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ABSTRACT: We report a combined photoelectron spectroscopy
and theoretical study of the structural evolution of aluminum
cluster anions doped with two gold atoms, Au,Al,~ (n = 3—11).
Well-resolved photoelectron spectra have been obtained at several
photon energies and are used to compare with theoretical
calculations to elucidate the structures of the bimetallic clusters.
Global minima of the Au,Al,~ clusters were searched using the
basin-hopping method combined with density functional theory
calculations. Vertical detachment energies were computed for the low-lying isomers with the inclusion of spin—orbit effects and
were used to generate simulated photoelectron spectra. Au,Al,” was previously found to exhibit a tetrahedral structure, whereas
Au,Al;” is found currently to be planar. Beyond n = 3, the global minima of Au,Al,~ are dominated by three-dimensional
structures. A robust square-bipyramidal Alg motif is observed for n = 6—9, leading to a highly stable tubular-like global minimum
for Au,Aly,”. Compact three-dimensional structures are observed for n = 10 and 11. Except for Au,Al,~, Au,Al,", and Au,Al;~, the

two gold atoms are separated in these digold-atom-doped aluminum clusters due to the strong Au—Al interactions.

B INTRODUCTION

Size-selected clusters exhibit interesting size-dependent chemical
and physical properties, and they bridge the gap between
molecules and bulk materials. Owing to its high abundance and
low cost, aluminum has attracted considerable research interest
in cluster science. Previous studies have established that negatively
charged aluminum clusters exhibit two-dimensional (2D)
structures up to Al;~, while three-dimensional (3D) structures
start to appear at Al~, which is square-bipyramidal.' Alj;”
is known to be a magic-number cluster with icosahedral
symmetry,”” which can resist the etching of oxygen.* Metal-
doping opens a new avenue to tailor the properties of metal
clusters. Since the discovery of the unexpected catalytic prop-
erties of gold nanoparticles,S there have also been extensive
theoretical studies on the structural and electronic properties of
small gold—aluminum (Au—Al) as well as other gold alloy
clusters.” *° Tt is suggested that Al atom tends to stay in the
center of AlAu, clusters, while Au atom favors peripheral
sites in AuAl, clusters. However, experimental investigations on
Au—Al alloy clusters are relatively scarce. Au—Al cation clusters
were first observed by mass spectrometry (MS), exhibiting
electronic shell effects.”®”” Combined photoelectron spectros-
copy (PES) and ab initio calculations revealed that AuAl,~
featured an Au” capping on one triangular face of the doubly
aromatic Al>~.*® In a later MS and theoretical study, AuAly~
was found to be chemically inert due to an electron shell
closing of 20.>” A joint PES and density functional theory
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(DFT) study discovered that the lowest-energy isomer of
AuAl;,” possessed low symmetry with an interior Au atom.*
Subsequently, another combined PES and DFT study on
AuAl;;~ found that the Au atom caps a triangular face of
Al;;~" In a recent MS study, Au—Al cation clusters were
revisited and were shown to exhibit odd—even variations in
mass signals.*” Recently, a high-resolution PES and DFT study
found that both Au,Al,” and Au,Al, possess C,, tetrahedral
structures.*’ Very recently, the structures of 7- and 8-membered
Au, Al clusters (x = 1-3; y = 4=7) are found to be three-
dimensional (3D) via combined PES and DFT studies.™
Again, the robust square-bipyramidal Al motif was observed
in AuAly", Au,Al;", and AuAl,~ clusters. It was found that
Au atoms were separated due to strong Au—Al interaction
except in Au,Als~ and Au;Al™.

In the current article, we report a joint PES and theoretical
study on the structures of a series of aluminum cluster anions
doped with two gold atoms: Au,Al,~ (n = 3—11). Note that the
Au,Al,~ clusters with n = 2, 5, and 6 have been reported
in previous studies,"”*" and they are included here for
completeness. To the best of our knowledge, this is the first
systematic experimental/theoretical investigation on the
structural evolution of double-gold-atom-doped aluminum clusters.
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B EXPERIMENTAL METHODS

The experiment was performed using a magnetic-bottle PES
apparatus equipped with a laser vaporization source, details
of which have been published elsewhere.””* Briefly, the
gold—aluminum anions were produced by laser vaporization
of an Au/Al composite target. Clusters formed in the nozzle
were entrained in the helium carrier gas seeded with 5% argon
gas and underwent a supersonic expansion to produce cold
clusters.”” After passing through a skimmer, anion clusters
were extracted from the cold collimated molecular beam into a
time-of-flight mass spectrometer. Clusters of interest were
mass-selected, decelerated, and photodetached by the 193 nm
(6.424 eV) radiation from an ArF excimer laser, and the 266 nm
(4.661 eV) and the 355 nm (3.496 eV) radiation from a
Nd:YAG laser. Photoelectrons were collected at nearly 100%
efficiency by a magnetic bottle and analyzed in a 3.5 m long
electron flight tube. Photoelectron spectra were calibrated by
using the known spectra of Au™ or Bi~. The energy resolution
of the apparatus was AE,/E, =~ 2.5%, that is, approximately
25 meV for 1 eV electrons.

B THEORETICAL METHODS

The basin-hopping (BH) global optimization method* in
conjugation with DFT calculations was used to search global
minima of the Au,Al,” (n = 3—11) clusters. During the BH
search, structures of local minima following each accepted
move were optimized using the Perdew—Burke—Ernzerhof
exchange correlation functional®" with the Gaussian double-¢
plus polarization function (DNP) basis set implemented in the
DMol3 4.0 program.””*® The top 35 low-energy isomers
obtained from the BH global optimization were considered as
candidates for the lowest-lying structures. These candidates
were further reoptlmlzed usmg the PBEO functional®” with the
aug-cc- pVDZ basis set” implemented in the Gaussian09
package.”* Apart from the lowest multiplicity, three higher
multiplicities were also considered at this step. The high-
multiplicity structures were used in the next step only if their
relative energies are within 0.2 eV of the lowest-energy
structures. During the reoptimization for each cluster, some
of the structures were found to converge to the same geometry,
resulting in a total number of candidates less than 35. Harmonic
vibrational frequencies were calculated at the same level of theory
in order to ensure that the obtained structures are true minima.

Next, single-point energy computations of the reoptimized
geometries were performed using the PBEO functional with
aug-cc- pVDZ basis set implemented in the NWCHEM 6.6
package with inclusion of the spin—orbit (SO) effects for the
gold atoms. The inclusion of SO effects for gold has been
proven to give a quantitative match between the experimental
and simulated PES spectra for gold—aluminum alloy as well as
pure 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 lowest-energy structures. The energy gap
(eV) between the first and second highest occupied molecular
orbitals (HOMO1 and HOMO2), representing the gap between
peaks labeled X and A, was also calculated for all the candidate
isomers. In addition, single-point energy calculations at the

CCSD(T)*”** (coupled-cluster method including singles, doubles,
and noniterative perturbative triple) level with the aug-cc-pVDZ
basis set, implemented in the GO9 package, were performed to
determine the best candidate isomers in cases where more
than one candidate isomer was identified to closely match
the experimental spectrum. Hereafter, the PBEO/aug-cc-pVDZ,
PBEO/aug-cc-pVDZ//SO-PBE0/aug-cc-pVDZ, and PBE0/aug-
cc-pVDZ//CCSD(T)/aug-cc-pVDZ levels of theory are
referred to as PBEO, SO-PBEO, and CCSD(T), respectively.

B RESULTS AND DISCUSSION

The photoelectron spectra of Aw,Al,~ (n = 3, 4, 7—11) at three
photon energies are shown in Figure 1. The spectra for n = 5
and 6 have been reported recently in a study of 7- and
8-membered Au,Al~ clusters (x = 1-3; y = 4—7).** The
observed features are labeled by letters X, A, B, C, ... in Figure 1,
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. Weak
features labeled with prime and * indicate contributions from
minor isomers and impurities, respectively. The experimental
VDEs are measured from the maximum of each band and are
summarized in Tables S1—S7 as Supporting Information.

Figure 2 shows the change of experimental first VDEs and
theoretical first VDEs of the assigned isomers with respect
to number of aluminum atoms. The theoretical VDEs show
excellent agreement with the experimental values with the
average deviation of 0.070 eV. This shows that the selected
level of theory is appropriate for the Au,Al,~ species in the
current study.

AuAl;". The 355 nm spectrum of Au,Al,~ (Figure la)
shows two bands X and A. Band X is quite sharp with a VDE of
2.03 eV, while band A is slightly broader at a VDE of 3.06 eV.
The energy gap between X and A is 1.03 eV. The 266 nm
spectrum (Figure 1b) reveals two more bands “*” and B, at
VDEs of 2.75 and 3.61 eV, respectively. The weak band
* exhibits strong photon-energy dependence, being slightly
more intense at 266 nm. This weak photon-energy-dependent
signal was likely derived from either two-electron processes”
or impurity. After band B, the signal-to-noise ratio is poor,
so no more features can be assigned in Figure 1b. In 193 nm
spectrum (Figure 1c), almost continuous signals were observed
beyond 4 eV and a band C is tentatively labeled around 5.1 eV.
All measured VDEs are given in Table SI.

Figure 3a displays the 193 nm photoelectron spectrum of
Au,Al;™, compared with the simulated spectra of the top-three
candidate isomers. The singlet isomer II possesses a 2D
structure, while triplet isomer I and singlet isomer VIII exhibit
3D structures. As shown in Tables 1 and S8, at the PBEO level,
the triplet isomer I is the most stable, while at the SO-PBEO
level, isomers I—-IV are close in energy with isomer III lying the
lowest. At the CCSD(T) level, isomers I, II, and VIII are
competing for the most stable structure with isomer II being
the lowest lying. Despite a systematic red shift by 0.242 eV,
isomer II can well reproduce all the main features in the
experimental spectrum. This red shift in the computed VDE
with respect to the experiment is consistent with our previous
study on Aw,Al;,** which might also be resulting from the
inclusion of spin—orbit coupling in the SO-PBEO calculation.
While the calculated first VDE is close to the experimental
value, isomer III (simulated spectrum shown in Figure S1 and
relative energy data in Table S8) is too high in the CCSD(T)
relative energy and also misses feature B in the simulated
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Figure 1. Experimental photoelectron spectra of Au,Al,~ (n = 3, 4, 7—11) at three photon energies.
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Figure 2. Experimental and theoretical VDEs of Aw,Al,~ (n = 2—11)
versus the number of aluminum atoms.

spectrum. Isomers I and VIII can be excluded due to the over-
estimated X—A gap and the missing of band B (or unreasonably
large A—B gap in comparison to experiment). Hence, we
conclude that the planar singlet isomer II is the most stable
structure for Au,Al;™.

Au,Al,~. The 355 nm spectrum (Figure 1d) shows three
sharp and closely spaced bands X, A, and B at VDEs of 2.20,
2.32, and 2.52 eV, respectively. Followed by a small energy gap
after band B, two broad and weak bands C and D are observed
around 3.0 and 3.3 eV. The 266 nm spectrum (Figure le)

18236

reveals three more bands E, F, and G. Bands E and F are intense
and sharp, lying close to each other at 3.60 and 3.73 eV. The
broad band G is observed to be at ~4.3 eV. The 193 nm
spectrum (Figure 1f) shows no more well-resolved bands, except
nearly continuous signals with relatively poor signal-to-noise
ratios. The weak features C and D are likely due to a minor
isomer or two-electron processes. All measured VDEs are given in
Table S2.

Figure 3b displays the 193 nm photoelectron spectrum of
Au,Al,", compared with the simulated spectra of the top three
candidate isomers. Isomer I is the global minimum at both
DFT and CCSD(T) levels (Table 1); its simulated spectrum
can reproduce the major features of X, A, B, E, F, and G in the
experimental spectrum. The weak features C and D are absent
in the simulated spectrum of isomer I, and they are probably
from a minor isomer. Isomer IV can be a good candidate for the
minor isomer as its simulated spectrum can reproduce not only
bands C and D but also the continuous signals around 5 eV
which seem to be absent in the case of isomer II. The global
minimum of Au,Al,” consists of an Al-capped pentagonal
structure, reminiscent of the previously reported bicapped
pentagonal structure for Au,Al;".** Overall, isomers I and IV
can be assigned as the major and minor species observed
experimentally, respectively.
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Au,Al;”. The 355 nm spectrum (Figure lg) shows three
well-resolved bands, labeled as X, X', and A. Bands X (VDE:
245 eV) and A (VDE: 3.16 eV) are quite intense. The band X’
at a VDE of 2.76 eV is relatively weak, suggesting that it may
result from a minor isomer. There seems to be an unresolved
shoulder in the low binding energy side of band A. The 266 nm
spectrum (Figure 1h) reveals two more well-resolved bands B
and C with VDEs of 3.35 and 3.61 eV, respectively. Following a
small energy gap from C, a broad band D at 4.2 eV is observed.
The 193 nm spectrum (Figure 1i) displays continuous signals
beyond 5.0 eV. Band E is tentatively labeled for the sake of
discussion. All measured VDEs are given in Table S3.

Figure 3c displays the 193 nm photoelectron spectrum of
Au,Al,", compared with the simulated spectra of the top two
candidate isomers. Among the candidate isomers obtained from
the BH search, isomers I—VI are all close in energies at the PBEO
level, while isomer II is the lowest in energy at the SO-PBEO
and CCSD(T) levels (Table 1). The simulated spectrum of
isomer II can also reproduce all the main features (X, A—E)
observed experimentally. Isomers I, III, and IV (simulated
spectra shown in Figure S3) can be excluded as the major
contributor because their calculated first VDEs are all too high.
Isomer I is 0.215 eV higher than isomer II at the CCSD(T)
level, and it seems to account for band X’ and the unresolved
shoulder of band A. Thus, isomer II can be assigned as the major
isomer, while isomer I can be assigned as the minor isomer for
Au,Al,". It should be pointed out that the Al square bipyramid
motif is preserved in all the low-lying isomers of Au,Al,”. The
structure of isomer II is similar to the reported major isomer of
Au,Alg” with one more Al atom bonded to the two gold atoms.

Au,Alg™. The 355 nm spectrum (Figure 1j) is quite
congested, displaying two intense bands (X and A) and two
weak bands (X’ and A’). The VDEs of bands X and A are
measured to be 2.78 and 3.16 eV, respectively. Band X' is on
the shoulder of band X with a VDE of 2.62 eV. Band A’ is
located between bands X and A, with a VDE of 3.00 eV. The
relatively weak intensities of bands X’ and A’ suggest they may
come from minor isomers. The 266 nm spectrum (Figure 1k)
reveals four more bands B, C, D, and E. Band B at 3.42 eV is

quite broad, which may contain several detachment transitions.
The sharper band C is well-resolved at a VDE of 3.74 eV, while
bands D and E exhibit poor signal-to-noise ratios in 266 nm
spectrum. At 193 nm (Figure 11), bands D and E are better
defined, with VDEs at 4.05 and 4.37 eV, respectively. Beyond
band E, the PES signals are almost continuous, and no
definitive PES bands can be identified. All measured VDEs are
given in Table S4.

Figure 3d displays the 193 photoelectron spectrum of
Au,Alg™, compared with the simulated spectra of the top three
candidate isomers. The relative energy differences among
isomers I-IV are very small at the PBEO level, with isomer I
being the lowest (Table S11). At the SO-PBEO level, isomers 1I,
IV, and VI are almost degenerate in energy with isomer II being
the lowest-lying isomer. At the CCSD(T) level, isomers III and
IV are competing for the global minimum, while isomer I lies
slightly higher by 0.144 eV and isomer II becomes much higher
in energy and can be excluded.

The photoelectron spectra of Au,Alg™ are very complicated
with strong evidence of the presence of multiple isomers. On the
basis of the simulated spectrum, isomer III can be tentatively
assigned as the major isomer because it can well reproduce the
main bands X, A—C, and E. Isomer V can be assigned as a minor
isomer as its simulated spectrum can account for bands X’ and
A’. Being almost degenerate with isomer III at the CCSD(T)
level, isomer IV cannot be ruled out and it may also contribute
to band A’. Thus, three isomers may be populated in the cluster
beam of Au,Al;". It is interesting to note that the square-
bipyramidal Als motif is also present in isomers III and V.

Au,Aly". The 193 nm spectrum (Figure 1m) shows three
well-resolved bands X, A, and B, with VDEs of 2.89, 3.15, and
3.28 eV, respectively. The 266 nm spectrum (Figure 1n)
displays three more bands C, D, and E at VDEs of 3.53, 3.70,
and 3.92 eV, respectively. The 193 nm spectrum (Figure Ir)
reveals essentially continuous signals beyond 4 eV. A broad
band F at ~4.7 eV is tentatively labeled. The spectra of Au,Aly™
are relatively well resolved with sharp PES bands, suggesting a
relatively stable structure with little or no isomer present in the
cluster beam. All measured VDEs are given in Table S5.

A xA

a) Au,Aly b) Au,Al,

d) Au,Alg
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Figure 3. Comparison of the simulated spectra with the 193 nm experimental spectra for the low-lying isomers of Aw,Al,” (n = 3, 4, 7, and 8). The

aluminum and gold atoms are in gray and gold color, respectively.
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Table 1. Experimental First VDE (eV) (the X Band in Figure 1), the Energy Gap (eV) between the Peaks X and A from the
193 nm Experimental Spectra for Aw,Al,~ (n = 3, 4, 7—11), Isomers Studied, Their Point Groups and Relative Energies (eV)
Computed at the PBE0/aug-cc-pVDZ, SO-PBE0/aug-cc-pVDZ, CCSD(T)/aug-cc-pVDZ Levels (with All Isomers Neing
Optimized at the PBEO/aug-cc-pVDZ Level), Theoretical First VDE (eV), and the Energy Gap (eV) between HOMO1 and
HOMO?2 Orbitals (Corresponding to the Gap between Peaks X and A)

experimental

anion point

cluster VDE? gap isomer  group AE (PBEO/aug-cc-pVDZ)

AwAl,”  203(4) 103 I C, 0.154
I C, 0.000
VIT c 0219

AwAl,”  220(4) 012 I C, 0.000
1 Gy 0.179
v C 0316

AwAlL~  245(3) 071 1 C, 0011
I C 0.000

AwAl”  278(2) 038 I C 0.060
v C. 0.093
v G 0.108

AwAl”  2.89(2) 026 VI C, 0019
I C, 0.000

AwAl,”  268(2) 039 I C 0.000
1 G 0.006

AwAlL,~  3.10(1) 011 I G 0.000
v c 0.061
VII C, 0.095

“Numbers in parentheses represent the uncertainty in the last digit.

theoretical

AE (SO-PBE0/aug-cc-pVDZ)  AE (CCSD(T)/cc-pVDZ) VDE  gap
0.021 0.000 1.788 1.081
0.097 0.055 1.595 1217
0.103 0.084 1.626 1.228
0.000 0.000 2239  0.024
0.158 0.303 2302 0.254
0.273 0.313 2.16 0.035
0.000 0.000 2472 0.69
0.169 0.215 2.671 0.311
0.118 0.000 2.638 0.252
0.067 0.012 2.897 0.06
0.237 0.198 2.518 0.191
0.000 0.000 2.764  0.267
0.192 0.339 2.897 0.151
0.000 0.000 2.625  0.320
0.123 0.000 2.731 0.223
0.007 0.008 2.97 0.064
0.009 0.000 2.851 0.294
0.050 0.009 2.744 0311

- c . XAB CDE
b) Au,Al,, c) Au,Al,,
()]
(1))
""""" LRARARAREES LARALLLRR] LELLALRALY LALAELAARS ALARLRLLY
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Figure 4. Comparison of the simulated spectra with the 193 nm experimental spectra for the low-lying isomers of Aw,Al,~ (n = 9—11). The

aluminum and gold atoms are in gray and gold color, respectively.

Figure 4a displays the 193 nm photoelectron spectrum of
Au,Aly~, compared with the simulated spectrum of the top two
candidate isomers. Among the examined candidate isomers,
isomers I—VI are very close in energy at the PBEO level
(Table S12). However, isomer VI becomes appreciably more

stable at both the SO-PBEO and CCSD(T) levels (Table 1).
At the CCSD(T) level, all other isomers are at least 0.17 €V higher
in energy, suggesting the exceptional stability of isomer VI. The
simulated spectrum of isomer VI is almost in quantitative
agreement with the experimental spectrum, firmly confirming

18238 DOI: 10.1021/acs.jpcc.7b04997
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isomer VI as the global minimum of Au,Al;”. On the basis of
both the energetics (Table S12) and the simulated spectra
(Figures S6 and S7), all other isomers can be ruled out. Despite
the tubular shape of isomer VI, a square-bipyramidal Al; motif
can still be recognized.

Au,Al;y. The 355 nm spectrum (Figure 1p) displays three
well-resolved bands. The ground state band X is observed at a
VDE of 2.68 eV. Following a small energy gap from band X,
two closely spaced bands A and B are observed at VDEs of 3.07
and 3.22 eV, respectively. The 266 nm spectrum (Figure 1q)
reveals many more PES bands, showing a rather congested
spectrum. Bands C and D at VDEs 345 and 3.54 eV overlap
with each other and are not well resolved. Bands E and F have
VDEs at 3.85 and 4.13 eV, respectively. Band G at ~4.3 eV is
not well resolved in the 266 nm spectrum, but only slightly
better defined in 193 nm spectrum (Figure 1r), which basically
reveals continuous signals beyond 4.6 eV. Band H at ~5.0 eV is
tentatively labeled. All measured VDEs are given in Table S6.

Figure 4b displays the 193 nm photoelectron spectrum of
Au,Al|y~, compared with the simulated spectrum of the top two
candidate isomers. The potential energy landscape of Au,Al ™
is much more complicated. Isomers I-III and VIII are almost
degenerate at both DFT and CCSD(T) levels (Table S13),
making it rather difficult to compare with the experiment.

The simulated spectra for other isomers are given in Figure S8,
and only the simulated spectra of the two nearly degenerate iso-
mers I and II are compared with the experiment in Figure 4b.
Isomer I can account for the major observed PES bands, while
isomer II cannot be ruled out. The experimental spectra are
relatively well resolved, suggesting that it is unlikely that other
isomers are populated appreciably in the cluster beam. Thus,
isomer I is tentatively assigned as global minimum for Au,Al,,",
which possesses a compact 3D structure.

Au,Al;;”. The 355 nm spectrum (Figure 1s) exhibits two
intense and closely spaced bands (X and A) at VDEs of 3.10 and
3.21 eV, respectively. The feature “*” at 1.68 eV might result
from an impurity or a photodisssociation product of the parent
anion. A weak band B is observed near the threshold, which
is better resolved at 266 nm (Figure 1x), which reveals five
more congested bands. A weak band “a” observed at 2.30 eV
corresponds to detachment of Au~, indicating the possibility
of photodissociation. No new PES bands are observed in the
193 nm spectrum (Figure 1x), which shows continuous signals
beyond band G. All measured VDEs are given in Table S7.

Figure 4c displays the 193 nm photoelectron spectrum of
Aw,Al;,~, compared with the simulated spectra of the top three
candidate isomers. The potential landscape of Au,Al;;™ is also
very complicated. The relative energies of isomers I—VIII are

R

Al
—

AuwAl,  AuAl;

Au,Aly

'
T

—

Figure S. Structural evolution of pure aluminum Al,,,” and di-Au-doped Al clusters Au,Al,~ (n = 2—11). The size of the minor isomers has been
kept smaller than that of the major isomers. Atom color code: Au (gold color) and Al (gray or green color). The Al atoms in green color highlight

the highly stable square-bipyramidal Al,~ motif.
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very close at both the DFT and CCSD(T) levels (Table S14).
The simulated spectra of isomers I, V, and VIII, which are
lowest in energy at CCSD(T), are compared with the
experiment in Figure 4c, while those for other isomers are
given in Figures S9 and S10. The simulated spectrum of isomer
ILis in good agreement with the observed spectrum, suggesting
that it constitutes the major isomer in the experiment. While
isomers V and VIII cannot be ruled out, no distinct PES bands
can be attributed to them, suggesting that their populations in
the cluster beam would be small if present. Isomer I of Au,Al;;~
also has a compact 3D structure similar to Au,Al},".
Structural Evolution of Au,Al,” (n = 2-11). The
identified global minimum structures for the digold-doped
aluminum cluster anions and the corresponding pure aluminum
cluster anions (Al,,,”) are shown in Figure S. The structures
of Au,Al,” (n =2, S and 6) and Al,,,” (n = 2—11) are from
the previous studies.””**** There are a number of interesting
structural features in this size range. The structures of the
bimetallic clusters evolve from 3D at n =2 to 2D at n = 3 and
then 3D beyond n = 3. The Au,Al;” is found to have an
interesting 2D structure, which optimizes Au—Al interactions
and is reminiscent of the 2D structure of Al;".' The 3D
structures reappear at Au,Al,” for both its global minimum and
its minor isomer. In the recent study,” we found that the highly
symmetric square-bipyramidal Al motif*® is present in AuAlg~,
Au,Als™, and AuAl;". In the current study, we find that this Alg
motif persists in the global minima from Au,Al,” to Au,Aly™.
In the case of pure aluminum cluster anions, the Al motif is
found in the Alg™ to Al};” size range. The global minimum of
Au,Al,” can be viewed as being formed from the major isomer
of Au,Al,” with the additional Al atom added to the side of the
two gold atoms. The global minimum of Au,Al;” contains a
square-bipyramidal Al unit with two adjacent triangular faces
capped by Al and Au atom and an Al—Au—Al unit, respectively.
The global minimum of Au,Aly™ has a tubular shape, containing
a distorted square-bipyramidal Alg motif at one end. This tubular
structure is found to be particularly stable. The structures of
Aw,)Al}," and Au,Alj;~ exhibit compact 3D features, which are
similar to the single Au-doped AuAl,” cluster.*” The two Au
atoms of Au,Alj,~ and Au,Alj;” occupy peripheral sites, while
that of AuAl,,” was found to be in the interior position.”” The
structures of Au,Aly”, Au,Alj,~, and Au,Al;™ are quite different
from their pure aluminum cluster counterparts (Al;;~, Al;,7, and
Alj;7) . In order to compare the Au—Au, Al—Al, and Au—Al
interactions, we plot the average Mayer bond orders (MBO)
for the Au—Au, Al—Al, and Au—Al bonds versus the number of
aluminum atoms in Figure 6. For a given Au,Al,~ cluster, the
average MBO value of the Au—Al bonds is larger than that of
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Figure 6. Average Mayer bond orders for the Au—Au, Al—Al and
Au—Al bonds versus the size of the di-Au-doped Al cluster anions
AwAl~ (n = 2—11).

Au—Au bonds but smaller than that of the Al—Al bonds,
suggesting that the Au—Al interactions are more dominant than
the Au—Au interactions so that there is no direct Au—Au
bonding in the Au,Al,~ (n = 2—11) clusters. The Au,Al;” and
Auw,Al;~ clusters are exceptions, where the robustness of the Alg
motif dominates the energetic requirement for Au—Au
separation in the bimetallic Au—Al clusters.

Relative Stabilities and Charge Distribution. To
explore the relative structural stabilities of the double-gold-
doped aluminum cluster anions Au,Al, (rn = 2—11), we plot the
average binding energies (E,) and the second-order energy
difference (A’E) versus the cluster size (number of aluminum
atoms) in Figure 7. CCSD(T) energies of the most stable isomers

2.7 1

1.9 -

AE (in eV)
<>
(]

-1.3 g — T T T . T T T
1 3 5 7 9 11
Number of Al atoms in Au,Al,

Figure 7. Size dependence of average binding energies (E,) and
second-order energy differences (A’E) for the most stable di-Au-doped
Al cluster anions Au,Al,” (n = 2—11).

(singly assigned or major isomers) were used for these calculations.
The E, and A’E of Au,Al,~ clusters are defined as follows

E, = [E(Au) + E(Au™) + nE(A)]/(n + 2)
A'E = E(Au,Al,_,) + E(Au,Al ) — 2E(Au,Al})

where E is the energy of corresponding atom, ion, or cluster.
The average binding energy per atom shows a sharp increase
from n = 2 to n = 3 and a gradual increase afterward with
addition of more aluminum atoms, suggesting that the cluster
formation is more favorable for bigger values of n. The variation
of the second-order energy difference with the cluster size shows
local peaks at Au,Al,™ and Au,Aly”, indicating that these clusters
appear to be more stable than their neighboring-sized clusters.

In order to analyze the charge distribution, we performed the
natural population analysis for the most stable isomers of the
Aw,Al, (n = 2—11) at the PBEO/aug-cc-pvdz level of theory.
The variation of charge on gold atoms with respect to the
number aluminum atoms is presented in Figure 8. For each
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Figure 8. Negative charge on gold atoms versus the size of the di-Au-
doped Al cluster anions Au,Al,~ (n = 2—11).

cluster size, higher negative charge resides on the two gold
atoms. This is expected as gold has a higher electronegativity
than the aluminum.

B CONCLUSION

In conclusion, we present a joint experimental and theoretical
study on double-gold-atom-doped aluminum cluster anions
Au,Al,” (n = 3, 4, 7—11). Well-resolved photoelectron spectra
were obtained for these clusters and used to compare with
theoretical calculations for structure elucidation. The potential-
energy landscapes of these bimetallic clusters are found to be
quite complicated, and multiple isomers are observed and
identified in a number of clusters. The square-bipramidal Alg
motif is found to be a dominating structural feature for n = 6-9.
The Au,Aly~ is found to be a highly stable tubular type structure.
The Au,Alj,~ and Aw,Al};~ clusters are found to exhibit compact
three-dimensional structures. Except for Au,Al,”, Aw,Als~, and
Aw,Al;~, the two gold atoms are separated in these double-gold-
atom-doped aluminum clusters due to the strong Au—Al
interactions. Relative stabilities of the identified most stable
bimetallic clusters are analyzed via computing their binding energy
and the second-order energy difference as a function of cluster
size. By comparing the charge distribution with cluster structures,
we find that the gold atom coordinated with higher number of
aluminum atoms tends to possess higher electron density.
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