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HOW O2-BINDING AFFECT STRUCTURAL EVOLUTION OF EVEN-SIZED GOLD

CLUSTERS Au,~ (n = 20-34)

David Brunken-Deibert, MS

University of Nebraska, 2020

Advisor: Xiao Cheng Zeng

We report a joint anion photoelectron spectroscopy (PES) and theoretical study to
investigate the effect of O.-binding on the mid-sized even-numbered gold clusters, Au,~ (n =
20—34), a special size region of bare gold clusters that entail rich forms of structural evolution and
transformation. Specifically, within this size range, bare Auzo is a highly-symmetric pyramidal
cluster, bare Auz1-25 are flat-planar or hollow-tubular clusters, bare Auzs is the smallest core-shell
gold cluster, while bare Auzs is a magic-number/fluxional core-shell cluster with the high-
symmetry tetrahedral Aus core. In light of the strong size-dependent structural evolution of bare
gold clusters in the n =20—34 size range, we focused especially on the chemical interplay between
the O binding and the structure of the host gold clusters. The global minima of the O»-bound gold
clusters AunO> are searched using the basin-hopping global optimization technique in conjugation
with density functional theory calculations. Vertical detachment energies are computed for the
low-lying isomers with the inclusion of spin—orbit effects for gold to generate simulated
photoelectron spectra and to compare with the experimental PES spectra. Based on the
global-minimum structures identified, a series of structural transitions, from the pyramidal to
fused—planar to core-shell structures, are identified for the AunO2™ clusters, where the O binding
is found to be in either superoxo or peroxo fashion, depending on the size and shape of the host

gold clusters.



CHAPTER 1 Introduction

Gold nanoparticles show remarkable capability of catalyzing a variety of industrially and
environmentally important chemical reactions such as CO oxidation,* ethylene epoxidation,? 3
selective hydrogenation,* C-C bond formation® and water-gas shift reaction.® Many of these
reactions involve activation of oxygen molecule as a key step which is particularly challenging
because of high kinetic stability of molecular oxygen owing to its triplet ground state and strong
oxygen-oxygen bond. Many efforts have been made to explore more efficient nanoscale catalysts
for the activation of molecular oxygen.”! Particularly, both experimental and theoretical studies
have been devoted towards the use of gold nanoclusters for oxygen activation in the CO oxidation

reaction.?224

The binding of molecular oxygen on bare gold cluster anions can help in understanding its
activation process. Kaldor?® 26 and Whettan?’ performed experimental studies on adsorption of
Oz on a series of gold cluster anions. They observed that only even—sized clusters are reactive
towards oxygen. This is because the even—sized cluster anions possess an open-shell electronic
configuration which can lead to more charge transfer from Aun™ to O.. By observation of O-O
vibrational structures, subsequent anion photoelectron spectroscopy (PES) studies have shown that
the molecular oxygen is chemisorbed on the Aun™ clusters.?® 2° Another PES study confirmed the
molecular chemisorption and physisorption of O on small-sized anionic gold clusters with even
and odd number of atoms, respectively.®® Among the even-sized clusters, Auio and Auis showed
unusual behavior with Auie being unreactive and Auio being significantly less reactive towards
molecular oxygen.?’” The chemical inertness of Auis™ is due to its unique hollow-cage type
structure and high electron binding energy.3! The global-minimum structure of Aui~ which
possesses Dan structure is unreactive towards Oz while its other low-lying isomers are reactive.®?
Using infrared multiple photon dissociation spectra of AunO2~ clusters, Woodham et al.3* have
provided direct experimental evidence for O, adsorption in superoxo mode (binding through one
oxygen atom). Previously, while studying O adsorption on even-sized gold clusters in the range
of n = 2-20, we have revealed a superoxo to peroxo (binding through both the oxygen atoms)
binding transition of O, molecule on anionic gold clusters occurs at Aus~.3* Specifically, it was
observed that n = 2, 4, 6 involve superoxo binding and n = 10, 12, 14, 18 involve peroxo binding,

whereas a re-emergence of superoxo binding occurs at n = 20 due to the high-symmetry tetrahedral



structure of Auzo -, which has a very low electron affinity. O2-deirved low binding energy features
were observed in the experimental spectrum of Au,O2™ (n =2, 4, 6, 8 and 20). Note that no direct
comparison of the experimental and theoretical PE spectra was presented for AuxoO-" at that time.
Hence, the superoxo O> binding site on the pyramidal Auz™ cluster and possible presence of any

minor isomer contributors towards the experimental PES spectrum were not reported.

Apart from the experimental studies, several computational studies have also been
performed to investigate O, binding on bare gold clusters.®>-** Mills et al.*® reported that O binds
more strongly with neutral and anionic gold clusters having odd number of electrons. Yoon et al.*®
found that small-sized anionic gold clusters (n = 1-3) favor molecular adsorption and large-sized
clusters (n = 4—8) favor dissociative adsorption. It was also reported that O, dissociation requires
very high activation energy. The high activation barriers are consistent with the experimental
observation of only chemisorbed O species on the even—sized Aun~ clusters for n < 202 272945
as well as physisorbed odd—sized Aun forn =3, 5, 7.3 Several other computational studies have
been carried out to examine the effect of charge state,***® doping,**°? co-adsorption,* > and
substrate support,>? 56 on the O, interactions with gold clusters.

Thus far, the experimental Oz binding studies have mostly been focused on small-sized
gold clusters. To our knowledge, there have been no joint experimental and theoretical studies
which investigate the effect of O. binding on the structural transitions in mid—sized gold clusters.
In this work, we report a combined experimental anion PES and theoretical study of Oz binding
on even—sized Aun clusters (n = 20—34). We have particularly chosen these mid—sized range of
gold clusters because they belong to a special size region where rich structural evolution and
transition occurs as well as several distinct structures coexist for each size.>” % Apart from the O
binding mode, we are particularly interested in how the O> bind affect the structural evolution in
the gold cluster anions. Interestingly, we observe a core-shell type structure for AunO2~ at n = 24.
In fact, this is the smallest AunO2" cluster with a gold core. In their bare Aun~ counterparts, the

smallest core-shell gold cluster is Auzs.>°

Please note that this work is a joint experimental/theoretical study. The experimental
measurement was performed by Professor Lai-Sheng Wang group at Brown University. The
theoretical calculations have been divided into several tasks: (1), (2), (3) ... (11). Tasks (1), (5),
and (7) were performed and/or initiated by Dr. Navneet Singh Khetrapal and finished by me,



whereas tasks (2), (3), (4), (6), (8), (10) and (11) were completed by me. Task (9) were both

independently carried out by Dr. Khetrapal and me to verify assignments.

Task (1) consisted of Basin-Hopping-DFT calculations for isomers n=20-24, 34. Task (2)
consisted of optimizing generated isomers using the fine integration grid at both doublet and
quartet multiplicities. Task (3) consisted of Basing-Hopping DFT calculations for Aun™ isomers
where n=26-32. Task (4) was the same as Task (2) with isomers n=26-32 range. Task (5) involved
the re-optimization of isomers n=20-24,34 using the PBEO functional with the CRENBL-ECP
basis set using Gaussian 16. Task (6) used the PBEO functional with the TZP basis set using
ADF2013 software package for isomers where n=26-32. Task (7) performed the single point
energy calculations using PBEO/CRENBL-ECP using NWChem 6.6 for isomers n=20-24,34,
Task (8) was identical as Task (7) except using isomers n=26-32. During Task (9) all produced
theoretical spectra were compared to experimental spectra when available. After assignments were
made Task (10) involved using the basis set superposition error calculations to determine
adsorption energy of assigned isomers. Task (11) calculated the Bader Charge distribution of the

assigned isomers.

CHAPTER 2 Experimental Methods

The experiment was carried out by Professor Lai-Sheng Wang group at Brown University
using a magnetic-bottle PES apparatus equipped with a laser vaporization cluster source, details
of which have been published elsewhere.®%-62 Here, a brief description of the experimental methods
is given: A gold disk target was vaporized by a pulsed laser to generate a plasma inside a large-
waiting-room cluster nozzle. A high-pressure helium carrier gas pulse was delivered to the nozzle
at the same time, cooling the plasma and initiating nucleation. For the O binding experiment, we
used a helium carrier gas seeded with 0.1% O, which reacts with the gold clusters inside the nozzle
to form various AunO2~ complexes. Clusters formed inside the nozzle were entrained in the helium
carrier gas and then underwent a supersonic expansion. After a skimmer, anions from the
collimated cluster beam were extracted at 90° into a time-of-flight mass spectrometer. Clusters of
interest were selected by a mass gate and decelerated before being photo-detached by a 193 nm
laser beam from an ArF excimer laser. Photoelectrons were collected by a magnetic bottle at nearly
100% efficiency into a 3.5 m long electron flight tube for Kkinetic energy analyses. The



photoelectron kinetic energies were calibrated by the known spectra of Au™ and subtracted from
the photon energies to attain the reported electron binding energy spectra. The electron Kinetic
energy resolution of the apparatus is AEx /Ex ~2.5%, that is, approximately 25 meV for 1 eV

electrons.

CHAPTER 3 Computational Methods

The Basin-Hopping (BH) global optimization method®® ® in conjugation with density-
functional theory (DFT) optimization was employed for the search of global—minimum structures
of AunO2 . After each accepted Monte Carlo move during the BH search, the resulting local-
minimum  geometry  was  re-optimized  with  Perdew—Burke—Ernzerhof = (PBE)
exchange—correlation functional® and the double-numerical polarized (DNP) basis set with
effective core potential (ECP), implemented in the DMOLS3 4.0 program.%® ¢7 Loose integration
grid was used for the DFT calculations at this step. Both biased and unbiased BH searches were
performed. In the biased search, the coordinates of the two oxygen atoms were fixed and all the
gold atoms could relax. In the unbiased BH search, all oxygen and gold atoms could move. More
than 1000 unique isomers were collected for each cluster size. This isomer population consisting
of the structures with both molecularly chemisorbed oxygen (O2 binding) as well as dissociated
oxygen (atomic O binding). Extensive studies have shown that although dissociated oxygen
isomers are generally the global minimum, the high energy barrier for O dissociation cannot be
overcome under the experimental PES conditions.®? Therefore, the top 40—60 isomers with only
molecularly adsorbed oxygen obtained from the BH global optimization were considered as the
candidates for the lowest-lying structures. These isomers were optimized again using DMOL? 4.0
program using the fine integration grid. Both doublet and quartet multiplicities were considered at
this step.

Next, the candidate isomers with the lower energy spin multiplicity were re-optimized
using the PBEO functional®® with the CRENBL—-ECP®® basis set implemented in the Gaussian16
package.”® The CRENBL-ECP uses sixty core electrons for the effective core potential of gold
and two core electrons for oxygen. However, for candidate isomers in n= 26—32 range, the
re—optimization was performed at the PBEO/TZP level of theory functional with inclusion of the
relativistic effects under zeroth-order regular approximation (ZORA) as implemented in the



ADF2013 software package.”*"® During this re—optimization step, some of the structures were
found to converge to the same geometry. This reduced the number of candidate isomers for each
cluster size. Lastly, single-point energy computations of the reoptimized geometries were
performed using the PBEO functional with CRENBL—ECP basis set and with inclusion of the
spin—orbit (SO) effects for the gold atoms, all implemented in the NWCHEM 6.6 package.’* The
inclusion of SO effects for gold has been proven to result in quantitative or nearly quantitative
agreement between the experimental and simulated PES spectra for bare gold, gold—alloy, as wells
as CO-bound gold anion clusters.>” > The first vertical detachment energy (VDE) was calculated
as the energy difference between the neutral and anion at the PBEO optimized anion geometry.
The binding energies of deeper occupied orbitals were added to the first VDE to generate electronic
density of states. Each VDE was fitted with a gaussian of 0.035 eV width to yield simulated PES
spectra, which were compared with the experimental PES spectra to identify the structures that
give the best agreement between the simulation and measurement. The energy gap (eV) between
the first and second highest occupied molecular orbitals, representing the gap between peaks

labeled X and A was also calculated for all the candidate isomers.

CHAPTER 4 Results and Discussion

The experimental PES spectra of AunO2 (n = 20, 22, 24 and 34) at 193 nm (6.424 eV)
photon energy and their comparison with the simulated photoelectron spectra of the low-lying
(both major and minor) isomers are shown in Figures 1-4, respectively. The observed features are
labeled by capital letters X, A, B, C,..., where X denotes the transition from the ground state of the
anion to that of the neutral, and A, B, C, ... denote detachment transitions to the excited states of
the neutral cluster. Weaker features labeled with X', A’ ... indicate they are from minor isomers.
Also, in some figures, the weak features are labeled with *, representing the presence of
unidentified minor isomers. For the sake of discussion, the 193 nm experimental PES spectra along
with the simulated spectra of assigned structures of bare gold clusters, Aun~ (n = 20, 22, 24 and

34) from a previous studies®” > 8% 81 gre also presented in Figures 1-4.

The experimental first VDES and the energy gap (energy difference between peaks labeled
X and A) are given in Table 1, along with the computed first VDESs and relative energies calculated
at the PBEO/CRENBL-ECP (with and without the inclusion of SO effects for gold) level of theory



for the top candidates. A systematic decrease in the binding energy is present in theoretical VDES
with respect to the experimental ones due to the SO coupling used for the theoretical calculations.
Therefore, it is unreasonable to directly compare the VDE values obtained from the experimental
and theoretical PES spectra. Instead, we have used root-mean-square deviation (RMSD) and X-A
energy gaps as quantitative tools for comparison of the simulated spectra with the experimental
ones. The first peak of the simulated spectra was aligned with the first experimental VDE (X) and
then the RMSD was calculated for the subsequent peaks of the simulated spectra with respect to
the corresponding experimental peaks. The theoretical energy gaps show excellent agreement with
the experimental values with an average deviation of 0.033 eV. The RMSD and the X-A values
(of the major/singly assigned isomers highlighted in bold) given in Table 1 confirm that the
selected level of theory is appropriate for the AunO2" species in the current study. In our previous
studies, we have successfully used a combination of visual inspection, relative energy comparison,
and RMSD in peak positions for the identification of global-minimum structures of gold clusters
and CO-bound gold clusters.” " 7 For each cluster size, the structures are named with roman
numerals (I, II, I1I....) which are based on the order of increasing energies at PBEO/CRENBL-ECP
level of theory. Hereafter, the PBEO/CRENBL-ECP and PBEO/CRENBL-ECP//PBEO/CRENBL-
ECP (with SO effects for Au) levels of theory are referred to as PBEO and SO-PBEQ, respectively.



Table 1. Experimental first VDE labeled as X in Figures 1-4, the energy gap between peaks labeled X and
A from the 193 nm PE spectra for AunO2 (n = 20—34), relative energies computed at PBEO/CRENBL-
ECP (AE.) and PBEO/CRENBL-ECP (with SO effects for Au) (AEy) levels (with all isomers being
optimized at the PBEO/CRENBL-ECP level), theoretical first VDE, energy gaps (X-A) and root-mean-
square deviation (RMSD) in the theoretical peak positions with respect to the experimental peak positions.
All energies are in eV. The X-A gaps of the major/singly assigned isomers are highlighted in bold.

Anion Experimentala Theoretical

Cluster  'vpg  [X-AGap |Isomer |AE, |AE, |VD |[X-AGap |RMS
E D

Au, 0, |381(X) | 054 VII 0.000 | 0.000 | 4.08 |0.14 (X’-A) |0.044
3.62 (X) XIV 0.263 | 0.253 | 3.47 | 0.51 0.023
XIX 0.335 | 0.333 | 3.78 | 0.16 0.062
Au, 0, |[365(X) |045 v 0.098 | 0.387 | 3.53 | 0.50 0.0022
3.49 (X)) XXIII |0.505 | 0.835 | 3.34 |0.61 (X-A) |0.0037
Au,0, |344(X) |040 XII 0.227 | 0.511 |3.35 | 0.40 0.67
Au,0, [437(X) |0.10 I 0.000 | 0.000 | 4.20 | 0.15 0.0049
3.93 (X)) XII 0.539 | 0.535 [ 3.84 |0.53(X’-A") |0.0015
4.11 (X") XVI 0.577 | 0.573 [ 4.00 |0.37 (X”-A") -

& Experimental uncertainty: £0.01 eV.

Au2002~

The 193 nm spectrum (Figure 1a) of Aux002  exhibits broad weak peaks. Seven major
peaks (X, A-F) were identified, as well as one minor peak. The initial band, designated X, at 3.62
eV denotes the region where an anion cluster transitions to that of the neutral state. The smaller
band, X at 3.81 eV, represents the contribution from another isomer. These two weak bands are
attributed to the unresolved O-O vibrational progressions due to photodetachment of a superoxo
unit.?® 303 Subsequent regions, labeled A-F respectively, represent excited state transitions of the
neutral cluster. They can be found at 4.16, 4.35, 4.58, 4.78, 4.96, and 5.24 eV.



A total of 22 low-lying isomers were examined, out of which the simulated spectra of three
candidate isomers are compared with that of the 193 nm experimental PES spectrum in Figures
1c-e. A combination of three isomers (with isomer X1V as the major, isomers VII and XIX as the
minor contributors towards the experimental PES spectrum) is found to accurately replicate the
experimental spectrum. The RMSD between the peaks of the experimental spectrum and the peaks
of the combined spectrum of the assigned isomers is calculated to be 0.061. The major isomer XIV
shows superoxo O binding with the gold nanocluster. The two minor isomers exhibit peroxo O>
binding. In all the three structures, the stable tetrahedral pyramidal Auz~ motif is present.3*5!
Energetically, isomer VII is the lowest in energy at both PBEO and SO-PBEO levels. While the
isomers XIV and XIX are higher in energy. Isomer XIV has a relative energy of 0.263 eV and
0.253 eV at PBEO and SO-PBEQ levels, respectively. Isomer XIX is even higher in energy with
relative energy of 0.335 eV and 0.333 eV at PBEO and SO-PBEDO levels, respectively.

In the major isomer XIV, the oxygen is adsorbed in superoxo mode on an apex site of the
Auzo pyramid. Its simulated PES spectrum has twelve bands within the experimental window at
3.78,3.94,4.09,4.43,4.55,4.81,5.29, 5.45,5.52, 5.77, 5.85, and 5.96 eV. Out of the twelve bands
three bands are found to contribute significantly to the experimental spectrum. The band with peak
at 3.78 eV describes experimental peak X, the band at 4.43 eV reproduces experimental peak C,

and the peak at 4.81 eV reproduces peak E.

The minor isomer VI has the oxygen adsorbed in a peroxo fashion on one of the apex sites
of its pyramidal structure. Like isomer XIV, its PES spectrum also demonstrates twelve peaks
within the experimental range. Three peaks at 3.47, 3.97, and 5.14 eV reproduce the experimental

peaks X’, A, and F, respectively of the experimental spectrum.

The minor isomer X1X has the oxygen adsorbed on the lateral edge of the pyramidal cluster
in a peroxo fashion. In the simulated PES spectrum, again there are twelve peaks within the
experimental range. Band peaks are found at 4.08, 4.22, 4.33, 4.51, 4.57, 4.83, 4.89, 5.20, 5.50,
5.69, 5.84, and 5.97 eV. Two of these peaks, 4.22 and 4.57 eV, reproduce two experimental peaks

for bands B and D within the experimental spectrum.



(a) Au2002'

EXP. 193 nm

2 3 4 5 2 3 4 5
Binding Energy (eV) Binding Energy (eV)

Figure 1. Comparison of the simulated spectra (lower panels) with the 193 nm experimental spectra (upper

panels) for the low-lying isomers of Au2O,™ and bare Auz~ (see Ref. 80). The oxygen molecule is in red.

Au2202~

The 193 nm spectrum of Au220," (Figure 2a) shows broad weak peaks. However, sharp
well-defined peaks are also present at higher binding energies. This suggests that there are
superoxo and peroxo isomers coexisting. There exist two weak initial peaks corresponding to
individual ground states of the two coexisting isomers. The major isomer band at ~3.65 eV
denoted X and the minor isomer X’ at ~3.49 eV. Subsequent bands are denoted A, B, C, D, E, and
F, located at 4.10, 4.35, 4.46, 4.58, 4.71, and 4.89 eV, respectively. Remaining bands are too poorly

resolved to meaningfully analyze.

A total of 30 low-lying isomers were examined. Two of these isomers (IV and XXIII) are
found to reproduce the experimental PES spectrum (Figures 2c-d) . Although the major isomer IV



possesses a lower degree of symmetry than that of the Au2002™ clusters, yet a deformed tetrahedral
pyramidal motif is clearly visible in its case. The tetrahedral pyramidal motif is completely absent
in case of the minor isomer XXIII which exhibits a flat-cage type structure with relatively higher
degree of symmetry (C.). The Oz binding is in a peroxo fashion in case of the major isomer while
a superoxo type binding on an apex site is observed in case of the minor isomer. The simulated
PES spectrum of the major isomer can accurately reproduce six major peaks of the experimental
spectrum: X, A, B, C,Dand E at 3.34, 4.95, 4.21, 4.46, 4.59, and 4.78 eV, respectively. The minor
isomer can account for the weak band X’ (3.49 eV). This feature is resulted from the O—O
vibrational excitation upon photodetachment from the minor isomer.?®*°-34 The bands B, C’, D’,
E’, and F’ of the minor isomer are buried under those of the major isomer in the combined PES
spectrum. The RMSD between the peaks of the experimental spectrum and the peaks of the
combined spectrum of the assigned isomers is calculated to be 0.037. Isomer 1V has a relative
energy of 0.098 eV and 0.387 eV at PBEQ and SO-PBEO levels, respectively. While the minor
isomer XXIII has a relative energy of 0.505 eV and 0.835 eV at PBEO and SO-PBEO levels,

respectively.

The minor isomer XXIII has a striking resemblance to one of the assigned the bare isomers (isomer
[11) of Auz2™. The structures are nearly identical except for a displaced gold atom. The major isomer
IV on the other hand, is very different from the assigned bare clusters as the tetrahedral pyramidal
motif is absent in case of the bare Auyz™ isomers. It seems that the O2 binding has a much greater
effect on the structure of Aux.™ cluster than in the case of the magic-number and high-symmetry

Auzo cluster.



(a) Au2202'
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Figure 2. Comparison of the simulated spectra (lower panels) with the 193 nm experimental spectra (upper
panels) for the low-lying isomers of AuxO,™ and bare Au,,™ (see Ref. 57). The oxygen molecule is in red.

Au202~

The experimental PES spectrum (Figure 3a) showed seven clear peaks at 3.44, 3.84, 4.16,
458, 4.92,5.11, 5.21, and 5.38 eV. Following the naming scheme outlined earlier, the first peak
was designated X, while subsequent peaks were labeled A-G, respectively. The sharper nature of
the bands than those of Au200.~ and Au22O2~ and the absence of weak features in low-binding

region indicate that the O binding is in peroxo mode.

Out of the 35 examined low-lying isomers, isomer XII (Figure 3c), can accurately
reproduce the experimental PES spectrum. The initial X band is observed at 3.35 eV, and the bands
A-G are observed at 3.76, 4.03, 4.48, 4.78, 4.87, 5.13, and 5.34 eV, respectively. After accounting
for the 0.09 eV red shift, the calculated RMSD between the experimental and theoretical spectrum

was 0.067. Isomer XII as predicted has Oz binding in a peroxo mode. Unlike the bare Auzs~



clusters where hollow-tubular structure is dominant,®” %8 the Au402~ exhibit a core-shell with one
atom core. This illustrates that upon O2 binding the structure of Auz4~ cluster changes significantly.
This is the smallest reported O2-bound gold cluster with a core atom. Energetically, Isomer XII
has a relative energy of 0.227 eV and 0.511 eV at PBEO and SO-PBEQ levels, respectively.

(a) Au2402'

EXP. 193 nm

2 3 4 5 2 3 4 5
Binding Energy (eV) Binding Energy (eV)

Figure 3. Comparison of the simulated spectra (lower panels) with the 193 nm experimental spectra (upper
panels) for the low-lying isomers of Au24O2~ and bare Auz.~ (see Ref. 57). The gold atom in green denotes

the atom in the core of the cluster. The oxygen molecule is in red.

AunO2™ (n = 26-32)

Currently, the experimental PES spectra for the clusters in this range are not available. The
simulated spectra for each cluster size in this range and their corresponding relative energies, VDE
and X-A gap data is presented in Figures 7-10 and Tables 2-5, respectively. For now, we tentatively

assign the lowest-energy isomers for each cluster size as the global minima. Definite assignments



can be made in future when the experimental data is available. The structures of the assigned

isomers are presented in Figure 6.
AuzsO2~

The experimental PES spectrum of Auz4O2 consists of weak bands in the low binding
energy region. Followed by the bands with relatively higher intensity and a high degree of overlap.
The unique character and high degree of overlap made the determination of the global minimum
structure especially difficult. Seven major peaks A-G are observed at 4.37, 4.47, 4.51, 4.68, 4.82,
5.02, 5.25, and 5.41 eV. Then two minor peaks being labeled X’ at 3.93 eV and X’ 4.14 ¢V,
respectively. These two features are likely due to the O—O vibrational excitation upon
photodetachment of Oz binding in superoxo mode.? 3% 34 There is a small unresolved peak,
designated *, at approximately 3.42 eV. The experimental spectrum shows a strong similarity to
that of the bare Auss cluster. This indicates that the Auss~ structure changes little upon the O-
binding.

We examined 55 low-lying isomers; out of which isomer | (Figure 4c-d) accurately
reproduces the major bands of the experimental PES spectrum. Its simulated PES spectrum can
reproduce the bands X, A-G at 4.21, 4.33, 4.37, 4.52, 4.68. 4.86, 5.10, and 5.27 eV, respectively.
The two minor bands X’ and X in the low binding energy region can be assigned to the isomers
XIland XVI, respectively. These isomers are the minor contributors towards the experimental PES
spectrum. A red shift of about 0.088 eV is observed in the theoretical peaks and the RMSD is
calculated to be 0.058. Overall, a constructive combination of the simulated spectra of three
isomers is in good agreement with the experimental spectrum. Isomer 1 is the lowest in energy at
both PBEO and SO-PBEO levels. While isomer XI1 has a relative energy of 0.539 eV and 0.535 eV
at PBEO and SO-PBEO levels, respectively. Isomer XVI has a relative energy of 0.577 eV and
0.573 eV at PBEO and SO-PBEDO levels, respectively. In case of isomer I, the oxygen molecule is
chemisorbed in the peroxo style. Whereas the two minor isomers exhibited superoxo type O2
binding. The superoxo adsorption observed in the minor isomers is supported by the fact that both
X’ and X” are very board peaks. The major as well as two minor isomers contain a tetrahedral Aus
core, the same as the one observed in case of the bare Ausa cluster.8! The structures of the isomer
| and the bare Auss~ are very similar. This is confirmed by very small RMSD of 1.18 A in the

atomic positions of gold atoms between the two structures.
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Figure 4. Comparison of the simulated spectra (lower panels) with the 193 nm experimental spectra (upper
panels) for the low-lying isomers of Aus4O2 and bare Auss™ (see Ref. 81). The gold atoms in green denote

the atoms in the core of the cluster. The oxygen molecule is in red.

Adsorption Energies and Bader charges
The adsorption energies of Oz on the Aun™ clusters is calculated as follows:
AEads = Ezpe, Bsse(AunO2") — Ezre(Aun™) — Ezre(02),

where E represents the electronic energy. The subscript ZPE represents that the electronic energy
includes with the zero-point energy correction. For gold-cluster-O. (AunO2") complexes, the basis
set superposition error (BSSE) was taken into the account in which gold cluster Au,~ and O2 were
treated as two separate fragments. A more negative value of AEags reflects more favorable
adsorption. The change in the calculated AEags With respect to number of gold atoms n are shown
in Figures 5a. In case where more than one isomer is assigned, the AEags is only shown for the

major isomer. As expected, Au,O2  complexes which show superoxo O binding have a lower



AEags than the ones which exhibit peroxo type Oz binding. Among the five clusters, AuzoO2" shows

the most favorable Oz binding while Auz602" shows the least favorable adsorption.

To understand the charge transfer upon the O binding, we perform the Bader charge
analysis®?84 of the AunO2™ clusters. The Bader charges (Bc) of the Aun~ and O, fragments of the
AunO2~ cluster are presented in Figure 5b. A charge transfer of about 0.6e from Au,™ to Oz is
observed in all the cases except Auz.O2~ where only a 0.12e of charge is transferred. This is

because a quartet spin multiplicity is more stable in case Auz2O>".
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Figure 5. Size dependences of (a) O2 adsorption energies (AEags) for the best candidate isomer of
AunO2 (n=20-34) clusters identified and (b) change in Bader charges (B¢) for the host gold cluster
Au, and the adsorbed O™ for the best candidate isomer of AunO2™ (n = 20-34) clusters.



Structural Evolution of AunO2™ (n = 20—34) clusters with even numbered gold atoms

The identified most stable structures for the O»-bound gold cluster anions are shown in
Figure 6. This special size range of bare gold clusters is known for exhibiting a variety of distinct
structures, including pyramidal, hollow-tubular, fused-planar and core-shell. For n = 20, the
highly-symmetric pyramidal Auzo motif is observed in both major and minor isomers, with the O
binding in the superoxo fashion in the major isomer and a peroxo fashion in both the minor
isomers. A distorted pyramidal Auzo motif (shown in blue) with an intact triangular Auio face is
observed again in the major isomer of Au2202". The minor isomer at n = 22, has a fused-planar
structure. The Oz shows peroxo binding in the major isomer, while superoxo O binding in the
minor isomer at n = 22. A core-shell structure emerges at n = 24 with one core gold atom with the
O2 binding in peroxo fashion. Please note that Auz4 is the smallest gold cluster anion which
transforms to a core-shell type structure upon O binding. The core-shell structures with core atom
remain dominant in the n = 24—28 range with the O binding in superoxo fashion at n = 26, and in
peroxo fashion for n = 28 and 30. Aus202 exhibits a triangular Ausz core while the highly-
symmetric tetrahedral Auas core is observed in the major as well as minor isomers of AuzsO2 . A
superoxo Oz binding is observed in case of Aus.O> while a peroxo Oz binding is observed in case

of the major isomer of AuzsO2 . Both the minor isomers of Auz4O2™ exhibit a superoxo Oz binding.



Figure 6. Structural evolution of the O, adsorbed even-numbered gold cluster anions AunO2™ (n = 20 -
34). The size of the minor isomers is plotted smaller than that of the major isomers. The gold atoms in green
denote the atoms in the core of the cluster. The oxygen molecule is in red. The original tetrahedral pyramidal
face of Au220> is shown in blue.

CHAPTER 6 Conclusions

In summary, we report a joint theoretical and experimental photoelectron spectroscopy
study of Oz binding on medium-sized even-numbered gold anion clusters, Au,~ (n = 20—-34).
Photoelectron spectra are measured for the clusters (n = 20—24, 34) and used to compare with
theoretical calculations for the identification of the most stable structure in the cluster beam. The
basin-hopping global-minimum search for this size range yielded diverse structures for the O»-
bound gold clusters, such as pyramidal, fused-planar, and core-shell. Transition from the
pyramidal to fused-planar to core-shell structures for the host gold clusters Aun™ and the Oz binding
in both superoxo and peroxo fashions are observed. Notably, the O2-bound Au240>" is the smallest



cluster with a core-shell type structure for the gold. This is in stark contrast with the hollow-tubular
type structures found dominant for the bare Auz4 cluster. The n = 30 size of bare gold cluster is
predicted to be the most favorable for the O, binding as this size exhibits the strongest binding
ability.
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Figure 7. Simulated spectra of the low-lying isomers of Auz6O2". The gold atoms in green denote the

atoms in the core of the cluster. The oxygen molecule is in red.
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Figure 8. Simulated spectra of the low-lying isomers of Au2sO2". The gold atoms in green denote the

atoms in the core of the cluster. The oxygen molecule is in red.
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Figure 9. Simulated spectra of the low-lying isomers of AuzoO2". The gold atoms in green denote the

atoms in the core of the cluster. The oxygen molecule is in red.
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Figure 10. Simulated spectra of the low-lying isomers of Auz2O2". The gold atoms in green denote the

atoms in the core of the cluster. The oxygen molecule is in red.



Table 2. Relative energies of AuzsO, simulated isomers. Relative energies computed at PBEO/TZP with
inclusion of relativistic ZORA effects (AEs) and PBEO/CRENBL-EXCP (including SO effects for Au)
(AEp) The theoretical VDE and energy gap between X-A peak positions. All values are in eV.

Isomer AEq AEy VDE Gap

I 0.000 0.319 3.920 0.236
I 0.350 0.161 3.793 0.339
i 0.893 0.001 3.813 0.242
v 0.895 0.000 3.813 0.242
\% 1.903 0.324 3.767 0.297
VI 1.906 0.086 3.866 0.215
VII 2.335 0.151 3.873 0.219
Vi 2.721 0.539 3.521 0.219
IX 3.286 0.304 3.541 0.499
X 3.913 0.580 3.866 0.895
XI 4.776 0.545 3.853 0.106
X1l 5.425 0.276 3.873 0.223
X1 5.909 0.387 3.501 0.639
X1V 6.044 0.556 3.607 0.150
XV 7.689 0.510 3.661 0.397




Table 3. Relative energies of AuzsO, simulated isomers. Relative energies computed at PBEO/TZP with
inclusion of relativistic ZORA effects (AEs) and PBEO/CRENBL-EXCP (including SO effects for Au)
(AEp) The theoretical VDE and energy gap between X-A peak positions. All values are in eV.

Isomer AE, AEp VDE Gap

I 0.000 0.054 3.694 0.155
1 0.171 0.447 3.634 0.203
1l 0.672 0.151 4.066 0.309
v 0.767 0.000 4.026 0.193
\Y 2.010 0.424 3.740 0.492
Vi 3.003 0.189 3.654 0.313
VIiI 3.410 0.364 3.960 0.268
VIl 3.795 0.158 3.661 0.713
IX 4.164 0.093 3.773 0.591
X 4.855 0.206 3.986 0.310
Xl 4.865 0.190 3.999 0.395
X1 6.580 0.121 3.827 0.419
X1 6.624 0.283 3.913 0.289
X1V 7.293 0.256 3.893 0.390
XV 7.683 0.281 3.667 0.595
XVI 7.683 0.281 3.667 0.596
XVII 8.667 0.425 3.754 0.206
XVIII 8.668 0.425 3.760 0.205
XIX 8.914 0.424 3.574 0.492
XX 9.985 0.301 3.435 0.339
XXI 10.932 0.158 3.661 0.713
XXI11 11.816 0.121 3.827 0.419
XX 12.213 0.447 3.382 0.203
XXV 12.728 0.190 3.661 0.395
XXV 14.771 0.151 3.920 0.309




Table 4. Relative energies of AusO2 simulated isomers. Relative energies computed at PBEQ/TZP with
inclusion of relativistic ZORA effects (AEa) and PBEO/CRENBL-EXCP (including SO effects for Au)
(AEp) The theoretical VDE and energy gap between X-A peak positions. All values are in eV.

Isomer AEq AEy VDE Gap

I 0.000 0.000 3.933 0.003
I 3.385 0.085 4.292 0.005
i 4.155 0.064 3.973 0.004
v 5.518 0.284 3.747 0.500
\% 5.536 0.280 3.734 0.505
VI 5.537 0.280 3.734 0.505
VII 5.908 0.342 3.667 0.587
Vi 6.086 0.391 4.704 0.185
IX 6.579 0.149 3.933 0.016
X 6.579 0.149 4.876 0.016
XI 6.954 0.147 3.933 0.017




Table 5. Relative energies of Aus02 simulated isomers. Relative energies computed at PBEQ/TZP with
inclusion of relativistic ZORA effects (AEa) and PBEO/CRENBL-EXCP (including SO effects for Au)
(AEp) The theoretical VDE and energy gap between X-A peak positions. All values are in eV.

Isomer | AEa AE» | VDE | Gap

| 0.000 | 0.322 | 3.614 | 0.257
I 0.300 | 0.540 | 4.053 | 0.424
11 3.741 | 0.142 | 4.332 | 0.317
v 4.103 | 0.484 | 3.587 | 0.298
\Y/ 4,278 | 0.164 | 3.920 | 0.295
Vi 4.814 | 0.250 | 4.053 | 0.233
VIl 5.658 | 0.224 | 3.986 | 0.225
VI 5.948 | 0.190 | 4.265 | 0.199
IX 5.956 | 0.243 | 3.986 | 0.201
X 6.229 | 0.636 | 3.773 | 0.336
Xl 6.724 | 0.538 | 4.185 | 0.346
X1l 6.744 | 1.084 | 3.176 | 0.253
X1 6.979 | 0.477 | 4.066 | 0.322
X1V 7.261 | 0.229 | 3.960 | 0.172
XV 7.548 | 1.253 | 3.667 | 0.101
XVI 7.714 | 0.304 | 3.986 | 0.122
XVII 7.767 | 0.210 | 3.920 | 0.135
XVIIl | 7.879 | 0.374 | 4.039 | 0.084
XIX 7.951 | 0.626 | 3.800 | 0.074
XX 7.961 | 0.039 |4.451 | 0.241
XXI 8.087 | 0.041 | 3.880 | 0.283
XXI1 8.220 | 0.295 | 4.013 | 0.181
XXIIl | 8.274 | 0.000 | 4.225 | 0.006
XXIV |8.338 | 0.318 | 4.013 | 0.116
XXV 8.447 | 0.285 | 3.960 | 0.068
XXVI |8.861 | 0.247 | 3.920 | 0.313

Isomer AEa AE, | VDE | Gap
XXVII 8.874 | 0.602 | 3.720 | 0.264
XXVIII 9.204 |0.189 | 4.159 | 0.249
XXIX 9.205 | 0.627 | 4.611 | 0.245
XXX 9.558 | 0.336 | 3.933 | 0.183
XXXI 9.859 | 0.499 | 3.481 | 0.205
XXXII 10.154 | 0.266 | 3.946 | 0.205
XXX 10.341 | 0.437 | 3.906 | 0.193
XXXIV 10.488 | 0.601 | 3.694 | 0.171
XXXV 10.698 | 0.263 | 3.960 | 0.145
XXXVI 10.938 | 0.473 | 4.053 | 0.242
XXXVII | 11.183|0.480 | 4.066 | 0.236
XXXVII | 11.286 | 0.387 | 4.398 | 0.266
XXXIX 11.831 | 0.404 | 3.920 | 0.173
XL 12.577 | 0.440 | 4.478 | 0.020
XLI 13.042 | 0.305 | 4.159 | 0.419
XLII 13.519 | 0.442 | 4.425 | 0.040
XLII 14.112 | 0.731 | 4.318 | 0.089
XLIV 15.024 | 0.592 | 4.385 | 0.149
XLV 15.130 | 0.421 | 3.920 | 0.322
XLVI 15.137 | 0.383 | 3.734 | 0.009
XLVII 15.678 | 0.746 | 4.159 | 0.191
XLVIII 16.031 | 0.677 | 3.641 | 0.282
XLIX 17.328 | 0.387 | 4.611 | 0.048
L 18.168 | 0.965 | 3.574 | 0.321
LI 18.518 | 0.851 | 3.521 | 0.138
LIl 18.977 | 0.475 | 4.092 | 0.005
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