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ABSTRACT: Noble gases are usually seen as utterly inert, likewise gold, which is typically conceived as the noblest of all
metals. While one may expect that noble gases bind to gold via dispersion interactions only, strong bonds can be formed
between noble gas atoms and small gold clusters. We combine mass spectrometry, infrared spectroscopy, and density func-
tional theory calculations to address the bonding nature between Au,* (n < 4) clusters and Ar, Kr, and Xe. We unambigu-
ously determine the geometries and quantitatively uncover the bonding nature in Au,Ng,* (Ng = Ar, Kr, Xe) complexes.
Each Au cluster can form covalent bonds with atop bound noble gas atoms, with strengths that increase with the noble gas
atomic radius. This is demonstrated by calculated adsorption energies, Bader electron charges, and analysis of the electron
density. The covalent bonding character, however, is limited to the atop coordinated Ng atoms.

According to the octet rule, the inertness of a noble gas
(Ng) atom arises from its electronic configuration with
fully occupied outermost s and p shells (except for He). The
octet rule simultaneously rationalizes the stability of com-
pounds such as CO,, NaCl and MgO, which adopt the same
electronic configuration to gain stability. The noble gas in-
ertness is exploited in optical spectroscopy by messenger
techniques [1], matrix isolation of reactive species [2], or
solvation in He nanodroplets [3]. In mass-spectrometry,
noble gas atoms are used as thermalization agents in laser
ablation [4] and ion trapping via collisional cooling [5]. Re-
cent developments in surface science use noble gas phy-
sisorption as a probe to monitor the photocatalytic activity
of transition metal oxide surfaces [6], or to deposit catalyt-
ically active nanoparticles [7].

A noble gas atom can typically form weak bonds
with other atoms or molecules via dispersion forces, but
there are cases where strong bonds between a noble gas
and certain metal ions or small clusters are formed [8, 9,
10, 11]. In 1995, Pyykko proposed that the Aut-Ng (Ng = Ar,
Kr, Xe) bond had a partial covalent character [12], a claim
that triggered discussions that persist until today [13, 14, 15,
16]. This idea is controversial, given the proverbial inert-
ness of gold [17]. Currently, noble gas chemistry is a very

active research field [18, 19], central in understanding the
bonding nature between noble gases and ions, molecules,
and small clusters [20, 21, 22].

Gold has played a crucial role in the development
of noble gas chemistry. As a heavy atom, gold has strong
relativistic effects, which, e.g., provide a large electron af-
finity [23]. In comparison to Ag and Cu, Au*-Ng complexes
exhibit a larger electron transfer from Ng to Au and thus, a
strong Au-Ng bond. The bond strength is also observed to
increase with the size of the Ng atom. CCSD(T) calcula-
tions predict Au*-Ng binding energies of 0.09, 0.15, 0.46,
o.71and 1.16 eV, for Ng = He, Ne, Ar, Kr and Xe, respectively
[12]. The high binding energies for Ar, Kr and Xe suggest
chemical bonds with a partly covalent character. Neverthe-
less, the binding energy might also be attributed to higher
Van der Waals interactions, given the increasing polariza-
bility with Ng atomic radius [24].

Some experimental studies have suggested cova-
lent interactions between noble gases and certain ions and
small cluster species, particularly when Au is involved. Us-
ing Au;Ar;* as model system, Fielicke and co-workers com-
bined infrared spectroscopy and density functional theory
(DFT) calculations to show a prominent influence of Ar on



the vibrational modes of the metal-metal bonds, and at-
tributed this to the formation of a partly covalent argon-
gold bond [25]. Remarkably, the interaction weakens upon
Ag doping, an analysis that was later extended to tetramers
and pentamers [26].

To unambiguously differentiate the binding na-
ture of Au with Ng atoms, we spectroscopically character-
ize small gold clusters with a variable number of Ng atoms.
The combination of mass spectrometry and mass-selective
infrared multiple photon dissociation (IRMPD) spectros-
copy, complemented with high-level DFT calculations al-
lows for an unambiguous assignment of the geometric
structure of the cluster-Ng complexes, and a detailed in-
sight into how the bonding nature changes when varying
either the number of Ng atoms or the Ng atom specie.

These constitute the first experiments addressing
the interaction of Au clusters with Ng atoms heavier than
Ar [25], as well as the first where the number of Ng atoms
exceeds that of Au atoms, so that each Ng atom can no
longer coordinate to a single Au atom, without competitive
co-adsorption of other Ng atoms. High-quality experi-
mental information on the geometric structure of such
complexes is fundamental for addressing the nature of the
Au,*-Ng bond, which has only been discussed theoretically
in ongoing debates on the exact covalent contribution [18,
24, 20]. It is, for example, unknown whether a single Au
atom can form one or even multiple covalent bonds with
Ar. Since the balance between dispersive and covalent in-
teractions determines the chemistry of these Ng com-
plexes, a thorough understanding of their bonding nature
is crucial for the design of novel chemical compounds in-
volving such species.

Gold cluster-Ng complexes are formed by pulsed
laser ablation and gas condensation [27], in a cluster source
kept at 200 K, using as carrier gas a mixture of 2% of Ng in
He. The cluster-carrier gas mixture expands into vacuum
through a conical nozzle, after which the formed cluster
beam is collimated before entering a perpendicularly ex-
tracted time-of-flight mass spectrometer (see the support-
ing information (SI) for details). The experimentally
formed mass distributions of Au,Ngn,* clusters, per Ng spe-
cies, are characterized in Figure 1 by the complexation
branching ratio F,,,(Ng)
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with I,m(Ng) the spectral mass abundance of Au,Ngy*, and
i running for the number of Ng atoms attached per Au,*.
Under the employed experimental conditions, up to 6 Ng
atoms are attached per cluster. Figure 1 shows that: 1) com-
plexation of Au,* with Kr and Xe is easier than for Ar, sug-
gesting a stronger bond formation for these Ng atoms, and
2) Aus* and Au,* clusters preferentially bind 3 and 4 Kr or
Xe atoms, respectively, suggesting the formation of
stronger Au-Ng bonds if m < n than if m > n.
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Figure 1. Complexation branching ratios of noble gas com-
plexes of Au,* (n =2-4) for Ng = Ar, Kr and Xe, in mass
spectra recorded under similar experimental conditions.

The experimental infrared spectra of Au,Ngn.* (n
= 2-4; Ng = Ar, Kr, Xe) are shown in the top of each panel
in Figure 2. To record IRMPD spectra, the formed cluster
beam is overlapped with the laser light of the free electron
laser FELICE, with the particular feature that the cluster-
light interaction occurs within the laser cavity [28]. Upon
resonant photon absorption, Ng atoms desorb from the
Au,Ng,* complexes, allowing the construction of deple-
tion spectra as a function of the excitation wavelength,
which then are converted into IRMPD spectra. For each
Au,* cluster (each column in Figure 2), the infrared spectra
presented are those for complexes with the same number
of Ng atoms (the same m, all in one column), where m is
chosen such that each Au,Ngx* only shows depletion upon
resonant photon absorption [29]. For example, the Ng loss
channel of Au;Ng.* (Au;Ngs* + x-hv — Au;Ng,* + Ng, with
x an unknown number of photons at frequency v) affects
the signal of Au;Ng,*, which may not just show depletion
but also gain. Therefore, although Au;Ng;* is the most
prominent peak in mass spectra for n = 3, the analysis of
infrared spectra is performed for Au;Ngs*, which is the
Au;Ng,* complex with the lowest number of attached Ng
atoms showing depletion only. The high signal-to-noise ra-
tio of the recorded spectra allows for an unambiguous as-
signment to specific geometries. The DFT-calculated vi-
brational spectra of the lowest-energy isomers for each
cluster size are shown in Figure 2, with the cross section o
constructed by assuming Gaussian functions around each
calculated frequency, with a full width at half maximum of
5 cm™. The calculations are performed using the ORCA
4.2.1 software package [30], employing the PBE functional
in combination with dispersion corrections (D3B]) and the
Def2-QZVPP basis set. The Defz effective core potentials
(ECPs) from Ahlrichs were employed for Au and Xe,
whereas all the electrons of Ar and Kr were included ex-
plicitly. This level of theory was selected based on two pre-
vious studies, where a correct description of Ng interac-
tions with gold clusters was shown [21, 29]. While for
Au,Ng,* and Au;Ng;* only one isomer is found for the Au,*
and Au;* frameworks, a second Au,* isomer in Au,Ng,* is
presented in the SI. Moreover, for Au;Ng;*, a second stable
configuration of the Ng atoms is shown in the SI. Im-
portantly, this additional configuration also has three Ng
atoms adsorbed on an atop coordination. The geometries



assigned for the metallic frameworks in the complexed
clusters are the same as those determined for the bare clus-
ters [29, 31], implying that complexation with Kr and Xe
does not affect the geometry of the underlying metal
framework. Hence, the differences in the spectra of
Au,Ng,* for different Ng (but identical n, m), can provide
information on the Au,*-Ng, bonding strength [25].
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Figure 2. Experimental (top of each panel) and calculated
(bottom) infrared spectra of Au,Ng,* (left), Au;Ngs* (mid-
dle) and Au,Ng,* (right). Each cluster’s geometry appears
as an inset, with Au (yellow), Ar (green), Kr (orange) and
Xe (purple).

The spectrum for Aw,Ar,* (first panel of Figure 2;
top-left) reveals three infrared active modes (two partly
overlapped) in the recorded spectral range, while the spec-
tra for Au,Kr,* and Au,Xe,* only show two. The calculations
for Au,Ar,* predict the high-frequency band at 174 cm?,
and identify it as the symmetric combination of the two
Au-Ar stretches (with the two Ar on the Au-Au axis). This
mode is also present for Au,Kr,* and Au,Xe,*, although at
slightly higher frequencies (180 and 185 cm™). This sym-
metric mode is not expected to be infrared active, but it
gains intensity due to the symmetry breaking caused by the
two off-axis Ar atoms (calculations on Au,Ng,* show an IR-
forbidden transition). An isomer with these off-axis Ar at-
oms in symmetric positions only show one vibrational
mode in the measured spectral range (around 120 cm™) and
can therefore be discarded. The experimental bands of
Au,Ar,* at 103 and 112 cm™ (frequencies based on a fitting
with two Gaussian functions) correspond to the breathing
mode and the antisymmetric combination of the two Au-
Ar stretches mentioned above. For Au,Kr,* and Au,Xe,*,
calculations predict that the breathing mode and the anti-
symmetric stretch combination are near-degenerate,

agreeing with the experiments by only showing a single
band below 120 cm™. The spectra for Au,* with four Ng at-
oms (Figure 2, right column) have two pronounced bands,
corresponding to the antisymmetric combinations of the
Au—Ng stretches along the short and long axes of the
rhombic Au,*, respectively. For these modes no clear Ng
dependence is found.
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Figure 3. (Left) Adsorption energies of the m-th attached
Ng atom in the AusNg,* cluster. (Right) Partial Bader
charge on each atom in the Au;Ng¢* cluster. Ar is shown in
green, Kr in red, and Xe in blue.

The Ng-dependent variation in vibrational band
positions is most pronounced in the IR spectra of Au;Ngs*
(Figure 2, middle column). The spectrum of AusArs* has
two bands at 115 and 137 cm™ and is very different from the
calculated spectrum of Au,* (see SI). The DFT calculations
reveal that each band is composed of two near-degenerate
combinations of Au—Ar stretch vibrations, involving the
atop coordinated Ar atoms. The Ar atoms on bridge sites,
instead, barely participate in these vibrational modes (the
corresponding atom displacements are shown in the SI).
The most intense Au;Krs* band is broader in the experi-
ment, which can be attributed to a slight splitting of the
two near-degenerate 137 cm™ modes of Au,Ars*, now found
at 133 and 138 cm™. The degeneracy lifting is even stronger
in Au;Xe;*, with the experiment showing a significant
broadening around 130 c¢cm?, likely harboring more than
one mode, which the calculations predict at 129 and 139 cm-
1. A calculation of Au;Ngg* reveals that indeed the cluster
symmetry and degeneracies are restored, suggesting it is
the involvement of the bridge-coordinated Xe atoms that
break the symmetry of the complex. Interestingly, all the
geometries of the complexes in Figure 2 are found to be
planar, despite the large number of Ng atoms attached.

Overall, the mass spectra in Figure 1 with the shift-
ing of bands observed in both experimental and calculated
spectra for the Au;Ng;* complexes (Figure 2) suggest that
the strength of the cluster-noble gas interaction follows the
sequence Ar < Kr < Xe. Both the energetics and the elec-
tronic structure of the Au;Ngs* complexes confirm this hy-
pothesis. The calculated adsorption energies Eqqs of the m™
attached Ng atom in Au;Ngn* [Eags=E(Au;Ngn*)- E(AusNgm-
*)- E(Ng); E the total energy] are shown in Figure 3 (left),
with their magnitudes following the sequence Ar < Kr < Xe,
consistent with the experiments. The counterpoise method



was used to quantify possible basis set superposition er-
rors, showing an insignificant effect. For each Ng the first
three Ng atoms bind strongly, with E,,, values around 0.4,
0.6 and 0.9 eV for Ar, Kr and Xe, respectively. Such high
values are consistent with the formation of a partially co-
valent bond between Au and the atop attached Ng atoms.
These first three Ng atoms actively participate in the vibra-
tional modes seen in Figure 2. For m = 4-6, adsorption en-
ergies are much smaller (< 0.2 V), but still follow the order
Ar < Kr < Xe.

The partial Bader charges for Au;Nge* are pre-
sented in Figure 3 (right). The Ng to Au electron donation
is very pronounced for the first three, atop coordinated, Ng
atoms, whereas charge donation from the bridge-coordi-
nated Ng atoms (m = 4-6) is much smaller. Moreover, the
charge transfer increases from Ar to Xe, both for atop-co-
ordinated and bridge-bound Ng atoms. The charge trans-
fer for Xe is so pronounced that the three atop-coordinated
Xe atoms have higher partial positive charges than the Au

X (Bohr)

atoms. The same conclusions are obtained from an analysis
of Lowdin partial charges, in which the Ng to Au electron
charge donations are even more pronounced (see SI for de-
tails). We conclude that the adsorption energy and the
partial charge are correlated, with stronger Ng to Au elec-
tron transfers corresponding to higher adsorption ener-
gies. The lower adsorption energies and smaller charge
transfers for the bridging Ng atoms suggest bonds with
much smaller, if any, covalent character. To complement
these observations, in the SI similar calculations for the
neutral Au;Ng; and the silver-based Ag;Ng.* complexes are
presented. In the former, only one of the Au atoms accepts
some electron transfer from a Ng. In particular, three of the
Ng atoms have essentially zero partial charge, showing a
weak bond that is reflected in the loose adsorption sites
they adopt. For Ag;Ng.*, results are similar to those of
Au;Ng*, but with lower electron charge transfers.
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Figure 4. Contour plot of the Electron Localization Function (ELF) in the clusters AusAre* (left), AusKret (middle) and
AusXegt (right). Colour code represents ELF values in the plane formed by the atoms. The red rectangles highlight the
regions where the ELF plots are very different between the three Ng complexes.

The bonding between Au and the different Ng at-
oms in Au;Nge* is visualized using the Electron Localiza-
tion Function (ELF) in Figure 4, which represents the prob-
ability of finding an electron in the vicinity of another, ref-
erence, electron. For physical bonds, ELF values below 0.1
between atoms have been reported [32]. High ELF values
are seen around Au; (~0.250), reflecting the pronounced
covalent character of the Au-Au bonds. For Au;Arg*, the
ELF values at the bond critical point (BCP) between Au and
atop Ar atoms are lower, but not zero (0.127). Conversely,
much lower ELF values are found at the BCP in between
Au and the bridge-coordinated Ar atoms (~0.023). These
results align with a partial covalent bond formation be-
tween Au and Ar atoms adsorbed in atop positions. The
ELF analysis shows that the covalent character of the bond
formed by Au and the atop adsorbed Ng atoms increase for
Kr (0.179) and Xe (0.263). For the bridge-coordinated Ng
atoms, ELF values are also smaller for Kr (0.031) and Xe
(0.033). Plots of partial density of states are presented in
the SI and are in agreement with the analysis presented
here.

A topological analysis of the clusters was con-
ducted based on the electron (pgcp) and energy (Hgcp) den-
sities at the BCPs. A covalent bond is characterized by pgcp

values in the =10 a.u. range, while for dispersive bonds
these are lower (=102 a.u.) [33]. Furthermore, covalent
bonds are characterized by negative Hgcp values, opposite
to the positive Hpcp results for physical bonds. In Table 1,
values of pgcp and Hgcp at the BCPs, as well as the ELF val-
ues, are presented. Clearly, the topological analysis is con-
sistent with a partly covalent bond between Au and the
atop coordinated Ng atoms, with an increasing covalent
character for larger Ng atoms. In contrast, the analysis sug-
gests that the bridge coordinated Ng atoms form a bond of
a dispersive nature.

In addition, the Au—Ng bonding is characterised
with Wiberg (W) indexes (Table 1), calculated between Au
and the atop- and bridge-coordinated Ng atoms in
Au;Nge*. Typically, bonds with W indexes exceeding o.5
are characterized as covalent [34]. For the atop-coordi-
nated Ng atoms, W values are high, all above o.5, in agree-
ment with bonds having significant covalent character. In
contrast, the values of the bridge-coordinated Ng atoms
are below 0.5. An Energy Decomposition Analysis (EDA)
and a Natural Bond Orbital (NBO) analysis of the bonds
between Au;*-Ng and Au;Ng;*-Ng is presented in the SI. In
both clusters, the partial covalent character of the bond
formation between atop-coordinated Ng atoms and Au;* is



evident, while it is not the case for bridge-coordinated Ng
atoms.

Table 1. Values of electron density (pgcp), energy density
(Hgcp) and electron localization function (ELFgcp) at the
bond critical points (BCP), in addition to Wiberg indexes,
for Au;Nge* complexes. Values correspond to Ng atoms at
atop or bridge coordinations. The values of pgcp and Hgcp
are given in a.u.

Complex PBcp Hygcp ELFgep W
AuArg atc?p 0.045 -0.0051  0.127  0.91
bridge 0.006 0.0009  0.023 0.3

Au,Kre atop 0.052 -0.0089 0.179 114
bridge 0.007 0.0009  0.031 017
, atop 0.058 -0.0139 0.263 139
Au,Xeg bridge 0.006 0.0008 0.033 0.22

In conclusion, our joint experimental and compu-
tational study provides solid and quantifiable evidence for
the formation of covalent Au-Ng bonds in Au,Ng,* com-
plexes. The Ng atom binds to Au in an atop coordination
site. The covalent character increases with Ng atomic ra-
dius. For bridge-coordinated Ng atoms, instead, the bond
is predominantly dispersive in nature.
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