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Determining the precise structure of small gold clusters is an
essential step towards understanding their chemical and physical
properties. Due to the relativistic nature of gold, its clusters remain
planar (2D) up to appreciable sizes. lon mobility experiments have
suggested that positively charged gold clusters adopt three-
dimensional (3D) structures from n=8 onward. Computations
predict, depending on the level of theory, 2D or 3D structures as
putative energy-minimum for n=8. In this work, far-infrared
multiple photon dissociation spectroscopy, using Ar as tagging
element, is combined with density functional theory calculations to
determine the structures of Au,* (n <9) clusters formed by laser
ablation. While the Au frameworks in AugArn* and AuzArm*
complexes are confirmed to be planar and that in AusAr,,* three-
dimensional, we demonstrate the coexistence of 3D and planar
AugArp,,* (m =1-3) isomers. Thus, it is revealed that at finite
temperatures, the formal 2D to 3D transition takes place at n=8.

I INTRODUCTION

Small gold clusters have for decades been a subject of intensive
research [1, 2, 3]. Considering that bulk gold is one of the most
unreactive metals in the periodic table, the selective reactivity of
gold clusters has drawn particular attention: below a certain critical
size, gold clusters are reactive towards CO [4, 5] and propene [6], can
co-adsorb O, and CO to form CO, [7], and can form covalent bonds
with noble gases [8]. These remarkable and rather counter-intuitive
reactive properties of gold clusters depend crucially on both their
geometric and electronic structures [9].

To understand the interplay of geometry and electronic
structure, it is essential to determine the structures and possible
isomeric forms of those clusters. For instance, it is now known that
neutral Auyo adopts a tetrahedral (pyramidal) structure [10, 11, 12],
and that anionic gold clusters form hollow cages [13]. The relativistic
character of gold [14] is manifested when comparing the predicted
and experimentally observed structures of Au clusters with those of

% KU Leuven, Department of Physics and Astronomy, Quantum Solid-State Physics,
3001 Leuven, Belgium.

b.Radboud University, Institute for Molecules and Materials, FELIX Laboratory, 6525
ED Nijmegen, The Netherlands.

¢ Université Grenoble Alpes, LIPhy, CNRS, 38000 Grenoble, France.

Electronic Supplementary Information (ESI) available: Calculated adsorption
energies, integrated intensities in the mass spectrum, dependence of calculated
infrared spectra on anharmonic effects and different positions of the Ar atoms, and
Cartesian coordinates of computed structures. See DOI: 10.1039/x0xx00000x

Piero Ferrari®”, Gao-Lei Hou?, Olga V. Lushchikova®, Florent Calvo®, Joost M. Bakker®, Ewald

Cu, and Ag, [15, 16]. While Cu and Ag clusters adopt 3D structures
from n =5, Au clusters retain planar geometries up to significantly
larger n.

A long-standing question, only partly answered, is the precise
size at which Au,7%* clusters become three-dimensional. For anionic
Au, clusters, it has been concluded that this transition takes place at
n=12 [17, 18, 19], whereas for neutral Au, clusters, the 2D-3D
transition was shown to occur at n=11 [20]. For cationic Au,*
clusters, however, no conclusive answer has been achieved. lon
mobility spectrometry (IMS) experiments indicate that the transition
takes place at n = 8 [21]. Supporting evidence for this size was found
by UV/Visible (UV/Vis) photodissociation spectroscopy [22], a
technique that predominantly probes the electronic structure. In
addition, density functional theory (DFT) calculations show that
several 2D and 3D isomers of Aug* are very close in energy
(differences <0.1 eV), and that their energetic ordering strongly
depends on the applied levels of theory [23, 24, 25, 26]. Moreover,
temperature can play an important role and multiple isomers could
coexist in molecular beams, the widely used environment to probe
cluster structure [27]. One can thus not rely on DFT calculations alone
to determine the structures of Au,* clusters. To further illustrate this
issue, the IMS assignment was achieved by comparing the
experiment with calculated geometric cross-sections for only two
isomers, a 2D and a 3D structure, and a better agreement was found
for the higher-energy isomer. IR spectroscopy has so far only been
used for structure determination (by means of photofragmentation
of Aup*-Ar complexes) for n<5 [28, 29] and thus did not address the
2D-3D transition. Even for some of the small sizes, no consensus has
been achieved about their precise geometry, e.g., the interpretation
of photodissociation experiments of Aus* (and its Ar complexes) to
the sole existence of a rhombus Au framework [29, 30, 31, 32] was
recently put in perspective by UV/Vis spectra pointing at the co-
existence of a Y-shaped isomer [33].

In this work, the structures of small cationic Au,* (n < 9) clusters,
formed in a molecular beam, are characterized by combining far-
infrared multiple-photon dissociation (IRMPD) spectroscopy and DFT
calculations. Ar is used as tagging element in the experiments. The
current experiments are able to go beyond previous work [28, 29] by
(1) extending the frequency range probed and (2) making use of the
intracavity free-electron laser FELICE [34]. The large pulse energy
allows for a substantially enlarged interaction volume formed by the
overlap between the molecular beam and the laser light. This
enlarged interaction volume allows for the investigation of a large
number of clusters per laser shot, significantly improving the signal-
to-noise (s/n) ratio. The effect of Ar attachment, however, should be
considered carefully, since van De Waals interactions can play a



crucial role in the energy ordering between isomers [20]. If available,
the IR spectra of clusters with a different number of attached Ar
atoms are discussed.

Il.  METHODS

The Au,* clusters are produced by laser ablation at a source
temperature of 200 K [35]. AupAr,* complexes are obtained by
adding 2% Ar in the He carrier gas. The formed cluster beam is
shaped by a skimmer and a 1 mm slit aperture and the size
distribution is probed by a reflectron time-of-flight mass
spectrometer, right after interacting with IR light. IR spectra are
obtained by comparing cluster—Ar complex intensities in mass
spectra with (/) and without (/o) IR light interaction. The IRMPD vyield
is calculated as Yir =-In(I/lp) / Er, where Ej is the normalized laser
pulse energy. Under the applied experimental conditions, several Ar
atoms are attached per Au,* cluster.

The use of a tagging element in the experiments is essential,
since recording an IR spectrum requires the fragmentation of the
investigated clusters under IR light irradiation [36]. Fragmentation of
the bare Au,* clusters is difficult, even when using FELICE, due to the
high dissociation energies of gold clusters. The dissociation energies,
however, are much lower for the Au,Arp,,* complexes, via the Ar loss
channel. In addition, investigating the bare clusters leads to
contaminated spectra due to the fragmentation of larger clusters.
Necessarily, the drawback of the messenger approach is that IR
spectra contain structural information about the Au,Arp,,* complexes,
which could be different from that of the bare Au,* clusters.

Since several Ar atoms are attached per cluster under the applied
experimental conditions, depletion spectra (intensity decrease upon
laser interaction) must be analyzed carefully. The depletion spectrum
of the Au,Arp,,* complex may be contaminated by simultaneous IR-
induced fragmentation of Au,Arm«i* — AusArn* + Ar, giving an
intensity increase for AupArn,*. This process can appear in the
spectrum of AupAr,* as an — unphysical — negative IRMPD vyield, but
could also lead to a (partial) screening of a band of Au,Arp,*. Argon
attachment may distort the structure of the Au,* framework. To
clarify the influence of Ar attachment, we analyze IR spectra of
Au,Ar,* complexes with different values of m, even though in some
cases the spectra are partially contaminated from the fragmentation
of complexes with more Ar atoms.
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Figure 1. Experimental (top) and simulated (bottom) IR spectra of the AusArs*
complex. The simulated IR spectra are calculated using three exchange-
correlation functionals (PBE, PBEO and CAM-B3LYP). The cluster structure is
shown as inset, with Au depicted in yellow, and Ar in cyan spheres.

2| J. Name., 2012, 00, 1-3

Experiments are complemented by DFT calculations performed
with the ORCA 4.1.1 software package [37], employing the
dispersion-corrected (D3BJ) PBE functional in combination with the
Def2-TZVPP basis set and Def2-ECP pseudopotentials. To choose this
level of theory, we have used the IR spectrum of the AusArs* complex
for reference, since there is no doubt about the geometry adopted
by the Aus* framework. The analysis is presented in Figure 1, showing
the recorded IRMPD signal in the top panel. The spectrum is similar
to that measured previously [28], but with a significantly higher s/n
ratio. The IRMPD spectrum of the AusArs* complex has one intense
band at 130 cm and a weaker mode at 114 cm-L. Calculations were
performed using three exchange-correlation functionals: PBE, PBEO
and CAM-B3LYP, as shown in the bottom panel of the figure. Overall,
the three methods show an excellent agreement with the
experimental result, although PBE and CAM-B3LYP perform slightly
better than PBEO. Since PBE is computationally cheaper than CAM-
B3LYP, the PBE functional in conjunction with the Def2-TZVPP basis
set was thus chosen. No scaling factor is used for n<5, while a scaling
factor of 1.05 is used for n26.

I1l.  RESULTS AND DISCUSSION

The results for n = 4 are presented in Figure 2 with complexes AusArs*
and AusArs* in panels (a) and (b), respectively. The IRMPD spectrum
of AusArs* has two bands, at 91 cm (or lower, since this is the lowest
wavenumber of the probed spectral range) and 107 cmt, whereas
that for AusArst shows bands centered at 103 and 158 cm™.
Fragmentation of AusArs*is evidenced in the spectrum for AusArs* at
158 cm, by a negative IRMPD signal; it appears likely that the
intensity with which the 107 cm band is observed for AusArs* is also
affected by fragmentation from the AusArs* band centered at 103 cm-
1. The bands observed for AusArs* agree well with previous
measurements [29], and each experimental spectrum shows an
excellent agreement with calculated (unscaled) harmonic vibrational
spectra of the rhombic Aus* framework, shown below the
experimental spectra. Spectra of AusAr,* complexes with m <2 only
show ingrowth and are thus not useful for further analysis.
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Figure 2. Experimental (top, black) and simulated (bottom, blue) IR spectra of
(a) AusArs*, and (b) AusArs*. The spectrum of AusArs* shows partial signal

ingrowth caused by fragmentation of AusArs*.

For n =5, spectra could be recorded for three Ar complexes,
shown in Figure 3: (a) AusArs*, (b) AusArs* and (c) AusArs*. Partial
signal ingrowth is present for the spectra of AusArs* and AusArs*,
strongly affecting bands observed around 110 cm. For AusArs*, an
additional band is found at 184 cm. The spectrum of the AusArs*
complex shows five clear bands, two of which were either out of
range (102 cm) or unresolved (212 cm?) in previous experiments

This journal is © The Royal Society of Chemistry 20xx



[29]. Complexes with m < 2 only show signal ingrowth. Despite the
affected spectra for AusArs* and AusAr,*, the agreement between the
experiment and the calculations is excellent for the three Ar
complexes, demonstrating that the Aus* framework adopts a planar
bow-tie structure. We do note, however, small frequency
mismatches. For a perfect match, a scaling factor of 1.04 would be
required, which is not applied in the figure. The need for such a
scaling in IR spectra of gold clusters calculated by DFT is well known
[38]. Nevertheless, the overall correspondence for m=3, 4, and 5 is
excellent, making the structural assignments of the gold frameworks
in AupArp,* (n = 3-5) unambiguous.
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Figure 3. Experimental (top, black) and simulated (bottom, blue) IR spectra of
(a) AusArs*, (b) AusArs*, and (c) AusArs*. The spectra of AusArs* and AusArst

show partial signal ingrowth due to fragmentation of AusArs* and AusArs*.

For n = 6, the s/n ratios of the observed IRMPD spectra are a bit
lower because intensities of those complexes are smaller (integrated
intensities of a representative mass spectrum are shown in the ESI).
Nevertheless, the spectra are of sufficient quality for structural
assignment. In the IRMPD spectrum of AugAr,* (Figure 4a), four
bands are observed at 97, 128, 158, and 195 cm-1. Two planar Aug*
isomers are considered in the discussion; the lowest-energy
structure (Isol) is constructed by adding a Au atom to the Aus* bow-
tie isomer, while the second isomer (Iso2) has a triangular shape. In
our calculations, 1s02 is 0.15 eV higher in energy (relative energies
for bare Aug*). Distinction between both isomers was not possible in
IMS experiments, due to their similar collisional cross sections [21].
As shown in Figure 4a, Isol correctly reproduces the four bands of
the IRMPD spectrum for AugAr,*, apart from a computed double
peak around 100 cm. Those modes may be too close to be
distinguished experimentally, or the intensity of the second mode
may be overestimated in the calculation. Iso2 can be disqualified as
responsible for the IRMPD spectrum since its simulated IR spectrum
misses the band at 158 cm and has a mode at 175 cm that is absent
experimentally. The analysis for the spectrum of AugArs*, shown in
panel (b), is similar. In this case, a single intense band is seen at 95
cm’l, possibly together with a weaker mode around 159 cm. The
calculations for AugArs* also seem to indicate that Isol is the complex
present in the cluster beam, matching better the positon of the band
at 95 cm! and predicting a second mode at 156 cm-l, thus close to
the potential second band. The IRMPD spectrum of the complex with
a single attached Ar atom only shows ingrowth. Nevertheless, the
noise level in these spectra is relatively high; combining the
calculated IR bands of both isomers shows that a population up to
a 20% of Iso2 in AusArz* would still be consistent with the data. For
AugAr,*, in contrast, even a 5% contribution of Iso2 would be
inconsistent with the measurement.

This journal is © The Royal Society of Chemistry 20xx

For n = 7, the spectra of two Ar complexes are considered, as
shown in Figure 5: (a) AusAry*; and (b) AusArs*. In both cases, the
experiment yields three clear bands at 91, 136, and 192 cm-1. Based
on IMS measurements, Au;* was predicted to have a centered
hexagonal structure [21]. This planar structure (with a slight out-of-
plane distortion) was also the lowest-energy isomer in previous DFT
studies [24, 25, 26]. The calculated vibrational spectra of both Ar
complexes, with the hexagonal Au;* framework, are in very good
agreement with the IRMPD spectra.
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Figure 4. Experimental (top, black) and simulated (bottom, blue and red) IR
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Figure 5. Experimental (top, black) and simulated (bottom, blue) IR spectra of
(a) AusArz*, and (b) AusArs*.
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Figure 6. Experimental (top, black) and simulated (bottom, blue and red) IR
spectra of (a) AusAr1*, and (b) AusArz*.
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Figure 7. Experimental (top, black) and simulated (bottom, blue) IR spectra of
AugAri* (left), AusArz* (middle) and AusArs* (right). Four different low-lying
isomers are considered.

For the largest cluster size considered in this study, n = 9, the
complexes (a) AugAri*, and (b) AusAr,* (Figure 6) are discussed. In
both cases, two pronounced bands are found at 185 and 199 cm, in
addition to three modes for AugAr,* at 94, 123 and 140 cm™L. For
AugAr;*, these modes may be present in the experimental data, but
hidden in the noise level. The calculations considered two three-
dimensional isomers for the Aug* framework, as suggested in Ref.
[27]. For both Ar complexes, the IRMPD spectrum agrees very well
with the calculated IR spectra of the lowest-energy complexes, in
particular predicting the two intense modes above 180 cm1, which
are absent for Iso2.

Thus, whereas the Au framework in Auy* is still planar, in Aug* it
adopts a 3D configuration. The precise 2D-3D transition size
therefore depends on the inferred structure for Aus*. In Figure 7, the
IRMPD spectra of AusAri*, AugAr,*, and AugArs* are presented. The
spectra of AugAr:* and AugAr,* have a rather low s/n, with only one
clear mode at 192 cm? in both cases. The IRMPD spectrum of
AugArs*, in contrast, shows a band close to 100 cm™, a broad feature
around 125 cm?, and a third band at 185 cm™. Four isomers were
considered in the computations: Iso1 (3D), the structure proposed by
IMS [21], is formed by removing a low-coordinated atom of Aug*. Iso2
and Iso3 are planar, and Iso4 is a doubly capped bipyramid, another
3D isomer. Previous DFT studies using a plane-wave approach found
Iso2 as the lowest in energy when employing the PBE and TPSS
functionals, while Iso4 was found by applying M06-L [23]. Iso3 was
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also considered in these theoretical studies. In our calculations for
the bare Aus* cluster, the energy ordering is Isol (0.00 eV) < Iso3
(0.08 eV) < Is02 (0.09 eV) < Iso4 (0.27 eV). Isomers 1 to 3 are thus
very close in energy. Upon Ar attachment, the relative energies vary
slightly; the values are given in Figure 7.

Both 3D isomers (Isol and Iso4) have their main vibrational
modes between 60 and 80 cm1, below the experimental lower limit
of 90 cm1, and only weak modes in the recorded spectral range (note
the different y-axis ranges in Figure 7). Nevertheless, the mode at
192 cm 1 in the spectra of AugAri* and AugAr,* agrees well with the
simulations for Isol. The low s/n ratio of the spectra below 180 cm?,
however, does not allow to eliminate contributions from Iso2 and
Iso3 to the IRMPD spectra. For AugArs*, the three bands observed in
the IRMPD spectrum are consistent with the calculated spectrum for
Isol; only the middle band is a bit blue-shifted with respect to the
experiment (137 cm versus 125 cm). This mismatch could be
explained by invoking the isomeric presence of one or both planar
isomers (Iso2 and Iso3). The strongest bands for these isomers are
predicted such that depletion signals stemming from Iso2 and/or
Iso3 could merge with those from Iso1, forming the band centered at
125 cm?, thereby explaining its relative width. Since 1so2 and Iso3
present several modes of relatively high intensity between 100 and
130 cm, any signal recorded experimentally is biased towards
planar structures. Thus, the spectra show that the isomeric
population is dominated by the 3D Isol. Nevertheless, this analysis
shows that Ar complexes formed by planar isomers of the Aug*
framework are likely present in the cluster beam, especially for the
AugArs* complex. The possibility that complexes with the same metal
framework but other positions of the Ar atoms are present, cannot
be excluded (see supporting information). While Ar attachment at
different configurations does not have a major effect in the positions
of the IR bands, it does modify their relative intensity. In addition,
the effect of including anharmonicities in the calculations is
presented in the supporting information, showing that anharmonic
effects have only a minor influence in the IR spectra.
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Since the computed energy differences between the Aug*
isomers (isol, iso2, iso3, and iso4) are very small, different isomers
may coexist in the molecular beam. To investigate this on more
quantitative grounds, one needs to consider the finite temperature
at which experiments are performed (200 K). The structures obtained
by DFT can be used to calculate the thermal population of each
isomer i as a function of temperature, from the knowledge of relative
energies Ej, vibrational frequencies w{* (a ranging from 1 to 3n-6)
and point group with order m;. The (quantum) partition function
associated with isomer i is calculated as:

exp(—phof /2)
(- ﬁE)l_[l_eXp( ey O

with B; = (kgT)~1. Then, the probability of finding isomer i at
temperature T is

- Zi/zj Z @

The analysis was performed for Aug* and Aug*. The results are
summarized in Figure 8. In panel (a) the temperature-dependent
populations of the two isomers of Aug* and AugAr,* are presented.
For this cluster size, both the bare and Ar-tagged Iso2 isomers do not
compete with the lowest-energy structures. For Aug* and AugArs*, in
contrast, due to the close relative energies between the different
isomers, the statistical analysis predicts coexistence between the 3D
Isol and both planar isomers (Iso2 and Iso3) at 200 K. The 3D Iso4 is
too high in energy to compete. The relative populations, however,
will depend strongly on the precise energy difference between
isomers.

IV. CONCLUSIONS

In conclusion, IRMPD spectroscopy was combined with DFT
calculations to determine the geometries of Au,Arp,* clusters in the
n <9 size range, taking advantage of the FELICE intracavity free-
electron laser enabling high s/n ratio IR spectra. The structure of Aug*
has been assigned for the first time; this structure is formed by
adding a Au atom to the bow-tie Aus* cluster. The structure of Au;*
is found to be a planar hexagon with a central Au atom, showing that
all clusters with n <7 adopt planar structures, whereas for Aug* a
three-dimensional structure is confirmed. The critical cluster size for
determining the 2D to 3D transition of the gold cluster cations is
therefore n =8. At this size, good agreement is found with a 3D
structure, but evidence is found for the coexistence of one or a
combination of two planar isomers. In our calculations, the three
isomers are found to be almost isoenergetic, within the typical
uncertainty of conventional DFT. Our experimental evidence for co-
existence thus confirms the reliability of current quantum chemical
methods.
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