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ABSTRACT: Argon is often considered as an innocent probe that can be attached
and detached to study the structure of a particular species without perturbing the
species too much. We have investigated whether this assumption also holds for
small copper cationic clusters and demonstrated that small but significant charge
transfer from argon to metal changes the remaining binding positions, leading in
general, to weaker binding of other argon atoms. The exception is binding to just
one copper ion, where the binding of the first argon facilitates the binding of the
second.

■ INTRODUCTION

Noble metal nanoparticles1−9 have received significant
attention in recent decades due to their unique electronic
properties that make them interesting for a wide range of
applications,10−16 in particular, sensing10,12 and catalysis.13,16 If
the number of atoms is small, these particles are highly
symmetric and exhibit a significant energy gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). This is markedly
different from the bulk and affects the chemical activity17−21 of
the nanoparticle by changing the affinity to store and release
the electron density of adsorbed molecules.21 While the
structures and electronic properties of isolated small clusters
can be readily studied by computational chemistry techniques,
experimental validation of these data can be difficult as the
cluster is often significantly perturbed by a cluster support or
by the measurement itself. A powerful technique that allows
the study of isolated but only weakly perturbed clusters is
provided by infrared multiple photon dissociation (IRMPD)
spectroscopy22−28 with argon tagging atoms. Adsorption and
desorption of noble gas atoms give only small perturbations of
the cluster and can thus be used to characterize the structure of
the bare metal clusters.22−28 In an earlier study,29 we have
discussed such an application of IRMPD spectroscopy to
determine the structure of cationic copper clusters, and we
were able to unambiguously identify the lowest energy
structures by comparison with IR spectra computed with
density functional theory (DFT). This study did, however,
reveal that for the smallest cationic clusters it is not valid to
regard argon as just an inert probe as the tagging atom leads to
a significant change in the computed IR spectra. In the current

paper, we aim to study this interaction in more detail and
furthermore rationalize the observed temperature-dependent
product distribution of Ar adsorption onto Cun

+ clusters and
the effect of finite temperatures on the IRMPD spectra.
The formation of bonds between noble gas atoms and noble

metal clusters is fascinating as both species are considered inert
in elementary chemistry textbooks. In the simplest picture, one
expects bonding to be dominated by electrostatic and
dispersion forces and to simply increase in strength when
either the probing atom or the metal atoms are replaced by
heavier, more polarizable, species. In a more refined picture,
one considers also the spin state of the clusters and takes into
account the possibility of forming coordination bonds.30−38

Especially, for cationic noble metal clusters, charge transfer
from the noble gas atom to the metal can be significant. An
example is the unusually strong interaction of Ar with Au for
mixed silver−gold trimer clusters. The perturbation induced by
the noble gas atom gives rise to a significant change of their IR
spectra relative to bare clusters.39,40 The key ingredient of this
effect is the relativistically enhanced electron affinity41 of gold,
which leads to the formation of a polar covalent bond42 and
significant charge transfer from argon to gold.43 Since gold has
the highest electron affinity (EA) among the coinage metals
(EAAu = 2.31 eV, EAAg = 1.30 eV, and EACu = 1.23 eV),44 one
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would expect that this bonding is weaker for silver and still
weaker for copper. Somewhat counterintuitively, we have
found, however, that copper has a larger affinity to bind with
rare gas atoms than silver. This makes this element an
interesting target for further investigations.
In our previous study,29 we discussed IRMPD spectra for

Cun
+ (n = 3−10) clusters tagged with Ar atoms. In that study,

we noted small, but important, effects of Ar atoms on the metal
cluster IR spectra in the form of frequency shifting of the
cluster modes and a strong enhancement of the cross-section
for IR absorption. The additional peaks due to the motion of
the Ar atoms themselves were not considered in that work and
form the subject of the current study. We therefore also
consider the experimentally more challenging, but theoretically
easier, bonding of Ar to Cu+ and the Cu2

+ dimer to complete
the picture. In this analysis, we aim to relate the
thermodynamic stability of cluster−argon aggregates to the
experimentally observed variation with the temperature of
branching ratios between clusters tagged with different
numbers of argon atoms. An additional analysis, using a
Born−Oppenheimer molecular dynamics (BOMD), relates the
details of the spectra that can be less well understood in a static
picture to the mobility of argon atoms on the metal surface.
Together, these analyses provide insight into how the binding
of argon is influenced by the size and structure of the metal
cluster and how the binding of one Ar atom may influence the
binding of additional Ar atoms.

■ METHODS
Experimental Section. Cu n

+ Arm (n = 1−10; m = 1−4)
clusters were generated in a clustering channel within a
vacuum chamber using pulsed laser (532 nm) ablation in the
presence of helium gas with 1% Ar admixed, let in through a
pulsed valve (General valve Series 9) at a 7 bar stagnation
pressure. The carrier gas pulse drives the clustering mixture
through a 7 cm long, 4 mm diameter clustering channel that is
temperature-controlled through a combination of liquid
nitrogen (LN2) flow and resistive heating. The clustering
channel ends with a converging−diverging nozzle, allowing
mild expansion of the mixture into a vacuum, forming a
molecular beam. This beam then passes a 2 mm diameter
skimmer and a 1 mm diameter aperture, both slightly
negatively biased to optimize cation transfer, to reach the
extraction region of a reflectron time-of-flight mass spectrom-
eter. After optional IR irradiation by a counterpropagating IR
laser beam at frequencies of 70−300 cm−1, all ions are pulse-
extracted by applying high-voltage pulses on two parallel plate
electrodes surrounding the molecular beam axis and mass-
analyzed.
For temperature-dependent adsorption experiments, the

cluster production was optimized by varying the synchroniza-
tion of ablation laser timing and pulse energy with respect to
the opening of the pulsed valve and mass extraction. The
optimization was done such that, at all temperatures
investigated, a substantial signal was observed. Once
satisfactory conditions were found, the source was slowly
cooled down to 150 K. To rule out hysteresis, the LN2 flow
was stopped, and the source was slowly heated to room
temperature. The temperature of the source was monitored
using a thermocouple gauge.
The IRMPD spectrum was obtained by irradiating the

cluster distribution using a free-electron laser, FELIX. Upon
resonant absorption of IR photons, the weakest bond in the

complex, the Cun
+ Ar bond, breaks, resulting in a decrease of

the Cun
+ Arm ion signal and a simultaneous increase of the

Cun
+ Arm−1 ion signal. By recording the intensity changes of

these mass peaks as a function of IR wavelength, IRMPD
spectra were constructed. For details of the experiment, see
Lushchikova29 and references therein.

Computational Studies. Structures were taken from our
previous work.29 We calculated static vibrational frequencies
with ADF45,46 using the Perdew−Burke−Ernzerhof (PBE)
generalized gradient (GGA) exchange−correlation density
functional47,48 with the inclusion of the Grimme dispersion
correction scheme (D3)49,50 using Becke−Johnson damp-
ing49−51 and a triple-ζ double polarized (TZ2P) Slater-type
basis set.52 Relativistic effects were accounted for by the
zeroth-order regular approximation (ZORA).53,54 ADF was
also used for energy decomposition analysis (EDA)55,56 of the
optimized structures. This method55,56 is used to decompose
the energy of binding a single Ar atom to the rest of the cluster
into three attractive and one repulsive term. For our purposes,
we combine the attractive electrostatic (ΔVelstat) and orbital
interaction (ΔEoi) terms as they together describe charge
transfer and polarization. These terms are balanced by the
repulsive Pauli (ΔEPauli) interaction. The fourth term is the
parametrized attractive dispersion interaction that is calculated
and tabulated separately. These binding energies are
supplemented with the internal energy, calculated via the
statistical thermodynamics analysis implemented in ADF, to
obtain dissociation enthalpies at finite temperature.
Relativistic coupled-cluster calculations were carried out

with the DIRAC program57,58 using the molecular mean-field
exact 2-component59 transformed Dirac−Coulomb Hamilto-
nian and the (uncontracted) valence double zeta basis set of
Dyall.60 Thresholds for determining the occupied and virtual
orbitals in the correlation calculation were kept at the default
values of −10 and +20 Hartree, respectively, leading to the
correlation of 19 electrons for each Cu and 14 electrons for
each Ar.
To explore the potential energy surface away from the local

minima, an ab initio Born−Oppenheimer molecular dynamics
(BOMD) simulation61 was carried out for the Cu7

+ Ar3
complex. We used canonical (NVT) sampling, a dispersion-
corrected PBE functional,49,50 and Gaussian basis sets (double-
ζ DZVP) with Goedecker−Teter−Hutter (GTH)62 pseudo-
potentials with a 420 Rydberg plane-wave cutoff value. The
simulation was performed in a cubic box with sides of 24 Å.
The time step in the simulation was 0.5 fs., the simulation
length was 40 ps, and the temperature was 180 K. The IR
spectrum (band positions, intensity, and shape) was obtained
through a Fourier transform of the dipole time-correlation
function. The BOMD simulation and trajectory evaluation to
obtain IR spectra were performed with the CP2K v2.363 and
TRAVIS64 packages, respectively.

■ RESULTS AND DISCUSSION
Temperature Dependence. One of the parameters that

experimentally can be varied to study the Ar complexation of
Cun

+ clusters is temperature. While the adsorption reaction is
not affected, the desorption efficiency varies with temperature.
At low temperatures, the experimental mass spectra reveal the
presence of clusters with up to four adsorbed argon atoms,
whereas at higher temperatures, only clusters with one or two
argon atoms are observed. To disentangle the adsorption
process from the overall cluster production efficiencies, the
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abundance of Cun
+Arm complexes are presented in the form of

branching ratios, calculated as the ratio of the intensity of a
particular complex Cu n

+ Arm detected to the sum of intensities
for all m values, representing the total number of clusters Cu n

+

of a certain size n produced. Figure 1 shows the branching

ratios of Cu n
+Arm(n = 1−7, m = 1−5) complexes as recorded

with a 1% argon−helium mixture as a function of temperature.
For the smallest clusters, the branching ratios vary strongly

with temperature, while for Cu5
+, the Cu5

+ Ar3 signal
dominates the Cu5

+ branch over the whole temperature
range (150 to 295 K) considered. A similar observation is
made for Cu6

+ and Cu7
+, where the argon uptake appears to

stagnate at Cu6
+ Ar2 and Cu7

+ Ar2 with no significant signal of
clusters with more argon atoms attached.

Thermodynamic Stability. The observed branching ratios
can be related to the thermodynamic stability as a function of
the number of Ar atoms attached to the clusters. We therefore
computed the formation energy for the Cu n

+ Arm (n = 1−7; m
= 1−n) complexes. The enthalpy ΔHn,m needed to eliminate
one Ar atom from a cluster containing n Cu atoms and m Ar
atoms at 180 K is plotted in Figure 2 and also summarized in
Table S1 (Supporting Information). Overall, one observes the
expected gradual decrease of the magnitude of the dissociation
energies as the number of Cu atoms increases and the average
charge on the Cu atoms diminishes. Cu4

+ Ar is an exception to
this rule, as it more easily sheds its last argon than Cu5

+ Ar.
The plots furthermore show a grouping of the number of
binding energies that is due to the equivalence of binding sites
on these symmetric Cu clusters. For instance, in the D3h
symmetric Cu3

+ cluster, all binding sites are initially equal and
the small difference between ΔH3,1 ΔH3,2 and ΔH3,3 is caused
by charge transfer to the Cu3

+ core when Ar atoms are added.
The contribution of the vibrations on dissociation enthalpies is
small, at most 0.05 eV, so we can also discuss binding energies
rather than enthalpies in the following when comparing DFT
and confirmed by relativistic coupled cluster (CCSD(T))
values. The trend predicted with density function theory
(DFT) using a dispersion-corrected exchange−correlation
functional (PBE-D3) is confirmed by relativistic coupled

cluster (CCSD(T)) calculations, which gave |ΔEb
Cu3

+ Ar3|(0.34

eV) < |ΔEb
Cu3

+ Ar2|(0.36 eV) < |ΔEb
Cu3

+ Ar|(0.39 eV) (see Table
S2).
The two largest clusters here (n = 6 and 7) predominantly

bind two Ar atoms, which can be understood from the
substantial decrease in binding enthalpy ΔHn,m going from m =

Figure 1. Branching ratios of Cun
+Arm (n = 1−7, m = 1−5) complexes

formed as a function of temperature for a 1% argon−helium mixture.

Figure 2. Comparison of the difference of enthalpy (in eV) for evaporating one Ar from each complex, ΔHn,m = Hn,m − Hn,m−1 (n = 1−7). Natural
population analysis and electrostatic potential map of bare Cun

+ (n = 1−7) clusters.
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2 to m = 3. For n = 5, the dominance of Cu5
+ Ar3 over the

entire range of temperatures can similarly be related to the
large difference in enthalpy in binding a third (−0.33 eV) or a
fourth (−0.10 eV) Ar atom. The situation is different for n = 4,
where the Cu4

+ Ar3 and Cu4
+ Ar2 complexes have nearly equal

branching ratios over the 150 to 200 K temperature range. In
this case, there is only a gradual decrease in binding enthalpy as
the number of Ar atoms increases. The Cu3

+ cluster, is able to
strongly bind 3 Ar atoms, which explains the dominance of this
species over the entire temperature range (see Figure 1). The
3-fold degeneracy of the binding sites in the equatorial plane of
the Cu5

+ cluster and the 2-fold symmetry of the axial sites in
Cu7

+ are similarly reflected in the corresponding binding
energies. The calculated binding enthalpies again correlate well
with the trends in the experimental branching ratios (Figure
1).
For Cu+, theory predicts binding of up to 4 Ar atoms with

affinities greater than 0.2 eV, which is in a reasonable
agreement with an earlier experiment in which this cluster
was observed to be the dominant species.65 This extreme case
also clearly illustrates the interplay between the Ar atoms: the
first two atoms are predicted to bind with an affinity of about
0.6 eV at the CCSD(T) level of theory (Table S2). While DFT
overshoots this value, both methods agree that the energy
required for binding the second Ar is larger than that required
for binding the first. This counterintuitive effect can be
explained by the reduced Pauli repulsion that the second Ar
atom encounters upon approaching Cu+ Ar instead of a bare
Cu+ ion. For binding the first Ar atom, the unfavorable Pauli
repulsion of 1.46 eV is overcome by energetically favorable
polarization and charge-transfer interactions that amount to
−2.25 eV. When binding the second atom, these polarization
and charge-transfer interactions are smaller in magnitude
(−2.06 eV), but this decrease is more than compensated by a
still larger reduction in Pauli repulsion to 1.25 eV. This
reduction can be understood by comparing the electron
density of Cu+ and Cu+ Ar. The former is of course spherically
symmetric with an equal probability of binding an Ar on either
side, whereas Cu+ Ar has a preformed binding site at the
opposite side of the first Ar. The bonding affinity drops for the
third and the fourth Ar and is only 0.1 eV for the fifth Ar. This
is consistent with our experimental data pointing to Cu+ Ar4 as
the dominant species in the temperature range below 270 K,
with the weakly bound Cu+ Ar5 species being detected as well.
For Cu2

+, the interplay between binding multiple Ar atoms is
less important because this species has two well-defined
binding sites at opposite ends of the molecule, where Ar can
donate electron density into the half-filled σg orbital of Cu2

+.
Binding the first Ar reduces the overall charge and thus
diminishes the polarization and charge-transfer interactions,
while not strongly affecting the Pauli repulsion (Table S3).
This cluster can probably only support the binding of up to
three Ar, and attaching the fourth yields a shallow minimum at
the density functional level of theory (cf. SI).
For larger clusters, for which a detailed orbital analysis is

more difficult, we focus only on charge transfer and
polarization and identify preferred binding sites via a natural
population analysis (NPA) of the charge distribution in bare
clusters. This analysis (see Figure 2) reveals that the amount of
charge localized on each Cu atom differs significantly and
correlates well with three strong binding sites in Cu5

+ and only
two in Cu7

+. Furthermore, we note that the highest local
charges cannot be simply correlated with cluster size:

qCu5+(0.42) > qCu6+(0.35) ≈ qCu7+ (0.35) > qCu3+ (0.33) > qCu4+

(0.30). The exceptionally high local charge in the Cu5
+ cluster

is for the three Cu atoms in the equatorial plane that carry a
positive charge of 0.42, whereas the two atoms along the vertex
have even a slightly negative charge (about −0.13) in this
analysis. For Cu7

+, the population analysis shows a larger
positive charge on the two apices (0.35) versus the equatorial
plane (0.06). The slight weakening of bonding, which in
general occurs for equivalent sites when one or more argon
atoms are attached, can be understood by the charge that is
transferred to the metal cluster due to the bonding. This can be
quantified by carrying out an NPA for the Ar-tagged clusters
(see Figures S1 and S2) and reveals that about 0.08 e is
transferred, primarily to the Cu atom involved in the bond,
also reducing the net positive charge on other binding sites.
This generally correlates well with the decrease of desorption
energy that is calculated. The charge transfer manifests itself
furthermore in the alteration of the Cu−Cu bonds in the
clusters. In our previous work, it was shown that neglecting the
Ar and comparing the IR photodissociation spectra of Cun

+

Arm to the calculated spectra of bare Cun
+ clusters provided a

substantially poorer match than with calculations in which Ar
is considered. Bands associated with Cun

+ cluster vibrations
were often blue-shifted in frequency, while IR cross-sections
were amplified or became visible by symmetry breaking. The
blue shift of Cu−Cu vibrations (in comparison to the isolated
cluster) correlates with the decrease of Cu−Cu bond lengths
(about 0.01 Å) induced by electron donation from the Ar
atoms. This effect is most pronounced for smaller clusters; for
the larger clusters, e.g., Cu10

+ Ar, the IR spectra of isolated and
complexed clusters in the range of metal vibrations (150−250
cm−1) are nearly identical.
Focusing on the dominant electrostatic (charge-transfer and

polarization) interactions between the rare gas and cationic
noble metal clusters, the thermodynamic stability of a complex
can be understood by considering the sites that have a sizeable
localized charge. These are the only ones that are able to hold
onto an Ar atom at elevated temperatures, and counting these
sites provides a prediction for the dominant species for a
certain cluster size. More shallow binding sites play a role at
lower temperatures, and in this weak binding regime, Ar atoms
can also show significant mobility. As this mobility can
invalidate the time-independent DFT approach, in which only
oscillations around well-defined minima are considered, it is of
interest to consider the dynamics of the cluster explicitly. To
this end, we turned to ab initio molecular dynamics and
calculated the IR spectrum via the time-correlation function of
the molecular dipole moment.
This approach, in which temperature effects are explicitly

included, samples other parts of the potential energy surface
than just the local minima associated with the specific binding
sites of the Ar. In our previous work, the harmonic IR spectra
for small Cun

+ (n = 3, 4, 5) clusters (tagged with Ar atoms)
were compared with experiment, which provided a good match
with the experimental data. This points to relatively rigid
Cun

+Ar bonds for these n values, which is consistent with the
high local charge on each Cu in these clusters. In contrast to
this good agreement, the harmonic IR spectrum for Cu7

+ Ar3
showed significant deviations from the experimental spectrum
in the frequency region around 100 cm−1, which relates to the
Ar cluster bonds. We therefore focused on this cluster for our
BOMD study. In Figure 3, the static harmonic and dynamic
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BOMD IR spectra for Cu7
+ Ar3 were compared with

experimental IR spectra.29 From this Figure, it is clear that
the BOMD IR calculations give better agreement with respect
to the high-intensity peak at 100 cm−1. Looking more closely at
the trajectory that is used to generate the spectrum also reveals
the cause of this difference relative to static DFT. For the two
strong binding (q = 0.35) sites, the Ar atoms do indeed
oscillate around a minimum energy structure, but the third Ar
atom roams over the entire equatorial plane, visiting, in turn,
the five shallow (q = 0.06) sites.

■ CONCLUSIONS

For small copper clusters, even the small perturbation of an
absorbed Ar atom has a marked impact on the ability to bind
subsequent species. The relative stability of specific Cun

+ Arm(n
= 1−7) clusters as a function of temperature can be observed
experimentally and can be related to the strength of the
binding at different sites. Combining theory and experiment
allows for a detailed understanding of the morphology of
charge localization in Cun

+. The presence of additional shallow
binding sites could be demonstrated by comparing low-
temperature experiments to dynamic IR simulations.
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