADE) of anions and the O, binding energies (Eb) for a neutral
and anion cluster.

Koutecky and co-workers have calculated the structure of the
Auz0,~ dioxide,*® which possesses a bent geometry and can
be viewed as a Au, dimer end-bonded to a linear AuO, ™ dioxide.
Similar to the AuO,~ dioxide, the AuzO,~ dioxide is not formed
by direct reactions of Ausz~ with O,.

Previous DFT calculations suggest that the O, binding
energies to the odd-sized Au,,~ clusters (n = 3, 5, 7) range from
0.3 to 0.6 eV.>' >} However, using the CCSD(T) level of theory
the groups of Gordon and Metiu have shown that in fact O,
does not bind to Aus™ and that DFT methods tend to overes-
timate the O, binding to gold clusters.** The CCSD(T) result
is confirmed by the current experimental observation: the
Auz (0,) complex was difficult to observe, and it could be
formed only under our coldest source conditions. For Aus~ and
Au;, the O, binding must be also very weak because O, has
very little effect on the electronic structures of the parent
clusters. In particular, O, does not even induce a shift in the
ADE of Au; (O,) relative to that of Au;, suggesting that the
interactions between O, and Au;~ or Auy are similar and equally
weak (Figure 9). As shown in Table 2, for n = 1, 3, 5, the O,
binding induces a small blue shift in the ADEs of the Au, (O,)
complexes relative to those of the bare clusters. These results
imply that O, interacts with the anions slightly more strongly
than with the corresponding neutral clusters, i.e., Eb(M™) >
Eb(M) in Figure 9, because Eb(M™) = Eb(M) + ADE[M™(0,)]
— ADE(M™). Available calculations in the literature are not
consistent in predicting this binding energy trend from the anion
to the neutral for the odd-sized clusters. In fact, the majority of
the available calculations suggest that O, binds more strongly
to the neutral odd-sized gold clusters than to the anions,
inconsistent with the current experimental observations. As
schematically shown in Figure 9, if O, were to bind more
strongly to the neutral clusters, the observed ADEs for the
Au, (0,) complexes should be smaller than those for their
corresponding Au,,~ clusters.

4.2. Molecular Chemisorption of O, on Even-Sized Au,”
Clusters in Au,0,” (n = 2, 4, 6). From a careful saturation
chemisorption study, Whetten and co-workers suggested that
the interaction between even-sized Au,~ clusters and O, is via
a one-electron charge transfer,'® yielding adsorbed superoxide
complexes, Au,(O,7). The observation of O—O vibrational
structures in the PES of Au,O,” (n = 2, 4, 6) by Gantefor and

(30) Kimble, M. L.; Moore, N. A.; Johnson, G. E.; Castleman, A. W.;
Burgel, C.; Mitric, R.; Bonacic-Koutecky, V. J. Chem. Phys. 2006,
125, 204311.

co-workers confirmed this interpretation.'* In the current study,
we observed clearly three electronic transitions in the case of
Au,0, (X, A, B), which are due to the O,  moiety. These
three bands are in fact reminiscent of the photoelectron spectrum
of free O,7,*" providing further electronic structure evidence
for the charge transfer interaction in the even-sized Au,O,"
clusters.

Free molecular O, possesses an open-shell triplet %, ground
state with the antibonding 7, orbital half-filled (ngz). In O,
the extra electron enters the s, orbital, resulting in the 2Hg
ground state for O, (i7,°). Photodetachment from O, results
in the triplet *%,~ ground state and two low-lying excited singlet
states for O,, 'A, and 'Z,", with excitation energies at 0.982
and 1.636 eV, respectively.®! As shown in Figure 2a and Table
1, the 266 nm PES spectrum of Au,O,  yields excitation
energies of 0.83 and 1.29 eV for the A and B bands,
respectively. Different from those reported by Gantefor et al.,
the current higher resolution data show that the vibrational
frequencies and the excitation energies in all three systems are
nearly identical, as shown in Figure S2, where the 266 nm
spectra of Au,0,” (n = 2, 4, 6) are aligned for comparison.
Note that only two O,-derived PES bands (X and A) are
observed for Au,O,  at 266 nm (Figure 2b) because of its high
electron-binding energies. Another interesting observation is that
the onsets of the Au-derived PES features are identical for all
three systems (4.81—4.83 eV) within our experimental uncer-
tainty, as seen in Figure la—c.

4.3. On the Inconsistency of the Observed O—O Vibrational
Frequencies in the PES Spectra of the Even-Sized Au, 0, (n
= 2, 4, 6) Clusters and the Expected Inertness of the Corre-
sponding Neutral Au, Clusters with O,. Previous experimental
studies have shown that the closed-shell odd-sized Au,~ clusters
do not react with 0,.'° Our current observations of weakly
bonded O, complexes of these clusters provide direct spectro-
scopic evidence for the inertness of the odd-sized Au,” clusters
toward O,. The closed-shell Au,,~ clusters possess relatively high
electron-binding energies, making it energetically unfavorable
for the charge transfer reaction to O,. Besides the high electron-
binding energies, the spin selection rule also makes the closed-
shell Au,” clusters unfavorable to react with O,, which has a
triplet ground state as mentioned above. A recent study has
shown that closed-shell aluminum Al,” cluster anions react
much more slowly with O,, but their reactivity is considerably
enhanced with singlet O, ('A,).*** Interestingly, both the global
minimum D3, Auy,~ and the Au;s~ cage are known to be
unreactive to O,:'%?* they are exceptions to the even—odd effect
in the Au,” reactivity with O,, although they possess the same
spin state as the other reactive even-sized Au,” clusters. These
two clusters possess high electron-binding energies as a result
of their corresponding neutrals being open-shell triplet states.>”*>
Again, the spin selection rule may also play a role in the
nonreactivity of Aujo~ and Au;s~ with O,. Recently, we have
observed a weakly bonded Au; (O,) complex, which yields a
PES spectrum identical to that of the parent D3, Aujy~ and
confirms the inertness of Aujo~ toward 0,.2%2

(31) Buntine, M. A.; Lavrich, D. J.; Dessent, C. E.; Scarton, M. G.; Johnson,
M. A. Chem. Phys. Lert. 1993, 216, 471.

(32) (a) Burgert, R.; Schnockel, H.; Grubisic, A.; Li, X.; Stokes, S. T.;
Bowen, K. H.; Gantefor, G. F.; Kiran, B.; Jena, P. Science 2008, 319,
438. (b) Reber, A. C.; Khanna, S. N.; Roach, P. J.; Woodward, W. H.;
Castleman, A. W. J. Am. Chem. Soc. 2007, 129, 16098.

(33) Bulusu, S.; Li, X.; Wang, L. S.; Zeng, X. C. Proc. Natl. Acad. Sci.
U.S.A. 2006, 103, 8326.
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Analogously, the closed-shell neutral Au, clusters (n = 2, 4,
6) are not expected to react with O, because the electron-binding
(ionization) energies in these neutral clusters are much higher
than those for the closed-shell odd-sized Au,~ cluster anions.
In other words, the neutral closed-shell Au, clusters should form
only weakly bonded physisorbed complexes with O,. This
conclusion is clearly inconsistent with the PES spectra of
Au,O,", which yield spectroscopic information about the neutral
Au, 0, final states. The O—O vibrational frequency of 1360 cm ™!
observed in the PES spectra for the ground states of all three
Au, O, systems is significantly smaller than that for free O, (1580
cm™!). The vibrational frequency of the superoxide ion, O, is
1090 cm™'.** The 1360 cm™' vibrational frequency observed
for the ground states of neutral Au,O, complexes is between
those of the free O, and O,, suggesting significant chemical
interactions between Au, and O, in the final Au,O, states,
accessed in the photodetachment transitions.

As discussed in the Introduction, previous calculations have
also shown that neutral Au, clusters do not activate O,. Then,
the question is, how does one understand the reduced O—O
vibrational frequency in the neutral Au,O, final states in the
photodetachment experiment of Au,O,” (n = 2, 4, 6)?

4.4. Access of Excited States in PES of Au,0,” (n = 2, 4,
6). According to our experimental observation of the weakly
bonded nature of the closed-shell anions, the interactions
between the even-sized Au, clusters and O, should be extremely
weak and should be represented by a shallow van der Waals
well. The O—O vibrational frequencies in the weakly bonded
Au,(0O,) complexes should be close to that of free O,. Since
PES is a vertical process, it may not be able to access the
ground-state van der Waals potential curve of Au,(O,). A
detachment transition to the van der Waals well would be a
bound-to-unbound transition, which should yield very broad and
diffused PES bands. Instead, the observed PES spectra suggest
bound-to-bound transitions, which could result only from
transitions to excited states of Au,O,. This observation suggests
that the interactions between Au, and O, may correspond to a
double-well potential with a shallow ground-state van der Waals
well at long Au,—O, distances and a deeper well at closer
Au,—O, distances, but at a higher energy. The higher energy,
deeper well can result from interactions of Au, with an excited
state of O, and an avoided curve crossing with the ground-
state van der Waals well, resulting in the putative double-well
potential for Au,O,, as schematically shown in Figure 10.

The excited state could come from the interaction of Au,, with
singlet O, ('A,) (Figure 10), which is well known to be much
more reactive than the ground-state triplet O, (°%,").” In
addition, the spin-state selection rule is also fulfilled between
the reactions of the singlet O, and the closed-shell Au, clusters.
The first detachment channel reaching the Aun-Oz('Ag) final state
can be understood from the following consideration. In the
Au,(O,7) complexes, the degeneracy of the 7, orbital in the
O, moiety is expected to be lifted, resulting in two nondegen-
erate orbitals: a fully occupied orbital (a%) and a singly occupied
orbital (SOMO) (b"), as schematically shown in Figure 11a. A
single electron detachment from the SOMO of Au,(O,™) would
result in a final state of Au,(O,) corresponding to the ‘Ag state
of free O,, as schematically shown in Figure 11b. Detachment
of a spin-down electron from the a® orbital would result in a

(34) NIST Chemistry WebBook: http://webbook.nist.gov/chemistry.

(35) Schweitzer, C.; Schmidt, R. Chem. Rev. 2003, 103, 1685.

(36) Riestra-Kiracife, J. C.; Tschumper, G. S.; Schaefer, H. F.; Nandi, S.;
Ellison, G. B. Chem. Rev. 2002, 102, 231.
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Figure 10. Schematic potential energy curves illustrating vertical detach-
ment transitions from the ground state of Au,0,” (n = 2, 4, 6) to the final
neutral states of Au,O,. Note the curve crossing between the ground-state
van der Waals well and the deeper well between Au, and the singlet O,
( ‘Ag), which would result in a double well due to avoided curve crossing.
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Figure 11. Schematics correlating single electron detachment from the
0, moiety in Au,O,” (n = 2, 4, 6) with those from free O,".

triplet final state in Au,(O,), which should correspond to the
32{ state of free O,. This detachment channel should reach
the repulsive part of the ground-state Au,-O, van der Waals
well (Figure 10), corresponding to the A band in the PES
spectra. The observed vibrational structures in the A band
suggest a transition to a bound state, which is likely derived
from the avoided curve crossing with the potential energy curve
from the 'A, state of O,. The detachment of a spin-up elec-
tron from the a’ orbital should lead to a final state corresponding
to the '2," state of free O, (Figure 11).

The deeper well in the double-well potential in Au,(O,) is
unstable, and predissociation occurs to the ground state. This
is consistent with our observed 266 nm photoelectron spectra
(Figure 2), in which the resolved vibrational peaks are all much
broader than the instrumental resolution. While this broadening
can be due to unresolved low-frequency vibrational modes, one
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possibility would be lifetime broadening due to predissociation
to the ground state, providing evidence for the proposed inter-
pretation.

Ab initio calculations at the CCSD(T) level showed that DFT
calculations tend to overestimate the Au, /O, binding by as
much as 0.5 eV,>** which is on the order of the interactions
between gold clusters and O,. Preliminary calculations by Jun
Li (private communication) suggest that there is significant
multireference character in the ground state wave function of
Au,0,". Therefore, the interactions between O, and gold clusters
are quite complicated. The current data should provide good
benchmarks to calibrate theoretical methods that can properly
treat the O, interactions with gold clusters. It would also be
very interesting to investigate the reactivities of singlet oxygen
with gold clusters to confirm the proposed double-well potential
for the interactions of O, with neutral gold clusters.

5. Conclusions

In conclusion, we present a systematic PES study of the
Au, 0, (n = 1-7) cluster complexes. Well-resolved photo-
electron spectra are obtained for the even-sized Au,O,” (n =
2,4, 6) clusters, confirming the molecular chemisorption nature
of O, in these systems. Both the electron-binding energies and
O—O vibrational frequencies are more accurately measured.
Physisorbed Au,, (O,) complexes are observed for the odd-sized
Au,0,” (n =1, 3,5, 7) clusters for the first time, confirming
the inertness of the odd-sized Au,” clusters toward O,. The
inconsistency of the observed O—O vibrational frequency with

the expected inertness of the even-sized neutral Au, clusters
toward O, is discussed. It is suggested that photodetachment
from the molecularly chemisorbed Au,(O,”) complexes cannot
access the ground-state van der Waals potential curves of the
neutral even-sized Au,(O,) complexes. A double-well potential
is proposed for the Au,—O, interaction, which consists of a
lower energy, shallow van der Waals well at long Au,—O,
distances and a higher energy, deeper well at shorter Au,—O,
distances. The double-well potential is suggested to result from
a putative avoided curve crossing between the ground-state van
der Waals well and the deeper well derived from interactions
of Au, with singlet O, (‘Ag). Clearly more accurate theoretical
calculations are needed to understand the PES spectra and the
detailed interactions between O, and gold clusters. Such
understanding is important for elucidating the catalysis of
supported gold nanoparticles, in which the activation of O, is
the most important step.
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