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Multiply charged superfluid helium nanodroplets are utilized to facilitate the growth of cationic copper
clusters (Cu,*, where n = 1-8) that are subsequently solvated with up to 50 H, molecules. Production
of both pristine and protonated cationic Cu clusters are detected mass spectrometrically. A joint effort
between experiment and theory allows us to understand the nature of the interactions determining the
bonding between pristine and protonated Cu™ and Cu,* cations and molecular hydrogen. The analysis
reveals that in all investigated cationic clusters, the primary solvation shell predominantly exhibits a

Received 20th July 2023, covalent bonding character, which gradually decreases in strength, while for the subsequent shells an

Accepted 5th September 2023 exclusive non-covalent behaviour is found. Interestingly, the calculated evaporation energies associated
with the first solvation shell markedly surpass thermal values, positioning them within the desirable range

for hydrogen storage applications. This comprehensive study not only provides insights into the solvation
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Introduction

Hydrogen is the most abundant and lightest chemical element
in the universe. However, due to its high reactivity, it exists,
under ambient conditions on Earth, only as a diatomic mole-
cule or bound to other elements forming compounds such as
water." Nowadays, there is an increasing hydrogen demand,
since it is an important chemical species for energy storage,
catalysis, metallurgy etc. Therefore, great efforts are being made
in order to understand the interaction of hydrogen with other
elements and molecules.

Copper, on the other side, has proven to be a very robust
catalyst for the synthesis of alcohols, hydrocarbons*™ and an
interesting candidate for hydrogen storage.®® In all these
processes understanding the interaction between Cu and H,
is highly important.

The first attempts were made already in the early 80s and
became a computational benchmark for molecule-surface
reactions.’®"> Ever since, the continuous development of
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of pristine and protonated cationic Cu clusters but also sheds light on their unique bonding properties.

experimental and computational methods led to a good under-
standing of the reaction between H, and Cu surfaces with
different crystalline structures.’**® The dissociation behavior
of H, has been summarized in theoretical studies.'”'® More-
over, it has been shown that the reactivity decreases from
Cu(211) > Cu(111) > Cu(100) > Cu(110), with the last one
being rather inert.'>" All types of defects on the surface
decrease the H, dissociation barrier. Involved defects were
modelled with gas-phase Cu clusters to reduce the complexity
of the system and to focus on the reaction between Cu and H,.

However, the size of clusters can significantly impact their
physical and chemical properties, such as the height of the
dissociation barrier of the molecules attached to this cluster.
Research on Ag clusters demonstrated that the size of deposited
clusters is even more important for its catalytic activity than the
underlying support material.**> H, binds also more strongly to
the clusters than to the surfaces, and it was recently shown that
H, takes more charge from Cuy; than from a Cu(111) surface."

The reaction of neutral Cu clusters with H, has been studied
mainly theoretically.>*? It was found that the chemisorption
of hydrogen on clusters more likely happens on acute metal
sites, in contrast to surfaces where it usually binds to hollow
sites.”” The adsorption of the first H, molecule, in general,
leads to the reduction of the Cu-Cu distance and elongation
of the H-H bond lengths.?® Moreover, the chemisorption
energy of the first hydrogen atom exhibits strong cluster size-
dependent even-odd oscillations, favoring the clusters with
an even number of Cu atoms.*® Experimentally, the reaction
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probability of D, with Cu clusters was measured at single-collision-
like conditions. In that study, it was concluded that the reactivity of
Cu is so low, that it is below the detection limit.**

In contrast, Cu cations have attracted more attention among
experimentalists, supported by theoretical investigations.?>°
Among other transition metal ions, the reaction product of Cu*
with H, has been extensively studied with IR spectroscopy.*’
Dissociation energies for the detachment of up to four H,
molecules, forming the first solvation shell, from Cu" (0.67,
0.72, 0.38 and 0.22 eV) and from the electronically excited Cu*"
(0.18, 0.11 and 0.06 eV, first three ligands) have been obtained
using equilibrium methods.*® Similar energies were deter-
mined for Cu," (0.54, 0.44, 0.21, 0.16, 0.09 and ~0.07 eV).>’
Recently, bigger cationic clusters consisting of n =4 up to 7 Cu
atoms have been also investigated using IR-spectroscopy, show-
ing that clusters with n = 5 have a tendency for dissociative
adsorption of H,, while other cluster sizes exhibit mainly
molecular adsorption.*! It has been found that not more than
six H, ligands could be strongly attached to the cation.?”*!

Previously, multiple solvation layers of hydrogen molecules
surrounding H™ ** and H;" *® were studied by electron impact
of neutral superfluid He nanodroplets (HNDs) heavily doped
with H,, as well as the solvation of cationic impurities such
as fullerenes®* and Cs" ***® by H,. In the present investigation,
by utilizing multiply charged superfluid He nanodroplets
(mc-HNDs) we were able to grow Cu,,’ (n = 1-8) solvated with
up to 50 H, molecules, which became possible due to the
ultracold environment of the host droplet. A similar method
was also recently used to study solvation of Na".*” One of the
main novelties of this work is that both pristine and protonated
cationic Cu clusters are produced. Here we present a joint effort
between experiment and theory in order to understand the
nature of the interaction determining the bonding in the com-
plexes containing Cu” and Cu," cations and molecular hydrogen.
These ionic complexes formed in mc-HNDs are studied by mass
spectrometry and their structure and energy are evaluated by
means of high-level ab initio electronic structure, classical optimi-
zation evolutionary algorithm (EA) and diffusion Monte Carlo
(DMC) calculations. Further, we also present the experimental
results on the solvation of Cu,," (n = 3-8) with H, and collision-
induced dissociation (CID) studies of selected complexes.

Obtained results are of relevance from both an applied
(hydrogen storage and release) and a fundamental point of
view. Particular attention is addressed to the gradual transition
between a prevalent covalent bonding, which governs the
energy and structure of the first solvation shell, found for both
Cu monomer and dimer cations, to that of an exclusive non-
covalent behavior which determines the intermolecular inter-
action within the following shells.

Methods

Experimental

The data described in the following were obtained by doping of
positively charged HNDs, formed via supersonic expansion of
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pre-cooled “He gas (99.9998%, Messer) at a temperature of 9 K
and a stagnation pressure of 25 bar through a 5 pm pinhole
nozzle (Plano GmbH, A0200P). Right after passing a skimmer
into the quadrupole chamber (QUAD) the HNDs are ionized
with electron impact (current 350 pA and energy 60 eV).
The resulting mc-HNDs have a size of approximately 10° He
atoms and an internal temperature of ~0.4 K carrying about
10 charges.*® The Cu," clusters are formed by evaporation of
monoisotopic **Cu pellets (99,9% isotopic purity) in the sub-
limation source (125 W, ~1020 K measured on the outside
surface of the oven) and sequential pick up of Cu atoms into
mc-HNDs, where they agglomerate around the charge centers.*’
A more detailed description of the instrumentation and cluster
formation can be found elsewhere.>*"

The Cu,” (n = 1-8) doped HNDs are guided by an
RF-hexapole (EVAP) filled with H, gas, as it was also done
previously for alkali cations.*” In the EVAP chamber He from
the HNDs evaporates due to the high number of collisions with
room temperature H, (99.999%, Messer). Additionally, the Cu
clusters react with H, and exothermic processes also lead to He
evaporation from the HND. However, too many collisions also
lead to the evaporation of H, units from the H,,Cu,," complexes,
as a consequence less H, remains bound to the copper cluster
ions. Therefore, the H, pressure in the EVAP chamber is critical
for the amount of H, remaining attached to the copper cluster
ions. Here, we will discuss only experiments performed at a
pressure of 1.8 x 102 mbar, since this pressure regime allows
to resolve the behavior of the complexes with less than 15 H,
molecules attached to Cu,'. This range is of special interest in
this study, since it allows the comparison with computational
results. The resulting hydrogen-solvated copper cluster ions
were analyzed and detected with a time-of-flight mass spectro-
meter (TOF-MS) to obtain the ion yield of H,,Cu,"/(Hz):Cu,"
complexes as a function of the number of H, molecules, k, (or H
atoms, m) bound to a specific copper cluster cation Cu,,". However,
also a measurement at 1.5 x 10> mbar is performed to verify that
intensity anomalies are independent of hydrogen pressure in the
evaporation cell. The resulting mass spectra are illustrated in
Fig. 1. Comparing those spectra, one could notice that as the
hydrogen pressure in the evaporation cell decreases, the number
of attached H, increases. To facilitate the data analysis the mass
spectra were analyzed with the in-house software IsotopFit.>>

Additionally, protonated Cu,," are studied during the same
measurement. HCu,," core ions are produced via proton trans-
fer from H;". The backflow of H, from the EVAP chamber to the
QUAD chamber results in the formation of H;" ions in the mc-
HND prior to copper pickup, which transfer a proton to the first
arriving copper atom.>® Therefore, the solvation of Cu," and
HCu," in H, can be studied simultaneously. The ion intensity
distributions of H,,Cu," ions are extracted from the mass
spectra in Fig. 1 and are plotted as a function of the attached
H atoms m for clusters containing up to n = 8 copper atoms in
Fig. S1 in ESI, for both studied pressures. Note that all figures
and tables started with S, can be found in ESL}

To verify that both Cu,” and HCu," are formed during
protonation, additional mass spectra were recorded. In this

This journal is © the Owner Societies 2023
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Fig. 1 Mass spectra showing H,,Cu,™ ions extracted from multiply
charged HNDs doped with ®3Cu via multiply collisions with H, gas at a
pressure of 1.8 x 1073 (top) and 1.5 x 10~ (bottom) mbar. The number n

of Cu atoms in the ions is indicated by the numbers on top of the
pronounced peak series.

case, the H, gas is introduced to the QUAD chamber at a
pressure of 9.6 x 10~ mbar, which corresponds to the pressure
in this chamber during the solvation studies described above.
However, in contrast to the previous measurements, the shrink-
ing of the He droplet is done by collisions with room tempera-
ture He rather than H,. Fig. S2 (ESIt) clearly shows the presence
of H,,Cu,," ions with both even and odd numbers of H atoms.
Nevertheless, this method does not allow the attachment of
more than ten H atoms to the cluster even at the highest
acceptable hydrogen pressure of 2 x 10~ ° mbar. Higher solva-
tion of ions with H, can be done only in the EVAP chamber,
where due to the differential pumping a pressure of at least
three orders of magnitude higher than that allowed in the
QUAD chamber can be reached.

The results of cluster solvation by H, were confirmed by
measurements under slightly different experimental conditions
with H, and D, (99.999%, Linde) for Cu,," (n = 1-5). The overall
trend in the distributions occurred to be very similar.
A comparison between two hydrogen and one deuterium mea-
surements is illustrated in Fig. S3 and experimental conditions
are listed in Table S1 (ESIt). The distributions illustrated in the
main text of this paper for n = 1 and 2, were obtained with
experimental setting referred as “H, small clusters” in the
Table S1 (ESIY).

For selected complexes, CID measurements were performed
to reveal the fragmentation paths. After the formation of
H,,Cu," the desired complex was selected with an additional
RF-quadrupole mass filter and then guided into a collision cell,
which is an RF-hexapole ion guide inside a differentially
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pumped cylinder containing argon at a pressure of 1 x 10~> mbar.
For this experiment D was used rather than H to increase the
accuracy of the experiment, due to the limited resolution of the
mass filter for selecting only one specific precursor ion. The
collision energy was varied from 1 to 60 eV, in the lab energy
frame, e.g. the kinetic energy applied to the original ionic complex
prior to collisions. Therefore, further in the text all reported energy
values refer to the same energy. Please note that the complex
undergoes multiple collisions during CID. As a result, the findings
are purely qualitative in nature, precluding any definitive conclu-
sions about binding energies. The resulting fragments are also
detected with the TOF-MS as described previously.

Computational

The most stable structures and related energies of the smaller
(H,)xCu,," and (H,)HCu,," (n = 1-2) clusters have been obtained
at the CCSD level of theory together with the aug-cc-pvDZ>?
basis set by means of a geometry optimization (and related
frequencies calculation) procedure as implemented in the
Gaussian 09 computational package.>® For each cluster several
initial geometries have been investigated in order to identify
those structures leading to minima for the interaction energy
corresponding to the adsorption of k H, molecules. Those
interaction energies have been obtained at the CCSD(T) level
and in the complete basis set (CBS) limit by exploiting the two-
point correlation energy extrapolation of Halkier et al.>>>® The
latter consists in properly combining counterpoise corrected®”
CCSD(T) and Hartree-Fock energies obtained with the aug-cc-
pVDZ and aug-cc-pVTZ basis sets.

The obtained structures, corresponding to the putative
global minima of the (H,);Cu" and (H,):HCu" (k = 1-5) clusters,
are reported in Fig. 2: it can be appreciated that in both cases
we have up to four molecules which arrange themselves around
and closer to the Cu" (or HCu') species. In particular, as
observed in Fig. S4 (ESIt), the separation of the H, centers of
mass from the metal atom varies from about 1.73 to 1.85 A
for (H,)iCu" (k = 1-4) and from 1.80 to 2.10 A for (H,);HCu"
(k = 1-4), while, if an additional H, molecule is added, it tends
to locate farther from the Cu atom at about 3.3 A, as noticed for
the cases with k = 5. Moreover, it has been checked that the
geometry of the four inner H, molecules is very little affected by
the presence of a fifth one. Therefore, it can be suggested that a
first solvating shell, composed of four H, molecules, should be
found for both clusters’ classes and a confirmation of this
hypothesis will be proposed in the next section from the
analysis of the related interaction and evaporation energies.

The structures of the putative global minima of the (H,):Cu,"
and (H,)yHCu," (k = 1-7) clusters are shown in Fig. 3 where it can
be appreciated that up to six H, molecules tend to evenly gather
around both Cu atoms and close to them. In particular, as
observed in Fig. S5 (ESIt), the Cu-H, separation varies in the
1.77-1.86 A and 1.71-1.90 A ranges for the (H,)Cu," and
(H,)sHCu," (k = 1-6) aggregates, respectively. If an additional H,
molecule is added, it tends to place itself farther from the related
Cu atom at about 3.6 A, as noticed for the cases with k = 7.
Therefore, this suggests that for the clusters involving (Cu,)" and

Phys. Chem. Chem. Phys., 2023, 25, 25251-25263 | 25253
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Fig. 2 Global minima structures as obtained by means of geometry optimizations at the CCSD/aug-cc-pVDZ level of theory for the (H,),Cu* and
(Ho)kHCu™ (k = 1-5) clusters. In both cases, up to four H, molecules tend to gather around the Cu and HCu cores to form a first solvation shell. Notice
that the Cu—H bonds depicted as solids are by convention those with an internuclear distance of less than 1.815 A.
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Fig. 3 Global minima structures as obtained by means of geometry optimizations at the CCSD/aug-cc-pVDZ level of theory for the (H,)Cu,* and
(Ho)kHCu,™ (k = 1-7) clusters. In both cases up to six H, molecules tend to gather around the Cu, and HCu, cores. Notice that the Cu—-H bonds depicted
as solids are by convention those with an internuclear distance of less than 1.815 A.

(HCu,)" species the first solvation shell should include six H,
molecules as it will discussed in the next section.

As for larger solvation shells, for the sake of simplicity, we
have decided to focus only on the (H,);Cu' aggregates, char-
acterized by a closed shell character of the impurity, i.e. Cu,
and being therefore more easily treatable by means of high level
electronic structure calculations.

For such aggregates we have developed an analytical
potential energy surface (PES) capable to correctly describe
and represent the involved non-covalent interaction.

In particular, since as seen above for the most stable configu-
ration of the (H,)sCu’ aggregate the fifth H, molecule is located
farther from the Cu atom of about 1.5 A (with respect to the inner
H, shell) and more loosely bound (see next section), we believe
that it is a good approximation to obtain a PES which takes into
account only for the interaction only between an external H,
molecule and the inner (H,),Cu’ core, which has been considered
as a rigid body. Such a PES has been built in a similar way to that
recently reported for the (He-SFs)" and (He-SFe)" clusters.>

The structure of the (H,),Cu’ cation has been optimized as
explained above and it consists in a tetrahedral-like geometry

25254 | Phys. Chem. Chem. Phys., 2023, 25, 25251-25263

with the Cu atom in the center and four H, molecules consti-
tuting the inner shell located around the metal and at about
1.83 A from it.

Moreover, the related partial atomic charges obtained at the
CCSD/aug-cc-pVTZ level of theory through the CM5 approach®®
have revealed that most of the cation positive charge is borne by
the Cu atom while small (non negligible) charges can also be
associated to the remaining H atoms.

As a following step, accurate ab initio estimations of the H,-
(H,),Cu" interaction potential were performed at the CCSD(T)
level by considering both monomers as rigid bodies. In parti-
cular, the (H,),Cu’ minimum geometry is that detailed above
while the H, internal distance |r| is fixed at its averaged value
for the ground vibrational state r, = 0.766638 A.

A dense grid along the intermolecular coordinate R defining
the distance between the external H, unit and the Cu atom of
the (H,),Cu’ core, was probed for two selected approach con-
figurations of the diatomic molecule along the main symmetry
axis of the cation, as shown in Fig. 4. For both ‘“bottom”
and “top” approaches three different orientations (the main
two perpendicular and one parallel) of the H, molecules with

This journal is © the Owner Societies 2023
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Fig. 4 Interaction potential cuts (in meV) for two different approaches

(shown with the red and black arrows) of the H, molecule along the main
symmetry axis of the (H,)4Cu* cation. Open circles correspond to the
reference CCSD(T)/CBS estimations while the solid lines to the analytical
PES. Red and black profiles correspond to the "top” and “bottom”
approaches, respectively, and each profile is the average of three potential
energy curves obtained for the two principal perpendicular and one
parallel orientations of the H, molecules with respect to cation main axis.
The intermolecular distance R (in A) is here that from the Cu atom and the
center of mass of Ho.

respect to the cation axis has been considered: the corres-
ponding interaction energies have been then combined in
order to obtain an averaged interaction which can be consi-
dered as a good prediction in the limit of considering the H,
monomer as a pseudoatom. This approach is suggested by the
sufficient large separation distance of H, from the center of
(H,)4,Cu" cation, since under such conditions its orientation
anisotropy tends to vanish. We believe that this approximation
is reasonable to correctly describe the clusters under study
when further H, molecules are added to the more strongly
bound first solvation shell. In order to estimate the computed
interaction energies in the CBS limit we have applied the same
procedure mentioned above which combines counterpoise
corrected®” CCSD(T)/aug-cc-pVIZ energies with those at the
Hartree-Fock and MP2 levels and obtained with two contiguous
aug-cc-pVXZ (X = T,Q) basis sets.

All interaction energies reported in Fig. 4 are defined as the
energy difference between the cluster and infinitely separated
monomers having the same geometry than in the complex.
They have been obtained by using the Molpro2012.1 computa-
tional package.®®

The ab initio interaction energies have then served as
reference values for the optimization of the analytical repre-
sentations of the PES. The total interaction between the
(H,),Cu’ ion and an external H, (treated as a pseudoatom)
can be formulated as a combination of two components

Vtotal = VVdW + Vind; (1)

which represent the van der Waals (size repulsion plus disper-
sion attraction) and induction contributions, respectively.

This journal is © the Owner Societies 2023
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The van der Waals V,qw term is expressed as a sum of atom
(on (H,)4Cu’)-external (pseudo) atom pair-wise contributions

Viaw = Z Vi, (2)

where the sum runs over all possible atoms on the (H,),Cu’
monomer.

The formulation adopted for each term V; term in eqn (2) is
of the Improved Lennard Jones (IL]) type:®

where x is the reduced distance of the two bodies defined as

x = R (4)
with R; being the distance between the i atom on (H,),Cu" and
the outer H, molecule (described as a pseudoatom) while ¢ and
R,, are, respectively, the well depth and its position of the
interaction potential at the equilibrium value of R;.

The n(x) exponential parameter allows the ILJ functional
form to have an additional flexibility with respect to the usual
Lennard-Jones(12,6) (LJ) ones thanks to its dependence on R;:**

n(x) = f + 4.0x%, 5)

in which f§ is a parameter depending on the nature and the
hardness of the interacting particles leading to a more realistic
representation of both repulsion (first term in square brackets
of eqn (3)) and attraction (second term in square brackets of
eqn (3)).

As for the Vj,q term of eqn (1), it has been introduced to
describe the attractive charge-induced dipole contribution
determined by the integer positive charge on the (H,);Cu’
cation. In order to simplify the expression of the Vj,q term,
and considering that as anticipated above most of the effective
positive charge is borne by the Cu atom, we have formulated it
as depending by the square of the field generated only by such a
charge:

2
q"oH,
Vind = - R2 ) (6)

where oy is the static dipole polarizability of the external H,
molecule (whose isotropic component amounts to 0.79 A%)
while g is the effective charge associated to the Cu atom.

The parameters involved in eqn (3)-(6) were fine-tuned
through the comparison between total interaction potential
Viotar and the reference ab initio estimations. The resulting
optimized potential parameters are gathered in Table 1 as well
as in Table S2 (ESIt) where the optimized geometry of (H,),Cu”
is reported together with the related charge distribution.

A comparison between the analytical PES and the CCSD(T)
calculations is presented in Fig. 4 where it can be appreciated
that the present analytical representation is capable to provide
a very good agreement with the reference ab initio interaction
energies for both the “top” and “bottom’” approaches, the
latter being the most attractive profile with a well depth of

Phys. Chem. Chem. Phys., 2023, 25, 25251-25263 | 25255
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Table 1 Optimized parameters for the van der Waals contribution (V,qw)
to the H,-[(H»)4Cul™ PES (see eqn (3)-(5)). Parameters for the induction
contribution (see eqn (6)) are indicated in the ESI. R,,, are givenin Aand ¢, in
meV; f is dimensionless

H,[(H,)4Cu]"
Pair Ry, g p
H,-Cu 3.822 4.98 6.1
H,-H 3.250 2.11 6.1

about 44 meV at an intermolecular distance around 3.35 A. Due
to the tetrahedral-like symmetry of the inner cation three
additional minima, having very similar interaction features as
that found for the “bottom” approach, are indeed also
expected, as we will see in the following.

In order to describe the energy and structure of the (H,);Cu"
(with & > 5) clusters, the H,-H, interaction must be also taken
into account and the latter is expressed as a sum of non-
covalent plus electrostatic contributions, following the proce-
dure indicated in the work by Kranabetter et al.*®

As for three-body contributions to the total interaction
energy, we have decided to neglect them for the (H,);Cu" (with
k > 4) since the main term, that is the charge-induced dipole
induced dipole contribution, provides very little corrections
due to the larger distance of the outer H, molecule from the
central metal atom (bearing most of the cationic charge) with
respect to those composing the first solvation shell.

Results and discussion
H,,Cu* clusters

It has been shown’® that a copper cation forms with the first H,
molecule a bond with an evident partial chemical character.
The interaction with the second H, molecule is even stronger,
and then the binding energy gradually decreases for the
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attachment of additional molecules. However, the determina-
tion of the corresponding binding energies has been previously
obtained only for the first six H, attached to Cu*.*® Utilizing mc-
HNDs we have managed to attach more than 50 H, molecules
to Cu'. In line with the previous findings, it becomes evident
from Fig. 5 that the first stable configuration with abnormally
high intensity involves the binding of two H, molecules, a state
we term “magic”’ henceforth. The next magic ion is formed by
the attachment of four H, molecules to Cu®, providing the first
solvation shell. The second solvation shell is formed by k = 8.
When Cu' is protonated forming the HCu" core, also four H,
molecules are required to form the first solvation shell as
shown in Fig. 5, followed by shell closures at k = 9 and 13.
The allocation of magic numbers adheres to the second differ-
ence method, expounded upon in our earlier publication.®?
Additionally, the magic-numbered ions generated by exploring
other cluster sizes, n = 1-8, and k values below 15, are
determined in a similar fashion and presented in Table 2.

It is known that some cluster sizes are able to dissociate
H,,*" however is very unlikely at the low temperature of the host
helium droplet. The appearance in the mass spectrum of lines
related to odd m can be thus rationalized by the formation of
the HCu" core, which is further solvated by H,. This is in
striking contrast to related experimental findings*>*” for simi-
lar clusters formed in HND such as (H,)Na" and (H,);Cs" for
which the HNa" and HCs" species have been hardly detected
due to their very low abundance, probably related to the non-
chemical character of the alkali metal ion-hydrogen atom bond.
Note that alkali ions are closed shell species, with empty orbital
much higher in energy compared to those of a Cu ion. Therefore,
their interactions with other partners are dominated by nearly
pure electrostatic and polarization effects.

The experimental detection of both Cu’ and HCu' ionic
cores can be explained by the existence of two specific path-
ways. The first pathway would follow a charge transfer from the

""""" AR MU IR R T T
35 - n=1-
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> —=— protonated
o
—
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SN ]
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Fig. 5 Left: lon abundances of Cu* (black) and HCu™ (red) solvated in the H, with corresponding error bars extracted from the

measured mass

spectrum. Right: Zoom in on the complexes with first 15 H, molecules attached.
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Table 2 Putative magic numbers are listed for complexes formed with
pristine and protonated clusters containing n = 1-8 copper atoms. Please
note that k represents number of H, molecules bound to the cluster

Cu,’, n Pristine, k Protonated, &
1 2,4,8 4,9,13

2 6 2,6,8

3 4,7,9 4,6,11

4 4,6, 11 5,7

5 4,7 5,7

6 6 2, 6,10, 12

7 4,7 7

8 7,12, 14 2,8, 13

HND to Cu with a subsequent addition of molecular hydrogen.
A second pathway would involve H;" as the first charge carrier
and this species can further encounter Cu with the following
outcomes,

(1) H;" + Cu -» H," + HCu A(E) ~ 2.3 eV

(2)H;" + Cu > H, + HCu" A(E) ~ —3.3 eV

It can be seen that the theoretical electronic energy difference
A(E), obtained from reactants and products optimizations at
the CCSD/aug-cc-pVTZ level of theory, clearly favors the second
reaction channel promoted by H;". Indeed, the optimized
products’ structure is shown in Fig. 2 and it is found that
HCu" is a chemical species, with a Cu-H bond length and a
dissociation energy of about 1.47 A and 3.0 eV, respectively.

The existence of a chemical bond in HCu' is indeed a
consequence of the electron configuration of the Cu® cation
whose ground state of a closed shell character reads as 3d.*°
However, for the first excited singlet state, with the 4s'3d°
electron configuration and an open shell character, the for-
mation of a covalent bond with a free H atom is energetically
favorable. Moreover, such electron configurations with occu-
pied 3d and unoccupied 4s and 4p orbitals are probably also
responsible for the optimized geometries found for the
(Hy)xCu,," and (H,)HCu," (n = 1-2) clusters and which are
discussed in the following.

The formation of a chemical HCu" species has been further
proven by CID measurements illustrated in Fig. 6 where results
on deuterated complexes are reported to ensure a better selec-
tion of the parent peak: the D,,Cu’ clusters with m =7 and m =8
were separately selected and dissociated at the energy of 10 eV
in the presence of Ar gas. For the m = 7 complex, we mainly see
the detachment of D, units until DCu" is formed, while for the
m = 8 aggregate the final product is Cu'. Interestingly, CID of
the complex with m = 7 also shows very weak peaks at m =0, 2, 4
and 6 suggesting that there is a small probability that single D
atoms can detach from the parent peak. Additional measure-
ments were done for m =7, 12, 13 and 14 at 0, 1 and 10 eV and
the corresponding mass spectra can be found in ESI,} Fig. S6.
In all cases we see similar patterns, complexes with even m
complexes showing exclusively the loss of D,, while odd m
precursor species exhibiting a preferential D, loss but also low-
intensity peaks for fragment ions corresponding to the
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Fig. 6 Mass spectra obtained with CID of D,Cu* and DgCu™ at 10 eV and
Ar pressure of 1 x 107> mbar. The core ion is marked with the bold text. All
further labels indicate how many D atoms are attached to the core ion.

detachment of single D atoms. From these additional measure-
ments, it is also clear, that D, molecules are weakly bound to
the cluster, since they readily dissociate already with 1 eV of
collision energy. The only difference between the mass spectra
measured at collision energies of 1 and 10 eV is that for the
precursors with m = 7, 13 the intensity of the fragments with
even m increases with the collision energy. The appearance of
these peaks can be attributed to the neighboring masses
“leaking” through the quadrupole filter. As a result, fragments
unrelated to the parent ion can emerge in the mass spectrum. It
could also originate from the presence of the H, impurity,
which mass equals to one D atom. This impurity might stem
from the residual gas, as the pumping speed for hydrogen is
very low. Additionally, there is a presence of 100 ppm H, in the
D, cylinder, as indicated by the supplier. Another possibility is
that a small fraction of (D,);DCu,," complexes can emit D rather
than D,, which is energetically unlikely.

Simulation results

In Fig. 7 the calculated average interaction energies Ej,/k are
reported as well as the evaporation energies AE;,, (defined as
B — Eiknt) related to the optimized global minima structures
of the (H,);Cu" and (H,);HCu" (k = 1-5) clusters given in Fig. 2.
It can be noticed that for both species the calculated average
interaction energies are higher (more negative) than —300 meV
and that the adsorption on the Cu" cation is globally more
favorable. Moreover, it is important to stress that the related
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Fig. 7 Upper panel: average interaction energy Ei/k (in meV) obtained at
the CCSD(T)/CBS level for the adsorption of k H, molecules around the
Cu* and HCu™ ions. Lower panel: as above but for the evaporation energy
AE (in meV).

evaporation energies are quite stronger than those previously
predicted for the (H,);Cs**® and (H,);Na**’ clusters for the
same number (k < 5) of adsorbed hydrogen molecules. Since
for those clusters with alkali monocations the related inter-
action energy could be described exclusively in terms of non-
covalent contributions, it is clear that in the case of the H,
adsorption on Cu" and HCu' chemical contributions should
play a role. Indeed, a similar behavior was previously found®
for the (H,)xCu" (k = 1-4) clusters with large experimental bond
dissociation energies (0.67, 0.72, 0.38 and 0.22 eV for k = 1-4,
respectively) which are in good agreement with present eva-
poration energies (0.68, 0.79, 0.52 and 0.25 eV for k = 1-4,
respectively), which predict for k = 2 a particularly stable
configuration as already evidenced from the above discussion
of the experimental data in Fig. 5. Such a behavior is a
consequence of the electronic configuration of the involved
Cu' and HCu" ions for which the occupied 3d and unoccupied
4s and 4p shells are available to participate in chemical bond-
ing contributions involving the adsorbed H, molecules which
can donate the electron charge from the occupied ¢ orbital.
While 3d and 4s orbital are close, the 4p orbitals are higher
in energy with respect to 4s (about 5.5 eV). Since the involved
interactions with H, exhibit a strength intermediate between
that of canonical chemical and non-covalent cases, it has been
suggested that, although the geometries for clusters with k = 2,
3, 4 are close to those determined by sp, sp?, sp> hybridization
of the central ion, it is more effectively controlled by a
3d4s hybridization. In particular, the associated electronic
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rearrangement stimulates an electron transfer from the occu-
pied o molecular orbital of hydrogen molecule towards the
empty atomic orbitals of central atomic ion which is accom-
panied by a 3dn-c* back-donation.*® Both these stabilization
effects decrease when k becomes larger than 2 and observed
findings confirm that canonical hybridizations involving 4s and
4p orbitals, crucial to justify the behavior of complexes of Cu
cation with molecules forming strong chemical bonds, here
plays only a secondary role.

Further information can be also inferred from the optimized
configurations shown in Fig. 2, where the geometries origi-
nated by the metal atom and centers of mass of the H,
molecules seem to mimic those resulting from different hybri-
dizations of the outer orbital shell of the metal. In fact, (H,);Cu"
clusters with k = 1-2 show a C,, and D,4 symmetry, respectively,
similar to that of a sp-like hybridization; for k = 3 the Cu atom
and the H, centers of mass lie on the same plane with a Dj},
symmetry; for k = 4 a quasi-tetrahedral structure seems to
emerge.

On the contrary, for k = 5, when an additional H, molecule is
added, the inner (H,),Cu’ structure is practically unchanged
while the extra molecule locates itself farther from the metal
atom and the corresponding evaporation energy (see lower
panel of Fig. 7) strongly reduces down to about 60 meV, that
is in the same energy range previously observed for the adsorp-
tion on alkali ions, where typical non covalent interactions
dominate.*®*” Similar considerations also apply to the
(H,)yHCu" clusters whose structures show symmetries which
could arise from different hybridization of the Cu’ orbitals: in
this case the pattern as a function of k is different (due the
presence of a Cu-H chemical bond) and for k = 4 a geometry
similar to that for a dsp®-like hybridization of the metal can be
also appreciated (see Fig. 2). An analysis of the related H,
internuclear distances and partial atomic charges (obtained
by means of the CM5 approach®®) also evidences differences
between the hydrogen molecules pertaining to the first and
second shell. In fact, we have checked that for the k = 5 cases
the outer H, molecule is characterized by an internuclear
distance that is shorter of about 0.02 A; this is compatible with
the associated positive partial atomic charges, whose value is
around 0.016 a.u. and about 4 times smaller than those
associated to the atoms of the innermost H, units, for which
a more efficient charge exchange with the Cu ionic core
is found.

Therefore, the results in Fig. 7 and Fig. S4 (ESIT), together
with the above analysis, confirm that a first solvation shell
composed of four H, molecules can be indeed clearly identi-
fied. Moreover, this first shell appears to be affected by
chemical contributions to the bond in both (H,);Cu' and
(H.)sHCu" (k = 1-4) clusters, as shown by the corresponding
evaporation energies which largely exceed standard thermal
values. Interestingly, even if evaporation energies are in general
larger for (H,);Cu", especially for k= 2 and 3, in the case of k=5
we obtain almost coincident values in the range of 60 meV
which are in good agreement again with the experimental
estimation of ref. 36.
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Based on the especially stable configuration seen in the
ab initio calculations for (H,),Cu’ and following the discussion
in the previous sections, we have employed the developed
analytical PES to simulate the interaction (basically of non-
covalent character) between this structure and the remaining
H, units considered in a pseudoatom approximation.
This interaction is provided by an ILJ expression shown in
eqn (2)-(6) to obtain the evaporation energies for (H,),Cu’ with
k > 4 by means of a classical optimization EA and a quantum
DMC approaches (see ESI,T for details). Results of our theore-
tical investigation are shown in Fig. 8. The feature found in the
evaporation energies for k = 8, obtained both by means of the
EA and the DMC calculations, suggests that the observed
“magic” number in the experimental abundances (see Table 2
and Fig. 5) corresponds indeed to a stable configuration of the
external molecular hydrogen which surrounds the (H,),Cu" core.
This also indicates that a second solvation shell begins at k = 5
(as predicted in ref. 36) and probably closes at k = 8, which is an
exclusive finding of present work.

As shown in Fig. 9, where we present the geometry found for
(H,)sCu" with the EA calculation employing the analytical PES,
the extra four H, units (represented as grey spheres in Fig. 9)
are located at approximately 3.4 A from the Cu* along the axis
which connects the center of mass of each inner H, molecule
(in red in Fig. 9) with the metal.

H,,Cu," clusters

Contrary to Cu®, solvation of Cu," shows a very different trend
depicted in Fig. 10. Both pristine and protonated clusters show
the same “magic” number, for k = 6, and additionally HCu,"
seems to form a stable complex for k = 2.

In order to provide an explanation to the presence of the
protonated species, an equivalent theoretical analysis as for Cu*
(see previous section) has been carried out. A similar conclu-
sion is evidenced with the formation of a very stable HCu,"
cation, whose optimized structure when interacting with one
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Fig. 9 Configuration obtained for the (H,)sCu™ cluster by means of the EA
calculation using the ILJ potential of eqn (1)-(6) where a (H,)4Cu* rigid
core is assumed and the other H, units (here shown as grey spheres) are
considered under the pseudoatom approximation.

H, molecule is shown in Fig. 3. Indeed, for the HCu," cation the
H atom places itself in between the Cu atoms in a triangular
arrangement with a Cu-H bond length of about 1.58 A and a
dissociation electronic energy to form the Cu and HCu" (or Cu,”
and H) fragments of about 6.0 eV (3.3 eV) is found. Indeed, the
ground state of Cu," is thought to exhibit the 3d*°4c" configu-
ration, to which corresponds a *%, symmetry, and the semi
occupied o orbital can probably receive the electron borne by
the H atom to form a covalent bond equally shared by both
metal atoms.

CID measurements in Fig. 11 for Cu," were also performed
to get the idea about the dissociation pattern of the most
pronounced D,,Cu,” (m = 12, 13) “magic” numbered ions,
which correspond to the k = 6 case for both pristine and
protonated Cu," species. The dissociation pattern in both cases
is similar to the one observed for complexes with Cu®, that is
corresponding to the prevalent detachment of D, units. Inter-
estingly, the complex with m = 12, shows some additional peaks
(marked with an asterisk) which can be attributed to the D,O
contamination. Also, for such a complex the loss of a single D
atom, which could be a result of water splitting, can be
appreciated. Complexes which are formed around the core
containing several Cu atoms might not only loose D, but also
the metal core might be fragmented if enough energy will be
introduced to the system. The CID measurement of DsCu,’
shown in the Fig. S7 (ESI}) illustrates the changes in the
fragmentation pattern as function of energy from 10 to 60 eV.
In general, the complex always tends to lose D, molecule,
however at energy of 40 eV DCu’ and Cu" fragments start to
emerge from the noise level together with Cu,, whose signal is
even lower. When 60 eV is applied it becomes clear that it is
more likely to dissociate Cu from the complex rather than the
last D atom attached to Cu,".

The calculated average interaction energies of the (H,);Cu,"
and (H,)HCu," (k = 1-7) clusters are reported in Fig. 12. In this
case the average interaction energies (see upper panel) are
higher (more negative) than —250 meV with adsorption on
the protonated cation being more favorable. The latter is
probably due to the closed shell character of the HCu," which
in general tends to increase the interaction with closed shell
species such as H,; the same occurs also for the Cu’ in Fig. 7 for
which a similar trend is observed.
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ion. Complexes containing D,O are marked with an asterisk (*).

Moreover, in this case the evaporation energies (see lower
panel) show a step-like behavior which reflects the tendency to
an even distribution of the adsorbed H, molecules on both Cu
atoms up to k = 6 as shown in Fig. 3. The evaporation energy

25260 | Phys. Chem. Chem. Phys., 2023, 25, 25251-25263

Cu,* and HCu,"' ions. Lower panel: as above but for the evaporation
energy AEi (in meV).

results seem also to suggest that the (H,),HCu," clusters is
particularly stable, which is in agreement with the experimental
“magic” number reported in Table 2. A comparison between
experimental bond dissociation energies (0.54, 0.44, 0.21, 0.16,
0.09 and 0.07 eV for k = 1-6, respectively)®” for the (H,);Cu,"
clusters and present evaporation energies (0.53, 0.49, 0.32, 0.27,

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03452f

Open Access Article. Published on 13 September 2023. Downloaded on 1/27/2026 7:44:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

0.16 and 0.16 eV for k = 1-6, respectively) shows in general a
good agreement. The large binding energies observed and
predicted at least for k = 1-4 clusters can be interpreted again
by invoking chemical contributions mostly involving the dona-
tion of the o orbital electron pair from the adsorbed H,.
Indeed, the clusters’ geometries reported in Fig. 3 seem to
confirm such a behavior and they appear to be the results of a
combination of a same or different orbital hybridization of
each Cu atom; as an example, for Cu," and k = 2, 4 and 6 both
metal atoms appear to show a sp, sp?, sp>-like hybridization,
respectively, while for £ = 3 and 5 the observed structures seem
to be originated by a combination of different schemes, i.e. sp>~
sp and sp®-sp>like hybridization, respectively. However, when
a seventh H, molecule is added it arranges itself farther from
the metal atoms, leading to a noticeable decrease of the
evaporation energy down to about 40 meV. As in the case of
the H,,Cu" clusters (see previous section), an analysis of the H,
internuclear distances and atomic charges has been also per-
formed and has confirmed a more efficient charge exchange
between the Cu ionic cores and the hydrogen molecules per-
taining to the first shell.

Again, these results, together with those in Fig. 3 and Fig. S5
(ESIY), confirm that for the adsorption on Cu," and HCu,"
cations a first solvation shell composed of six H, molecules can
be identified with up to four of them showing a large evapora-
tion energy (>250 meV) clearly exceeding thermal energies.

H,,Cu," (n = 3 - 8) clusters

The CID measurements of some complexes with the n = 3-5
core at 10 eV, reveal exactly the same pattern as discussed
before. Namely, steady loss of D, from the complexes until
DCu," or Cu," is reached for complexes with protonated and
pristine cluster cores, respectively. None of the measured
structures show any additional peaks as illustrated in Fig. S8
(ESIf) verifying existence of two specific solvation pathways
described earlier for Cu* and Cu,". Both Cu,” and HCu,"
cations should therefore coexist and that would explain the
high abundance of the (H,);HCu,' peak series.

The solvation of the cluster sizes n = 3-8 was also studied,
found “magic” numbers are listed in the Table 2 and the
distributions are shown in the Fig. S9 and S10 (ESIf), which
correspond to two different data sets measured under different
conditions, proving that the behavior does not depend on the
experimental conditions. Cluster sizes with n = 3-5 still show
several differences in the “magic” numbers between proto-
nated and pristine clusters, while bigger sizes exhibit in both
cases a nearly identical behavior.

Conclusion

Unlike alkali metals (Na**” and Cs**%) the Cu” cation is found
to strongly interact with H, as well as with H species and
therefore in this study the role of the solvation of both pristine
and protonated Cu' has been investigated. According to pre-
vious findings,*® the first shell formed by four H, molecules
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around Cu' is observed. Interestingly, protonated ion HCu"
shows the same behavior also requiring four H, units (k = 4) to
close the first shell and a quasi-tetrahedral structure is formed
around both ions. In particular, Cu" shows a closed shell
character, due to filled 3d and empty 4s and 4p shells, and in
the formation of the bond with H, adopts hybrid atomic orbital
that favor the formation of aggregates with H, molecules
stabilized by chemical contributions. The latter are due to a
partial (perturbative) electron transfer from the occupied o
molecular orbital to the hybrid central ion empty orbital,
accompanied by the back donation from the occupied 3dn to
the antibonding o* of H,. Since the first solvation shell,
affected by chemical contributions that selectively depend on
k, is more effectively bound, it remains unaffected by the
formation of the second solvation shell, that starts from k = 5
and is exclusively controlled by non-covalent interactions. The
second solvation shell is found to close at k = 8. A similar
behavior is found for protonated copper HCu' with a first
solvation shell that closes again at k = 4 and the second one
that closes at k = 9.

The binding energy of H, to dimeric copper ions Cu," and its
protonated version HCu," is slightly lower than that for the
metal monomers, as previously found for sodium clusters.*’
However, adsorption of H, on the protonated HCu," species is
more favorable due to its closed shell character, similarly as
was observed for the Cu” monomer. Here again, the first shell is
formed due to the donation of electrons from the occupied o
orbital of H, to the empty orbitals of the ions. In this case for
both pristine and protonated dimers six H, are required to fill
the first shell.

It is found that the evaporation energies associated to the
first solvation shell of both Cu monomer and dimer cations
clearly exceed thermal values but are also always below 0.8 eV
and, therefore, in the right range of interest for hydrogen
storage applications, with promising maximum gravimetric
capacities varying from about 11 and 8.5 wt%, for (H,),Cu’
and (H,)¢Cu," clusters, respectively. Moreover, the possible
presence of a counterion is expected to decrease the stability
of the outer hydrogen shells, due to the reduction of the
asymptotic induction attraction controlling the large cationic
copper clusters formation, but it should not substantially affect
the features of the inner shell.

Additionally, exploiting the high sensitivity of the experi-
mental apparatus we have shown that over 50 H, molecules can
be attached to Cu cationic clusters around two different cores
Cu,," and HCu,', for n = 1-8. Experimentally it was shown that
H, is strongly bound to the copper core in all cases and these
findings were also validated by a theoretical analysis which
suggested that for n = 1 and 2 the bond between Cu and H, is
nearly covalent. When looking at the dissociation patterns
formed by the investigated clusters, a similar trend is found
for all studied systems. Namely, the detachment of H, units
from the complex occurs until the Cu,"” or HCu,' core is
completely stripped, suggesting that the Cu-H bond is much
stronger than the bond between HCu" and any of the hydrogen
molecules.
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To conclude, we believe that the present findings can be
relevant not only in the applied field of hydrogen storage and
release and catalysis, but also from a fundamental point of view
since these clusters offer a unique opportunity to assess the
gradual transition between a prevalent covalent bonding, which
governs the energy and structure of the first solvation shell
found for both Cu monomer and dimer cations, to that of an
exclusive non-covalent behavior which determines the inter-
molecular interaction within the following shells.

Author contributions

O. V. Lushchikova: conceptualization, data curation, funding
acquisition, investigation, project administration, supervision,
validation, visualization, writing - original draft preparation.
J. Reichegger: investigation, validation. S. Kollotzek: investigation,
validation. F. Zappa: investigation, methodology, validation.
M. Mahmoodi-Darian: investigation. M. Bartolomei: conceptuali-
zation, formal analysis, visualization, writing - original draft
preparation. J. Campos-Martinez: investigation, funding acquisi-
tion, writing - review & editing. T. Gonzalez-Lezana: investigation,
funding acquisition writing - review & editing. F. Pirani: concep-
tualization, investigation, methodology, writing - review & editing
P. Scheier: conceptualization, funding acquisition, resources,
methodology, conceptualization, software, writing - review &
editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The computational work has been supported by MCIN/AEI/
10.13039/501100011033 (grant numbers PID2020-114654GB-
100 and PID2020-114957GB-100) and CSIC i-Link+ program
LINKB20041. Allocation of computing time by CESGA (Spain)
is also acknowledged. We are grateful to the Austrian Science
Fund, FWF (grant numbers P34563, W1259 DK-ALM, and
M3229-N) for funding the experimental part of this research
and providing open access funding. This article is based upon
work from the COST Actions CA21101 - Confined Molecular
Systems: From a New Generation of Materials to the Stars
(COSY), supported by COST (European Cooperation in Science
and Technology).

References

1 N. Armaroli and V. Balzani, ChemSusChem, 2011, 4, 21-36.

2 M. H. Ren, Y. M. Zhang, X. Wang and H. S. Qiu, Catalysts,
2022, 12, 403.

3 J. T. Niu, H. Y. Liu, Y. Jin, B. G. Fan, W. J. Qi and J. Y. Ran,
Int. J. Hydrogen Energy, 2022, 47, 9183-9200.

4 T. Ahmad, S. Liu, M. Sajid, K. Li, M. Alj, L. Liu and W. Chen,
Nano Res. Energy, 2022, 1, €9120021.

25262 | Phys. Chem. Chem. Phys., 2023, 25, 25251-25263

5

6

10

11
12

13

14

15

16

17

18

19

20
21

22

23

24

25

26

27

28

29

30

31
32

View Article Online

PCCP

S. P. Veccham and M. Head-Gordon, J. Chem. Theory Com-
put., 2020, 16, 4963-4982.

M. P. Suh, H. J. Park, T. K. Prasad and D.-W. Lim, Chem.
Rev., 2012, 112, 782-835.

G. Spoto, E. Gribov, S. Bordiga, C. Lamberti, G. Ricchiardi,
D. Scarano and A. Zecchina, Chem. Commun., 2004, 2768-2769.
R. S. Dhayal, W. E. van Zyl and C. W. Liu, Dalton Trans.,
2019, 48, 3531-3538.

L. Andrews and X. Wang, J. Am. Chem. Soc., 2003, 125,
11751-11760.

P. Madhavan and J. Whitten, J. Chem. Phys., 1982, 77,
2673-2683.

J. Harris and S. Andersson, Phys. Rev. Lett., 1985, 55, 1583.
C. Y. Lee and A. E. Depristo, J. Chem. Phys., 1986, 85,
4161-4171.

S. Amaya-Roncancio, C. F. Toncon-Leal, I. D. Arellano-
Ramirez, D. A. Torres-Ceron, E. Restrepo-Parra and K. Sapag,
Chem. Phys., 2022, 559, 111546.

S. A. Tacey, B. W. J. Chen, T. Szilvasi and M. Mavrikakis,
Comput. Mater. Sci., 2021, 186, 110010.

K. Cao, G. Fiichsel, A. W. Kleyn and L. B. F. Juurlink, Phys.
Chem. Chem. Phys., 2018, 20, 22477-22488.

K. Doblhoff-Dier, J. Meyer, P. E. Hoggan and G. J. Kroes,
J. Chem. Theory Comput., 2017, 13, 3208-3219.

M. Bonfanti, C. Diaz, M. F. Somers and G.-]. Kroes, Phys.
Chem. Chem. Phys., 2011, 13, 4552-4561.

L. Alvarez-Falcon, F. Vines, A. Notario-Estevez and F. Illas,
Surf. Sci., 2016, 646, 221-229.

G. Anger, A. Winkler and K. D. Rendulic, Surf. Sci., 1989,
220, 1-17.

S. Sakong and A. Grof3, Surf. Sci., 2003, 525, 107-118.

M. Behrens, F. Studt, I. Kasatkin, S. Kuhl, M. Havecker,
F. Abild-Pedersen, S. Zander, F. Girgsdies, P. Kurr, B. L. Kniep,
M. Tovar, R. W. Fischer, J. K. Norskov and R. Schlogl, Science,
2012, 336, 893-897.

H. Akbarzadeh and A. N. Shamkhali, J. Comput. Chem.,
2015, 36, 433-440.

P. Felicio-Sousa, K. F. Andriani and J. L. F. Da Silva, Phys.
Chem. Chem. Phys., 2021, 23, 8739-8751.

L. E. Galvez-Gonzalez, J. A. Alonso, L. O. Paz-Borbon and A.
Posada-Amarillas, J. Phys. Chem. C, 2019, 123, 30768-30780.
R. A. Hoyt, M. M. Montemore and E. Kaxiras, J. Phys. Chem.
Lett., 2018, 9, 5339-5343.

X.-J. Kuang, X.-Q. Wang and G.-B. Liu, J. Chem. Sci., 2011,
123, 743-754.

G. H. Guvelioglu, P. Ma, X. He, R. C. Forrey and H. Cheng,
Phys. Rev. B: Condens. Matter Mater. Phys., 2006, 73, 155436.
G. H. Guvelioglu, P. P. Ma, X. Y. He, R. C. Forrey and
H. S. Cheng, Phys. Rev. Lett., 2005, 94, 026103.

H. G. Yu and ]J. Y. Cheng, Chem. Phys. Lett., 1994, 226,
183-186.

G. Darling and S. Holloway, J. Chem. Phys., 1992, 97,
734-736.

T. T. Rantala and R. M. Nieminen, Phys. Scr., 1988, 37, 141.
S. M. Perera, S. R. Hettiarachchi and J. W. Hewage, ACS
Omega, 2022, 7, 2316-2330.

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03452f

Open Access Article. Published on 13 September 2023. Downloaded on 1/27/2026 7:44:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

L. Triguero, U. Wahlgren, P. Boussard and P. Siegbahn,
Chem. Phys. Lett., 1995, 237, 550-559.

M. Andersson, J. L. Persson and A. Rosén, J. Phys. Chem.,
1996, 100, 12222-12234.

P. Maitre and C. W. Bauschlicher Jr, J. Phys. Chem., 1993, 97,
11912-11920.

P. R. Kemper, P. Weis, M. T. Bowers and P. Maitre, J. Am.
Chem. Soc., 1998, 120, 13494-13502.

M. J. Manard, J. E. Bushnell, S. L. Bernstein and M. T.
Bowers, J. Phys. Chem. A, 2002, 106, 10027-10032.

D. G. Artiukhin, E. ]J. Bieske and A. A. Buchachenko, J. Phys.
Chem. A, 2016, 120, 5006-5015.

S. Pakhira, T. Debnath, K. Sen and A. K. Das, J. Chem. Sci.,
2016, 128, 621-631.

V. Dryza and E. Bieske, Int. Rev. Phys. Chem., 2013, 32,
559-587.

O. V. Lushchikova, H. Tahmasbi, S. Reijmer, R. Platte,
J. Meyer and J. M. Bakker, J. Phys. Chem. A, 2021, 125,
2836-2848.

M. Renzler, M. Kuhn, A. Mauracher, A. Lindinger, P. Scheier
and A. M. Ellis, Phys. Rev. Lett., 2016, 117, 273001.

S. Jaksch, A. Mauracher, A. Bacher, S. Denifl, F. F. da Silva,
H. Schobel, O. Echt, T. D. Mérk, M. Probst, D. K. Bohme and
P. Scheier, J. Chem. Phys., 2008, 129, 224306.

C. Leidlmair, P. Bartl, H. Schobel, S. Denifl, M. Probst,
P. Scheier and O. Echt, Astrophys. J., Lett., 2011, 738, L4.

J. Ortiz de Zaarate, M. Bartolomei, T. Gonzalez-Lezana,
J. Campos-Martinez, M. 1. Hernandez, R. Pérez de Tudela,
J. Hernandez-Rojas, J. Breton, F. Pirani, L. Kranabetter,
P. Martini, M. Kuhn, F. Laimer and P. Scheier, Phys. Chem.
Chem. Phys., 2019, 21, 15662-15668.

L. Kranabetter, M. Goulart, A. Aleem, T. Kurzthaler, M.
Kuhn, E. Barwa, M. Renzler, L. Grubwieser, M. Schwiérzler,
A. Kaiser, P. Scheier and O. Echt, J. Phys. Chem. C, 2017, 121,
10887-10892.

S. Kollotzek, J. Campos-Martinez, M. Bartolomei, F. Pirani,
L. Tiefenthaler, M. I. Hernandez, T. Lazaro, E. Zunzunegui-
Bru, T. Gonzalez-Lezana, J. Hernandez-Rojas, ]J. Breton,
O. E. Echt and P. Scheier, Phys. Chem. Chem. Phys., 2023,
25, 462-470.

This journal is © the Owner Societies 2023

48

49

50

51

52

53

54

55

56

57
58

59

60

61

62

View Article Online

Paper

F. Laimer, L. Kranabetter, L. Tiefenthaler, S. Albertini,
F. Zappa, A. M. Ellis, M. Gatchell and P. Scheier, Phys.
Rev. Lett., 2019, 123, 165301.

A. J. Feinberg, F. Laimer, R. M. P. Tanyag, B. Senfftleben,
Y. Ovcharenko, S. Dold, M. Gatchell, S. M. O’Connell-Lopez,
S. Erukala and C. A. Saladrigas, Phys. Rev. Res., 2022,
4, L022063.

L. Tiefenthaler, J. Ameixa, P. Martini, S. Albertini, L. Ballauf,
M. Zankl, M. Goulart, F. Laimer, K. von Haeften, F. Zappa
and P. Scheier, Rev. Sci. Instrum., 2020, 91, 033315.

S. Kollotzek, O. V. Lushchikova, L. Tiefenthaler, F. Zappa
and P. Scheier, Int. J. Mol. Sci., 2022, 23, 3613.

S. Ralser, J. Postler, M. Harnisch, A. M. Ellis and P. Scheier,
Int. J. Mass Spectrom., 2015, 379, 194-199.

R. A. Kendall, T. H. Dunning Jr and R. ]J. Harrison, J. Chem.
Phys., 1992, 96, 6796-6806.

M. Frisch, G. Trucks, H. Schlegel, G. Scuseria, M. Robb,
J. Cheeseman, J. Montgomery Jr, T. Vreven, K. Kudin and
J. Burant, Gaussian 09 Revision, EO1, Gaussian, Inc., Wallingford
CT, USA, 2009.

A. Halkier, T. Helgaker, P. Jorgensen, W. Klopper, H. Koch,
J. Olsen and A. K. Wilson, Chem. Phys. Lett., 1998, 286, 243-252.
A. Halkier, T. Helgaker, P. Jorgensen, W. Klopper and
J. Olsen, Chem. Phys. Lett., 1999, 302, 437-446.

S. F. Boys and F. Bernardi, Mol. Phys., 1970, 19, 553-566.
E. Zunzunegui-Bru, E. Gruber, S. Bergmeister, M. Meyer,
F. Zappa, M. Bartolomei, F. Pirani, P. Villarreal, T. Gonzalez-
Lezana and P. Scheier, Phys. Chem. Chem. Phys., 2022, 24,
2004-2014.

A. V. Marenich, S. V. Jerome, C. J. Cramer and D. G. Truhlar,
J. Chem. Theory Comput., 2012, 8, 527-541.

H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, M.
Schiitz, P. Celani, T. Korona, R. Lindh, A. Mitrushenkov and
G. Rauhut, See https://www.molpro.net, 2012.

F. Pirani, S. Brizi, L. F. Roncaratti, P. Casavecchia, D.
Cappelletti and F. Vecchiocattivi, Phys. Chem. Chem. Phys.,
2008, 10, 5489-5503.

O. V. Lushchikova, M. Gatchell, J. Reichegger, S. Kollotzek,
F. Zappa, M. Mahmoodi-Darian and P. Scheier, Phys. Chem.
Chem. Phys., 2023, 25, 8463-8471.

Phys. Chem. Chem. Phys., 2023, 25, 25251-25263 | 25263


https://www.molpro.net
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03452f



