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Recent advances in synthesis and characterization methods have enabled the controllable fabrication of
atomically precise metal clusters (AMCs) of subnanometer size that possess unique physical and
chemical properties, yet to be explored. Such AMCs have potential applications in a wide range of fields,
from luminescence and sensing to photocatalysis and bioimaging, making them highly desirable for
further research. Therefore, there is a need to develop innovative methods to stabilize AMCs upon
surface deposition, as their special properties are lost due to sintering into larger nanoparticles. To this
end, dispersion-corrected density functional theory (DFT-D3) and ab initio molecular dynamics (AIMD)
simulations have been employed. Benchmarking against high-level post-Hartree—Fock approaches
revealed that the DFT-D3 scheme describes very well the lowest-energy states of clusters of five and
ten atoms, Cus and Cujg. AIMD simulations performed at 400 K illustrate how intrinsic defects of
graphene sheets, carbon vacancies, are capable of confining individual Cus clusters, thus allowing for
their stabilization. Furthermore, AIMD simulations provide evidence on the dimerization of Cus clusters
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on defect-free graphene, in agreement with the ab initio predictions of (Cus), aggregation in the gas
phase. The findings of this study demonstrate the potential of using graphene-based substrates as an
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1 Introduction

Atomically precise metal clusters (AMCs) of subnanometer size
have attracted considerable attention in recent years, due to
their molecule-like electronic structures that give rise to unique
properties and quantum confinement effects. This makes
them interesting materials for applications in nano- and
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effective platform for the stabilization of monodisperse atomically precise Cus clusters.

bio-technology, including luminescence,' sensing,” bioimaging,**
theranostics,”” energy conversion,®? catalysis,'®"* and photo-
catalysis™ (see, e.g., ref. 15 and 16 for recent reviews). Further-
more, from a more fundamental point of view, it has been
demonstrated how modification of popular materials such
as TiO, with AMCs can serve to investigate surface polaron
properties, such as the photo-induced conversion of a small
polaron into a large polaron, and to stabilize multiple surface
polarons.””*® Among the AMCs with less than 10 atoms,
subnanometric copper clusters have been particularly well
studied by different groups.”*>* For instance, it has been
shown that these small clusters composed of only a few metal
atoms are able to catalyze a range of chemical transformations;
examples include the oxidation of CO,**?* selective hydrogena-
tion of olefins and carbonyl groups,>?® C-X (X = C, N, S, P)
cross-coupling reactions,?” partial oxidation of methane to
methanol,®® and oxidative dehydrogenation of cyclohexene on
Cu-Pd alloy clusters.>* Additionally, it has been observed® that
atomically precise copper clusters display remarkable chemical
and thermodynamical stability in solution over a broad pH
range, are resistant to irreversible oxidation,”® and are capable
of enhancing the solar absorption of TiO, and extending it into
the visible region.*°
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To reach their full potential for practical applications and
widespread use as functional materials, AMCs must be fabri-
cated reproducibly with simple and robust synthetic protocols.
For certain applications, such as catalysis, as well as for
fundamental studies of reactivity, it is desirable to produce
AMCs without strongly binding ligands. In this case, the
clusters can be stabilized, for example, by depositing them on
solid supports. Highly oriented pyrolytic graphite (HOPG) has
been widely used as an atomically flat and chemically inert
substrate for growth or deposition of atomically precise metal
clusters. Due to its very smooth surface and electrical conduc-
tivity, HOPG is an ideal support for specimens to be studied
using electron spectroscopy and scanning tunneling micro-
scopy (STM) techniques. For instance, HOPG has recently been
used as a chemically-inert substrate to assist experimental
measurements that have been interpreted as evidence on the
reversible oxidation of HOPG-supported Cus clusters.”® In this
work, we have considered a single graphene sheet supporting
two Cus clusters as a model system of interacting AMCs
adsorbed onto HOPG.

The relevance of graphene itself in nanomaterials research
is well-established thanks to its remarkable properties such as
the large surface area, high charge-carrier mobility, optical
transparency, elasticity, and thermal conductivity.*" Based on
some of these properties, such as the high conductivity and
high specific surface area, excellent chemical stability and
mechanical strength, graphene has been proposed as a mate-
rial capable of improving the catalytic efficiency of supported
metal nanoparticles.®” However, it is well known that potential
applications of surface-supported small metal clusters (e.g:,
subnanometric metal clusters and even single-atom catalysts)
can be compromised by their tendency to sinter into larger
nanoparticles.*>*® Strategies to stabilize single atoms and
clusters have been recently discussed in literature. In addition
to anchoring them on suitable supports via strong particle-
support interactions, other approaches have been applied, such
as confinement (or encapsulation) in zeolites, MOFs, graphene
and related 2D materials where AMCs can be coordinated
with supports by covalent bonds but remain coordinatively
unsaturated and active in catalysis.*** In one of the recently
proposed methods, single metal atoms or clusters can be
attached to the support by a so-called ‘nanoglue’ composed of
oxide nanoparticles (e.g. ceria, titania) of less than 2 nm which
themselves are dispersed on a suitable large surface area
support (e.g. alumina, silica). The effectiveness of this method
in confining and stabilizing single-atom Pt catalysts in SiO,-
supported CeO, nanoglues has recently been demonstrated.*®

Whereas strong metal-oxide interactions are beneficial for
immobilization of the metal clusters and help protect them
from sintering, strong interactions with the support modify
physical and chemical properties of the AMCs, such as geo-
metric shape, charge state, and reactivity.'®*>*”7 In the quest
of achieving the stabilization of substrate-supported AMCs,
here we investigate if intrinsic defects of graphene (carbon
vacancies) are capable to confine and stabilize individual Cus
clusters, while still leaving most of the metal atoms available
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for participating in reactive processes with environmental
species. In fact, it has been previously shown that carbon
vacancies alter the properties of graphene, leading to enhanced
stability of supported metals.**™**
proposed that graphene vacancies may be used to stabilize
isolated metal clusters by notably increasing the adsorption
energy of metal atoms and small metal clusters.**™*’

This work also aims to investigate whether two Cus; mono-
mers can form Cu,, dimers on defect-free graphene above room
temperature, as has recently been shown for gas-phase Cus
clusters at zero temperature.*® To this end, we have conducted
ab initio molecular dynamics (AIMD) simulations at 400 K on
the interaction of two Cuj; clusters on defect-free and carbon-
vacancies-containing monolayers of graphene. We utilize the
dispersion-corrected DFT-D3 ansatz,***® which has previously
been shown to provide good results for surface-supported
coinage metal clusters when compared to high-level ab initio
treatments and experimental data. For instance, its good per-
formance was demonstrated for characterizing the interaction
of an Ag, cluster with graphene and TiO, rutile (110) surface in
ref. 51 and 52. The DFT-D3 approach has also been applied to
optimize the structures of Cus/TiO,(110) and Ags/TiO,(110)
supported clusters in order to calculate UV-Vis spectra of the
AMCs-modified surfaces, with good agreement to diffuse reflec-
tance spectroscopic measurements (see ref. 17 and 30). To
further assess the DFT-D3 scheme’s ability to account for
ACM-ACM interactions, this work compares the energetic and
structural aspects of gas-phase Cus and Cu,, clusters using the
DFT-D3 scheme and higher levels of ab initio theory.

The article is structured as follows. In Section 2 we provide a
detailed description of the computational methods. Results are
presented in Section 3 as follows: first, we compare basic
structural and energetic aspects of gas-phase Cus and Cuy,
clusters at zero temperature obtained with the DFT-D3 scheme,
multireference Rayleigh Schrodinger (second-order) perturba-
tion theory>® denoted as RS2C, the domain-based pair natural
orbital coupled-cluster approach DLPNO-CCSD(T),** and Mgl-
ler-Plesset perturbation theory (MP2). Second, we discuss the
ab initio molecular dynamics (AIMD) simulations on the dimer-
ization process of two Cus clusters on defect-free graphene at
400 K. Third, AIMD simulations are presented to evidence the
stabilization of individual Cus clusters on a graphene sheet
containing carbon vacancies at 400 K. Finally, our findings are
summarized and conclusions are presented in Section 4.

Previous works have

2 Methods

2.1 Electronic structure calculations on unsupported and
circumpyrene-supported Cus monomer and the Cu,, dimer

To account for dispersion interaction forces in DFT, the
dispersion-corrected DFT-D3(BJ) ansatz has been chosen,**°
given its good performance in describing the adsorption of the
silver dimer (Ag,) on graphene.’® Specifically, this scheme
involves applying the Perdew-Burke-Ernzerhof (PBE) density
functional® and the Becke-Johnson (B]) damping®® for the D3
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dispersion correction. DFT-D3 calculations have been carried out using
density-fitting (DF) as implemented in the last version of the MOLPRO
code.*® Based on previous benchmarking on the adsorption of the Ag,
dimer on benzene and coronene,”® the atom-centered (augmented)
polarized correlation-consistent triple-{ cc-pVIZ-PP basis set (denoted
as AVIZPP) has been chosen for copper atoms,” including a small
(10-valence-electron) relativistic pseudopotential. As a point of compar-
ison, the cc-pVIZ-PP basis set (denoted as VIZ-PP) has also been used
following a previous study,® as well as the all electron def2-TZVPP and
def2-QzVPP*® basis sets.

In order to assess the performance of the DFT-D3 approach,
we have applied an ab initio multireference perturbation
theory method. Specifically, density-fitting single-state multi-
configurational self-consistent-field (DF-CASSCF) calculations
have been carried out to account for the most important non-
dynamical correlation effects. Next, the (density-fitting) internally
contracted multireference Rayleigh Schrodinger (second-order)
perturbation theory DF-RS2C method®® has been applied to cover
the dynamical correlation. The RS2C method is a modified
version of CASPT2 (complete active space with second-order
perturbation theory) developed by Celani and Werner,”® using
CASSCF wave functions as a reference in the RS2C calculations.
For density-fitting (DF), JKFIT and MP2FIT basis sets have been
used in DF-CASSCF and subsequent DF-RS2C calculations. Based
on a previous study applying the DF-RS2C method with the VIZ-
PP basis set on optimized structures at the DF-CASSCF lvel,"® an
active space of 7 electrons in 7 orbitals [denoted as (7,7)] has been
chosen in our DF-RS2C calculations of Cus clusters, using the
AVTZ-PP basis set on structures optimized at the DF-RS2C level.
This active space has been enlarged to 10 electrons in 10 orbitals
[denoted as (10,10)] in order to characterize the Cu,, dimer. These
active spaces included the 4s orbitals of all Cu atoms.

Relative energies of the different Cus isomers and inter-
action energies between two Cus clusters have been estimated
considering fully optimized structures at the same level of
theory. The interaction energy was calculated as the difference
between the energy of the Cu;, dimer in the energetically most
favored structure and two times that calculated for the lowest-
energy Cu; isomer. Additionally, for comparison, the domain-
based pair natural orbital coupled-cluster approach DLPNO-
CCSD(T),** as implemented in the ORCA suite of programs”® "
(version 5.0.1), was used to perform single-point energy calcu-
lations on the geometries optimized at the second order
Moller-Plesset perturbation theory (MP2) and DFT-D3 levels
with the ORCA code.

Preliminary DLPNO-CCSD(T) calculations were also carried
out to assess the performance of the DFT-D3 approach in
describing the interaction between the copper cluster and the
carbon support. For this purpose, circumpyrene was selected as
a molecular model of graphene, using the VIZ-PP and AVTZ-PP
basis sets.

2.2 Electronic structure calculations on the interaction
between graphene-supported Cu; clusters

Periodic electronic structure calculations were performed using
spin-polarized DFT implemented in the Vienna Ab initio

This journal is © the Owner Societies 2023
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Simulation Package (VASP 5.4.4),°>% following a similar com-
putational approach to that reported in previous work on the
Ag,-graphene interactions®" as well as in a systematic analysis
of noble-gas atoms on the same surface.®® Electron-ion inter-
actions were described by the projector augmented-wave
method,*>®® using PAW-PBE pseudopotentials as implemen-
ted in the VASP code (treating C 2s2p and Cu 3d4s orbitals as
valence electrons). A plane-wave basis set with a kinetic energy
cutoff of 415 eV was used. The Methfessel-Paxton order 1
smearing scheme®® was employed with a smearing of 0.05 eV
to account for partial occupancies, and the Brillouin zone was
sampled using a 5 x 5 x 1 Monkhorst-Pack mesh.®” The
convergence threshold criterion was set to 10™° eV for the
self-consistent electronic minimization. Geometries were
relaxed with a force threshold of 0.02 eV A",

The graphene substrate was modelled using a p(6 x 10)
supercell characterizing a single graphene sheet, with 12 A of
vacuum above it. Interaction energies between two surface-
supported Cu; clusters (Ejn,) wWere calculated as,

Einter = {ECul(,/graphene}Min - 24{E(Ju5/gra\1:vhene}Min + Egraphene

where {Ecu, graphenefmin aNd {Ecu_jgraphencfmin are the energy of
the Cuy, dimer and the energy of the Cus; monomer, respec-
tively, in their energetically most favored structures, and
Egraphene is the energy of a clean graphene monolayer. Struc-
tural optimizations and the calculation of interaction energies
were performed with the dispersion corrected DFT-D3(B]J)
scheme of Grimme***® with Becke-Johnson damping. All C
and Cu atoms were relaxed.

2.3 Ab initio molecular dynamics simulations on the
interaction between graphene-supported Cus clusters

Ab initio molecular dynamics (AIMD) simulations have been
carried out using the open-source MD simulation package,
CP2K.%® AIMD simulations allow for the exploration of the
time-evolution of a process at a given temperature and to
quickly find interesting or low-energy reaction pathways. A
single p(6 x 10) supercell graphene sheet was used in this
work, with two Cuj; clusters (adsorbed on top of it) separated by
at least 8.5 A, with a large vacuum space of around 12 A. The
entire graphene sheet and all Cu atoms were allowed to relax
freely. Both defect-free graphene and graphene sheets contain-
ing two double carbon vacancies have been modelled. We
selected double carbon vacancies as they are more stable than
the more reactive single vacancies and, therefore, occur more
commonly in graphene than single vacancies.®® The initial
frame/geometry of the AIMD simulation was obtained from
the geometry optimization of the structure via electronic-
structure computations from CP2K. Dispersion corrections
were applied to all computations and simulations, while spin-
polarization was added to the Cus cluster in the gas-phase. The
PBE functional was used to compute the exchange-correlation
energy.>® Furthermore, the Goedecker-Teter-Hutter, Perdew,
Burke and Ernzerhof (GTH-PBE) pseudopotential,”® Gaussian
and plane-wave (GPW) basis sets,” and a multigrid cutoff
energy of 500 Rydberg were chosen for this work. CP2K’s own
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double-zeta basis sets were employed to minimize basis set
superposition errors, as they have been optimized for use with
GTH pseudopotentials and are suitable for both solid and
molecular calculations.”” For the Brillouin zone integration,
only a I" point was chosen, and for the ensemble and thermo-
stat, the Langevin ensemble with the adaptive-Langevin ther-
mostat were selected.”> A small y damping parameter of
0.01 fs~* for the Langevin ensemble and reduced thermostat
time constants were selected to improve thermostatting during
heating and equilibration phases.” During our benchmarking
of the CP2K code, we further found that this combination of
ensemble and thermostat typically leads to an improved aver-
age ensemble temperature, is significantly more cost effective,
and produced similar results to other ensemble-thermostat
combinations. Our choice was also further justified by the
Langevin thermostat maintaining the correct canonical
distribution,”® while also resulting in a faster temperature
equilibration. Furthermore, to attain reliable results that prop-
erly describe the system under thermal equilibrium conditions,
it is crucial to have the correct kinetic energy distribution
between the graphene support and copper clusters. If the
effective temperature of the cluster is too low or too high, this
leads to correspondingly too low or too high isomerization and
diffusion rates and the biased kinetic energy distribution can
skew the observed cluster ensemble. The same is true when
considering the graphene support, focusing on the movement
of the support system and the opening of the vacancies on the
sheet. According to our own benchmark tests and the 2022
study by Korpelin et al.,”* the Langevin ensemble with adaptive-
Langevin thermostat is one of the better combinations in terms
of kinetic energy distribution. The Langevin/adaptive-Langevin
ensemble-thermostat combination also allows for an increased
time-step, with us opting for a time step of 2 fs, but printing out
every 20 fs. To rapidly explore a large phase space volume of
configurations and to significantly speed up the simulation, a
statistical sampling was performed at an elevated temperature
of 400 K, but temperatures of 300 K and 600 K are also
considered for pristine graphene in the ESIt (see videos S3
and S4). Fermi-Dirac smearing was also employed, selecting an
electronic temperature of 300 K. Lastly, the convergence thresh-
old criterion was set to 10~° eV for the self-consistent electronic
minimization.

Note that the CP2K and VASP results are comparable given
the chosen computational settings. This is illustrated by a
comparison study of the adsorption and interaction energies
calculated with the two codes, presented in the ESL

3 Results and discussion

3.1 Assessment of the dispersion-corrected DFT in the
characterization of the Cu; monomer and the Cu,, dimer

We optimized gas-phase Cus cluster geometries considering the
two main structural arrangements identified by electronic
structure calculations*®’*’” (Fig. 1a and b): planar trapezoidal
two-dimensional (further referred to as 2D-Cus) and trigonal
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Fig. 1 Optimized structures of individual Cus clusters (above, a and b
panels) and the Cu;o dimer (below, c panel) in the lowest-energy config-
urations. Atom numbering included. Different colors (brown and dark-red)
are used for Cu atoms from the two 3D-Cus structures composing the
CU10 dimer.

bipyramidal three-dimensional (denoted as 3D-Cus) shapes. In
agreement with a recent ab initio study, using the VIZ-PP and
the Def2-TZVP basis sets,"® as well as with previous works (see,
e.g., ref. 27, 77 and 78), the 2D-Cus structure is found to be the
most stable configuration and two energy minima are identi-
fied for the 3D-Cus structure corresponding to doublet and
quartet spin configurations. As it is well-known for the case of
Cu; clusters,”® however, a closely lying transition state exists for
the doublet spin state. It can be observed from Table 1 that
when enlarging the basis set (either from VTZ-PP to AVIZ-PP or
from Def2-TZVPP to Def2-QZVPP), the values of the Cu-Cu
bond lengths change by less than 0.03 A for all considered
methods. Note also that the values of the Cu-Cu distances
calculated with the DF-RS2C and DF-DFT-D3 methods differ
very little (by 3.4% at most using the AVTZ-PP basis set) and the
same holds true when comparing the Cu-Cu bond lengths
calculated with the MP2 and DF-DFT-D3 treatments (by 4% at
most using the Def2-QZVPP basis set). Relative energies are
converged to within 0.1 eV using the AVTZ-PP basis set. Apply-
ing the DF-RS2C treatment, the energy difference between the
energetically most favored 2D-Cus; and 3D-Cus structures (ca.
0.1 eV) is below that predicted using DF-DFT-D3 and DLPNO-
CCSD(T) methods (ranging from 0.2 to 0.4 eV). The dispersion
D3 correction hardly favors the 2D-Cuj; structure: the difference
between relative energies with and without a D3 correction is
just 0.03 eV when using the AVTZ-PP basis set. The same holds
true if dynamical correlation effects are estimated using
second-order perturbation theory. This outcome is reflected
in the quasi-degeneracy found for 2D- and 3D-Cus isomers at
the MP2 level using both the def2-TZVPP and def2-QZVPP basis
sets. Our findings underlie the role of non-dynamical correla-
tion effects in the energy difference between 2D- and 3D-Cus
isomers in the doublet spin state. A multi-state multi-reference
treatment accounting for both non-dynamical and dynamical

This journal is © the Owner Societies 2023
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Table 1 Relative energies (in eV) and bond Cu-Cu distances (in A) of Cus
isomers in doublet and quartet spin states (see Fig. 1 for the atom
numbering). The relative energies computed using the largest basis sets
are marked in boldface

Cus, unsupported

[DLPNO-
CCSD(T)]
DF-RS2C(7,7) DF-DFT-D3 DF-DFT-D3  MP2
Method
VTZ-PP/ Def2-TZVPP/ Def2-TZVPP/
Basis set AVTZ-PP AVTZ-PP Def2-QZVPP Def2-QZVPP
Planar, 0.0 0.0 0.0 0.0/0.0
doublet
Bipyramidal, 1.1 0.7/0.8 0.7/0.8 [1.1] 0.6/0.6
quartet
Bipyramidal, 0.1 0.3/0.3 0.2/0.2 [0.4] 0./0.03
doublet
Planar, doublet
Cul-Cu2 2.35 2.39/2.38 2.42/2.41 2.43/2.44
Cul-Cu3 2.32 2.36/2.35 2.39/2.38 2.36/2.36
Cu3-Cu5 2.32 2.34/2.33 2.37/2.36 2.35/2.34
Bipyramidal, quartet
Cul-Cu3 2.34 2.38/2.37 2.40/2.40 2.38/2.38
Cu3-Cu4 2.40 2.53/2.51 2.54/2.53 2.43/2.44
Cu4-Cu5 2.41 2.53/2.51 2.54/2.53 2.43/2.44
Bipyramidal, doublet
Cul-Cu3 2.39 2.43/2.41 2.46/2.43 2.41/2.40
Cu3-Cu5 2.28 2.33/2.32 2.36/2.35 2.30/2.30
Cu4-Cu5 2.50 2.58/2.55 2.58/2.57 2.47/2.47

correlation should be necessary to describe the Jahn-Teller
effects which might be responsible for reducing the molecular
symmetry of the cluster from D3}, to C,, in the doublet spin
state. Altogether, however, based on the comparison with the
results of three different ab initio methods [RS2C, MP2, and
DLPNO-CCSD(T)], the single-reference DF-DFT-D3 performance
for relative energies and structures can be considered quite
good. In spite of having used different basis sets and DFT
schemes, our results have a sensible agreement with the DFT-
based ones recently reported for 2D-Cus and 3D-Cus; clusters in
the lowest doublet states.”® In particular, a C,, structure has
been predicted for the 3D-Cus; cluster, being 0.44 eV higher in
energy than the 2D-Cus structure.

Analyzing the case of the Cu,, dimer in Table 2, it can be
seen that all considered methods consistently predict a Dyg-
symmetry structure as the energetically favored configuration,
in agreement with previous ab initio work’® and DFT

Table 2
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studies.®* 3

Panel c of Fig. 1 shows that this Cu;, geometry is
composed of two trigonal bipyramidal 3D-Cus structures
rotated by ca. 90 degrees with respect to each other. The DF-
DFT-D3/AVTZ-PP values of the Cu-Cu bond lengths differ by at
most 2.5% from those obtained with the DF-RS2C/AVTZ-PP
ansatz, while the interaction energy is estimated to be 8% lower
(—5.2 eV) when using the DFT-D3/AVTZ-PP treatment. The
RS2C-based structures are clearly more compacted, with the
average Cu-Cu distances up to 0.08 A shorter than those
obtained with the DF-DFT-D3 ansatz. The interaction energy
calculated with the DLPNO-CCSD(T) method depends signifi-
cantly on the considered geometry. Using the VIZ-PP basis, the
DLPNO-CCSD(T) estimate is 6.3 eV when geometries optimized
at either RS2C or DFT-D3 levels are considered. As can be
observed in Table 2, this value (—6.3 eV) remains unchanged
when the AVTZ-PP basis set is used in the DLPNO-CCSD(T)
single-point calculation with the geometry optimized at the
DFT-D3/AVTZ-PP level. The value is in very good agreement
with the literature value, —6.1 eV, calculated at the CCSD(T)-
F12b level.””

In addition to the lowest-energy 3D structure of the Cuyq
dimer shown in panel c of Fig. 1, we have compared the energy
of a Cu,, isomer built from two planar 2D-Cu; fragments (see
Fig. 2)). As noted in ref. 48, as opposed to the Cus monomer
case, the Cu,, isomer built from two planar 2D-Cu; fragments
is energetically less favored than the D,q structure composed of
two 3D-Cu; clusters (by 1.5 and 2.2 eV at DF-DFT-D3 and DF-
RS2C levels of theory, respectively). The dispersion correction
accounts for only 0.1 eV of their energy difference at the DFT-D3
level. Dynamical correlation effects might be responsible for
the stabilization of the 3D structure since, including just the
non-dynamical correlation with the DF-CASSCF/AVTZ-PP treat-
ment, the energy difference between the two structures of the
Cuyo dimer is reduced to just 0.1 eV. It can be also observed in
Fig. 2 that the structures predicted via DF-RS2C and DF-DFT-D3
methods are very similar, with the differences in the values of
Cu-Cu bond-lengths not exceeding 3%. However, note that the
DFT method predicts a perfect 2D planar structure whereas in
the DF-RS2C-based geometry, the planes containing the 2D-
Cu; fragments are rotated by about 45 degrees with respect to
each other. Preference for planar structures shown by the
smallest coinage metal and Pt clusters at least up to hexamers

Interaction energies between two gas-phase Cus clusters at the potential minimum (Cuyq dimer) and Cu—Cu distances between selected atoms

(see Methods section for the notation and Fig. 1 for the atom numbering). The interaction energies computed using the largest basis sets are marked in
boldface. DLPNO-CCSD(T) interaction energies are indicated between brackets

Cuy, singlet ~ Unsupported Supported
Method DF-RS2C(10,10) DF-DFT-D3 DF-DFT-D3 MP2 DFT-D3 DFT-D3
Basis set VTZ-PP/AVTZ-PP VTZ-PP/AVTZ-PP Def2-TZVPP/Def2-QZVPP Def2-TZVPP/Def2-QZVPP PAW-PBE PAW-PBE
Einy eV [-6.3]-6.1/—6.2  [-6.3][-6.3]-5.3/—5.2  —5.5/—5.2 —6.9/—6.7 —5.4 -4.3
Cul-Cu3, A 2.44/2.42 2.46/2.45 2.48/2.48 2.47/2.47 2.45 2.46
Cul-Cu4, A 2.41/2.34 2.40/2.40 2.42/2.42 2.37/2.37 2.40 2.41
Cu3-Cu4, A 2.43/2.41 2.49/2.49 2.51/2.51 2.45/2.44 2.49 2.49
Cu4-Cu5, A 2.41/2.40 2.55/2.54 2.56/2.55 2.42/2.42 2.54 2.57
Cu5-Cu6, A 2.41/2.39 2.49/2.48 2.50/2.50 2.42/2.42 2.48 2.51
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Fig. 2 Optimized structures of an excited-state configuration of the Cuyg
dimer made of 2D-Cus structures, at DF-DFT-D3/AVTZ-PP (left-hand
panels) and DF-RS2C/AVTZ-PP (right-hand panels) levels of theory. Panels
a and b: Top view. Panels c and d: Side view.

is a well-known phenomenon discussed in several theoretical
studies and attributed to the hybridization of the ns-(n — 1) d
orbitals, which is especially pronounced for gold due to relati-
vistic effects.®* While for Au, clusters, the transition from
planar to 3D structures occurs at n = 10 or 11,**7% for Cu,, it
happens already at n = 7 according to several DFT-based
studies®**>*7"%9 and a computational work at the CCSD(T)//
MP2 level.®”” As the cluster size increases, 3D shapes become
energetically more favorable, while in most cases there are several
low-lying isomers with only slightly different stability.**

Before comparing the interaction energies of two Cus com-
ponents in the gas-phase Cuy, and in the graphene-supported
Cuy, dimer, we note that the DFT-D3 values for the former
calculated by using the non-periodic and periodic computa-
tional set-ups agree very well with each other (to within 3.4%).
As can be seen in Table 2, the graphene support causes a
decrease in the pair interaction by 0.5 eV, while the values of
the Cu-Cu distances in unsupported and supported dimers
differ by 0.03 A at most. This outcome can be explained by
considering that graphene tends to stabilize to a larger extent
radical species such as Cu; clusters (in a doublet spin state)
than closed-shell systems including the Cu,, dimer (in a singlet
spin state). Altogether, from the results presented in Tables 1
and 2, it can be concluded that the DFT-D3 scheme delivers
estimations of basic energetic and structural aspects of the
lowest-energy states for either the Cus; monomer or the Cuy,
dimer in very good agreement with the results of high-level
correlated ab initio methods.

As for the Cus-graphene interaction, our calculations
using circumpyrene as a molecular model of graphene,
along with the VIZ-PP and AVTZ-PP basis sets, show that the
DLPNO-CCSD(T) adsorption energies (—1.64 eV for the 3D-Cus
isomer) are smaller (to within 21%) than those obtained with
the DFT-D3 approach. However, the energy difference between
circumpyrene-supported 2D-Cus and 3D-Cu; isomers has the
same value (0.12 eV) with the two approaches.
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3.2 Ab initio molecular dynamics simulations

To get insight into the interaction between two Cus clusters
supported on defect-free or defected graphene (with carbon
double vacancies), ab initio molecular dynamics simulations
were carried out for several picoseconds. Fig. 3 and 4 show
snapshots of the structural evolution of supported clusters on
perfect and defected graphene, respectively. The minimum
intra-cluster and inter-cluster Cu-Cu distances of the sup-
ported Cus clusters are presented in Fig. 5 while the time-
dependent evolution of the root mean square deviations
(RMSDs) of individual Cu atoms are depicted in Fig. 6. These
RMSDs have been defined as:

RMSD(7) = \/(X(t) = x(0))+(r(1) = ¥(0))*+(=(1) — 2(0))*
(1)

For unconstrained (relaxed) graphene, we subtract the RMSD of
all the C atoms in graphene (which moves as a collective unit)
from the RMSD of the Cu atoms as to only consider how much
the Cu atoms displace, without the effect of the graphene. The
RMSD of all the C atoms is calculated as:

524/ () — xi(0) (1) — 31(0)) -+ (z1(0) — 24(0))°
RMSD(¢) = - N

(2)
Finally, the minimum Cu-C distances are shown in Fig. 7.

3.3 Interaction of two Cu; clusters on a defect-free graphene
sheet. Dimerization

Our AIMD simulation started with two 2D-Cus clusters depos-
ited onto a defect-free graphene sheet, with a distance of ca. 8 A
from one cluster to the other (Fig. 5b). A video animation of the
entire AIMD simulation has also been uploaded as ESL,{ see
Video S1. It can be observed from the shapshots at 4 and 10 ps
that the structure of one Cu; cluster becomes slightly distorted
from the initial planar structure. During the next 30 ps, the two
Cu; clusters show a diffusive behaviour on the graphene sheet.
In fact, the very similar values of the RMSDs for all Cu atoms
within each cluster reflect a collective motion of the Cu atoms
since the Cus clusters are moving ‘as a whole’ (Fig. 6a and b),
except between 20 and 30 ps for cluster 2 in which there is a
collective motion but also rotation of the cluster, as reflected by
the RMSD values for all the Cu atoms being spread out in this
interval. During this 10 ps period, cluster 2 sees a rotation of
more than 90° at first, then a back rotation returning roughly to
the same position again. However starting at ca. 46 ps, the Cu
atoms within the same Cus cluster start acquiring very different
RMSDs values. This outcome reflects that the Cus clusters are
experiencing a mutual attraction and are rotating as a result of
this interaction (with both clusters in Fig. 3 rotating by 90
degrees between 46 and 51 ps). Formation of a complex made
of quasi-planar Cus structures becomes apparent in the snap-
shot at 51 ps (Fig. 3). The formation of such a complex is
consistent with the gas-phase results (Section 3.1) where a
planar local minimum formed by two connected 2D-Cus
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Fig. 3 Snapshots showing the evolution of two Cus clusters (Cu atoms of the two clusters shown in brown and red) previously deposited onto a defect-
free graphene surface (C atoms in gray) at a temperature of 400 K. (a) Top view; (b) side view.

structures was identified (see also ref. 48). As mentioned in
Section 3.1, however, the interaction between the two Cus
clusters in that configuration is 1.5 eV less attractive at the
DFT-D3 level than in the structure composed of anchored 3D-
Cus clusters. Hence, it is understandable that in the last part of
the simulation (from 51 to 111 ps), the structure evolves
towards the latter more energetically stable complex (see
Fig. 1c for an enlarged view).

Summarizing, three steps can be distinguished in the
dimerization of two 2D-Cus clusters into a highly stable Cuy,
dimer formed by two anchored 3D-Cus structures: (1) step 1,
from 0 to 46 ps, cluster diffusion; (2) step 2, from 46 to 51 ps,
Cus-Cus; attraction and aggregation into a structure made of
two planar fragments; (3) step 3, from 51 to 111 ps, geometrical
transformation into the final structure composed of two
anchored 3D-Cus bipyramidal arrangements. These three dis-
tinct steps are naturally reflected in the time-evolution of the
RMSDs of the copper atomic positions (see Fig. 6). Cluster 1

This journal is © the Owner Societies 2023

shows more restricted motion than cluster 2 in the first 46 ps of
the simulation, with cluster 2 experiencing significant rotation.
The attraction, aggregation, and geometrical transformation
steps (step 2 and step 3), however, are marked by wide and
uneven amplitude motions of the Cu atoms, acquiring very
different RMSDs. When the clusters start to rotate from 46 ps
onwards, the RMSDs of the different Cu atoms (specifically
cluster 1) significantly spread apart. The two planar clusters
first align parallel to each other and then start to interact with
their side edges. The onset of step 3 (transformation from 2D to
3D) can also be well distinguished in the evolution of the
minimum inter-cluster Cu-Cu distance. At around 50 ps it
features an abrupt drop to an almost constant value (Fig. 5b),
indicating that there exists at least one Cu-Cu bond between
the two Cus fragments from this point onward. The geometrical
transformation is accompanied by a slight lifting of the Cuy,
dimer from the graphene surface (see Fig. 7a and b). This is
probably due to a weaker interaction of the closed-shell Cuy,
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Fig. 4 Snapshots showing the evolution of two Cus clusters (Cu atoms in brown) previously deposited onto a graphene sheet containing two carbon
vacancies (C atoms in gray) at a temperature of 400 K. (a) Top view; (b) side view.

160ps

species with the graphene substrate compared to that of open-
shell Cus clusters.

Preliminary calculations of the same dimerization process
have also been carried out on multi-layered graphene-supported
clusters using the LAMMPS (Large-scale Atomic/Molecular

15736 | Phys. Chem. Chem. Phys., 2023, 25,15729-15743

sA—— Lowest Energy

Massively Parallel Simulation) package®® and a computational
set-up closely following that presented in ref. 91. For this
purpose, the interaction potential obtained via the embedded
atom method (EAM) of Foiles et al.”* was used to describe the
Cu-Cu pair interactions. In order to characterize the interaction
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between the graphene carbon atoms, the adaptive inter-
molecular reactive bond order (AIREBO) potential was used
instead.” Finally, the effective Cu-C interactions were
extracted from Cus-graphene interaction potentials calculated
with the DFT-D3/PAW-PBE scheme (see also ref. 94 for the
details). These LAMMPS simulations were carried out by con-
sidering a surface of four graphene sheets (i.e., representing
graphite) and a broad temperature range (from 0.1 K to 1000 K).
In order to relax the graphite substrate, the lowest sheet was
created to represent bulk graphite and the other sheets were
allowed to relax at the corresponding temperature, i.e., repre-
senting the surface levels as well as the Cu; cluster that was
previously deposited on the upper sheet. According to these
exploratory calculations, two planar (2D) Cus clusters aggregate
into a Cu,, dimer already at 1 K if the initial distance between
the two interacting Cus clusters is below 5 A. This key result is
reconfirmed in our AIMD simulations in spite of the very
different computational set-up used in LAMMPS simulations.
However, due probably to the different Cu-Cu potentials in
AIMD and LAMMPS simulations, the latter show that a single
graphene-supported 2D-Cu; cluster transforms spontaneously
into a bypiramidal 3D-Cu; cluster at temperatures as low as
1 K. As pointed out by preliminary high-level ab initio

This journal is © the Owner Societies 2023

calculations, the energy difference between surface-supported
2D and 3D structures is so small (ca. 0.1 eV) that both isomers
could coexist.

3.3.1 Interaction of two Cu; clusters on a graphene sheet
with double carbon vacancies. Confinement. Let us now dis-
cuss the case of two interacting Cus clusters on a graphene
sheet containing two separated double carbon vacancies
(Fig. 4a). The entire AIMD simulation, presented in video
animation form, has also been uploaded as ESI,{ see Video S2.

Before starting the dynamical simulation, the two 2D-Cus
clusters were placed onto the graphene sheet containing two
double C vacancies per unit cell and the initial structure was
optimized with full relaxation of all atoms. According to Fig. 4a
and b, within the first 1.4 ps of the simulation, one of the Cus
clusters, cluster 2 (cluster 2 is always on the right in these
snapshots), undergoes a small structural change, whereby it
transitions from adsorbing via two Cu atoms to adsorbing via
three Cu atoms. From this point forward both clusters head
towards the carbon vacancies, with cluster 1 (left cluster)
reaching a vacancy first at 4 ps, before entering the vacancy
at 8 ps.

Cluster 2 arrives at another vacancy at 8 ps. From 8 ps to 14
ps, the vacancy at cluster 1 opens up more, allowing cluster 1 to
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get locked into the vacancy and then undergo a geometrical
transformation from planar to trigonal bipyramidal. At 14 ps,
we can observe this trigonal bipyramidal geometry. Our calcu-
lations indicate that the adsorption energy of the 3D-Cus
structure on a graphene sheet with two C-divacancies is
0.75 eV lower than of the 2D-Cus; counterpart (Fig. S11, ESIT).
Thus, the 2D-to-3D transformation of the individual Cus clus-
ters is due to the interaction with the defect sites of the support.

Cluster 2 covers the right-side vacancy by 14 ps, but the
vacancy is not opening up further. For the next 70 ps, cluster 2
is only rotating over the vacancy until at 80 ps, when a
geometrical transformation occurs to a distorted trigonal bipyr-
amidal geometry. For the next 40 ps cluster 2 once again rotates
(back and forth) over the vacancy. As shown in Fig. S12 of the
ESI,} the structure at 120 ps in Fig. 4a and b is not the most
stable. The most stable structure involves both clusters locked
into their respective vacancies and having a trigonal bipyrami-
dal geometry. In particular, there is a nearly 2 eV difference
between these two structures. At this point, it appears that

15738 | Phys. Chem. Chem. Phys., 2023, 25, 15729-15743

either the structure is stuck in a local minimum, or the energy
required to open up the vacancy and for the cluster to move into
it is too high to be overcome with the thermal energy available
in this simulation. To confirm that it is not the former case, we
used the NVT ensemble with the Nosé-Hoover thermostat from
120 ps to 160 ps. This has been known to spread out the kinetic
energy between the surface and adsorbates in a biased
manner,”* potentially allowing for the graphene sheet to take
up more kinetic energy from the copper clusters, which could
help the vacancy to open up further. Despite small transforma-
tions of the cluster during the 40 ps period, including a speed
up of the graphene support system (see Video S2 in the ESIY),
ultimately the trigonal bipyramidal isomer remained and the
cluster kept rotating back and forth over the vacancy, without
the vacancy opening up further. Increasing the temperature
with both ensemble-thermostat combinations beyond 160 ps
(not shown here) just results in a speed up of the graphene
sheet and copper clusters. Ultimately, our hypothesis is that,
since we are dealing with a single graphene sheet and have no

This journal is © the Owner Societies 2023
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Fig. 7 Time-dependent evolution of the minimum C-Cu distances for (a) the interaction of the two 2D—-Cus clusters with defect-free graphene; (b) the
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atoms with defected graphene.

constrained (fixed) sheets underneath it, the graphene sheet is
free to move in all three directions, so the thermal energy is
used rather to move the sheet and clusters around, moving as
much as 10 A (relative to its initial position) in the z direction
over the 160 ps, instead of using the energy to open up the
vacancy. If a fixed graphene sheet layer was placed underneath
the relaxed one, this would not happen, as the relaxed graphene
sheet would be less capable of moving around. Using fixed
graphene only, as shown in the ESIt (Fig. S2), we see that when
the vacancies are both open, the Cus clusters easily fall into the
vacancies and undergo geometrical transformations.

From 14 ps to 160 ps, cluster 1 which is locked into the
vacancy as a trigonal bipyramidal geometry, undergoes fru-
strated rotational motion, as evidenced by the RMSD plots
being spread out and fluctuating over a range of values in
Fig. 6¢c. Additionally, Fig. 7c shows a decrease in the minimum
C-Cu distance from cluster 1 to graphene over the 14 ps period.
For cluster 2 as per Fig. 6d, the RMSD values for each Cu atom

This journal is © the Owner Societies 2023

increase up to 14 ps as all the Cu atoms move towards the
vacancy, after which the RMSD plots are generally spread out
due to the back and forth rotation of the cluster. After the
geometrical transformation at 80 ps, the RMSD plots are spread
out once again as the cluster rotates back and forth over the
vacancy. Furthermore, while cluster 1 remains confined within
a graphene vacancy, cluster 2 also observes a decrease in the
minimum C-Cu distance (see Fig. 7c), decreasing to a lower
value than cluster 1 at a similar rate. That is, cluster 2 is
positioned closer to at least one carbon atom (from graphene)
compared to cluster 1. From Fig. 5c, we can observe the
minimum intra-cluster Cu-Cu distance increasing over the first
14 ps of the simulation, coinciding with a decrease in the C-Cu
distance. Beyond this point, there is no general increase or
decrease. For the inter-cluster distance, there is a sharp
decrease in the cluster-cluster distance in the first 14 ps as
the clusters approach the vacancies. Beyond 14 ps, there is a
further decrease of the distance up until 80 ps, where cluster 2
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undergoes a geometrical transformation. Beyond this point, we
observe fluctuating values for the distance as the two clusters
rotate about.

It should be stressed that although the 3D-Cus clusters
rotate around or on the cavity, with the anchored Cu atom
experiencing minimal displacement (Fig. 6c¢), cluster geome-
tries exhibit a stable behaviour during the rest of the simulation
of 160 ps. Wider amplitude Cu-Cu motions (to within 0.5 A)
have been found when 3D-Cuj; clusters interact with environ-
mental O, molecules (see, for example, ref. 94). Previous
studies have explained the small change in minimum intra-
cluster distance going from 2D- to 3D-Cus in terms of the
fluxional nature of atomic metal clusters (see, e.g., ref. 15, 38,
95 and 96).

To summarize, this simulation involves several steps. Step 1
entails the displacement of the Cus clusters, particularly as they
approach the vacancy. Step 2 entails the opening up of one of
the vacancies as cluster 1 moves into the vacancy, getting
locked into the vacancy and eventually transforming to the
trigonal bipyramidal geometry. Step 3 sees cluster 2 rotate back-
and-forth over the still “closed” vacancy on the graphene sheet,
while cluster 1 rotates in another vacancy it has been “locked”
into. Step 4 sees cluster 2 undergoing a geometrical transfor-
mation to trigonal bipyramidal, but still not being able to enter
the vacancy, but only rotating about the vacancy. Although
cluster 2 never enters the vacancy, it also does not approach
cluster 1 to dimerize with it, but only rotates back and forth
over the vacancy. As can be learned from Fig. S2 in the ESI,{ if
this vacancy would be more opened, cluster 2 would be able to
enter and also get locked into it.

4 Conclusions

Recent research has shown that atomically precise clusters
possess interesting chemical and physical properties making
them relevant in applications such as catalysis. One major
concern is the sintering of these clusters upon dispersion onto
a given substrate. A critical step in making them efficient
requires their stabilization on solid supports. In the quest of
finding ways to stabilize substrate-supported AMCs, we have
provided an ab initio molecular dynamics (AIMD) evidence that
carbon vacancies of graphene are capable to confine and
stabilize individual AMCs above room temperature. While most
Cu atoms in these clusters still show frustrated rotational
motion, for the confined cluster, a Cu atom is strongly
anchored into a graphene vacancy site, thus ‘locking’ the
cluster ‘in place’ into the vacancies. The reliability of our
DFT-based predictions is supported by the assessment of the
electronic structure method applied in the AIMD simulations
(the DFT-D3 scheme®) with ab initio methods based on multi-
reference Rayleigh-Schrédinger perturbation,®® second-order
Mpgller-Plesset perturbation, and coupled-cluster theory in the
domain-based pair natural approach,’ using all-electron and
pseudo-potential-based electronic basis sets of increasing size.
Future work will address a deeper analysis of the interaction of
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the Cus cluster with both perfect and vacancies-containing
graphene by applying high-level correlated ab initio methods
which is especially important in the latter case due to the
radical nature of the interacting open-shell species.

The strategy of using carbon vacancies to confine AMCs is
general. As a follow-up study, it would be interesting to study
atomic bi-metallic clusters in which one metal atomic species
could anchor the clusters to vacancy sites, allowing other metal
atoms to be available for catalytic processes. It would be also
interesting to theoretically study the stability of these pushpin-
like cluster structures when exposed to oxidizing and reducing
conditions above room temperature. In this regard, it is worth
mentioning that recent experimental and theoretical studies
have pointed out to the possibility of reversible oxidation of
HOPG-supported atomic copper clusters at different conditions
of temperature and oxygen gas pressure.>®%8994,97,98
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