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Abstract: The structural evolution of negatively charged gold clusters (Au,~) in the medium size range for
n = 27—35 has been investigated using photoelectron spectroscopy (PES) and theoretical calculations.
New PES data are obtained using Ar-seeded He supersonic beams to achieve better cluster cooling,
resulting in well-resolved spectra and revealing the presence of low-lying isomers in a number of systems.
Density-functional theory calculations are used for global minimum searches. For each cluster anion, more
than 200 low-lying isomers are generated using the basin-hopping global minimum search algorithm. The
most viable structures and low-lying isomers are obtained using both the relative energies and comparisons
between the simulated spectra and experimental PES data. The global minimum structures of Au,™ (n =
27, 28, 30, and 32—35) are found to exhibit low-symmetry core—shell structures with the number of core
atoms increasing with cluster size: Auy;~, Auxg™, and Aug,~ possess a one-atom core; Aus,~ features a
three-atom triangular core; and Auzs~ to Auzs™ all contain a four-atom tetrahedral core. The global searches
reveal that the tetrahedral core is a popular motif for low-lying structures of Auss™ to Auzs™. The structural
information forms the basis for future chemisorption studies to unravel the catalytic effects of gold

nanopatrticles.

Gold nanoparticles and clusters possess interesting physical
and chemical properties that can be exploited for applications
in catalysis and biology.' These novel properties result from
the strong relativistic effects of gold,> which result in significant
s—d hybridization relative to that of other coinage metals. In
particular, the relativistic effects have led to unusual structures
in gold nanoclusters. For example, gold cluster anions (Au, )
display remarkable planar (2D) structures up to n = 12.**
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Beyond n = 12, even more exotic structures are possible, such
as the golden pyramid’® and hollow golden cages.” A number
of experimental techniques have been used to provide structural
information for gold clusters, such as ion mobility,® photo-
electron spectroscopy (PES),**>%¢7 trapped ion electron dif-
fraction (TIED),*"®*° and infrared vibrational spectroscopy.®®
To date, atomic structures of gold anion clusters in the size range
of n = 3—20 have been relatively well established.>”® The 2D
to 3D structural transition occurs at Auj, , for which both the
2D cluster and a 3D shell-like structure coexist.*>* Clusters in
the size range of Auj;~ to Au;s  possess flat cage (or shell-
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like) structures. Au;s and Auy;~ are shown to possess hollow
cage structures,”® and Auyo~ and Auy,~ have distinct tetrahedral
structures.™® The cage-to-pyramidal structure transition has been
established recently to occur at Au;g~, for which both the cage
and pyramidal isomers coexist.®”

Beyond Au,,~, only a few structural studies have been carried
out experimentally.'®~'* In a joint PES and DFT study for n =
21—25, Bulusu et al. showed that other low-symmetry structures
were competitive with the pyramid-based structures in the size
range of n = 21—23.'% Aup,~ was suggested to be a low-
symmetry tubular structure, which is different from the higher-
symmetry tubular-type structures reported previously® by a
TIED experiment and DFT studies. Au,s~ was found to be the
first cluster to exhibit a core—shell structure with a single-atom
core and 24-atom shell. Although neutral Aus, was reported to
possess an icosahedral cage structure,'* a combined DFT and
PES study showed that the Auj,™ cluster anion possesses a more
compact core—shell-type structure.'* Subsequent theoretical
calculations support this conclusion.'?” The structures of the
Aus,~ cluster have been studied both by TIED and PES,'**¢
showing that its global minimum also consists of core—shell-
type structures with a four-atom core. A combined PES and
theoretical study showed that Auss~ is not icosahedral,'®
different from 7, Cuss~ and Agss—, in agreement with previous
theoretical predictions that Auss is amorphous.15 The amorphous
Auss cluster was understood subsequently on the basis of the
relativistic contraction of the surface layer by analogy to bulk
gold surfaces by Huang et al. in a combined PES and DFT
study.'® In the same study, Huang et al. also reported the
structures of the largest size-selected Au,~ clusters that have
been characterized experimentally thus far. They found that the
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Ausg™ cluster possesses a very stable, spherical core—shell
structure. Larger clusters from Ausy~ to Aug~ are formed simply
by attaching the extra atoms to the surface of Ausg~ with minor
structural distortions.

Structural determination for larger gold clusters becomes
increasingly more challenging, and global minimum searches
are essential because of the sheer number of possible atomic
arrangements. Except for Aus,~ and Auss,'>'* DFT-based
global searches have not been done for gold clusters in the range
of Auys~ to Auzs . In fact, the global minima of Aus,™ and Ausy—
are still controversial. Ji et al.'®* first reported that Aus,” is a
core—shell cluster with a three-atom triangular core. Further
first-principals calculations suggested that the global minimum
of Ausy,~ contains a four-atom tetrahedral core.!?>° For Auss~,
the combined TIED and DFT study resulted in a C5 core—shell
cluster with a four-atom tetrahedral core,'**® but the PES and
DFT study found two low symmetry (C;) core—shell structures,
both with a four-atom tetrahedral core, competing for the global
minimum.'* The low-symmetry C; structure for Aus,~ has been
confirmed by two subsequent DFT studies.'**¢

The aim of the current study is to explore the systematic
structural evolution of negatively charged gold clusters in the
size range of n = 27—35. We conducted new PES experiments
using Ar-seeded He supersonic beams to achieve better cluster
cooling, yielding well-resolved spectra and isomer information
in a number of cases. In conjunction with DFT-based global
minimum searches, we have identified the most stable structures
and low-lying isomers for Au,” (n = 27, 28, 30, and 32—35).
The obtained structures reveal generic structural motifs and
structural trends for gold clusters in this size range, which will
be valuable for future studies of their catalytic properties (e.g.,
CO oxdidation'”).

Experimental and Theoretical Methods

Photoelectron Spectroscopy. The PES experiment was per-
formed using a magnetic-bottle apparatus equipped with a laser
vaporization supersonic cluster source and a time-of-flight mass
analyzer.'® A pulsed laser beam was focused onto a pure gold disk
target, generating a plasma containing gold atoms. A high-pressure
helium carrier gas pulse was delivered to the nozzle simultaneously,
cooling the plasma and initiating nucleation. As shown previously,'’
by carefully controlling the resident time of the clusters in the
nozzle, relatively cold clusters can be produced from our laser
vaporization supersonic cluster source. The cooling effects have
been confirmed recently by the observation of van der Waals
complexes of gold cluster anions with Ar or O,.**>2° In the present
study, relatively cold Au,~ clusters were produced using a helium
carrier gas seeded with 5% Ar. Clusters of interest were selected
by a mass gate and decelerated before being photodetached by a
193 nm laser beam from an ArF excimer laser. Photoelectrons were
collected with a magnetic bottle at nearly 100% efficiency in a 3.5-
m-long electron flight tube for kinetic energy analyses. The
photoelectron kinetic energies were calibrated by the known spectra
of Au~ and subtracted from the photon energies to obtain the
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reported electron binding energy spectra. For the current study, PES
spectra were measured at 193 nm (6.424 eV), calibrated with the
known spectrum of Au~. The electron energy resolution was AE/E
~ 2.5% (i.e., 25 meV for 1 eV electrons).

Theoretical Methods. Global minimum searches for low-lying
structures of gold anion clusters Au,” in the size range of n =
27—35 was performed using the basin-hopping (BH)?' global search
method combined with DFT geometric optimization. The gradient-
corrected Perdew—Burke—Ernzerhof (PBE) exchange-correlation
functional®* and the double-numerical polarized (DNP) basis set
with effective core potentials (ECPs), implemented in the DMol3
4.0 software,”* were employed for the geometric optimization. To
generate isomer populations in the initial BH searches, a medium-
level convergence criterion was chosen such that the optimization
gradient convergence was less than 4 x 1073 hartree/A and the
optimization energy convergence was 2 x 107> hartree in the DFT
calculations. When more than 200 distinct isomer structures were
collected, they were reoptimized at a higher level of convergence
(the fine level in DMol®): less than 2 x 1073 hartree/A for the
gradient convergence and 1 x 107° hartree for the energy
convergence. The isomers were ranked according to their relative
energies at the higher level (the fine level in DMol®) of optimization.
Next, the top ranked 10—30 isomers were further optimized at the
PBE/TZP(ZORA) level of theory, followed by photoelectron
spectrum calculations, using the ADF2008 software package®* in
which a larger basis set, namely, the triple- 1 polarization function
(TZP) with a relativistic Hamiltonian under the zeroth-order regular
approximation (ZORA), was used (Supporting Information Table
S1).

In previous studies, we examined several functionals (PBE,
BLYP, B3LYP, LDA, BP3, TPSS, PBEO, and M06-L) to compute
the electronic density of states (treated as a simulated photoelectron
spectrum) of Auys~ and Auje . The PBE, PBEO, and TPSS
functionals yielded good agreement with the measured spectrum
for Auyg~, and hybrid functionals PBEO and B3LYP yielded good
agreement with the measured spectrum for Auyg~.” Recently, we
found that it is important to include the spin—orbit (SO) effects in
the calculation of the density of states in order to achieve nearly
quantitative agreement between theoretical and experimental PES
spectra.'”® Here, we computed simulated spectra of all candidate
isomers at the PBEO/CRENBL/SO level using the NWCHEM 5.1.1
software package,?”-*® for which the computed binding energies
were based on the optimized structures at the PBE/TZP(ZORA)
level of theory. Computed electronic energies of leading candidate
isomers are shown in Table S2.

Comparison of Computed Spectra with the Experimental
PES Data. We used three criteria in comparing the theoretical
results with the experimental data to screen candidate structures:
(1) the relative electronic energies, (2) the energy gap between the
first and second major PES peaks (which is the HOMO—LUMO
gap for neutral gold clusters with even numbers of atoms), and (3)
the number of distinct peaks of simulated photoelectron spectra in
the low-binding-energy range of <5.5 eV (primarily the gold 6s
band region) and their relative positions. The first criterion addresses
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typical errors in DFT calculations, which are on the order of several
tenths of an electronvolt in relative energies for gold clusters. <727
In the present study, we used a cutoff energy of 0.4 eV at the PBE/
DNP (fine) level to collect low-lying isomers. This screening step
typically reduced the total number of isomers from more than 200
to 50—100.

Next, for those low-lying isomers with an energy gap within
40.03 eV from the measured value, that is, the gap between the
first and second vertical detachment energies (VDEs), their full PES
spectra were computed. This screening step reduced the total
number of candidate isomers from 50—100 to 10—30. The simulated
spectra were then compared to the measured PES spectra to identify
top candidates for the global minimum and low-lying isomers. Well-
resolved PES spectra are a prerequisite for allowing meaningful
comparisons with the simulated spectra. We paid particular attention
to the number of peaks below 5.5 eV (usually the 6s band region
with discrete peaks), the spacings among these peaks, and, to a
much lesser extent, the number of peaks beyond 5.5 eV (the 5d
region with more congested features). Only those isomers that meet
all three criteria are considered to be top candidates for the global
minimum, and their structures and computed PESs (including SO
effects) are presented. In addition, structures reported in the literature
are recalculated and also presented for comparison.

Results

We have measured the photoelectron spectra of Au,” (n =
27—35) at two photon energies: 266 nm (4.661 eV) and 193
nm (6.424 eV). Because of the high electron binding energies
of these clusters, the 266 nm data can allow only the first few
PES peaks to be observed with enhanced resolution, as shown
in Figure S1. The 193 nm spectra reveal transitions both in the
6s and 5d band regions, as shown in Figure S2 and Figures
1—7. We have measured the 193 nm data under two conditions:
(1) with a pure He carrier gas and (2) with a 5% Ar-seeded He
carrier gas for better cluster cooling. For Auy;” to Ausz~, we
have observed differences in the PES spectra using the Ar-
seeded He carrier gas relative to data taken with the pure He
carrier gas, as shown in Figures 1—5. The spectra taken with
the Ar-seeded He carrier gas are slightly better resolved. The
PES spectra of Auyy~ and Auz;~ were quite congested even in
the low-binding-energy region (Figures S1 and S2), making it
difficult to compare with simulated spectra. Therefore, these
two clusters are omitted in our computational study.

The relative energies, structures, and simulated spectra for
the low-lying isomers (labeled as I, II, etc.) are compared with
the experimental data in Figures 1—7. For the convenience of
comparison, the well-resolved low-binding-energy features in
the experimental data are labeled with letters X, A, B, and so
forth. The VDEs for the first (X) and second PES bands and
their differences are given in Table 1.

Discussion

Auy; . The 193 nm PES spectra of Auy;” obtained under the
pure He carrier gas and Ar-seeded He carrier gas are shown in
Figure 1a,b, respectively. Seven distinct peaks are resolved and
labeled as X and A—F in the low-binding-energy range. Indeed,
differences between the spectra in Figure la,b can be readily
seen. All features are slightly better resolved in Figure 1b as a
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Figure 1. Photoelectron spectra of Auy;” at 193 nm taken with (a) a pure
He carrier gas and (b) a 5% Ar-seeded He carrier gas. (c) Simulated spectrum
of one-atom core—shell isomer I. (d) Simulated spectrum of tubular isomer
1178 (e, f) Simulated spectra of one-atom core—shell isomers III and IV.

result of the enhanced cooling by Ar seeding. In particular, the
weak feature between X and A labeled as “*” in Figure 1a was
no longer present in Figure 1b under the colder condition.
Surprisingly, the * feature was significantly enhanced in the
266 nm spectrum (Figure S1) using the pure He carrier gas.
These observations suggest that this weak feature most likely
stems from a low-lying isomer. There are also obvious variations
of relative intensities among the resolved peaks between the
two spectra, probably as a result of the presence of the minor
isomer in Figure la.

The simulated spectra of Au,;” and the corresponding
structures of four low-lying isomers (I—1V) are shown in Figure

Table 1. Observed Vertical Detachment Energies (VDEs) for the
First (X) and Second (A) PES Bands for Au,” (n = 27, 28, 30, and
32-35)@

VDE (X) VDE (A) A[VDE(A) — VDE (X)]

Auy,” 4.05 427 0.22
Atg” 3.86 4.08 0.22
Auzy” 3.93 4.15 0.22
Aus,” 4.03 434 0.31
Ausy” 4.18 ~4.4 ~0.2

Ausy " 342 436 0.94
Auzs” 4.11 442 0.31

“ All energies are in eV. The uncertainty in all VDEs was £0.03 eV.
® From ref 13c.

lc—f. In terms of the overall spectral pattern (i.e., the relative
peak spacings), the simulated spectrum of isomer I agrees best
with the experimental spectra. The main features in the
experimental spectra (X and A—F) are reproduced very well in
the simulated spectrum (Figure 1c). Note that the simulated
spectrum is red-shifted by ~0.1—0.3 eV relative to the
experimental spectra. We found previously that this is caused
by the PBEO/CRENBL calculation with the inclusion of the SO
effects.'” The energy of isomer I is 0.2 eV higher than that of
the tubular isomer II*® at the PBEO/CRENBL/SO level. We also
calculated the energies of both isomers at the MO6-L/CRENBL/
SO level (implemented in NWChem 5.1.1) and found that
isomer I is 0.75 eV lower in energy than isomer II. Two groups
have recently shown that the MO6-L functional gives a more
accurate energy ranking for small gold anion clusters than the
PBEQ functional does.*®*

The simulated spectral pattern of tubular isomer II (Figure
1d)*® does not agree well with the experimental spectra and
may be ruled out as the main isomer. However, the calculated
electron binding energies of isomer II are slightly higher than
those of isomer I, and the first peak of isomer II could
correspond to the weak feature labeled * in Figure la. The other
two low-lying isomers (IIT and IV in Figure 1) can be ruled out
as the carriers of the main spectral features because they are
much higher in energy and their simulated spectral patterns do
not match well with the major PES features. These results
indicate that the relative energies calculated from the PBEO
functional can carry errors of several tenths of an electronvolt.
Hence, good agreement between theoretical and experimental
PES spectra is a better criterion for the assessment of viable
structures. It may not be reliable to assign global minimum
structures solely on the basis of the DFT energy ranking.
Comparison with experimental data along both PBEO and
MO6-L energy ranking seems to be a better means of cluster
structural assessment.

We examined a total of 21 low-lying isomers for Auy;~, which
give rise to energy gaps between the first and second PES peaks
close to the experimental observation. Most of these low-lying
isomers exhibit core—shell structures, such as isomers I, III,
and IV. Isomer I possesses a relatively round cylindrical
structure with one atom in the center, whereas isomers III and
IV both possess highly irregular structures. The tubular isomer
II with C,, symmetry in Figure 1d was previously predicted to
be the global minimum for neutral Au,;.”*® Besides the good
agreement between the simulated and measured PES spectra,
the large population of low-lying core—shell structures for Au,;~
provides credence to our conclusion that the global minimum
of Au,;” is a core—shell structure with a one-atom core.
However, the good agreement of the first peak from isomer II
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Figure 2. Photoelectron spectra of Auyg~ at 193 nm taken with (a) a pure
He carrier gas and (b) a 5% Ar-seeded He carrier gas. (c) Simulated spectrum
of core—shell isomer 1. (d) Simulated spectrum of tubular isomer I1.2® (e)
Simulated spectrum of one-atom core—shell isomer III. (f) Simulated
spectrum of two-atom core—shell isomer IV.

(Figure 1d) with observed minor peak * in Figure 1a suggests
that the tubular structure may be a viable low-lying isomer. The
fact that the * peak is enhanced at 266 nm implies that isomers
I and II are very close in energy. Finally, we note that the gold
atoms on the shell of isomer I display a helical arrangement.
Thus, the global minimum of Au,;™ is chiral, although all C,
clusters are chiral.

Aupg . The 193 nm spectra of Auyg™ using the pure He carrier
gas and Ar-seeded He carrier gas are shown in Figure 2a,b,
respectively. There are no major differences between the two
spectra, but some subtle variations are discernible. The main
differences are the weak features labeled with *: their relative
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intensities are reduced in the Ar-seeding experiment. This
observation suggests that these weak features likely originated
from a minor low-lying isomer whose population was reduced
in the cluster beam under the colder condition of the Ar-seeded
carrier gas. A number of discrete peaks were resolved in the
low-binding-energy range in the 193 nm spectra of Auyg~, as
labeled in Figure 2a,b. Peaks X and A define a HOMO—LUMO
gap of 0.22 eV for neutral Auyg (Table 1).

In our global minimum search for Auys~, a total of 13
candidate isomers were considered, but only isomer I meets all
three criteria mentioned above (Figure 1c). This isomer is the
lowest in energy at the PEBO/CRENBL/SO level with a
simulated spectrum in good agreement with the experimental
data. This isomer consists of a core—shell structure with a one-
atom core. The next isomer, II, which is 0.46 eV higher in
energy, is a tubular structure with C;, symmetry that was
considered previously for neutral Au,s.”®® This isomer is built
upon isomer II of Auy;~ (Figure 1d). The simulated spectrum
of this isomer is totally different from the main features of the
experimental data. However, this isomer may be the carrier for
the weak isomer with the first two features corresponding to
the experimental features labeled as * (Figure 1b). Isomers III
and IV are core—shell structures with one and two core atoms,
respectively, but their relative energies become significantly
higher with the inclusion of the SO effects and thus are not
competitive for the global minimum of Au,g™. Thus, the Auyg™
cluster is similar to Auy;~, with each consisting of a core—shell
global minimum with a single core atom and a tubular low-
lying isomer.

Augy~. The 193 nm spectra of Aus,~ are remarkably simple
with only six well-resolved bands in the low-binding-energy
region (Figure 3a,b). The spectra with the pure He carrier gas
(Figure 3a) or Ar-seed He carrier gas (Figure 3b) are identical,
suggesting that there is only one isomer in the Aus,~ beam.
The relative intensity of the fourth band is higher with a broader
bandwidth, indicating that there may be two unresolved features
(C and D) beneath this band that are indeed resolved in the
266 nm spectrum (Figure S1). The X and A bands define a
HOMO—LUMO gap of 0.22 eV for neutral Aus, (Table 1).

Our global-minimum search for Aus,~ yielded a total of 21
candidate isomers that meet criteria 1 and 2 above, and their
PES spectra were computed. Among the 21 candidate isomers,
14 contain a 2-atom core, 5 contain a 1-atom core, and 2 contain
a 3-atom core. However, only three isomers give simulated
spectra that display some resemblance to the experimental data,
as shown in Figure 3c—e. Among the three, the simulated
spectrum of isomer I is in quantitative agreement with the
experimental data in terms of the overall spectral pattern, peak
positions, and spacings, leaving little doubt that isomer I is the
global minimum for Auj,~. Isomers II and III can be readily
ruled out because their detailed spectral spacings are inconsistent
with the experimental data. Even though isomer I is 0.17 eV
higher in energy than isomer II, this is well within the error of
the PBEO functional, as shown above for Au,;~. The fact that
there is no experimental hint of the presence of low-lying
isomers suggests that the true energy of isomer II should be
much higher.

The global minimum isomer I of Aus,™ consists of a 1-atom
core and a 29-atom shell, whereas both isomers II and III contain
a 2-atom core. Therefore, the current results suggest that the
two-atom core structures are still not competitive for Aus,  and
that the Au,,~ clusters grow by expanding the shell from Au,;~
to Ausy .
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Figure 3. Photoelectron spectra of Aus,~ at 193 nm taken with (a) a pure
He carrier gas and (b) a 5% Ar-seeded He carrier gas. (c) Simulated spectrum
of one-atom core—shell isomer I. (d, ) Simulated spectra of two-atom
core—shell isomers IT and III.

Aug, . Neutral Aus; has been predicted to be a fullerene-like
hollow cage structure with icosahedral (/) symmetry and a large
HOMO—LUMO gap (0.8 eV) using DFT calculations."* A
subsequent joint PES and theoretical study showed that the cage
structure for the Aus,~ anion is not the most stable structure.'?*
Instead, the most likely structure for Aus,” consists of a low-
symmetry core—shell structure with a three-atom core. The
prediction of low-symmetry core—shell structure was confirmed
by further DFT calculations by Garzon and co-workers'*" and
Johansson et al.'*® Both groups suggested that a core—shell
structure with a four-atom core may be the global minimum.
To resolve this discrepancy, we carried out further studies on
Ausz,”. We measured the PES of Aus,™ again at 193 nm using
the Ar-seeded He carrier and found that the spectrum (Figure
4b) was slightly better resolved than the previous measurement
using a pure He carrier gas (Figure 4a).'>* The relative intensities
of the resolved peaks in the low-binding-energy range remain
similar under the two experimental conditions, suggesting that
there was only one dominating isomer in the Aus,” beam.

(b)
He+5%Ar

(d)n
0.39 eV

5 6

Binding Energy (eV)

Figure 4. Photoelectron spectra of Aus,~ at 193 nm taken with (a) a pure
He carrier gas and (b) a 5% Ar-seeded He carrier gas. (c) Simulated spectra
of the best three-atom core—shell isomer, I. (d—f) Simulated spectra of
three previously reported best candidate isomers II,'?® II1,'* and IV.'**

We carried out BH global minimum searches for Aus,™ .
A total of 11 candidate isomers were found to meet criteria
1 and 2 mentioned above, and nearly all of these candidate
isomers are of the core—shell type with a three-atom
triangular core, consistent with the previous PES and DFT
study.'* Among the 11 candidate isomers, we found that
the simulated spectrum of the lowest-energy structure I
(Figure 4c) agrees best with the experimental spectrum. The
resolved features from X to F (Figure 4b) in the low-binding-
energy region and the following energy gap are all well
reproduced by the simulated spectrum, providing considerable
credence for isomer I as the global minimum of Aus,”. We
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Figure 5. Photoelectron spectra of Aus;~ at 193 nm taken with (a) a pure
He carrier gas and (b) a 5% Ar-seeded He carrier gas. (¢, d) Simulated
spectra of four-atom core—shell isomers I and II.

will show below that the outer layer of isomer I is actually
a common shell motif for the growth of gold clusters from
AU337 to AU357.

For comparison, we recalculated the core—shell structures
reported previously for Aus, : two with a four-atom core
(Figure 4d,e)'*™ and one with a three-atom core (Figure
4f).'** We found that all of these structures are higher in
energy than isomer I identified in the current study. The
simulated spectra of structures II and IV display some
resemblance to the experimental spectra, but the agreement
is clearly inferior relative to that of isomer I. Specifically,
the peak just above 5 eV in the simulated spectra does not
agree with the experimental data, which display a large gap
between the well-resolved low-binding-energy features (<5
eV) and the congested high-binding-energy features (>5.5
eV).

Augz;~. For Aus; ™, the 193 nm spectra using the pure He carrier
gas (Figure 5a) and the Ar-seeded He carrier gas (Figure 5b)
also display no significant difference, except that peak E in
Figure 5b is slightly better resolved. The spectra of Aus;~ are
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relatively simple. The second band appears to contain unresolved
components (A and B), which are better resolved in the 266
nm spectrum (Figure S1): the A band appears as a shoulder,
making it difficult to estimate its VDE. Features C—E are also
rather congested and closely spaced. The relative intensities of
the main features remain the same under the two experimental
conditions, suggesting that there is one dominating isomer in
the Aus;™ beam.

Among more than 250 isomers generated in our BH
searches, only 5 isomers meet the criteria 1 and 2 above.
Many isomers of Aus;~ can be easily ruled out on the grounds
that the energy gap between the first and second peaks is
typically <0.1 eV, which is much less than the experimental
observation (~0.2 eV, Table 1). Among the five candidate
isomers, four contain a four-atom tetrahedral core and one
contains a three-atom triangular core similar to isomer I of
Aus,”. The simulated spectrum of the lowest-energy isomer,
I, (Figure 5c) agrees very well with the experimental spectra.
In particular, the overlapping A and B features and the
congested C—E features are well reproduced in the simulated
spectrum. Low-lying isomer II is 0.64 eV above the global
minimum (at the PEBO/CRENBL/SO level), and its simulated
spectrum does not agree with the experiment as well as that
of isomer I. It is noteworthy that the isolated peak above 5
eV (G) seems to be characteristic of the four-atom core. The
simulated spectra of all isomers with a four-atom core,
including those of Aus,” (Figure 4d,e) give rise to a similar
feature. This feature is in excellent agreement with the
experimental observation, confirming that the three-atom to
four-atom core transition occurs from Aus,” to Aus; .

Auzy~. Neutral Ausy represents a major shell closing.
Indeed, the PES spectra of Aus,~ display alarge HOMO—LUMO
energy gap.'' This observation has stimulated major previous
efforts to elucidate the structures of Aujz,~ by the Kappes
group using a combination of TIED/PES and DFT
calculations'** and by our group using a combination of PES
and DFT calculations.'* Both groups concluded that the
global minimum of Aus,~ consists of a core—shell structure
with a four-atom tetrahedral core, but there are some notable
structural differences in the details of the outer layer (shell).
Kappes and co-workers reported a global minimum structure
for Aus,~ with C3 symmetry,'** originally proposed by Doye
and Wales,'3® whereas Gu et al. reported that two low-
symmetry C; structures compete for the global minimum for
Aus,~."*° To resolve this discrepancy, we have carried out
further studies. Experimentally, we remeasured the 193 nm
spectrum of Aus, using the Ar-seeded He carrier gas, but
the spectrum is identical to that previously measured using
the pure He carrier gas, as shown in Figure 6a. The large
X—A gap corresponds to the large HOMO—LUMO gap in
neutral Aus,, followed by a set of well-resolved peaks (A—H)
in the low-binding-energy range.

A database of low-lying isomers is already available for
Aus,~ from the previous studies,'*® although the SO effects
were not considered in the previous calculations of the PES
spectra for Auzs~. In the current study, we reoptimized more
than 280 isomers obtained from the database at a higher level
of theory (the fine level in DMol3). Fifteen isomers meet
criteria 1 and 2 above, and they all exhibit the core—shell-
type structure with a four-atom tetrahedral core, confirming
that the four-atom core is very robust in this size range.

In our previous study, the two C; structures (named 34a
and 34b) and the C; structure (named 34c¢) were the lowest-
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Figure 6. (a) Photoelectron spectrum of Aus, at 193 nm. (b) Simulated
spectrum of the best candidate isomer, four-atom core—shell isomer I (ref
13c, isomer b). (c, d) Simulated spectra of two previously reported best
candidate isomers, II (ref 13a isomer 1, or ref 13c, isomer ¢) and III (ref
13c¢, isomer a).

lying isomers within 0.1 eV using the PBE functional.'** In
the current work using PBEO/CRENBL/SO, these three
structures remain the lowest-lying isomers, as shown in
Figure 6b—d and labeled as isomers I—III, respectively.
Isomer I corresponds to 34b in our previous study, which is
nearly degenerate with isomer II (C; structure 34c) in the
current study. Previous isomer 34a (isomer III, Figure 6d),
which was nearly degenerate with 34b, becomes 0.32 eV
higher in energy than isomer I (i.e., previous isomer 34b) at
the PBEO/CRENBL/SO level. Without the inclusion of the
SO effects, our previous simulated PES spectra for both 34a
and 34b were similar and both were in reasonable agreement
with the experimental spectra and could not be distinguished.
However, with the inclusion of the SO effects, the simulated
spectra of isomer I (34b) and isomer III (34a) are very
different in the binding-energy region between 4 and 5.5 eV
and only that of isomer I agrees well with the experiment.
Our previous simulated PES spectrum for the C; isomer (34¢)

(a)
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Figure 7. (a) Photoelectron spectrum of Auss~at 193 nm. (b, ¢) Simulated
spectra of four-atom core—shell candidate isomer I and II.

did not agree with the experimental data. With the inclusion
of the SO effects, the simulated spectrum of the C5 isomer
is still found to disagree with the experiment, as can be seen
clearly in Figure 6¢. The excellent agreement between the
simulated spectrum of isomer I (Figure 6b) and the experi-
mental data confirms that the global minimum of Aus,~
should be the low-symmetry C; structure with a four-atom
tetrahedral core. This conclusion is also supported by two
recent studies!>® that showed that the Aus,~ cluster favors
a low-symmetry structure with a four-atom tetrahedral core.

Auzs~. The 193 nm spectrum of Auss~ is shown in Figure
7a. Similar to Aus,™, the spectra taken using either the pure He
carrier gas or the Ar-seeded He carrier gas are virtually identical,
suggesting that the Auss~ beam is dominated by one major
isomer. Nine well-resolved peaks are observed in the PES
spectrum in the low-binding-energy range. In fact, the features
from A to H are somewhat similar to the corresponding bands
in the spectrum of Aus,~ (Figure 6a). Aus,~ is open-shell with
a single electron occupying the LUMO of the neutral cluster,
giving rise to the X band in the PES spectrum. The PES
spectrum of Auss~ suggests that it is closed-shell as judged by
the high relative intensity of the X band (Figure 7a). One can
see that the extra electron in Auss  pairs up with the single
electron in Aus,~, suggesting that they may have similar atomic
structures.

Our theoretical calculations revealed a total of nine
candidate isomers for Auss~ that meet criteria 1 and 2, and
all of these candidate isomers exhibit core—shell structures
with a four-atom tetrahedral core. The simulated spectra of
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Figure 8. Growth pattern from Aus,  to Aujzs . Newly added atoms are highlighted in red.

the two lowest-energy isomers are compared with the
experimental data in Figure 7. These two isomers can both
be viewed as adding the extra Au atom to the surface of the
Auz,~ cluster. The overall spectral pattern from the lowest-
energy isomer, I, (Figure 7b) is in excellent agreement with
the experimental spectrum, providing strong evidence for the
identified global minimum of Auss~ . Global minimum isomer
I of Aujs™ is similar to that of Aus,~ by adding the extra
atom to the surface, consistent with their similar PES spectral
features.

Structural Evolution and Growth Pattern of Midsized
Gold Clusters. Although Auj, has been suggested to be an
icosahedral cage, the Auj,™ anion is definitely shown to be a
low-symmetry core—shell structure with a three-atom core.
Tubular-type low-symmetry structures without an internal atom
have been shown to be low-lying isomers for Auy;” and Auyg ™,
but their global minimum structures appear to be core—shell
structures with a single-atom core. Previously, we showed that
the onset of core—shell structures was at Au,s~, which features
a single-atom core. Structures with a two-atom core were only
found to be low-lying isomers computationally for Auz,, but
its global minimum was confirmed to contain only a single-
atom core by the excellent agreement between the simulated
and experimental PES spectra (Figure 3). No clusters were found
to contain a two-atom core because the next cluster that we
studied was Aus, , which contains a three-atom core. The Aus;~
cluster, which is omitted in the current study, is mostly likely
to contain a two-atom core. It is conceivable that the two-atom
core is not structurally sound such that other structural types
are competing for the global minimum, thus resulting in the
congested PES spectra for Aus,~ (Figures S1 and S2). The three-
atom core is also proven to be unpopular because the global
minimum of Aus;™ is firmly shown to contain a four-atom core.
The four-atom tetrahedral core seems to be rather robust, and
it is present in both Aus,~ and Auss~ and possibly in even larger
clusters.

When the global minimum structures of Aus,” to Auss™
are compared (Figure 8), an interesting structural evolution
can be recognized. Besides their common four-atom tetra-
hedral core, the lowest-energy structures of Aus;~ to Auss™
all have a similar outer layer, which is the shell of the global
minimum of Aus,~. The structures from Aus;~ to Auszs~ can
be viewed on the basis of the structure of Ausz,~. As shown
schematically in Figure 8, Aus;~ can be viewed as adding
one Au atom to the core of Aus, . Hence, Aus,” and Auss™
have the same outer layer with relatively minor structural
relaxations: the shell of Aus;~ is more round in shape because
of the more symmetric tetrahedral core. However, the larger
size of the tetrahedral core appears to cause a significant strain
on the shell of Aus;~, resulting in six rhombus “defects”,
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whereas the shell of Auj;,~ contains only one rhombus
“defects”. The next Au atom goes into the center of a
rhombus defect site on the surface of the Aus;~ cluster to
form Aus,~, expanding the outer layer to a 30-atom shell.
After structural relaxation, the 30-atom outer layer of Aus,~
exhibits only three rhombus defects. Interestingly, the next
Au atom does not go into a similar rhombus site on Ausy™ to
form Aujs~. Rather, Auss™ can be viewed as adding one Au
atom to the shell of Aus,~ by starting a new layer. The
structure of Auss~ is a manifestation of the stability of the
closed-shell Aus, cluster. We have observed previously a
similar growth pattern from the closed-shell, highly stable
Ausg~ cluster.'® Additional atoms from Ausy~ to Augs  were
found to nucleate on the surface of the highly stable, spherical
Ausg~ cluster to form a new layer without significantly
altering its structure. Thus, it is expected that clusters larger
than Auss~ may continue to grow by nucleating onto the
surface of Aus, . Then, at a certain critical size, a major
structural transition may occur.

Conclusions

We have carried out a joint experimental and theoretical
investigation to elucidate the structural evolution of Au,~
clusters in the size range of n = 27—35. Well-resolved
photoelectron spectra were obtained using an Ar-seeded He
carrier gas for better cluster cooling. For Auy;” and Auygs™,
both experimental and computational evidence indicates that
minor tubular-type isomers contributed to the experimental
spectra, confirming the viability of such hollow structures
as low-lying isomers. We found that the most stable structures
of the midsized gold clusters, Au,” (n = 27, 28, 30, and
32—-35), all exhibit core—shell type structures with different
core atoms: Au,; , Auys~ and Auzy  all contain a one-atom
core, Aus,” contains a three-atom triangular core, and Aus;~
to Auss  all feature a four-atom tetrahedral core. A cluster
growth path was identified from Auy;~ to Auzs™: from Auy;™
to Auzo~ the clusters, which all have a single-atom core, grow
by expanding the shell (Au@Au,,~, m = 26—29); Aus;~
(Aus@ Auyy) can be viewed as adding an Au atom to the core
of Auzy™ (Au;@Auyg) whereas Ausy~ (Auys@Aus) can be
viewed as adding an Au atom to the shell of Aus;~
(Auy@Auyg). The Auj,~ structure, featuring a tetrahedral core
and a 30-atom shell, is observed to be more round and quite
robust, and the Auss~ cluster can be viewed as adding an Au
atom onto the surface of Auss : [(Aus@Auszg) + Au]. The
observed core—shell growth path is interesting and may
provide a valuable guide to the search for structures of larger
gold clusters.
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