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1 Introduction

A practical post-Hartree-Fock approach describing
open-shell metal cluster-support interactions.
Application to Cuz adsorption on benzene/
coroneney

Katarzyna M. Krupka,@a Agnieszka Krzeminska ® and Maria Pilar de Lara-
Castells @ *

Current advances in synthesizing and characterizing atomically precise monodisperse metal clusters
(AMCs) at the subnanometer scale have opened up fascinating possibilities in designing new
heterogeneous (photo)catalysts as well as functional interfaces between AMCs and biologically relevant
molecules. Understanding the nature of AMC-support interactions at molecular-level is essential for
optimizing (photo)catalysts performance and designing novel ones with improved properties. Moller—
Plesset second-order perturbation theory (MP2) is one of the most cost-efficient single-reference post-
Hartree—Fock wave-function-based theories that can be applied to AMC-support interactions
considering adequate molecular models of the support, and thus complementing state-of-the-art
dispersion-corrected density functional theory. However, the resulting AMC-support interaction is
typically overestimated with the MP2 method and must be corrected. The coupled MP2 (MP2C) scheme
replacing the uncoupled Hartree—Fock dispersion energy by a coupled dispersion contribution, has been
proven to describe accurately van-der-Waals (vdW)-dominated interactions between closed-shell AMCs
and carbon-based supports. In this work, the accuracy of a MP2C-based scheme is evaluated in
modelling open-shell AMC-cluster interactions that imply charge transfer or other strong attractive
energy contributions beyond vdW forces. For this purpose, we consider the interaction of Cusz with
molecular models of graphene of increasing size (benzene and coronene). In this way, it is shown that
subchemical precision (within 0.1 kcal mol™) is achieved with the modified MP2C scheme, using the
explicitly correlated coupled cluster theory with single, double, and perturbative triple excitations
[CCSD(T)-F12] as a benchmark method. It is also revealed that the energy difference between uncoupled
and coupled dispersion terms closely follows benchmark values of the repulsive intramonomer
correlation contribution. The proposed open-shell MP2C-based approach is expected to be of general
applicability to open-shell atomic or molecular species interacting with coronene for regions of the
potential landscape where single-reference electronic structure descriptions suffice.

of metal clusters at atomic level, down to the subnanometer
scale, in different environments (gas-phase, solution, within

Current advances in cutting-edge synthesis techniques are
allowing to precisely control the size and chemical composition
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helium nanodroplets, and interacting with biologically relevant
molecules) and various thermodynamical conditions (temper-
ature and pressure)."™ These atomically precise monodisperse
metal clusters (AMCs), typically made of less than 10 atoms, are
paving the way for entirely new quantum materials with
potential applications in catalysis,** photocatalysis,>****
energy conversion,' bioimaging,'>'” theranostics,'®*?° lumines-
cence,” and sensing® (see, e.g., ref. 3 for an overview of appli-
cations of naked AMCs in catalysis). Naturally, the interaction
between the AMCs and the support material significantly
influences the stability, activity, and selectivity of AMC-based
(photo)catalysts. The molecular-level understanding and
manipulation of AMC-support interactions have the potential

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to boost their functionalities in (photo)catalysis, being at the
forefront of modern subnanometer science at the bottom scale
of nanotechnology.

On the theoretical side, tremendous progresses in the effi-
ciency of state-of-the-art modelling, based on dispersion-
corrected density functional theory (DFT), are making
possible detailed characterizations of AMC-support interac-
tions, including molecular dynamics (MD) simulations with
machine-learned accelerators at long time scales and ‘operando’
conditions of AMC-based (photo)catalysts (see, e.g., ref. 4 for
a perspective of the current state-of-the-art). For instance, ref. 23
presented DFT-based molecular dynamics simulations a few
hundreds of picoseconds long, predicting that intrinsic defects
of graphene surfaces, carbon vacancies, are capable of stabi-
lizing individual AMCs through spatial confinement, avoiding
their sintering upon diffusion. In the quest of complementing
DFT-based descriptions, Mgller-Plesset second-order pertur-
bation theory (MP2) is probably the most cost-efficient single-
reference post-Hartree-Fock wave-function-based theory that
can be applied to AMC-support interactions. However, previous
benchmarking of the van-der-Waals-dominated interaction
between the Ag, cluster and molecular models of graphene of
increasing size (benzene and coronene) has indicated a severe
overestimation of the attractive AMC-support interaction with
the MP2 method.* Fortunately, the benchmark results* also
showed that the overestimation can be corrected by applying
the coupled MP2 method (MP2C) of Heflelmann and
Pitonak®2¢ that replaces the uncoupled second-order disper-
sion contribution contained in the MP2 interaction energy with
the coupled dispersion energy evaluated via linear-response
time-dependent DFT.

An open question arises on the possibility of correcting the
MP2 method similarly to describe AMC-support interactions
that might imply charge transfer or other strong attractive
contribution beyond van-der-Waals(vdW)-dominated interac-
tion forces. For instance, polarization forces have been proven
to be crucial in the stabilization of metal cation-benzene
complexes.” Thus, it has been recently shown that the Ag'-
benzene interaction is a factor of ten stronger than the vdw-
dominated Ag-benzene interaction.”® Likewise, open-shell
AMC-support interactions are expected to be much stronger
than their closed-shell counterparts. In fact, open-shell AMCs
are more prone to participate in chemical bonding with the
support either by sharing or transferring their outer unpaired
electrons.?® The previous study of the Ag'-benzene complex
showed a remarkably good agreement between MP2 and
coupled cluster theories with single, double, and perturbative
triple excitations [CCSD(T)] when a smaller electronic basis set
is applied in MP2 calculations to correct the overestimated
attractive interaction.”® In this work, we propose an open-shell
extension of the MP2C scheme®?® instead, applying linear
response time-dependent Hartree-Fock theory, allowing the
consideration of open-shell AMC-support complexes with any
electronic basis set and sensible molecular models of the
support. Its accuracy is demonstrated by applying it to Cusz-
benzene and Cus-coronene complexes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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A possible issue when dealing with open-shell AMC-support
interactions is the occurrence of conical intersections leading,
e.g., to Jahn-Teller effects. As found in theoretical and experi-
mental studies,***> Cu; is a classical case of a Jahn-Teller
fluxional cluster. This way, it experiences a conical intersection
at equilateral triangular Ds}, structures causing a Jahn-Teller
distortion that removes the degeneracy of two electronic states
of symmetry E', lowering the Dj;, symmetry to C,,. However,
a previous study®® has shown that the Jahn-Teller distortion is
lifted when the Cuj; cluster collides with the benzene molecule
in an orthogonal orientation of the cluster plane with respect to
the benzene ring plane. In order to test the proposed single-
reference MP2C-based scheme in comparison with the ‘gold
standard’ CCSD(T) approach, we have considered the same C,,
structure of the Cuz-benzene complex* in this work.

A second topic of this study is the fitting of the dispersion
and dispersionless Cuz-coronene interactions to an inter-
atomic pairwise potential model (PPM).**** This PPM was
originally developed to provide a potential energy surface (PES)
for a He atom colliding with a Mg surface** and further
extended to a fullerene molecule,* as well as the interaction of
He, N, and D, with carbon nanotubes (CNTs).>***” The PPM
fitted very well with benchmark ab initio interaction energies for
binding in the regions endohedral and exohedral to the CNTs
and showed excellent transferability upon increasing the CNTs
size. It has also been used to probe the embedding of single-
walled CNTs into helium nanodroplets (HNDs),* and the
HNDs-mediated soft-deposition and diffusion of silver clusters
on amorphous carbon and graphene through large-scale
molecular dynamics (MD) simulations on the nanoseconds
scale.®® Following the same procedure in this work, we deliver
PPM parameters that are directly applicable in MD simulations
of the diffusion process of copper clusters on carbon-based
surfaces.

This article is structured as follows: in Section 2, the
computational-theoretical approach and the details of our
calculations are presented. Section 3 focuses on analyzing the
intermolecular interactions featured by Cus-benzene and Cu;-
coronene complexes, the performance of the open-shell MP2C-
based approach, as well as the fitting to an intermolecular
potential model of the dispersion and dispersionless energy
contributions. Finally, Section 4 closes with concluding remarks
and future prospects.

2 Theoretical-computational
methods

We have used the polarized correlation-consistent triple-{ basis
of Dunning and collaborators** (cc-pVTZ) for C and H atoms,
while the augmented aug-cc-pVTZ-PP basis set was employed
for copper,* including small-core (10- and 19-valence-electron)
relativistic pseudopotentials.*” Test calculations have been also
carried out using the quadruple-{ cc-pVQZ basis for C and H
atoms along with the aug-cc-pVQZ-PP basis set on copper
atoms. These basis sets will collectively be denoted as (A)VTZ(-
PP) and (A)VQZ(-PP). It has been shown that the aug-cc-pVTZ-
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PP basis set provides Cu—Cu distances in optimized geometries
and spatial harmonic frequencies - in the normal modes
approximation - of Cu; isomers differing by less than 0.02 A and
1.4 cm ™" (on average) from the values obtained with the aug-cc-
PVQZ-PP basis set.* Relative energies such as the Jahn-Teller
stabilization energy and the energy barrier between minima and
transition states were converged to better than 0.01 and
0.001 eV, respectively.*” Test calculations were carried out using
the DFT-D3 approach on the Cuz-benzene complex. They
showed that the augmentation of the cc-pVTZ basis set for
carbon and hydrogen atoms leave the interaction energy at the
equilibrium Cusz-benzene structure almost unmodified (within
0.6%), with values of —37.96 kcal mol ! using augmentation
just for copper atoms and —38.14 kcal mol ™" using augmenta-
tion for all atoms. To determine the errors arising from the use
of the pseudopotentials, second-order Douglas-Kroll-Hess
calculations®™* have previously been carried out for the Ag,—
benzene complex® using the aug-cc-pVTZ-DK basis set*®*” at
CCSD(T) level. The errors amounted to 0.01-0.02 keal mol ' and
0.5% of the interaction energy only** and smaller errors can be
expected for the lighter Cus-benzene system. The complete
basis set (CBS) limit of the interaction energies at the equilib-
rium geometry of the Cus-benzene complex have also been
estimated for post-Hartree-Fock methods as follows:***° First,
the correlation energies evaluated at post-Hartree-Fock levels
using the (A)VTZ(-PP) and (A)VQZ(-PP) basis sets were extrapo-
lated using the n~* scheme of Helgaker and co-workers* with n
=3 and 4,

B = Egs + A~

Next, the extrapolated CBS estimations for the correlation
contributions were added to the CBS counterparts at Hartree-
Fock (HF) level, using the empirical-based exponential,*

EIF — FHES + aexp ™.

This exponential expression has been found to be effective in
estimating CBS limit energies at the HF level for the Ag,/
benzene system,* working better than the power form (see also
ref. 51). As discussed in ref. 49, however, the actual convergence
rate with n is much slower than the exponential decay as the
asymptotic limit is approached for the total energy due to the
problem associated with obtaining a correct description of the
Coulomb cusp with one-electron basis sets.

As a high-level single-reference ab initio method, we have
applied the R/UCCSD(T) scheme where the restricted open-shell
Hartree-Fock (ROHF) approach is used in a first step. The spin-
constraint is relaxed in the subsequent coupled-cluster calcu-
lations as in ref. 32. The explicitly correlated CCSD(T)-F12
method has been used as a benchmark method as well.** As
the model treatment, we have applied the (unrestricted open
shell) second-order Megller-Plesset perturbation theory (UMP2)
approach. For comparison purposes, the DFT-D3 scheme has
also been used by combining the Perdew-Burke-Ernzerhof
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(PBE) density functional,” using the restricted open-shell
Kohn-Sham approach, with the Becke-Johnson (B]) damp-
ing,** for the Grimme's D3 dispersion correction. Benchmark
studies have previously shown that the DFT-D3 ansatz describes
well the dispersion-dominated interactions between the closed-
shell Ag, cluster and the surfaces of graphene and titanium
dioxide (see ref. 24 and 29, respectively). We have verified in
previous works®*® that the replacement of the D3(BJ) disper-
sion correction with the most recent D4's Grimme's parame-
trization® modifies very little the optimized structures the
optimized structures of copper clusters® as well as the (p-T)-
phase diagrams describing the interaction of these clusters with
molecular oxygen at different conditions of temperature and
pressure.’® Actually, the experimental measurements were
closer to the phase diagrams obtained with the D3(B]J) param-
etrization in ref. 58. Hence, in this study, we have decided to use
the D3(J) parametrization. DFT-D3 calculations were carried out
with the MOLPRO code.*

The internal coordinates of Cu; and the benzene molecule
were fixed to those found in a full optimizations of a C,, Cus-
benzene structure at CCSD(T) level of theory.** The DFT-D3
approach has been used in the optimization of the same C,,
structure but considering coronene. This ansatz is justified by
the similarity of DFT-D3 and CCSD(T)-based optimized struc-
tures of the Cuz-benzene complex. This way, the geometrical
parameters differed by 0.02 A and 0.2° at most. An analysis of
the Mulliken charges® was accomplished for the two complexes
using Kohn-Sham orbitals. All calculations of interaction
energies within the supermolecular approach have been carried
out using the last version of the MOLPRO code.*® Specifically,
the interaction energies (Ej,.) were calculated as,

— 1
Eim - {ECug—supportI Min — {ECu]—support}Asymp

where {Ecy —supportimin 1S the energy at the minimum and {Ec, -
supportfasymp 15 the energy at the asymptotic limit of separated
Cuj; + support (benzene or coronene) fragments. The asymptotic
limit was determined at a distance of 40 A.

Dispersion energy contributions were obtained separately
from Symmetry adapted Perturbation Theory (SAPT) calcula-
tions carried out using the Psi4 (see ref. 61) and the Psi4dNumPy
packages (see ref. 62). Specifically, the uncoupled Hartree-Fock
dispersion term (Egiqy) was computed at the SAPTO level, using
the unrestricted open-shell Hartree-Fock (UHF) approach for
the monomers (ie., the AMC and benzene or coronene).
Subsequently, all relevant quantities were exported as NumPy
arrays using the Psi4aNumPy package,*> easing accessibility
within the main Python script. The script was then utilized to
compute the coupled dispersion term, using the frequency-
integrated linear response function derived from unrestricted
time-dependent Hartree-Fock theory Ejiepy " (see ref. 63 and 64
for details on the implementation to compute the coupled
dispersion contributions). Additionally, multi-configurational
self-consistent-field (CASSCF) calculations have been carried
out. Specifically, coupled (SAPT-based) dispersion contributions
were calculated using CASSCF descriptions of the monomers

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with the SAPT(CAS) method,*® as implemented in the
GAMMCOR code.®®

Treating Cu; and benzene fragments as single structureless
pseudo-particles, nuclear bound-state energies were obtained
by numerically solving the one-dimensional Schrodinger equa-
tion associated to the intermolecular Cus-benzene vibrational
motion. For this purpose, we applied the discrete variable
representation approach,® using sinc-DVR functions.* Since
the interaction potential is diagonal in the DVR basis, it needed
to be estimated just on the considered set of DVR grid points. To
generate more points on the potential energy curves (PECs) and
ensure a larger dataset, a cubic spline-type interpolation was
applied.

3 Results and discussion

This section is organized as follows: first, in Section 3.1, we
discuss the adequacy of a single-reference description of the
Cuz-benzene complex when considering the structure shown in
Fig. 1. Next, in Section 3.2, the adsorption mechanisms of Cus
clusters to benzene and coronene are analyzed. Section 3.3
addresses the correction of the corresponding intermolecular
potentials calculated at MP2 level with the open-shell MP2C-
based approach, assessing its accuracy through benchmarking
with coupled-cluster theory approaches. Finally, Section 3.4
focuses on the fitting of the dispersion and dispersionless
interaction energies to an inter-atomic pairwise potential form.

3.1 Verification of the adequacy of single-reference
electronic structure methods

As mentioned in the Introduction, when the interaction of
a Jahn-Teller metal cluster with a given support is addressed, it
is important to verify the adequacy of single-reference electronic
structure methods for the considered region of the potential
landscape. A previous study using the internally contracted
multireference Rayleigh Schrédinger (second-order) perturba-
tion theory RS2C method™ has revealed that, considering the

Cu(3)
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Cus-benzene structure shown in Fig. 1, the energies of the
ground and excited electronic states differ by ~1.1 eV, with the
conical intersection located ~1.5 eV above the associated
chemisorption minimum. The adequacy of the single-reference
CCSD(T) method has also been verified through the coupled
cluster diagnostics™ (see also ref. 72). This study thus indicates
the appropriateness of the single-reference approaches for the
considered Cusz-benzene structures. In contrast, the two elec-
tronic states are kept degenerate for a C;, structure of the
complex in which the plane of the Cu; cluster and the benzene
ring plane are parallel to each other, thus requiring multi-
configurational descriptions.*

As an additional test, SAPT(CAS) calculations were carried
out by considering an active space of nine electrons distributed
in eleven orbitals [referred to us (9,11)]. This space involved the
well-proven (3,5) active space of Cu; isolated in the gas-phase®
(i.e., three electrons distributed in five orbitals) and the stan-
dard valence 7t(6,6) active space of the benzene molecule (ie.,
six electrons distributed in six 7 orbitals).” The similarity of
coupled dispersion energies calculated with ROHF and
CAS(9,11) wavefunctions (to within 1 kcal mol " and 2%) indi-
cated that a single-reference description suffices at the consid-
ered geometry. Besides it, we also tested a MP2C-based scheme
on the optimized structure by replacing the uncoupled disper-
sion contribution by the coupled one from SAPT(ROHF) calcu-
lations. It was found that the interaction energy
(—33.95 kecal mol ™) agrees very well with that obtained with the
CCSD(T) and DFT-D3  approaches (—33.08 and
—35.57 keal mol ™ *, respectively).

3.2 Cu; adsorption mechanism on benzene and coronene

Let us now focus on the adsorption mechanism of the Cuj
cluster in benzene and coronene. Fig. 1 shows the structures of
the Cuz-benzene and Cuz-coronene complexes optimized with
the CCSD(T) and DFT-D3 approaches, while Table 1 presents
the corresponding geometrical parameters as well as the net
charge of the copper cluster upon adsorption. As can be

I . . 8,

|

Fig.1 Complexes under investigation at the equilibrium geometries (see Section 2 and the ESIt for the computational details). Z is defined as the
distance between the centers of mass of Cus and the benzene and coronene molecules, lying along the plotted axis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 Geometrical parameters (see Fig. 1) characterizing Cuz—benzene and Cuz—coronene complexes. The best estimates (using the CCSD(T)
method) have been marked in boldface. Values in parentheses have been obtained with the DFT-D3 approach. The value of the charge on the
Cus cluster is also presented, evaluated as a sum of the Mulliken charges on each Cu atom (see Section 2 and the ESI for the details)

System Cus-benzene Cus—coronene Cus Benzene Coronene
61°] 61.2 (61.1) (62.0) 66.5 (66.7) — —

Tmin [1:\] 2.35 (2.36) (2.32) 2.28 (2.28) — —
Zmin [é] 2.80 (2.82) (2.77) — — —
Ruin [1}] 2.88 (2.86) (2.88) — 2.80 (2.82) (2.85)
dmin [A] 2.03 (2.04) (2.07) — — —
Cu; charge (—0.03) (0.26) (0.00) — —

observed in Fig. 1, the Cu; cluster lies on a plane perpendicular
to both benzene and coronene. The distance between carbon
atoms directly bonded to copper atoms (R in Table 1) increases
by 0.08 A to accommodate the Cu; cluster. The interaction
energy is ca. 36 kcal mol " at CCSD(T)-F12 level, which can be
compared with the value of ca. 8 kcal mol™' for the vdW-
dominated Ag, interaction.” The net charge donated by the
Cu; cluster to the benzene ring is very small (about 0.03 a.u., see
Table 1). In fact, the Cuz-benzene interaction is better charac-
terized by a strong polarization that is summed to a long-range
quadrupole-quadrupole energy contribution.” Thus, the Cu
atom at the apex of the triangular structure (labelled as Cu(3) in
Fig. 1) acquires a Mulliken charge (—0.37 a.u.) which is opposite
in sign and above a factor of two larger in magnitude than those
of Cu atoms at the base of the triangular Cu; structure (0.17
a.u.). To favor the induced dipole-quadrupole Cuz-benzene
interaction, the negative region of benzene's m cloud points
towards the positive ends of the Cu; cluster.

It can be also observed from Table 1 that the DFT-D3 struc-
tural parameters of either the Cus;-benzene complex or the
separated Cu; and benzene fragments differ from the CCSD(T)
counterparts very little (by 0.02 A and 0.2° at most). Thus, the
optimization of the Cu;-coronene complex has been carried out
at DFT-D3 level. This way, we can verify from Table 1 that the
structures of Cuz-benzene and Cujz-coronene complexes are
very similar. When going from benzene to coronene, the
distance between the carbon atoms bonded to the Cu atoms
increases by 0.02 A, with the latter experiencing a shift upwards
by 0.03 A.

The essential difference between the Cu; adsorption mech-
anisms on benzene and coronene can be understood by simply
considering that the Mulliken charges of carbon atoms in the
former (—0.1 a.u.) are about 10 times larger than in the latter
(—0.01 a.u.). As can be observed in the shape of the SOMO (see
Fig. 2), the Cuz-benzene interaction is marked by the formation
of Cu(1)-C1 and Cu(2)-C4 bonds through the mixing of p-type
[Cu(1) and Cu(2)] orbitals with 7 benzene orbitals along with
a polarization of the electronic cloud the apex Cu(3) atom. The
polarization is manifested in the weight of the s-type Cu(3)
orbital in the SOMO, favoring an induced dipole-quadrupole
Cus-benzene interaction. In contrast, the Cusz—coronene inter-
action is marked by an ionic displacement of electronic charge.
Thus, the SOMO is made of Cu(1) and Cu(2) orbitals of type p
donating electronic charge to C atoms located in the central

31352 | RSC Adv, 2024, 14, 31348-31359

coronene ring. This effect is compensated for by the delocal-
ization of the 7 orbitals on the entire coronene molecule. The
HOMOs of the Cus-benzene and Cujz-coronene complexes
differ as well. In the Cuz-benzene complex, there is notable
polarization of the s orbitals of Cu atoms towards the 7 orbitals
of benzene. In contrast, for the Cus-coronene complex, the d-
type orbitals of Cu(1) and Cu(2) mix with the delocalized =
cloud.

3.3 Intermolecular interaction potentials. Correction of MP2
interaction energies

The supermolecular interaction energies between the Cuj
cluster and benzene shown in Fig. 3 were obtained using three
main different single-reference electronic structure methods:
the single-reference ‘gold standard’ method (using both
CCSD(T) and explicitly correlated CCSD(T)-F12 approaches), the
unrestricted open-shell MP2(UMP2) method, and the coupled
unrestricted open-shell (UMP2C) scheme. Specifically, UMP2
interaction energies (Eq ' >) are calculated following the
coupled MP2 treatment of Pitonak and Heflelmann.>**® This
way, uncoupled MP2 dispersion contributions (Egl,) are
replaced with those obtained via time-dependent Hartree-Fock
(TD-UHF) response theory (Ejiy" ") (see ref. 63 and 64 and
Methods section for details).

As in the original treatment,*?® the repulsive exchange-
dispersion (ngfclﬁ,disp) term is kept at the HF level. Test calcula-
tions were also done by substituting it with a coupled exchange-
dispersion contribution (ESSh8SP) estimated on the basis of the
treatment developed by Schiffer and Jansen.””® These calcu-
lations showed (see Table 5 of the ESIT) that benchmark values

of the intramonomer correlation contribution for the Ag,-

exch-disp

benzene interaction are better reproduced when the term ETp:
vur 1S excluded in the correction.

In contrast with previous applications of the coupled MP2
method to complexes including metal clusters,**”” the localized
HF method of Della Sala and Gorling’® has not been applied.
Within the framework of the UMP2C scheme, the total inter-

action energy Eiot?! is obtained as,

ES(UMP2C) = Ep"™ — Elife + Erdlunr

As can be observed in Fig. 1 by comparing CCSD(T)-F12,
UMP2, and UMP2C potential energy curves, the overestimated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HOMO

-4.94 eV -3.01 eV -7.23 eV -6.94 eV

Fig. 2 Picture showing isosurfaces of the frontier 'singly-occupied’ (or occupied only by a single spin component) molecular orbital (referred to
as SOMO) as well as the highest-energy (or occupied by two spin components) molecular orbital (referred to as HOMO) in Cuz—benzene and
Cuz—coronene complexes. The energies of the orbitals are also indicated.

attractive Cuz-benzene interaction and the underestimated Table 2 through the comparison of the interaction energy at the
intermolecular distance by the UMP2 method (by 30% and 0.1 A, minimum, the equilibrium intermolecular distance and the
respectively, see Table 1 of the ESIT) are fully corrected with the energies of the nuclear bound states associated to the Cuz-
UMP2C scheme. More conclusive numerical evidence of the benzene intermolecular motion. These energies have been ob-
excellent performance of the UMP2C approach is provided in tained by numerically solving the Schrodinger equation in a one-
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Fig. 3 Cus—benzene (upper panels) and Cus—coronene (bottom panel) interaction potentials and Cus — coronene coupled dispersion
(EZF;F;UHF) and dispersionless energy contribution (EZ$P') (inset in the bottom panel). The interaction potentials have been evaluated at DFT-D3,

CCSD, CCSD-F12, CCSD(T), CSSD(T)-F12, UMP2, and UMP2C levels with the (A)VTZ(-PP) basis set (see Section 2 and the ESIT for computational
details). See Fig. 1 for the optimized structures. The coupled dispersion has been calculated using time-dependent unrestricted Hartree—Fock
(TD-UHF) linear response function.
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Table 2 Interaction energy at the minimum (Eyin. in meV), equilibrium intermolecular distance between Cuz and benzene centers of mass (Zmin,
in A), zero-point energy (ZPE, in meV) and nuclear bound-state energies (e,,, in meV) associated to the Cuz—benzene intermolecular degree of
freedom as function of the vibrational quantum number n at CCSD(T), CCSD(T)-F12, UMP2C, and DFT-D3 levels of theory with the (A)VTZ-PP
basis set. The best estimates (using the CCSD(T)-F12 approach) have been marked in boldface. For the sake of comparison, the values of E s
obtained with the (A)VQZ-PP basis are presented in parentheses, while the extrapolated values to the complete basis set (CBS) limit are shown as

ESBS terms, with all of them having been calculated at the CCSD(T)-based equilibrium structure with the (A)VTZ-PP basis set

Method CCSD(T) CCSD(T)-F12 UMP2C DFT-D3
Emmin [meV] —1497.62 —1564.03 —1564.53 ~1632.39
(—1523.90) (—1593.21) (—1591.74) (—1649.37)

Eqin [meV] ~1543.09 ~1614.50 ~1611.59 —
Zonin [A] 2.88 2.87 2.86 2.88
ZPE [meV] 717 7.29 7.85 6.86
& [meV] ~1475.94 ~1542.15 ~1541.06 ~1611.70
&, [meV] —1461.46 —1527.58 —1525.54 —1597.90

&5 [meV] ~1447.02 ~1513.06 ~1510.14 ~1584.18

¢4 [meV] —1432.63 —1498.57 —1494.86 —1570.52

&5 [meV] ~1418.29 —1484.14 ~1479.69 ~1556.93
e [meV] —1404.01 ~1469.76 —1464.62 —1543.42

&, [meV] ~1389.78 ~1455.43 ~1449.65 ~1529.96

eg [meV] ~1375.59 ~1441.15 —1434.77 ~1516.57
£ [meV] —1361.46 —1426.91 ~1419.97 —1503.24

dimensional representation (see Methods section for the details).
We have also verified that the interaction energies obtained at
CCSD(T), CCSD(T)-F12, and UMP2C energy levels were well
converged with the (A)VTZ(-PP) basis set. This way, the extrapo-
lation of these energies to the CBS limit differed by less than 3%
from those obtained with the (A)VTZ(-PP) basis (see Table 2). The
DFT-D3-based value is converged with the (AJVQZ(-PP) basis to 1%
instead. Counterpoise corrections’ were also estimated, being
less than 1% of the interaction energy (e.g:, 14.96 meV at DFT-D3
level with the (AJVTZ(-PP) basis). It is interesting to note from
Table 2 that the UPM2C scheme outperforms the CCSD(T)
approach so that the CCSD(T)-F12-based energies of the nine
lowest nuclear bound states are reproduced with subchemical
accuracy (to within 0.1 keal mol " and 7 meV), with the values of
equilibrium Cuz-benzene distances and deep-well differing by
just 0.01 A and 0.5 meV, respectively.

For the sake of comparison, the upper left-hand panel of Fig. 3
also presents the Cuz-benzene interaction potential calculated at
CCSD, CCSD-F12 and DFT-D3 levels, with the bound-state energies
having been obtained with the DFT-D3 scheme as well (see Table
2). As expected from the electrostatic dipole-quadrupole contri-
bution to the interaction, the UHF interaction energy is attractive.
Interestingly, as in benchmark studies of Cu; and Cus clusters
isolated in the gas-phase,* the DFT-D3 scheme clearly outper-
forms the CCSD method. While the CCSD and CCSD-F12
approaches significantly underestimate the intermolecular inter-
action (by 18% and 14%, respectively), the value of the CCSD(T)-
F12 deep well is reproduced to within 4% with the DFT-D3
approach, with the equilibrium Cuz-benzene distance differing
by just 0.01 A. Yet, the lowest-energy bound states supported by the
Cuz-benzene interaction potential are overestimated by up 76
meV (5.5%) with the DFT-D3 scheme.

It is important to stress that the positive energy difference
between coupled and uncoupled dispersion contributions can be
attributed to the repulsive nature of the intramonomer correlation
for cluster-support interactions. This contribution was accurately

31354 | RSC Adv, 2024, 14, 31348-31359

calculated via the usage of the method of increments® at CCSD(T)
level for the Ag,-benzene interaction.* The application of the
UPM2C scheme to the same complex in this work (see Table 5 of
the ESIf) has confirmed that the energy difference between
coupled and uncoupled dispersion contribution as function of the
intermolecular distance closely follow those reported in ref. 24,
explaining the reasons of the excellent performance of the UMP2C
approach. The main drawback of the MP2 method is in fact the
lack of intramonomer correlation contributions to the interaction
(see, e.g, ref. 81). As assessed by applying the method of incre-
ments at CCSD(T) level to Ag,-benzene,* the intramonomer
correlation contribution is repulsive due to the correlation space
truncation that the monomers cause in each other**® In free
benzene, the electrons occupying the carbon rings orbitals are
correlated through their excitations to all virtual orbitals. Part of
the available virtual orbital space becomes blocked by the metal
cluster occupied orbitals. As typically found,*****>* this contribu-
tion decays exponentially as the intermolecular distance increases.

Focusing on the intermolecular potentials of the Cus-coro-
nene complex shown in Fig. 3, which have been calculated at
computationally feasible UMP2, UMP2C, and DFT-D3 levels, it
can be observed that both DFT-D3 and UMP2C methods correct
the underestimation of the intermolecular distance by the
UMP2 approach. However, the DFT-D3 approach is clearly
overestimating the attractive interaction, with the potential
dwell being 8% deeper than the UMP2 counterpart (see Table 2
of the ESIT). The overestimation of the interaction by the DFT-
D3 scheme is even more clear in the middle- and long-range
region. Interestingly, the correction brought by the replace-
ment of the uncoupled dispersion by the coupled counterpart
with the UPM2C approach is larger in the Cuz-coronene
complex than in the Cus-benzene system (14.2 and
8.4 kcal mol ! in the corresponding minima, see Tables 3 and 4
of the ESIT). This difference is attributed to a major role of the
repulsive intramonomer correlation contribution to the inter-
action energy for the Cus-coronene complex. In fact, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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application of the method of increments® at CCSD(T) level to
the Ag,-benzene complex in ref. 24 revealed that the intra-
monomer correlation contribution can be essentially estimated
as a sum of one-body and two-body intramonomer increment
modifications arising from the metal cluster and the C-C (either
single or double) bonds, with all of them being overly repulsive.
Thus, the larger number of C-C bonds in coronene seems to
cause an increase of the total intramonomer correlation
contribution even if the increment modifications should vary
when going from benzene to coronene. Moreover, similarly to
Ag,-coronene,” the enhanced exchange-repulsion for the Cu,-
coronene interaction also contributes to make the dwell depth
very similar in Cusz-benzene and Cuz-coronene complexes (to
within 1 kcal mol™", see Tables 1 and 2 of the ESIt).

For the sake of completeness, we have proven the adequacy
of the same dispersion correction but applied to the RS2C
multireference treatment using a (9,11) active space (see Fig. 1
of the ESIT). For these test calculations, the same computational
set-up described in previous studies**** has been followed. It
can be clearly seen from Fig. 1 of the ESIT that the dispersion
correction brings the RS2C(9,11) interaction potential in almost
perfect agreement with the single-reference CCSD(T)-F12
counterpart. This outcome is consistent with the single-
reference character of the wavefunctions in the considered
region of the potential energy landscape. Thus, the main
configuration of the reference (CASSCF) wavefunction has

View Article Online
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(coupled) dispersion contribution is subtracted, the magnitude
EGPM2C _ pdise - can be associated to with the dispersionless-
like term. In this work, we numerically demonstrate that this
contribution is overly repulsive for both Cu;-benzene and Cu;-
coronene complexes in contrast with the coupled dispersion
contribution (see inset in right-hand panel of Fig. 3, Tables 3
and 4 of the ESIf). As discussed in previous works of atom/
molecule-support interactions (see, e.g., ref. 4), the total dis-
persionless contribution is typically short-range and its
magnitude depends on the chemical environment. The
dispersion contribution is naturally long-range and the
parameters modeling their analytical form have been found to
be highly transferable between cluster models of a given
support (see, e.g., ref. 84).

Once ensured the characteristics of the dispersionless and
dispersion contributions for a given cluster-support interac-
tion, they can be fitted to an additive inter-atomic pairwise
potential model (PPM),**® which is a modified version of that
proposed by Carlos and Cole.***” The PPM functional form for
the dispersionless energy contribution accounts for the typical
exponential growth of the dominant dispersionless terms (e.g.,
the exchange-repulsion in SAPT-based decompositions®) but
also including a Gaussian-type ‘cushion’ to describe weakly
attractive tails stemming from other dispersionless terms. For
the case of benzene and coronene acting as the support of metal

Eﬁfpless({RM—C}) — Z |:1 + YR (1 _ gCOSZ 0C):| x A e(—OéRMfC_ﬁRM—(_‘Z)7 Ry_c <R.,
C

a coefficient of 0.89 at the potential minimum. If the dispersion
correction is factorized with the weight of the main configura-
tion, the resulting potential energy curve appears just slightly
below the CCSD(T)-F12 interaction potential, which is once
again consistent with the single-reference nature of the wave-
function at the considered Cus;-benzene structure in this work.

3.4 Partition of the interaction energies. Fitting to a pairwise
potential model of dispersionless and dispersion
contributions

When addressing the modeling of intermolecular interaction
potentials, it is crucial to distinguish between short-range

s, 3
ESP({Ry—c}) = —Z {1 +va (1 _ zcosz

C

(almost repulsive) and long-range attractive (dispersion)
contributions. One essential advantage of the UMP2C scheme is
that it allows to dissect the interaction energy in dispersion-like
and dispersionless contributions. Specifically, since the main

© 2024 The Author(s). Published by the Royal Society of Chemistry

clusters,

where R is a cut-off distance, Ry_¢ stands for the distance
between the metal cluster center-of-mass and one carbon atom
of the benzene or coronene molecules acting as the support,
and 0 is the angle between the support normal and the vector
Ry-c pointing from the metal cluster center-of-mass to the
same C atom. The dimensionless factor vy in the first term
accounts for the anisotropy of the C-C bonds. The sum in the
second term runs over all carbon atoms. For the coupled
dispersion contribution, we have applied the typical C¢/Cg
expansion with the damping functions of Tang and Toennies

Ja (n =6, 8)%

(Ve Rui-c).

nJn
RM—C

>

n=6,8

oc) |

where v, is also a dimensionless anisotropy parameter. It has
been previously shown?®****>% that the inclusion of y, and yg
anisotropy terms is important when modelling corrugation
effects of the support. Without including the anisotropy vy,
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term, the PPM for the dispersion is equivalent to the so-named
D, functional by Szalewicz and collaborators.®>*> While these
anisotropic terms have been found to be important when
modeling the interaction of He atoms with several
supports,****#9° they were not necessary when fitting the Ag,-
coronene interaction energies to get effective pairwise C-Ag
potential parameters.*® Accordingly, as discussed in ref. 28,
the Ag-graphene interaction depends very slightly on the
particular adsorption site (see also ref. 93). This PPM for the
dispersion term has also been used in ab initio-assisted
determinations of pair He-Au and Ar-Au potentials for MD
simulations of He and Ar atoms on Au surfaces (see ref. 94 and
95). As in the present study, these works highlighted that ab
initio calculations using small cluster models of the support
can be used to obtain the pair potentials necessary in MD
simulations, having being validated with experimental-based
determinations.?*®

Table 3 presents the parameters derived for the dispersion
contribution in pair C-Cu potentials with the UPM2C approach.
The difference between the values on the Cq coefficients for C-
Cu and C-Ag inter-atomic pairs (43.434 eV-A~°® from Table 3
and 54.102 eV-A™° from ref. 38) can simply be explained by
considering that the static polarizability of Cu atoms is smaller
than for Ag atoms (46.5 &+ 0.5 vs. and 55 + 8 a.u. from ref. 96).
The inclusion of y, anisotropy terms in the fitting procedure
has not affected the values of the dispersion coefficients.
Similarly to previous work on the interaction of rare-gas atoms
with coronene,® the parametrization including the dispersion
interaction with the terminal C-H bonds have a negligible
influence on the values of the optimized parameters. In fact, the
difference between the parameters with and without consid-
ering C-H bonds in the parametrization is a diagnostic of
convergence with respect to the size of the cluster model and
the possible role of edge effects. Similar findings are found for
the dispersionless parameters presented in Table 4. In short,
our results indicate that coronene is a good model of graphene
to characterize the Cuz-graphene interaction.

Let us now analyze the dispersionless parameters tabulated
in Table 4. It is interesting to note that the inclusion of vyy is
necessary to get a good fitting. Otherwise, the errors amount to
at least 50%. As discussed in ref. 85, this dimensionless factor
modulates the corrugation amplitude. For ‘anti-corrugated
cases’, the interaction energy would be less repulsive directly
above the surface C atoms, with cos(f¢) adopting a value close to
unity. This would be translated in positive yg, as found for the
He-Mg(0001) interaction.®® The opposite holds when the

Table 3 Parameters defining the dispersion contributions to the Cuz—
coronene interaction energies using the additive pairwise potential
model (PPM) considering hydrogen atoms and without considering
hydrogen atoms (in parentheses)

Cu C C-Cu

Co [eV-A7°) 88.347 (88.347)
Cs [eV-A™*]  2898.629 (2898.995)
B[A™Y] 0.573 (0.568)

21.354 (21.358)
13.254 (13.254)
3.660 (3.561)

43.434 (43.439)
196.006 (196.018)
2.097 (2.023)
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Table 4 Parameters defining the dispersionless contributions to the
Cusz—coronene interaction energies using the additive pairwise
potential model (PPM) considering hydrogen atoms and without
considering hydrogen atoms (in parentheses)

Alev] a[A7] BIA™] Tr

1508.005 (1508.005)  2.146 (2.145)  0.200 (0.199)  —0.99 (—1.00)

interaction becomes less repulsive for adsorption on top of
‘hollow’ sites. This is the case of the He-graphite interaction, for
which a vy value of —0.54 has been reported.**®” A corrugation
is also found for Cu; adsorption, which is reflected in the
negative value of the yr parameter (—0.99). In contrast, for the
case of the Ag-C pair,* it was not necessary to add the corru-
gation amplitude in the functional form. By comparing the
dispersionless C-Ag and C-Cu pair potentials, we have verified
that the former is more repulsive, as expected from steric
considerations.

Summarizing this section, the parameters tabulated in
Tables 3 and 4 can be used in MD simulations on, e.g., the
diffusion of Cu; clusters on graphene as a function of temper-
ature, similarly to a previous study on the deposition and
diffusion of silver clusters on carbon-based surfaces.*® The
application of the UMP2C approach and the PPM to the Cus-
Cu; interaction potential would allow to extend the dynamics
calculations to the aggregation of copper clusters on graphene,
and to compare with those reported through, e.g., ab initio MD
(AIMD) simulations.>

4 Concluding remarks and future
prospects

Summarizing, the accurate characterization of cluster-support
interactions is crucial to optimize the (photo)catalysts perfor-
mance of atomically precise metal clusters of subnanometer
size and to design new ones with improved properties. Mgller-
Plesset second-order (MP2) theory is one of the most successful
post-Hartree-Fock wave-function-based theories that can be
applied to sensible molecular models of the support such as
coronene when considering graphene. However, MP2 interac-
tion energies of cluster-support interactions are typically too
attractive and must be corrected. In this work, we have proposed
an extension of the MP2C approach,?® previously applied to the
vdW-type Ag,-coronene interaction,* to open-shell cluster-
support interactions implying highly attractive energy contri-
butions beyond vdW forces. The excellent performance of the
newly MP2C-based approach has been ensured by applying it to
correct the MP2 intermolecular potential characterizing the
interaction of Cuj; clusters with benzene and coronene, having
achieved subchemical accuracy when considering the CCSD(T)-
F12 method as the reference.

Importantly, we have also found that DFT-D3 delivers an
optimized structure of the Cuz;-benzene complexe agreeing very
well with the CCSD(T)-based one. The same holds for optimized
structures of Cu, clusters (n = 3, 5, 10),>**> with the DFT-D3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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scheme even outperforming the CCSD approach.®” Similarly, it
has been found that the DFT-D3-based structure of coronene is
consistent with that experimentally determined to within 0.01 A
for the C-C bond lengths (see Fig. 2 of the ESIt). Therefore,
a practical approach would consist in applying the open-shell
MP2C-based method in single-point calculations on top of
structures optimized at DFT-D3 level or extracted from AIMD
simulations as a function of temperature.*

It should be stressed that the applicability of the proposed
open-shell UMP2C approach is beyond the specific case of
AMC-support interactions. It is functional for any open-shell
atom, molecule, or cluster interacting with molecular models
of the carbon-based support such as coronene. In particular,
our goal is to use this UMP2C approach in getting accurate
interaction energies between astrochemically relevant open-
shell molecules and coronene in the quest of identifying the
role that polycyclic aromatic hydrocarbons (PAHs) might play in
interstellar chemistry by forming complexes with other atoms/
molecules/clusters. Another direction for future prospect is
the extension of the single-reference open-shell UMP2C scheme
to cluster-support structures featuring multi-reference char-
acter in the corresponding wavefunctions. Preliminary tests
have shown that the same dispersion corrections embedded in
the newly developed open-shell MP2C-based scheme serve to
curate the overestimated attractive interaction with the RS2C
method. However, further work is necessary to test the correc-
tion scheme in RS2C-based calculations of excited electronic
states and regions of the potential landscape near to conical
intersections.*

Besides proving the excellent performance of the open-shell
MP2C-based approach, the parameters of an inter-atomic
pairwise potential model for the dispersionless and disper-
sion contributions to the Cus-coronene interaction have been
provided. Since coronene is a sensible cluster model of gra-
phene, it is expected that these parameters can be used in MD
simulations of the dynamics of subnanometric copper clusters
onto graphene sheets. The feasibility of such approach has
already been verified in MD calculations of the deposition and
diffusion of silver clusters on carbon-based surfaces,*® having
delivered a good agreement with experimental measurements.
We hope that our practical approach to cluster-support inter-
actions, combining DFT- and post-Hartree-Fock-based
methods, might motivate efforts to further advance in the
young field of subnanometer science.
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