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ABSTRACT: We report the first joint anion photoelectron spectroscopy and theoretical ~ Hollow-tubular Core-shell
study on how O,-binding affects the structures of medium even-sized gold clusters, Au,~ «b\
(n = 20—34), a special size region that entails a variety of distinct structures. Under the gp\
temperature conditions in the current photoelectron spectroscopy experiment, O,-bound 6
gold clusters were observed only for n = 22—24 and 34. Nevertheless, O, binding with
the clusters in the size range of n = 20—34 can be still predicted based on the obtained
global-minimum structures. Consequently, a series of structural transitions, from the
pyramidal to fused-planar to core—shell structures, are either identified or predicted for
the Au,O,” clusters, where the O,-binding is in either superoxo or peroxo fashion. The
identified global-minimum structures of Au,O,” (n = 20—34) also allow us to gain improved understanding of why the clusters Au,~
(n = 26—32) are less reactive with O, in comparison to others.

( : old nanoparticles show remarkable capability to catalyze hollow-cage type structure and high electron binding energy

a variety of industrially and environmentally important (or high electron affinity).”" The global-minimum structure of
chemical reactions, such as CO oxidation," ethylene epox- Au,,~ which possesses Dj, structure is unreactive toward O,,
idation,™* selective hydrogenation,4 C—C bond formation,’ whereas its other low-lying isomers are reactive.*” Using
and water-gas shift reaction.” Many of these reactions involve infrared multiple photon dissociation spectra of Au,O,”
activation of oxygen molecule as a key step, which is clusters, Woodham et al.”’ provided direct experimental
particularly challenging because of the high kinetic stability evidence for O, adsorption in superoxo mode (binding through
of molecular oxygen owing to its triplet ground state and one oxygen atom). Previously, while studying O, adsorption
strong oxygen—oxygen bond. Many efforts have been made to on even-sized gold clusters in the range of n = 2—20, we have
seek more efficient nanoscale catalysts for the activation of revealed a superoxo-to-peroxo (binding through both the
molecular oxygen-7_21 Particularly, both experimental and oxygen atoms) binding transition of the O, molecule on
theoretical studies have been devoted toward the use of gold anionic gold clusters that occurs at Aus_‘34 Specifically, it was
nanoclus;czefsM for oxygen activation in the CO oxidation observed that n = 2, 4, 6 involve superoxo binding and n = 10,
reaction. 12, 14, 18 involve peroxo binding, whereas a re-emergence of

The binding of molecular oxygen on bare gold cluster anions superoxo binding occurs at n = 20 because of the highly
can hezl ; (in understandziglg the oxygen activation process. symmetrical pyramidal structure of Au,,~, which possesses a
Kaldor™™ and Whettan™" first studied the adsorption of O, low electron affinity. O,-derived low binding energy features
on a series of gold cluster anions in cluster beam experiments. were observed in the experimental spectrum of Au,0,” (n = 2,
They observed that only small even-sized clusters (Au,”, n < 4, 6, 8, and 20). Note that no direct comparison of the

20) were reactive toward oxygen, because the even-sized
cluster anions possessed an open-shell electronic configuration
with low electron binding energies which were conducive to
charge transfers from Au,” to O,. Subsequent anion photo-
electron spectroscopy (PES) studies showed that the
molecular oxygen was chemisorbed on these even-sized Au,~
clusters.”®* 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, Auj, and Au4
showed unusual behavior, with Au,s~ being unreactive and
Auyy” being significantly less reactive toward molecular
oxygen.”” The chemical inertness of Au;~ is due to its unique

experimental and theoretical PES spectra was presented for
Au,)O, at that time. Hence, the superoxo O, binding site on
the pyramidal Au,,~ cluster and possible presence of any minor
isomer contributors toward the experimental PES spectrum
were not reported.
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Figure 1. 193 nm experimental photoelectron spectra (a and b) in comparison with the simulated spectra (c and d) for the low-lying isomers of
Au,yp0,” and bare Auyy~ (see ref 60). The oxygen molecule is in red.

Table 1. The Experimental First VDE (X) Shown in Figures 1—4, X—A Binding-Energy Gap from the 193 nm Spectra for
Au,0,” (n = 20—24, 34), Isomer Label, Spin Multiplicity (M,), Relative Energies Calculated at PBE0/CRENBL-ECP (AE,)
and PBEO/CRENBL-ECP (with inclusion of the SO effects for Au) (AE,) Levels (here, all isomers are optimized at the PBE0/
CRENBL-ECP level), Theoretical First VDE, X—A Binding-Energy Gaps, and Root-Mean-Square Deviation (RMSD) between
the Identified Theoretical Peaks with respect to the Experimental Peaks. AE, and AE; are Calculated with respect to the
Lowest Energy Isomer with Molecularly Adsorbed O,. In Case Where Multiple Isomers are Assigned, the RMSD Value is
Calculated Using the Peaks from all the Assigned Isomers. All Energies and Binding-Energy Gaps are in eV. The X—A Gaps of
the Major/Singly Assigned Isomers are Highlighted in Bold

experimental” theoretical
anion cluster VDE X—A gap isomer M, AE, AE, VDE X—A or X'—A gap RMSD
AuyyO,” 3.81 (X)) 0.54 vII 2 0.000 0.000 4.08 0.14
3.62 (X) XIV 2 0263 0253 347 0.51 0.057
XIX 2 0.335 0.333 3.78 0.16
Aup,0,” 3.65 (X) 0.45 XVII 2 0.098 0.387 353 0.50 0.037
349 (X') XXXVIII 2 0.505 0.835 3.34 0.61
Auy,0,” 344 (X) 0.40 XVI 2 0227 0511 335 0.40 0.067
Auy,0,” 437 (X) 0.10 i 2 0.000 0.000 420 0.15 0.058
3.93 (X') XII 2 0.539 0.535 3.84 0.53
4.11 (X”) XVI 2 0.577 0.573 4.00 0.37

“Experimental uncertainty: +0.01 eV.

Apart from the experimental studies, several computational Thus far, the experimental O,-binding studies have mostly
studies have also been performed to investigate O, binding on been focused on small-sized gold clusters. As mentioned above,
bare gold clusters.”>™** Mills et al.’”” reported that O, binds O, reactivity with even-sized gold cluster anions was observed
more strongly with neutral and anionic gold clusters that have only up to Au,,~ previously.”>~>" To our knowledge, there
an odd number of electrons. Yoon et al.*® found that smaller- have been no joint experimental and theoretical studies on the
sized anionic gold clusters (n = 1—3) favor molecular effect of O,-binding on the structural evolution of mid-sized
adsorption, whereas relatively larger-sized clusters (n = 4—8) gold clusters. One possible reason for the lack of study of O,-
favor dissociative adsorption. It was also reported that O, bound gold clusters beyond Au,,~ is due to the relatively weak
dissociation requires very high activation energy. The high binding between O, and medium-sized clusters in general.
activation barriers are consistent with the experimental Indeed, in our experiment, we were unable to observe the
observation of only chemisorbed O, species on the even- photoelectron spectra of O,-bound Au,” clusters for n = 26—
sized Au,” for n < 20°7*77** and physisorbed odd-sized 32, at least under the state-of-the-art experimental temperature
Au,” for n =3, 5,7.%° Several other computational studies have conditions. Nevertheless, we observed photoelectron spectra of
been carried out to examine the effect of charge state,**™** the three relatively small O,-bound gold clusters n = 20—24, as
doping,**™** coadsorption,”** and substrate support®>**>® on well as the largest O,-bound cluster Au,,”, in the size range of
the O, interactions with gold clusters. gold clusters considered.
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Herein, we report the first combined experimental anion
PES and computational study of O, binding on medium even-
sized Au,” clusters (n = 20—24, 34). The medium-sized range
of gold clusters (n = 20—34) is particularly interesting because
the gold clusters in this size region exhibit diverse structural
evolution and transition, and several distinct structures coexist
for each size.””*" Specifically, the Auy,~, a well-known magic-
number cluster, is a highly symmetric pyramid; the Au,, 55~
clusters exhibit flat-planar or hollow-tubular structures; the
Au,~ cluster has the smallest core—shell structure; and the
Aug,”, another known magic-number cluster, has a fluxional
core—shell structure with a highly symmetrical tetrahedral Au,
core. In view of the strong size-dependent structural evolution
of gold clusters in this size range, we focus especially on the
chemical interplay between the O,-binding and the structures
of the gold clusters, e.g., the O, binding mode, and on how the
O, binding affects the structural evolution in the host gold
cluster anions. Notably, we observe a core—shell type structure
for Au, O, at n = 24. In fact, this is the smallest Au, O, cluster
with a gold core. In their bare Au,” counterparts, the smallest
core—shell gold cluster is Au,s™.>” Moreover, the identified
global-minimum structures of Au,0,” (n = 20—34) offer an
explanation of why the clusters Au,” (n = 26—32) are less
reactive with O, compared to other sizes considered.

Experimental Photoelectron Spectra. Figures 1—4
present the comparison between the experimental PES spectra
of Au,0,” (n = 20, 22, 24, and 34) at 193 nm (or 6.424 V)
photon energy and the simulated spectra of the corresponding
low-energy (both major and minor) isomers. The observed
major binding-energy features are designated by uppercase
letters X, A, B, C, ..., where X represents the transition from the
ground state of the anionic cluster to that of the neutral cluster
and A, B, C, ... represent the detachment transitions to the
excited states of the neutral cluster. Low binding-energy
features, labeled with X', A’, ... signify the presence of minor
isomers of the cluster. Additionally, in some experimental
spectra, the very low intensity features are marked with * to
represent the existence of minor isomers that are unidentified.
In Figures 1—4, we also show the 193 nm experimental spectra
as well as the simulated spectra of the assigned isomers of the
bare clusters, Au,” (n = 20, 22, 24, and 34), obtained from
previous studies.””**°*¢"!

Table 1 shows the first vertical detachment energies (VDEs)
measured from the PES experiment and the binding-energy
gap (the binding-energy difference between the two peaks
marked X and A), as well as the first VDEs, the spin
multiplicities, and relative energies from DFT calculations for
the best candidate isomers. The DFT calculations are
performed at the PBEO/CRENBL-ECP level of theory, with
and without considering the spin—orbit (SO) effects for gold.
Note that the inclusion of SO coupling effects in the
theoretical calculations results in a minor systematic reduction
in the theoretical VDEs with respect to the experimental ones.
Therefore, the experimental and theoretical VDE values cannot
be directly compared. Rather, we have used root-mean-square
deviation (RMSD) and X—A energy gaps (see below) as
quantitative tools to compare the simulated spectra with the
experimental spectra. The first VDE from the calculation was
aligned with the first VDE (X) from the experimental
measurement. Next, the RMSD was computed for the
following binding-energy peaks of the simulated spectra with
respect to the corresponding peaks in the experimental spectra.
There is a very good agreement between the computed and
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experimental energy gaps, as indicated by small average
deviation (less than a tenth of an electronvolt). The X—A
binding-energy gaps (of the major/singly assigned isomers
highlighted in bold) and the RMSD values given in Table 1
confirm that the chosen level of theory is suitable for the
Au,O,” species in the present study. Previously, we
successfully used visual analysis in conjugation with the
relative energy comparison, as well as RMSD in binding-
energy peak positions to identify the most stable structures of
the bare gold cluster anions and CO-bound gold cluster
279 The structures for each cluster size are designated
with the roman numerals (I, II, III, ...) which are based on the
increasing values of energies computed at PBEO/CRENBL-
ECP level of theory (see Supporting Figures S1—S8 and Tables
$1—S9). In the following discussions, we refer to the PBE0/
CRENBL-ECP and PBEO/CRENBL-ECP//PBE0/CRENBL-
ECP (with inclusion of the SO effects for Au) levels of theory
as PBEO and SO-PBEO, respectively.

Auy0,”. The 193 nm spectrum (Figure 1a) of Au,,O,”
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.>?>%3 Subsequent regions, labeled A-F,
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 44 low-lying isomers were examined (see Figure
S1), out of which the simulated spectra of three candidate
isomers are presented in Figures lc. The Supporting
Information shows simulated spectra of the remaining isomers
identified. A combination of three isomers (with isomer XIV as
the major contributor, and isomers VII and XIX as the minor
contributors, toward 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 simulated spectrum of the assigned isomers is
calculated to be 0.057. The major isomer XIV shows superoxo
O, binding with the gold nanocluster. The two minor isomers
exhibit peroxo O, binding. In all three isomer structures, the
stable tetrahedral pyramidal Au,,~ motif is present.’**’
Energetically, isomer VII is the lowest in energy, computed
at both PBEO and SO-PBEO levels of theory, whereas isomers
XIV and XIX are higher in energy. Isomer XIV has a relative
energy of 0.263 and 0.253 eV at both PBEO and SO-PBEO
levels of theory, respectively. Isomer XIX is even higher in
energy with relative energy of 0.335 and 0.333 eV at both
PBEO and SO-PBEQ levels of theory, respectively.

In the major isomer XIV, the oxygen is adsorbed in superoxo
mode on an apex site of the Au,, pyramid. Its simulated PES
spectrum has 12 bands within the experimental window, from
3.47 to 5.87 eV. Out of the 12 bands, 3 bands are found to
contribute significantly to the experimental spectrum. The
band with peak at 3.47 eV describes experimental peak X; the
band at 3.97 eV reproduces experimental peak A; the peak at
4.55 eV reproduces peak D; the peak at 4.81 eV reproduces
peak E; and the peak at 5.14 eV reproduces peak F.

The minor isomer XIX has the oxygen adsorbed in a peroxo
fashion on one of the near-apex edges of its pyramidal
structure. Like isomer XIV, its PES spectrum also demonstrates
12 peaks within the experimental range. Three peaks at 3.78,

anions.
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Figure 2. 193 nm experimental photoelectron spectra (a and b) in comparison with the simulated spectra (c and d) for the low-lying isomers of

Au,,0,” and bare Au,,” (see ref 57). The oxygen molecule is in red.
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Figure 3. 193 nm experimental photoelectron spectra (a and b) in comparison with the simulated spectra (c and d) for the low-lying isomers of
Au,,0,” and bare Au,,” (see ref 57). The gold atoms in the core of the cluster are denoted in green. The oxygen molecule is in red.

3.94, and 4.43 eV reproduce the measured peaks X', A, and C,
respectively, of the experimental PES spectrum.

The minor isomer VII has the oxygen adsorbed on the
lateral edge of the pyramidal cluster in a peroxo fashion. In the
simulated PES spectrum, again there are 12 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. Three
of these peaks (4.22, 4.57, and 4.83 eV) reproduce three
experimental peaks for bands B, D, and E within the
experimental spectrum.

Au,,0,. The 193 nm spectrum of Au,,0,” (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
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~3.65 eV is denoted X, and the minor isomer band X’ is 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.
The remaining bands are too poorly resolved to meaningfully
analyze.

A total of 45 low-lying isomers were examined. Two of these
isomers (XVII and XXXVIII) are found to reproduce the
experimental PES spectrum (Figure 2a,c). Although the major
isomer XVII possesses a degree of symmetry lower than that of
the Au,,O," clusters, a deformed tetrahedral pyramidal motif is
clearly visible in its case. The tetrahedral pyramidal motif is
completely absent in the case of the minor isomer XXXVIII,
which exhibits a flat-cage type structure with relatively higher
degree of symmetry (C,). The O, binding is in a peroxo
fashion in the case of the major isomer, whereas a superoxo
type binding on an apex site is observed in the case of the

https://doi.org/10.1021/acs.jpclett.1c00546
J. Phys. Chem. Lett. 2021, 12, 3560—3570
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Figure 4. 193 nm experimental photoelectron spectra (a and b) in comparison with the simulated spectra (c and d) for the low-lying isomers of
Au;,0,” and bare Auy,” (see refs 61 and 87). The gold atoms in the core of the cluster are denoted in green. The oxygen molecule is in red.

minor isomer. The simulated PES spectrum of the major
isomer can accurately reproduce seven major peaks of the
experimental spectrum: X, A, B, C, D, E and F at 3.53, 3.99,
421, 4.32, 445, 4.62, and 4.78 eV, respectively. The minor
isomer can account for the weak band X’ (3.49 eV). This
feature results from the O—O vibrational excitation upon
photodetachment from the minor isomer.””**** TThe other
bands 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 XVII has a relative energy of 0.098 and 0.387 eV
at both PBEO and SO-PBEO levels of theory, respectively,
whereas the minor isomer XXXVIII has a relative energy of
0.505 and 0.835 eV at both PBEO and SO-PBEO levels of
theory, respectively.

The minor isomer XXXVIII has a striking resemblance to
one of the assigned bare isomers (isomer III) of Au,,”. The
structures are nearly identical except for a displaced gold atom,
reflecting that the superoxo type binding on an apex site has
little effect on the host structure. The major isomer XVII, on
the other hand, is quite different from the assigned bare
clusters as the tetrahedral pyramidal motif is absent in the case
of the bare Au,,™ isomers. It seems that the peroxo O, binding
has a much greater effect on the structure of the Au,,™ cluster
than on the magic-number and high-symmetry Auy,~ cluster.

Au,,0,". The experimental PES spectrum (Figure 3a)
showed eight clear peaks at 3.44, 3.84, 4.16, 4.58, 4.92, 5.11,
521, 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 in comparison to those of Au,,0,~ and Au,,0,™ and the
absence of weak features in the low-binding region indicate
that the O, binding is in the peroxo mode.

Out of the 42 examined low-lying isomers, isomer XVI
(Figure 3c) can accurately reproduce the experimental PES
spectrum. The initial X band of isomer XVI is at 3.35 eV, and
the bands A—G are 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
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spectrum was 0.067. Isomer XVI as predicted has O, binding
in a peroxo mode. Unlike the bare Au,,~ clusters where a
hollow-tubular structure is populated,””* the Au,,0,~ exhibits
a core—shell with one Au-atom core. This illustrates that upon
peroxo O, binding the structure of Au,, cluster changes
significantly. This is the smallest reported O,-bound gold
cluster with a core atom. Energetically, isomer XVI has a
relative energy of 0.227 and 0.511 eV at both PBEO and SO-
PBEQ levels of theory, respectively.

Au,0,” (n = 26—32). As mentioned above, O,-bound gold
clusters in this size range were not observed under the current
experimental conditions, likely because of either relatively weak
binding between O, and these clusters or the high electron
binding energy (electron affinity) of the bare clusters. As a
result, their photoelectron spectra were not able to be
observed. We speculate that if the cluster beam could be
generated below room temperature in future photoelectron
spectroscopy experiments, PES spectra of certain sized gold
clusters (e.g, n = 30, see below) with relatively strong O,
adsorption ability might be observed. Hence, we report the
speculative simulated spectra based on the obtained global-
minimum clusters Au,0,” (n = 26—32).

In Supporting Figures S4—S7 and S9 and Tables S4—S7, the
simulated spectra for each cluster size in this range and their
corresponding relative energies, computed first VDE, and X—A
gap data are presented, respectively. Without the experimental
spectra to compare with, for now, we tentatively assign the
lowest-energy isomers for each cluster size as the global
minima (see Figure S9). Definite assignments could be made if
the experimental data become available in the future. The
structures of the assigned isomers are presented in Figure 6.

Au3,0,". The experimental PES spectrum of Au;,O,”
consists of weak bands in the low-binding-energy spectrum,
followed by the binding-energy features 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. Eight major
peaks X, A—G are observed at 4.37, 4.47, 4.51, 4.68, 4.82, 5.02,
5.25, and 5.41 eV. The two minor peaks are labeled X’ at 3.93
eV and X” 4.14 eV, respectively. These two features are likely
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Figure S. Size dependences of (a) O, adsorption free energies (AG,4) for the best candidate isomer of Au,0, (n = 20—34) clusters identified, (b)
Hirshfeld charges (H,) for the host gold cluster Au,” and the adsorbed O, for the best candidate isomer of Au,0,” (n = 20—34) clusters, and (c
and d) the Mayer bond orders (My,) for the O—O and Au—O bonds of the best candidate isomer of the Au,O,” clusters. The horizontal dashed
line at —0.61 eV in panel a separates the more reactive gold clusters (n = 20 —24 and 34) and less reactive gold clusters (n = 26—32) with O,. The
more reactive gold clusters exhibit more negative adsorption free energy (< —0.61 eV). For the Au;,0,” cluster, both the doublet and quartet spin
states are very close in energy. Therefore, AG,4, H,, and My, data are presented for both doublet and quartet spin states. The quartet spin state is

denoted by the “X” symbol.

due to the O—O vibrational excitation upon photodetachment
of O, binding in relatively weak superoxo mode.””**** A small
unresolved peak, designated *, at approximately 3.42 eV is
similar to the peak labeled X in the experimental spectrum of
Aug,” cluster. This peak could be from the bare Auy,~ cluster
which might have been formed after the photodissociation of
Auy, 0, cluster. The experimental spectrum shows a strong
similarity to that of the bare Au;,~ cluster. This indicates that
the Auy,~ structure changes little upon O, binding.

We examined 64 low-lying isomers, of which isomer I
(Figure 4c,d) accurately reproduces the major bands of the
experimental PES spectra. The simulated PES spectrum of
isomer I can mimic the bands X and 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 XII and XVI, respectively. Both
isomers are the minor contributors toward 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 0.0S8.
Overall, the combined simulated spectra of three isomers
agrees well with the experimental spectrum. Isomer I is the
lowest in energy at both PBEO and SO-PBEO levels. Isomer XII
has a relative energy of 0.539 and 0.535 eV at PBEO and SO-
PBEO levels, respectively. Isomer XVI has a relative energy of
0.577 and 0.573 eV at both PBEO and SO-PBEO levels of
theory, respectively. In the case of isomer I, the oxygen
molecule is chemisorbed in the peroxo style, whereas the two
minor isomers exhibited superoxo type O, binding. The
superoxo adsorption observed in the minor isomers is
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supported by the fact that both X’ and X" are very broad
peaks. The major as well as two minor isomers contain a
tetrahedral Au, core, the same as the one observed in the case
of the bare Aus, cluster.’’ The structures of isomer I and the
bare Au,,” are very similar. This is confirmed by the very small
RMSD of 1.18 A for the atomic coordination of gold atoms
between the two structures.

Adsorption Free Energies, Hirshfeld Charges, and
Mayer Bond Orders. The adsorption free energies of O, on
the Au,” clusters at 25 °C are computed as follows:

AGads = G(Aunoz_) - G(Aun_) - G(OZ)

where G represents the free energy. A more negative value of
AG,q, indicates stronger adsorption. Here, adsorption free
energy calculations were performed using the PBE exchange—
correlation functional and the LANL2DZ basis set®™®® with
the corresponding effective core potential (ECP), provided in
the Gaussianl6 package. The change in the calculated AG 4
versus the cluster size (the number of gold atoms n) is
displayed in Figures Sa. When multiple isomers are assigned,
the AG,y is shown only for the major isomer. As expected,
Au,0,” complexes which show superoxo O,-binding have a
AG,q4, lower than the ones which exhibit peroxo type O,-
binding. Among the five weakly reactive gold clusters with O,,
Auz,0,” shows the most favorable O,-binding, whereas
Auy,0,” shows the least favorable O,-binding. The extremely
small adsorption free energy of Au;,O,” indicates O,
physisorption rather than chemisorption. Although the AG,4,
of Au;,0, is only 0.006 eV higher than that of the Au,,0,~
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Figure 6. Structural evolution of the O, adsorbed on even-numbered anionic gold clusters Au,O,” (n = 20—34). Major isomers are plotted in larger
size than the minor isomers. The gold atoms in the core of the cluster are denoted in green. The oxygen molecule is in red.

cluster, it is still not observed in the cluster beam. This is
because the electron ADE (adiabatic detachment energy) of
3.50 eV serves as a threshold to disfavor the O,-binding on
Au,” clusters, and the ADE (~3.70 eV) of low-lying isomers of
Auy,” is above the threshold.”” Nevertheless, our DFT
computation suggests that among the five less reactive gold
clusters within the range of n = 26—32, the O,-bound cluster is
most likely to be observed at n = 30 in future photoelectron
spectroscopy experiments if the cluster beam could be
generated below room temperature.

To understand the charge transfer upon the O, binding, the
Hirshfeld charge analysis’® (implemented in Gaussianl6
package) of the Au, O, clusters was performed. The Hirshfeld
charges (H.) of the Au,” and O, components of the Au,0,”
cluster are shown in Figure Sb. A charge transfer of about
0.25—-0.40 e from Au,” to O, is observed in all the cases except
Au3,0,” where only 0.19 e of charge is transferred. This
confirms the O, physisorption in the case of Au3,O,”. From
Figure Sb, it appears that the larger sized cluster entails slightly
less charge transfer to O,, except the largest cluster Auj, .
Indeed, Auy,” is a special case because it is a magic-number
cluster.

To further assess the O, adsorption, we calculated the Mayer
bond order”" (implemented in Gaussian16 package) of the O—
O and Au—O bonds in the Au,0,” clusters. The Mayer bond
orders (M,,) of the O—O and Au—O bonds in the Au,0,”
cluster are presented in panels c and d of Figure S, respectively.
For the clusters with peroxo O,-binding, the bond orders of
the two Au—O bonds were averaged. The O—O bonds are
stronger in the case of clusters with superoxo O,-binding than
the ones with peroxo O,-binding. The Au—O bonds show the
similar trend except for Au;,O,” and Au;,0,”. The Au—O
bond is strongest in the case of Au,O, (averaged bond order
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= 0.76), which is consistent with the large AG,4 and high
charge transfer observed in its case. For Au;,0,”, the O—O
bond is strongest (bond order = 1.11), and the Au—O bond is
the weakest (bond order = 0.55) among the Au,O,~ clusters,
reconfirming the O, physisorption.

Structural Evolution of Au,0,” (n = 20—34) Clusters
with Even Numbered Gold Atoms. The identified most
stable structures of the O,-bound anionic gold clusters are
presented in Figure 6. This particular size range of bare gold
clusters exhibits diverse structures, which include pyramidal,
hollow-tubular, fused-planar, and core—shell. For the size of n
= 20, the highly symmetric pyramidal 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 Au,;, motif (shown in
blue) with an intact triangular Auy, face is observed again in
the major isomer of Au,,O,”. The minor isomer at n = 22 has a
fused-planar structure. The O, shows peroxo binding in the
major isomer but superoxo O, binding in the minor isomer at
n =22. A core—shell structure emerges at n = 24 with one core
gold atom and with the O, binding in the peroxo fashion. Note
that Au,,” is the smallest cluster anion which transforms to a
core—shell cluster 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. Au;,0,” exhibits a triangular Au;
core, whereas the highly symmetric tetrahedral Au, core is
observed in the major as well as minor isomers of Au;,0,”. A
superoxo O, binding is observed in the case of Au;,0,”, and a
peroxo O, binding is observed in the case of the major isomer
of Au;,0,". Both the minor isomers of Au;,O,” exhibit a
superoxo O, binding,
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In conclusion, we present a combined experimental and
theoretical study of O, binding on medium-sized even-
numbered gold anion clusters, Au,” (n = 20—34). Photo-
electron spectra were measured for the clusters Au,” (n = 20—
24, 34) and used to compare with theoretical calculations for
the identification of the structures and sites of O, adsorption
on the gold clusters. The global minima of the O,-bound gold
clusters (Au,O,") are searched using the basin-hopping global
optimization technique in conjugation with DFT calculations.
Vertical detachment energies are obtained for the low-lying
isomers based on the DFT computation with the inclusion of
spin—orbit effects for gold to make simulated photoelectron
spectra and to compare with the experimental PES data for
clusters n = 20—24, and for the magic-number cluster n = 34.
The global-minimum search resulted in a wide variety of
structures for the O,-bound gold clusters, such as pyramidal,
fused-planar, and core—shell structures. Transitions from the
pyramidal to fused-planar to core—shell structures for the host
Au,” clusters and the adsorbed O, in either superoxo or
peroxo fashion are observed. Notably, the O,-bound Au,,0,~
is the smallest cluster with a core—shell type structure for the
gold. This is in contrast with the hollow-tubular type structures
found dominant for the bare Au,,” cluster. Moreover, the
identified global-minimum structures of Au,0,” (n = 20—34)
allow us to examine why the Au,~ clusters in the range of n =
26—32 are less reactive with O, than other sizes. Our DFT
computation of the O, adsorption free energies show that the
more reactive gold clusters (n = 20—24, 34) exhibit more
negative adsorption free energy (< —0.61 eV) whereas less
reactive gold clusters (n = 26—32) exhibit less negative
adsorption free energy (> —0.61 eV). Among the gold clusters
Au,” (n =26-32), the O,-adsorbed Auy,~ is most likely to be
observed in future photoelectron spectroscopy experiments if
the cluster beam could be generated below room temperature.

B METHODS

Experimental Methods. The photoelectron spectroscopy
(PES) experiment was performed using a magnetic-bottle
apparatus equipped with a laser vaporization cluster source.
The details of this ex?erimental measurement have been
published previously.”””"* In brief, a pulsed laser was used to
vaporize a gold disk target to produce a plasma within a large-
waiting-room cluster nozzle. Meanwhile, a helium carrier gas
pulse was delivered to the nozzle which cooled the plasma and
initiated cluster nucleation. For the O, binding experiment, a
helium carrier gas was seeded with 0.1% O,. The latter reacted
with the gold clusters within the nozzle, forming various
Au, O, clusters. These cluster anions were then entrained in
the helium carrier gas and underwent a supersonic expansion.
After passing through a skimmer, the cluster anions from the
collimated cluster beam were extracted at 90° into a time-of-
flight mass spectrometer. Clusters of particular size for the
study of interest were mass-selected and decelerated before
they were photodetached by radiation from the 193 nm ArF
excimer laser. A magnetic bottle was used to collect the
photoelectrons at almost 100% efficiency into a 3.5 m long
electron flight tube. These photoelectrons were collected for
kinetic energy analyses. The known spectra of Au™ were used
to calibrate the photoelectron kinetic energies. The latter were
then subtracted from the photon energies to obtain the
photoelectron binding energy spectra. The apparatus has an
electron kinetic energy resolution of AE,/E, & 2.5%, i.e., about
25 meV for 1 eV electrons.

3567

Computational Methods. The search for global-mini-
mum structures of Au,O,” was carried out using the basin-
hopping global optimization method”*’® along with density
functional theory optimization. During the basin-hopping
search, the local-minimum structure obtained after each
accepted Monte Carlo move was reoptimized using a DFT
method, i.e., the Perdew—Burke—Ernzerhof (PBE) exchange—
correlation functional’”” and the double-numerical polarized
(DNP) basis set with effective core potential (ECP), given in
the DMOL? 4.0 program.”®”” A 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 different isomers
were recorded for every size of clusters. This isomer population
consisted of the structures with both molecularly chemisorbed
oxygen (O, 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, among
the isomers obtained from the BH global search we focused
mainly on the ones with molecularly adsorbed oxygen as the
candidates for the lowest-energy structures. These isomers
were then reoptimized by employing the 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 also reoptimized based on the PBEO
functional®® with the CRENBL-ECP*' basis set, given in the
Gaussian16 package.”” However, for candidate isomers in the n
= 26—32 range, the re-optimization was performed at the
PBEOQ/TZP level, with inclusion of the relativistic effects under
zeroth-order regular approximation (ZORA) as given in the
ADF2013 program.gg’_85 During this re-optimization step,
some isomers were found to converge to the same structure.
This lowered the number of candidate isomers for each size of
cluster. Lastly, single-point energy calculations of the
reoptimized structures were performed based on the PBEO
functional with CRENBL-ECP basis set and with incorpo-
ration of the spin—orbit (SO) effects for the gold, given in the
NWCHEM 6.6 program.® The incorporation of SO effects for
the gold has been proven to provide a nearly quantitative
agreement between the experimental and simulated spectra for
bare gold, doped gold, and CO-bound gold clus-
ters.’”%*7*¥¥ =% The first VDE for each structure was
computed as the difference between the energies of the
neutral and anionic cluster at the optimized (PBEO level) anion
geometry. The electronic density of states was obtained by
adding the binding energies of the occupied deeper orbitals to
the first VDE. Each VDE feature was added with a Gaussian
width of 0.035 eV to produce simulated spectra, which were
then used to compare with the experimental spectra of Au,O,~
in order to determine the structures that give the best
agreement between the simulation and the measurement. The
binding-energy gap (eV) between the first and second highest
occupied molecular orbitals, which is viewed as the gap
between peaks labeled X and A, was also computed for each
candidate isomer.

https://doi.org/10.1021/acs.jpclett.1c00546
J. Phys. Chem. Lett. 2021, 12, 3560—3570


pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00546?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00546.

Additional simulated spectra, relative energies, and
Cartesian coordinates (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Lai-Sheng Wang — Department of Chemistry, Brown

University, Providence, Rhode Island 02912, United States;
orcid.org/0000-0003-1816-5738; Email: Lai-

Sheng Wang@brown.edu

Xiao Cheng Zeng — Department of Chemistry, University of
Nebraska—Lincoln, Lincoln, Nebraska 68588, United
States; ® orcid.org/0000-0003-4672-858S;
Email: xzengl @unl.edu

Authors

Navneet Singh Khetrapal — Department of Chemistry,
University of Nebraska—Lincoln, Lincoln, Nebraska 68588,
United States

David Deibert — Department of Chemistry, University of
Nebraska—Lincoln, Lincoln, Nebraska 68588, United States

Rhitankar Pal — Department of Chemistry, University of
Nebraska—Lincoln, Lincoln, Nebraska 68588, United States

Ling Fung Cheung — Department of Chemistry, Brown
University, Providence, Rhode Island 02912, United States;

orcid.org/0000-0002-2308-8135

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.1c00546

Author Contributions
*N.S.K. and D.D. contributed equally to this work

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The computational work is performed using computers in the
University of Nebraska Holland Computing Center.

B REFERENCES

(1) Haruta, M. Size- and Support-Dependency in the Catalysis of
Gold. Catal. Today 1997, 36, 153—166.

(2) Nijhuis, T. A.; Visser, T.; Weckhuysen, B. M. Mechanistic Study
into the Direct Epoxidation of Propene over Gold/Titania Catalysts. J.
Phys. Chem. B 2008, 109, 19309—19319.

(3) Sinha, A. K; Seelan, S.; Akita, T.; Tsubota, S.; Haruta, M. Vapor
Phase Propylene Epoxidation Over Au/Ti-MCM-41 Catalysts
Prepared by Different Ti Incorporation Modes. Appl. Catal, A
2003, 240, 243—252.

(4) Juliusa, M.; Robertsa, S.; Fletchera, J. C. Q. A Review of the Use
of Gold Catalysts in Selective Hydrogenation Reactions Lynsey
McEwana. Gold Bulletin 2010, 43, 298—306.

(5) Tsunoyama, H.; Sakurai, H.; Ichikuni, N.; Negishi, Y.; Tsukuda,
T. Colloidal Gold Nanoparticles as Catalyst for Carbon—Carbon
Bond Formation: Application to Aerobic Homocoupling of Phenyl-
boronic Acid in Water. Langmuir 2004, 20, 11293—11296.

(6) Bond, G. Mechanisms of the Gold-Catalysed Water-Gas Shift.
Gold Bulletin 2009, 42, 337—342.

(7) Oemry, F.; Nakanishi, H.; Kasai, H.; Maekawa, H.; Osumi, K;
Sato, K. Adsorbed Oxygen-Induced Cluster Reconstruction on Core—
Shell Ni@Pt and Pt Clusters. J. Alloys Compd. 2014, 594, 93—101.

3568

(8) Dar, M. A, Krishnamurty, S. Molecular and Dissociative
Adsorption of Oxygen on Au—Pd Bimetallic Clusters: Role of
Composition and Spin State of the Cluster. ACS Omega 2019, 4,
12687—12695.

(9) Ly, P; Ly, Z;; Li, S;; Ma, D.; Zhang, W.; Zhang, Y.; Yang, Z.
Tuning Metal Cluster Catalytic Activity with Morphology and
Composition: A DFT Study of O, Dissociation at the Global
Minimum of Pt,Pd, (m + n = 5) clusters. RSC Adv. 2016, 6,
104388—104397.

(10) Xu, Y.; Shelton, W. A.; Schneider, W. F. Effect of Particle Size
on the Oxidizability of Platinum Clusters. J. Phys. Chem. A 2006, 110,
5839—-5846.

(11) Kerpal, C; Harding, D. J; Hermes, A. C; Meijer, G;
Mackenzie, S. R.; Fielicke, A. Structures of Platinum Oxide Clusters in
the Gas Phase. J. Phys. Chem. A 2013, 117, 1233—1239.

(12) Reber, A. C.; Khanna, S. N.; Roach, P. J.; Woodward, W. H.;
Castleman, A. W. Spin Accommodation and Reactivity of Aluminum
Based Clusters with O,. J. Am. Chem. Soc. 2007, 129, 16098—16101.

(13) Samanta, B.; Sengupta, T.; Pal, S. Aluminum Cluster for CO
and O, Adsorption. J. Mol. Model. 2019, 25, 2.

(14) Samanta, B.; Sengupta, T.; Pal, S. Specificity of Amino Acid—
Aluminum Cluster Interaction and Subsequent Oxygen Activation by
the above Complex. J. Phys. Chem. C 2018, 122, 28310—28323.

(15) Burgert, R; Schnéckel, H.; Grubisic, A.; Li, X.; Stokes, S. T.;
Bowen, K. H.; Gantefér, G. F.; Kiran, B.; Jena, P. Spin Conservation
Accounts for Aluminum Cluster Anion Reactivity Pattern with O,.
Science 2008, 319, 438.

(16) Neumaier, M.; Olzmann, M.; Kiran, B.; Bowen, K. H,;
Eichhorn, B.; Stokes, S. T.; Buonaugurio, A.; Burgert, R,; Schnockel,
H. The Reaction Rates of O, with Closed-Shell and Open-Shell AL~
and Ga,” Clusters under Single-Collision Conditions: Experimental
and Theoretical Investigations toward a Generally Valid Model for the
Hindered Reactions of O, with Metal Atom Clusters. . Am. Chem.
Soc. 2014, 136, 3607—3616.

(17) Hagen, J.; Socaciu, L. D.; Le Roux, J.; Popolan, D.; Bernhardt,
T. M.; Wéste, L.; Mitric, R; Noack, H.; Bonacic-Koutecky, V.
Cooperative Effects in the Activation of Molecular Oxygen by Anionic
Silver Clusters. J. Am. Chem. Soc. 2004, 126, 3442—3443.

(18) Socaciu, L. D,; Hagen, J; Le Roux, J.; Popolan, D.; Bernhardt,
T. M.; Woste, L.; Vajda, S. Strongly Cluster Size Dependent Reaction
Behavior of CO with O, on Free Silver Cluster Anions. J. Chem. Phys.
2004, 120, 2078—2081.

(19) Bernhardt, T. M.; Hagen, J; Lang, S. M.; Popolan, D. M,;
Socaciu-Siebert, L. D.; Woste, L. Binding Energies of O, and CO to
Small Gold, Silver, and Binary Silver—Gold Cluster Anions from
Temperature Dependent Reaction Kinetics Measurements. J. Phys.
Chem. A 2009, 113, 2724—2733.

(20) Luo, Z.; Gamboa, G. U.; Smith, J. C; Reber, A. C.; Reveles, J.
U,; Khanna, S. N,; Castleman, A. W. Spin Accommodation and
Reactivity of Silver Clusters with Oxygen: The Enhanced Stability of
Ag;~. J. Am. Chem. Soc. 2012, 134, 18973—18978.

(21) Ma, L.; Melander, M.; Laasonen, K,; Akola, J. CO Oxidation
Catalyzed by Neutral and Anionic Cu,, Clusters: Relationship
Between Charge and Activity. Phys. Chem. Chem. Phys. 2015, 17,
7067—-7076.

(22) Haruta, M.; Tsubota, S.; Kobayashi, T.; Kageyama, H.; Genet,
M. J.; Delmon, B. Low-Temperature Oxidation of CO over Gold
Supported on TiO,, a-Fe,0;, and Co30,. J. Catal. 1993, 144, 175—
192.

(23) Buratto, S. K.; Bowers, M. T.; Metiu, H.; Manard, M.; Tong, X;
Benz, L.; Kemper, P.; Chrétien, S. Chapter 4 Au, and Ag, (n = 1-8)
Nanocluster Catalysts: Gas-Phase Reactivity to Deposited Structures.
In The Chemical Physics of Solid Surfaces; Woodruff, D. P., Ed;
Elsevier, 2007; Vol. 12, pp 151—-199.

(24) Li, H;; Li, L.; Pedersen, A.; Gao, Y.; Khetrapal, N.; Jénsson, H.;
Zeng, X. C. Magic-Number Gold Nanoclusters with Diameters from 1
to 3.5 nm: Relative Stability and Catalytic Activity for CO Oxidation.
Nano Lett. 20185, 15, 682—688.

https://doi.org/10.1021/acs.jpclett.1c00546
J. Phys. Chem. Lett. 2021, 12, 3560—3570


https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00546?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00546/suppl_file/jz1c00546_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lai-Sheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1816-5738
http://orcid.org/0000-0003-1816-5738
mailto:Lai-Sheng_Wang@brown.edu
mailto:Lai-Sheng_Wang@brown.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Cheng+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4672-8585
mailto:xzeng1@unl.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Navneet+Singh+Khetrapal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Deibert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rhitankar+Pal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ling+Fung+Cheung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2308-8135
http://orcid.org/0000-0002-2308-8135
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00546?ref=pdf
https://doi.org/10.1016/S0920-5861(96)00208-8
https://doi.org/10.1016/S0920-5861(96)00208-8
https://doi.org/10.1021/jp053173p
https://doi.org/10.1021/jp053173p
https://doi.org/10.1016/S0926-860X(02)00451-9
https://doi.org/10.1016/S0926-860X(02)00451-9
https://doi.org/10.1016/S0926-860X(02)00451-9
https://doi.org/10.1007/BF03214999
https://doi.org/10.1007/BF03214999
https://doi.org/10.1007/BF03214999
https://doi.org/10.1021/la0478189
https://doi.org/10.1021/la0478189
https://doi.org/10.1021/la0478189
https://doi.org/10.1007/BF03214956
https://doi.org/10.1016/j.jallcom.2014.01.084
https://doi.org/10.1016/j.jallcom.2014.01.084
https://doi.org/10.1021/acsomega.9b01581
https://doi.org/10.1021/acsomega.9b01581
https://doi.org/10.1021/acsomega.9b01581
https://doi.org/10.1039/C6RA23266C
https://doi.org/10.1039/C6RA23266C
https://doi.org/10.1039/C6RA23266C
https://doi.org/10.1021/jp0547111
https://doi.org/10.1021/jp0547111
https://doi.org/10.1021/jp3055137
https://doi.org/10.1021/jp3055137
https://doi.org/10.1021/ja075998d
https://doi.org/10.1021/ja075998d
https://doi.org/10.1007/s00894-018-3869-3
https://doi.org/10.1007/s00894-018-3869-3
https://doi.org/10.1021/acs.jpcc.8b08396
https://doi.org/10.1021/acs.jpcc.8b08396
https://doi.org/10.1021/acs.jpcc.8b08396
https://doi.org/10.1126/science.1148643
https://doi.org/10.1126/science.1148643
https://doi.org/10.1021/ja4125548
https://doi.org/10.1021/ja4125548
https://doi.org/10.1021/ja4125548
https://doi.org/10.1021/ja4125548
https://doi.org/10.1021/ja038948r
https://doi.org/10.1021/ja038948r
https://doi.org/10.1063/1.1644103
https://doi.org/10.1063/1.1644103
https://doi.org/10.1021/jp810055q
https://doi.org/10.1021/jp810055q
https://doi.org/10.1021/jp810055q
https://doi.org/10.1021/ja303268w
https://doi.org/10.1021/ja303268w
https://doi.org/10.1021/ja303268w
https://doi.org/10.1039/C5CP00365B
https://doi.org/10.1039/C5CP00365B
https://doi.org/10.1039/C5CP00365B
https://doi.org/10.1006/jcat.1993.1322
https://doi.org/10.1006/jcat.1993.1322
https://doi.org/10.1021/nl504192u
https://doi.org/10.1021/nl504192u
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00546?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(25) Cox, D. M,; Brickman, R; Creegan, K; Kaldor, A. Gold
Clusters: Reactions and Deuterium Uptake. Z. Phys. D: At, Mol.
Clusters 1991, 19, 353—355.

(26) Cox, D. M,; Brickman, R. O.; Creegan, K.; Kaldor, A. Studies of
the Chemical Properties of Size Selected Metal Clusters: Kinetics and
Saturation. MRS Proceedings 1990, 206, 43.

(27) Salisbury, B. E.; Wallace, W. T.; Whetten, R. L. Low-
Temperature Activation of Molecular Oxygen by Gold Clusters: A
Stoichiometric Process Correlated to Electron Affinity. Chem. Phys.
2000, 262, 131—141.

(28) Stolcic, D.; Fischer, M.; Gantefér, G.; Kim, Y. D.; Sun, Q.; Jena,
P. Direct Observation of Key Reaction Intermediates on Gold
Clusters. J. Am. Chem. Soc. 2003, 125, 2848—2849.

(29) Kim, Y. D.; Fischer, M.; Gantefér, G. Origin of Unusual
Catalytic Activities of Au-based Catalysts. Chem. Phys. Lett. 2003, 377,
170—-176.

(30) Huang, W.; Zhai, H.-J.; Wang, L.-S. Probing the Interactions of
O, with Small Gold Cluster Anions (Au,”, n = 1—7): Chemisorption
vs Physisorption. J. Am. Chem. Soc. 2010, 132, 4344—4351.

(31) Bulusy, S.; Li, X;; Wang, L.-S.; Zeng, X. C. Evidence of Hollow
Golden Cages. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 8326.

(32) Huang, W,; Wang, L.-S. Auj,": Isomerism and Structure-
Dependent O, reactivity. Phys. Chem. Chem. Phys. 2009, 11, 2663—
2667.

(33) Woodham, A. P; Meijer, G.; Fielicke, A. Activation of
Molecular Oxygen by Anionic Gold Clusters. Angew. Chem., Int. Ed.
2012, 51, 4444—4447.

(34) Pal, R; Wang, L.-M,; Pei, Y;; Wang, L.-S; Zeng, X. C.
Unraveling the Mechanisms of O, Activation by Size-Selected Gold
Clusters: Transition from Superoxo to Peroxo Chemisorption. J. Am.
Chem. Soc. 2012, 134, 9438—9445.

(35) Zhao, Y.,; Khetrapal, N. S;; Li, H; Gao, Y.; Zeng, X. C.
Interaction Between O, and Neutral/Charged Au, (n 1-3)
Clusters: A Comparative Study Between Density-Functional Theory
and Coupled Cluster Calculations. Chem. Phys. Lett. 2014, 592, 127—
131.

(36) Yoon, B.; Hikkinen, H.; Landman, U. Interaction of O, with
Gold Clusters: Molecular and Dissociative Adsorption. J. Phys. Chem.
A 2003, 107, 4066—4071.

(37) Sun, Q; Jena, P.; Kim, Y. D.; Fischer, M.; Gantefor, G.
Interactions of Au Cluster Anions with Oxygen. J. Chem. Phys. 2004,
120, 6510—6515.

(38) Varganov, S. A; Olson, R. M; Gordon, M. S.; Metiu, H. The
Interaction of Oxygen with Small Gold Clusters. . Chem. Phys. 2003,
119, 2531-2537.

(39) Mills, G; Gordon, M. S.; Metiu, H. The Adsorption of
Molecular Oxygen on Neutral and Negative Au, Clusters (n = 2—S5).
Chem. Phys. Lett. 2002, 359, 493—499.

(40) Ding, X; Li, Z; Yang, J; Hou, J. G; Zhu, Q. Adsorption
Energies of Molecular Oxygen on Au Clusters. J. Chem. Phys. 2004,
120, 9594—9600.

(41) Wang, Y,; Gong, X. G. First-Principles Study of Interaction of
Cluster Auy, with CO, H,, and O,. J. Chem. Phys. 2006, 125, 124703.

(42) Ding, X,; Dai, B,; Yang, J.; Hou, J. G.; Zhu, Q. Assignment of
Photoelectron Spectra of Au,0,— (n = 2,4,6) Clusters. J. Chem. Phys.
2004, 121, 621—623.

(43) Boronat, M.; Corma, A. Oxygen Activation on Gold
Nanoparticles: Separating the Influence of Particle size, Particle
Shape and Support Interaction. Dalton Transactions 2010, 39, 8538—
8546.

(44) Lyalin, A.; Taketsugu, T. Reactant-Promoted Oxygen
Dissociation on Gold Clusters. J. Phys. Chem. Lett. 2010, 1, 1752—
1757.

(45) Lee, T. H; Ervin, K. M. Reactions of Copper Group Cluster
Anions with Oxygen and Carbon Monoxide. J. Phys. Chem. 1994, 98,
10023—10031.

(46) Biirgel, C.; Reilly, N. M.; Johnson, G. E; Mitri¢, R.; Kimble, M.
L.; Castleman, A. W.; Bonacic¢-Koutecky, V. Influence of Charge State

3569

on the Mechanism of CO Oxidation on Gold Clusters. J. Am. Chem.
Soc. 2008, 130, 1694—1698.

(47) Tang, D.; Hu, C. DFT Insight into CO Oxidation Catalyzed by
Gold Nanoclusters: Charge Effect and Multi-State Reactivity. J. Phys.
Chem. Lett. 2011, 2, 2972—2977.

(48) Yoon, B.; Hikkinen, H.; Landman, U.; Worz, A. S.; Antonietti,
J.-M.; Abbet, S.; Judai, K.; Heiz, U. Charging Effects on Bonding and
Catalyzed Oxidation of CO on Aug Clusters on MgO. Science 2008,
307, 403.

(49) Torres, M. B,; Fernandez, E. M.; Balbas, L. C. Theoretical
Study of Oxygen Adsorption on Pure Au,,;" and Doped MAu,"
Cationic Gold Clusters for M = Ti, Fe and n = 3—7. J. Phys. Chem. A
2008, 112, 6678—6689.

(50) Fernandez, E. M; Torres, M. B.; Balbas, L. C. Theoretical study
of the coadsorption of CO and O, on doped cationic gold clusters
MAu,* (M = Tj, Fe, Au; n = 1, 6, 7). Eur. Phys. J. D 2009, $2, 135—
138.

(51) Manzoor, D Krishnamurty, S.; Pal, S. Contriving a
Catalytically Active Structure from an Inert Conformation: A Density
Functional Investigation of Al, Hf, and Ge Doping of Au,,
Tetrahedral Clusters. J. Phys. Chem. C 2016, 120, 19636—19641.

(52) Molina, L. M.; Hammer, B. Active Role of Oxide Support
during CO Oxidation at Au/MgO. Phys. Rev. Lett. 2003, 90, 206102.

(53) Manzoor, D.; Pal, S. Hydrogen Atom Chemisorbed Gold
Clusters as Highly Active Catalysts for Oxygen Activation and CO
Oxidation. J. Phys. Chem. C 2014, 118, 30057—30062.

(54) Zhang, C.; Yoon, B.; Landman, U. Predicted Oxidation of CO
Catalyzed by Au Nanoclusters on a Thin Defect-Free MgO Film
Supported on a Mo(100) Surface. J. Am. Chem. Soc. 2007, 129, 2228—
2229.

(55) Harding, C.; Habibpour, V.; Kunz, S.; Farnbacher, A. N.-S,;
Heiz, U.; Yoon, B.; Landman, U. Control and Manipulation of Gold
Nanocatalysis: Effects of Metal Oxide Support Thickness and
Composition. J. Am. Chem. Soc. 2009, 131, 538—548.

(56) Baishya, S.; Deka, R. C. Hybrid Density Functional/Molecular
Mechanics Studies on Activated Adsorption of Oxygen on Zeolite
Supported Gold Monomer. J. Chem. Phys. 2011, 135, 244703.

(57) Khetrapal, N. S.; Bulusy, S. S.; Zeng, X. C. Structural Evolution
of Gold Clusters Au,~ (n = 21—25) Revisited. J. Phys. Chem. A 2017,
121, 2466—2474.

(58) Bulusu, S; Li, X; Wang, L.-S; Zeng, X. C. Structural
Transitions from Pyramidal to Fused Planar to Tubular to Core/Shell
Compact in Gold Clusters: Au,” (n = 21—25). J. Phys. Chem. C 2007,
111, 4190—4198.

(59) Schaefer, B; Pal, R;; Khetrapal, N. S.; Amsler, M.; Sadeghi, A.;
Blum, V.; Zeng, X. C,; Goedecker, S.; Wang, L.-S. Isomerism and
Structural Fluxionality in the Au,4 and Au,4~ Nanoclusters. ACS Nano
2014, 8, 7413—7422.

(60) Li, J; Li, X; Zhai, H.-J; Wang, L.-S. Auyy: A Tetrahedral
Cluster. Science 2003, 299, 864.

(61) Gu, X; Bulusy, S; Li, X;; Zeng, X. C; Li, J; Gong, X. G;
Wang, L.-S. Auy, : A Fluxional Core—Shell Cluster. J. Phys. Chem. C
2007, 111, 8228—8232.

(62) Khetrapal, N. S.; Jian, T.; Lopez, G. V.; Pande, S.; Wang, L.-S.;
Zeng, X. C. Probing the Structural Evolution of Gold—Aluminum
Bimetallic Clusters (Au,Al,", n = 3—11) Using Photoelectron
Spectroscopy and Theoretical Calculations. J. Phys. Chem. C 2017,
121, 18234—18243.

(63) Khetrapal, N. S.; Jian, T.; Pal, R; Lopez, G. V.; Pande, S.;
Wang, L.-S.,; Zeng, X. C. Probing the Structures of Gold—Aluminum
Alloy Clusters Au,Al,": A Joint Experimental and Theoretical Study.
Nanoscale 2016, 8, 9805—9814.

(64) Khetrapal, N. S.; Wang, L.-S.; Zeng, X. C. Determination of CO
Adsorption Sites on Gold Clusters Au,~ (n = 21—25): A Size Region
That Bridges the Pyramidal and Core—Shell Structures. J. Phys. Chem.
Lett. 2018, 9, 5430—5439.

(65) Pande, S.; Jian, T.; Khetrapal, N. S.; Wang, L.-S.; Zeng, X. C.
Structural Evolution of Gold-Doped Bismuth Clusters AuBi,~ (n =
4-8). J. Phys. Chem. C 2018, 122, 6947—6954.

https://doi.org/10.1021/acs.jpclett.1c00546
J. Phys. Chem. Lett. 2021, 12, 3560—3570


https://doi.org/10.1007/BF01448327
https://doi.org/10.1007/BF01448327
https://doi.org/10.1557/PROC-206-43
https://doi.org/10.1557/PROC-206-43
https://doi.org/10.1557/PROC-206-43
https://doi.org/10.1016/S0301-0104(00)00272-X
https://doi.org/10.1016/S0301-0104(00)00272-X
https://doi.org/10.1016/S0301-0104(00)00272-X
https://doi.org/10.1021/ja0293406
https://doi.org/10.1021/ja0293406
https://doi.org/10.1016/S0009-2614(03)01130-8
https://doi.org/10.1016/S0009-2614(03)01130-8
https://doi.org/10.1021/ja910401x
https://doi.org/10.1021/ja910401x
https://doi.org/10.1021/ja910401x
https://doi.org/10.1073/pnas.0600637103
https://doi.org/10.1073/pnas.0600637103
https://doi.org/10.1039/b823159a
https://doi.org/10.1039/b823159a
https://doi.org/10.1002/anie.201108958
https://doi.org/10.1002/anie.201108958
https://doi.org/10.1021/ja302902p
https://doi.org/10.1021/ja302902p
https://doi.org/10.1016/j.cplett.2013.12.029
https://doi.org/10.1016/j.cplett.2013.12.029
https://doi.org/10.1016/j.cplett.2013.12.029
https://doi.org/10.1021/jp027596s
https://doi.org/10.1021/jp027596s
https://doi.org/10.1063/1.1666009
https://doi.org/10.1063/1.1587115
https://doi.org/10.1063/1.1587115
https://doi.org/10.1016/S0009-2614(02)00746-7
https://doi.org/10.1016/S0009-2614(02)00746-7
https://doi.org/10.1063/1.1665323
https://doi.org/10.1063/1.1665323
https://doi.org/10.1063/1.2352749
https://doi.org/10.1063/1.2352749
https://doi.org/10.1063/1.1755674
https://doi.org/10.1063/1.1755674
https://doi.org/10.1039/c002280b
https://doi.org/10.1039/c002280b
https://doi.org/10.1039/c002280b
https://doi.org/10.1021/jz100503j
https://doi.org/10.1021/jz100503j
https://doi.org/10.1021/j100091a014
https://doi.org/10.1021/j100091a014
https://doi.org/10.1021/ja0768542
https://doi.org/10.1021/ja0768542
https://doi.org/10.1021/jz201290x
https://doi.org/10.1021/jz201290x
https://doi.org/10.1126/science.1104168
https://doi.org/10.1126/science.1104168
https://doi.org/10.1021/jp800247n
https://doi.org/10.1021/jp800247n
https://doi.org/10.1021/jp800247n
https://doi.org/10.1140/epjd/e2009-00010-4
https://doi.org/10.1140/epjd/e2009-00010-4
https://doi.org/10.1140/epjd/e2009-00010-4
https://doi.org/10.1021/acs.jpcc.6b04305
https://doi.org/10.1021/acs.jpcc.6b04305
https://doi.org/10.1021/acs.jpcc.6b04305
https://doi.org/10.1021/acs.jpcc.6b04305
https://doi.org/10.1103/PhysRevLett.90.206102
https://doi.org/10.1103/PhysRevLett.90.206102
https://doi.org/10.1021/jp510488v
https://doi.org/10.1021/jp510488v
https://doi.org/10.1021/jp510488v
https://doi.org/10.1021/ja0684545
https://doi.org/10.1021/ja0684545
https://doi.org/10.1021/ja0684545
https://doi.org/10.1021/ja804893b
https://doi.org/10.1021/ja804893b
https://doi.org/10.1021/ja804893b
https://doi.org/10.1063/1.3667206
https://doi.org/10.1063/1.3667206
https://doi.org/10.1063/1.3667206
https://doi.org/10.1021/acs.jpca.7b00367
https://doi.org/10.1021/acs.jpca.7b00367
https://doi.org/10.1021/jp068897v
https://doi.org/10.1021/jp068897v
https://doi.org/10.1021/jp068897v
https://doi.org/10.1021/nn502641q
https://doi.org/10.1021/nn502641q
https://doi.org/10.1126/science.1079879
https://doi.org/10.1126/science.1079879
https://doi.org/10.1021/jp071960b
https://doi.org/10.1021/acs.jpcc.7b04997
https://doi.org/10.1021/acs.jpcc.7b04997
https://doi.org/10.1021/acs.jpcc.7b04997
https://doi.org/10.1039/C6NR01506A
https://doi.org/10.1039/C6NR01506A
https://doi.org/10.1021/acs.jpclett.8b02372
https://doi.org/10.1021/acs.jpclett.8b02372
https://doi.org/10.1021/acs.jpclett.8b02372
https://doi.org/10.1021/acs.jpcc.8b00166
https://doi.org/10.1021/acs.jpcc.8b00166
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00546?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(66) Hay, P. J.; Wadt, W. R. Ab initio Effective Core Potentials for
Molecular Calculations. Potentials for the Transition Metal Atoms Sc
to Hg. J. Chem. Phys. 1985, 82, 270—283.

(67) Hay, P. J.; Wadt, W. R. Ab initio Effective Core Potentials for
Molecular Calculations. Potentials for K to Au Including the
Outermost Core Orbitals. J. Chem. Phys. 1985, 82, 299—-310.

(68) Wadt, W. R;; Hay, P. J. Ab initio Effective Core Potentials for
Molecular Calculations. Potentials for Main Group Elements Na to Bi.
J. Chem. Phys. 1985, 82, 284—298.

(69) Wang, T.; Ma, J.; Yin, B.; Xing, X. Adsorption of O, on Anionic
Gold Clusters in the 0—1 nm Size Range: An Insight into the Electron
Transfer Dynamics from Kinetic Measurements. J. Phys. Chem. A
2018, 122, 3346—3352.

(70) Hirshfeld, F. L. Bonded-Atom Fragments for Describing
Molecular Charge Densities. Theoretica chimica acta 1977, 44, 129—
138.

(71) Mayer, L. Charge, Bond Order and Valence in the Ab initio SCF
Theory. Chem. Phys. Lett. 1983, 97, 270—274.

(72) Wang, L.-M.; Wang, L.-S. Probing the Electronic Properties and
Structural Evolution of Anionic Gold Clusters in the Gas Phase.
Nanoscale 2012, 4, 4038—4053.

(73) Wang, L. S.; Cheng, H. S.; Fan, J. Photoelectron Spectroscopy
of Size-Selected Transition Metal Clusters: Fe™, n = 3—24. J. Chem.
Phys. 1995, 102, 9480—9493.

(74) Wang, L.-S. Photoelectron spectroscopy of Size-Selected Boron
Clusters: From Planar Structures to Borophenes and Borospherenes.
Int. Rev. Phys. Chem. 2016, 35, 69—142.

(75) Wales, D. J.; Scheraga, H. A. Global Optimization of Clusters,
Crystals, and Biomolecules. Science 1999, 285, 1368.

(76) Yoo, S.; Zeng, X. C. Global Geometry Optimization of Silicon
Clusters Described by Three Empirical Potentials. J. Chem. Phys.
2003, 119, 1442—1450.

(77) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(78) Delley, B. From Molecules to Solids with the DMol® Approach.
J. Chem. Phys. 2000, 113, 7756—7764.

(79) Delley, B. An All-Electron Numerical Method for Solving the
Local Density Functional for Polyatomic Molecules. J. Chem. Phys.
1990, 92, 508—517.

(80) Ernzerhof, M.; Scuseria, G. E. Assessment of the Perdew—
Burke—Ernzerhof Exchange-Correlation Functional. J. Chem. Phys.
1999, 110, 5029—5036.

(81) Ross, R. B; Powers, J. M.; Atashroo, T.; Ermler, W. C.; LaJohn,
L. A,; Christiansen, P. A. Ab initio Relativistic Effective Potentials
with Spin—Orbit Operators. IV. Cs Through Rn. J. Chem. Phys. 1990,
93, 6654—6670.

(82) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E,;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A; Nakatsuji, H.et al. Gaussian 16, Rev. C.01; Wallingford, CT,
2016.

(83) Van Lenthe, E.; Baerends, E. J. Optimized Slater-Type Basis
Sets for the Elements 1—118. J. Comput. Chem. 2003, 24, 1142—1156.

(84) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca
Guerra, C.; van Gisbergen, S. J. A,; Snijders, J. G.; Ziegler, T.
Chemistry with ADF. J. Comput. Chem. 2001, 22, 931—967.

(85) ADF 2019.3, SCM, Theoretical Chemistry; Vrije Universiteit:
Amsterdam, The Netherlands, 2019.

(86) Valiev, M.; Bylaska, E. J.; Govind, N.; Kowalski, K.; Straatsma,
T. P.; Van Dam, H. J. J.; Wang, D.; Nieplocha, J.; Apra, E.; Windus, T.
L.; de Jong, W. A. NWChem: A Comprehensive and Scalable Open-
Source Solution for Large Scale Molecular Simulations. Comput. Phys.
Commun. 2010, 181, 1477—1489.

(87) Shao, N,; Huang, W.; Gao, Y.; Wang, L.-M,; Li, X.; Wang, L.-S;
Zeng, X. C. Probing the Structural Evolution of Medium-Sized Gold
Clusters: Au,” (n = 27-35). J. Am. Chem. Soc. 2010, 132, 6596—
6603.

(88) Wang, L.-M.; Bulusu, S.; Huang, W.; Pal, R.;; Wang, L.-S.; Zeng,
X. C. Doping the Golden Cage Au,s~ with Si, Ge, and Sn. J. Am.
Chem. Soc. 2007, 129, 15136—15137.

3570

(89) Wang, L.-M.; Bai, J.; Lechtken, A.; Huang, W.; Schooss, D.;
Kappes, M. M,; Zeng, X. C.; Wang, L.-S. Magnetic Doping of the
Golden Cage Cluster M@Au,~ (M = Fe,Co,Ni). Phys. Rev. B:
Condens. Matter Mater. Phys. 2009, 79, 033413.

https://doi.org/10.1021/acs.jpclett.1c00546
J. Phys. Chem. Lett. 2021, 12, 3560—3570


https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.448975
https://doi.org/10.1063/1.448975
https://doi.org/10.1063/1.448975
https://doi.org/10.1063/1.448800
https://doi.org/10.1063/1.448800
https://doi.org/10.1021/acs.jpca.8b00629
https://doi.org/10.1021/acs.jpca.8b00629
https://doi.org/10.1021/acs.jpca.8b00629
https://doi.org/10.1007/BF00549096
https://doi.org/10.1007/BF00549096
https://doi.org/10.1016/0009-2614(83)80005-0
https://doi.org/10.1016/0009-2614(83)80005-0
https://doi.org/10.1039/c2nr30186e
https://doi.org/10.1039/c2nr30186e
https://doi.org/10.1063/1.468817
https://doi.org/10.1063/1.468817
https://doi.org/10.1080/0144235X.2016.1147816
https://doi.org/10.1080/0144235X.2016.1147816
https://doi.org/10.1126/science.285.5432.1368
https://doi.org/10.1126/science.285.5432.1368
https://doi.org/10.1063/1.1581849
https://doi.org/10.1063/1.1581849
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.1316015
https://doi.org/10.1063/1.458452
https://doi.org/10.1063/1.458452
https://doi.org/10.1063/1.478401
https://doi.org/10.1063/1.478401
https://doi.org/10.1063/1.458934
https://doi.org/10.1063/1.458934
https://doi.org/10.1002/jcc.10255
https://doi.org/10.1002/jcc.10255
https://doi.org/10.1002/jcc.1056
https://doi.org/10.1016/j.cpc.2010.04.018
https://doi.org/10.1016/j.cpc.2010.04.018
https://doi.org/10.1021/ja102145g
https://doi.org/10.1021/ja102145g
https://doi.org/10.1021/ja077465a
https://doi.org/10.1103/PhysRevB.79.033413
https://doi.org/10.1103/PhysRevB.79.033413
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00546?rel=cite-as&ref=PDF&jav=VoR

