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Experimental and theoretical work has delivered evidence of the
helium nanodroplet-mediated synthesis and soft-landing of metal
nanoparticles, nanowires, clusters, and single atoms on solid sup-
ports. Recent experimental advances have allowed the formation of
charged metal clusters into multiply charged helium nanodroplets.
The impact of the charge of immersed metal species in helium
nanodroplet-mediated surface deposition is proved by considering
silver atoms and cations at zero-temperature graphene as the
support. By combining high-level ab initio intermolecular inter-
action theory with a full quantum description of the superfluid
helium nanodroplet motion, evidence is presented that the funda-
mental mechanism of soft-deposition is preserved in spite of the
much stronger interaction of charged species with surfaces, with
high-density fluctuations in the helium droplet playing an essential
role in braking them. Corroboration is also presented that the soft-
landing becomes favored as the helium nanodroplet size increases.

1. Introduction

Soft-landing deposition of metal species onto solid supports is
characterized by sticking probabilities close to 100% at the
impact point with landing energies well below typical cohesive
energies of the metal species. As shown in pioneering experi-
mental studies carried out by A. F. Vilesov et al."”* soft deposi-
tion can be achieved upon synthesis of the target metal species
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in cold (0.4 K) “He nanodroplets, which further serve as their
carriers to the surface of interest. Further experimental evidences
of the helium droplet-mediated synthesis and soft-landing
deposition of metal nanoparticles,>* supported with molecular
dynamics simulations,” have extensively been provided by W. E.
Ernst’s group, including bimetallic core-shell nanoparticles of
sub-10 nanometer size.”® A. M. Ellis and coworkers have also
reported on the soft-landing of elongated metal nanowires.”'°
Experimental studies carried out by Q. Wu et al.'' have further
motivated the applicability of the “He nanodroplet-mediated
surface soft-deposition technique. In this way, the authors demon-
strated that a narrow size distribution, down to the subnanometer
scale, of TiO,-supported gold clusters can be achieved which is
stable upon exposure to CO and O, atmospheres up to a tem-
perature of 473 K."' Recent experimental advances by P. Scheier’s
group'>™® have allowed the pickup of metal species into
multiply charged helium nanodroplets, with the charges acting
as nucleation centers for charged, subnanometer-sized, cluster
formation."

On the theoretical side, the earliest first-principles simula-
tions of the collision dynamics of a “He droplet with a zero-
temperature TiO, surface'® showed the paramount importance
of including nuclear delocalization on the helium droplet
dynamics. Thus, in contrast with a pure classical picture
predicting the splashing of helium droplets at impact, quan-
tum simulations showed that the helium droplet spreads on a
zero-temperature surface, with the spreading being consistent
with the soft-landing of an embedded impurity. Further theo-
retical studies of both free’® and doped helium droplets'”
corroborated the suitability of this picture for embedded single
Au atoms and silver nanoparticles,"® including zero-temperature
TiO,"” and graphene'® as supports and as a “vibrating surface”
made of amorphous carbon at room temperature in order to
simulate experimental conditions with droplets composed of up
to 100 000 *He atoms.® In particular, ref. 17 presented quantum
and classical simulations on the collision of Au@*Hesq, doped
droplets with a titanium dioxide surface. It was shown that the
appearance of quantum density fluctuations in the superfluid “He
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droplet plays a key role in assisting the soft-landing of atomic
gold, dissipating its collision energy upon impact. On the con-
trary, no sticking was found but just a slight deviation from an
elastic trajectory when the helium drop was described classically
(see, eg., ref. 19 for a recent review). The reliability of the
theoretical approach was later confirmed in the experimentally
probed soft-deposition of gold clusters, down to the subnan-
ometer scale, on a titanium dioxide surface.'*

More recently, P. Scheier's group®® has experimentally
shown that embedded charged Cg, species scatter back upon
collision with a room-temperature surface. These latest experi-
ments have further emphasized the very complex nature of
interfacial phenomena involving the interaction of helium nano-
droplets with surfaces of solid materials. They have motivated us
to consider the impact of the charge for metal species immersed
in a superfluid helium droplet onto a zero-temperature surface,
analysing the influence of the helium droplet size as well. For this
purpose, we apply high-level ab initio theory combined with the
He time-dependent density functional theory (He-TDDFT) method
for the quantum dynamics in the collision of silver atoms and
cations solvated by superfluid helium nanodroplets onto zero-
temperature graphene. From an application-oriented point of
view, it should be stressed that the soft-deposition of atomic
metal cations onto suitable supports is a possible route towards
the stabilization of single atom catalysts.*"

2. High-level ab initio
intermolecular potentials

2.1 He-graphene, Ag-graphene, and He-Ag interaction
potentials

In this work, we have used the accurate He-graphene inter-
action potential reported in ref. 16, already probed by reprodu-
cing experimental data with spectroscopic accuracy (to within
0.3 cm™ ). The proposed method'® (the periodic dispersionless +
incremental D} approach) extends dispersionless density func-
tional (dIDF) theory,”>?® introducing a scheme to parametrize
the dispersion interaction at the coupled cluster singles and
doubles and perturbative triples (CCSD(T)) level via the method
of increments.** The same scheme has been applied to calcu-
late the dispersion-dominated Ag-graphene interaction
potential in this work. Within the incremental D, scheme,
the intermonomer correlation contribution to the correlation
energy calculated at the CCSD(T) level® is identified with the
dispersion contribution, fitted by means of the effective pair-
wise D, functional of K. Szalewicz and collaborators,>***® and
then computed on the extended system. For Ag-graphene, the
calculation of the interaction energy Eig:*' (see Table 1) is then
reduced to,

\/Crece
n .
E:Lr?lt = EldanF - Z Z T ﬂ(\/ ﬁAg[)’CRAgC>7 (1)
C n=6,8 AgC

where the sum in the second term (the D, function) runs over
as many graphene C atoms as necessary to get convergence and
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Table1 Potential minima obtained with the different methodologies with
the best estimates marked in boldface. Distance between the cation and
the center of mass of the molecule, R, in A and interaction energies in
cm™. 45(56) denotes the aVQZ(aV52) basis set on Ag* and the aV5Z(aV6Z)
for He. The values obtained for the Ag—coronene and Ag-—graphene
systems using the periodic dIDF + incremental Dj approach'® are also
shown, with R being the distance between the Ag atom and a hollow site in
the coronene/graphene sheet. For comparison purposes, benchmark
results using the DK-MP2 approach for the Ag—coronene complex are also
included.** See text and the ESI for further details and additional
dispersion-corrected density functional calculations

Complex Method/basis set R Energy
He-Ag" CCSD(T)/45 2.4100  —392.8
CCSD(T)/56 2.4027  —403.9
CCSD(T)/CBS 2.4009  —406.7
Ag'-benzene MP2/aVDZ 2.2307  —13885.6
CCSD(T)/avDZmb 2.2572 —13709.6
Ag'-coronene MP2/aVDZ 2.1924  —17085.3
Ag'-circumpyrene ~ MP2/avDZ 2.1900 —17500.5
Ag-coronene DK-MP2/ANO-RSC-VDZP  3.19 —1434
dIDF + D*/avTZ 3.24 —1385
Ag-graphene per. dIDF + D}, 3.50 —1164

[ are the damping functions of K. T. Tang and J. P. Toennies.””
A variant of this approach using dispersionless and dispersion
contributions from DFT-based Symmetry Adapted Perturbation
Theory*®*® has been proved to be very useful in quantum
nuclear descriptions of atomic and molecular aggregates inside
carbon nanotubes (see, e.g., ref. 30-37 and references cited
therein) and onto graphene.’® The dIDF calculations were
carried out using a modified version of the CRYSTAL code®’
including the implementation of the dIDF approach."® For this
purpose, we used a 3 x 3 graphene supercell model with
the (augmented) correlation-consistent polarized aug-cc-pvDZ
basis set (denoted as aVDZ) on carbon atoms.*® The relativistic
small-core Ag pseudopotential of D. Andrae et al*' was
employed together with the corresponding basis set as modified
for CRYSTAL calculations by K. Doll and N. M. Harrison** (see
further details in the ESIt). The accuracy of the dIDF + incre-
mental D}, method has been assessed by applying it to the
Ag-coronene complex. As in ref. 25, the augmented correlation-
consistent polarized triple-{ basis of T. H. Dunning and
collaborators*® (aug-cc-pVTZ) has been used for C and H atoms,
while the aug-cc-pVTZ-PP basis set has been employed for silver,
including a small-core (19-valence-electron) relativistic pseudo-
potential.”® The method provides an estimate for the interaction
energy and the Ag-coronene equilibrium distance which are very
close (to within 3%, see Table 1) to previous benchmarking
results** obtained using the scalar one-component Douglas-
Kroll-Hess approximation®® in relativistic calculations at the
second order Moller-Plesset perturbation theory (MP2) level with
the ANO-RCC-VDZP basis set’®"” (see ESIt). Interestingly, the
Ag-graphene interaction is less attractive (by 16%) than the Ag-
coronene interaction. Similarly to the Ag,-graphene interaction,>
this behaviour is attributed to the repulsive intramonomer corre-
lation contribution to the Ag-graphene interaction.
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We have used the He-Ag potential reported in ref. 48,
calculated at the CCSD(T) level, including corrections for the
perturbative treatment of the triples excitations with a well-
converged basis set encompassing a small core pseudo-
potential for silver.

2.2 He-Ag" and Ag'-graphene interaction potentials

Additionally, we have applied intermolecular ab initio inter-
action theory to calculate the He-Ag" and Ag'-graphene inter-
action potentials. As molecular models of a single graphene
sheet, we have used hydrocarbons of increasing size (see Fig. 1).
This strategy avoids problems related to the description of
charged systems under periodic boundary conditions.*® A sys-
tematic electron correlation method and basis set selections were
carried out. In this way, the MP2 and CCSD(T) methods together
with the (augmented) correlation-consistent polarized [(aug)-cc-
PVXZ(-PP for Ag"), X = 2-6, denoted (a)VXZ in the following] bases
have been used. For comparison purposes, dispersion-corrected
DFT-D3(B])>*°! interaction energies have also been evaluated
(see ESIY). As result, our best benchmark result for the He-Ag"
interaction was obtained with the CCSD(T) method including
extrapolation to the Complete Basis Set Limit (CBS); that for Ag*-
benzene with the same method and the aVDZ basis set extended
with a set of 3s3p2d1flg midbond functions (denoted avDZmb);
and in the case of the Ag'-coronene and the Ag'-circumpyrene
complexes we resorted to the MP2 method and the aVDZ bases.
The latter selection was carried out after observing that for the
Ag'-benzene complex, the MP2/aVDZ combination delivered a
potential very close to that provided by the CCSD(T)/avDZmb
combination. Previous studies of the Cs,-benzene and the Ag-
benzene complexes**> have also shown a remarkably good
agreement between the MP2 and CCSD(T) approaches when
smaller bases are used in MP2 calculations to compensate for
over-binding effects due to the neglect of repulsive intermonomer
correlation contributions. As shown for the case of the interaction
of the silver dimer with coronene (see Fig. 2 of ref. 25), the coupled
MP2 method of Hefielmann and Pitonak could also be used to

|
»

Fig.1 Complexes under investigation. R is defined as the distance
between the Ag* ion and the corresponding molecular center of mass
and lies along the plotted axis.
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Fig. 2 Above: He—Ag* complex interaction potential, evaluated at the
CCSD(T) level and with the set of bases described in the manuscript.
Extrapolated CBS-limit results are also displayed. In the inset the area
around the minimum is displayed in more detail. Below: Ag*-benzene, —
coronene and — circumpyrene interaction potentials, evaluated at the MP2
level with the aVDZmb and aVDZ basis sets. See Fig. 1 for the definition of
the intermolecular distance, R in A, and text for further details. Energies are
given in inverse cm.

avoid over-binding effects.>>* The set of 3s3p2diflg midbond
functions was selected considering benchmark studies previously
performed for the evaluation of a considerable number of inter-
action potentials in weak bonded complexes (see ref. 55 and 56
and references cited therein). The calculations were carried out
using the ORCA suite of programs®~° (version 5.0.1). Further
computational details are provided in the ESLt

As can be seen in Table 1 and Fig. 2, the strength of the
Ag'-coronene interaction differs by less than 3% to that pre-
dicted for the Ag'-circumpyrene complex, and hence, the
corresponding potential energy curve (see ESIt) was used for
the quantum dynamical simulations. For the He-Ag" complex
quantum dynamical calculations, the CCSD(T) interaction
energies extrapolated to the CBS limit were used (see ESIT).

3. Quantum dynamics in the helium
droplet-assisted collision process
In order to follow the superfluid helium nanodroplet-assisted

collision dynamics of the silver cation with the target surface, a
time-dependent density functional theory formulation (referred

Phys. Chem. Chem. Phys., 2023, 25,16699-16706 | 16701
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to as He-TDDFT) has been used.">°>°" Due to its large mass,
the solvated Ag atom or Ag" cation (denoted M) can be
represented as a classical particle with position ry(f) while
the helium solvent was described by a complex effective wave-
function ¥(r,t) such that p(r,t) = |¥(r,£)|*. In the given scenario,
the helium droplet (composed by “He atoms) follows the 3D
time-dependent equation,

M)  (+Am))[ 36 nelp]
o n { 2 T op(r) }T(”)
{ng IR (2) — Vs M e —ru ) JH(r, 1)
(2)

where &y.[p] is a modification® of the Orsay-Trento He-DFT.**
This modification allows the stabilization of the helium density
when high “He density profiles emerge during the dynamics®
due to the very attractive nature of the He-graphene interaction.®
Moreover, the modified backflow term of the Orsay-Trento
functional® has also been included to avoid the rebounding
of the metal species upon impact. Hence, it is assumed that the
helium droplet behaves as a Bose-Einstein condensate with all
*He atoms occupying the same single-particle wave-function
(orbital). The kinetic energy term has the same form as for the
case of non-interacting bosonic particles, but accounting for
the He-He interaction through a Hartree-like contribution (see,
e.g., ref. 64) and an ad hoc correlation density functional term
with parameters derived from the properties of superfluid bulk
helium. The terms V™ and visurface yecount for the Hey-M
and laterally averaged Hey-surface pair potentials,®® assuming
thus a sum of inter-atomic pairwise He-surface and He-M

t=4ps t=8ps

50 50
40

<30
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interactions. Finally, A(r) is a damping function avoiding the
artificial reflection of the “He droplet upon reaching the box
boundaries (i.e., ‘absorbing’ the helium wave-function). This
equation is coupled to that characterizing the metal atom and
cation motions,

g = — Umm (VM — ey
6)
_ sz [Vele—surface (Z)]

where VA SUface jg the M-surface interaction potential.®>°°

In order to carry out the dynamical simulations, a modification
of the BCNTLS2016 package®” has been used.

The initial configurations of all M@"Hey (N = 1000 and
2000) complexes are obtained via density functional calcula-
tions excluding the droplet-graphene interaction. Since the
strength of the He-M interactions are larger than the He-He
pair interaction, the Ag and Ag' species locate at the droplet
center. The dynamical simulations start with the M@"*He; o0
and M@*He,, mass centers at 30 and 43 A from the surface,
respectively. Following the usual experimental set-ups in
deposition processes, the doped droplets are provided with a
collective initial velocity towards the surface plane of 200 m s~ .
The metal species are provided with the same speed and added
in the dynamical process, accounting for the He-graphene and
corresponding Ag-graphene (or Ag'-graphene) interactions.
Fig. 3 shows two-dimensional (2D) snapshots of the Ag@*He;qq0
droplet evolution during the first 24 ps (see Multimedia view in
the ESIt). The M species motions can be followed in Fig. 4 in
terms of the positions and velocity along the surface normal as a
function of time.
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Fig. 3 Two-dimensional (2D) snapshots showing the time evolution of the Ag@*He;ooo droplet at impact with the graphene surface. The z axis is

oriented along the surface normal direction.
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Fig. 4 Evolution as a function of time of Ag and Ag* positions (upper

panel), and Ag and Ag™ velocity (bottom panel), considering a host helium

droplet made of 1000 “He atoms.

In Fig. 3 an early compression of the *He droplet can be
observed while moving towards the surface during the first 4
ps, which is caused by He-graphene dispersion forces. Due to
the attractive He-Ag interaction, the Ag atom adjusts its posi-
tion to the compressed helium droplet, decoupling from its
center of mass, and being next accelerated towards the gra-
phene sheet due to the long-range Ag-graphene dispersion
interaction (see bottom panel in Fig. 4). In Fig. 4 (upper panel),
note that the Ag atom approaches the potential minimum
(at about 3.5 A) within the graphene surface at around 12.5 ps.
The 2D snapshot of this collision in Fig. 3 shows the formation
of a high density helium spot below the Ag atom. This solid-like
feature pushes the Ag atom back from the surface as can be
seen in the panel showing the Ag velocity in Fig. 4. These high
density fluctuations are unstable and disappear upon collision
with either the metal species or the graphene surface. Yet they
play a key role in braking the metal species. Helium density
waves travelling back from the surface can also be observed in
Fig. 3 as well as the evaporation-like and spreading processes of
the helium drop along the surface normal and the graphene
plane, respectively. After 12.5 ps, the Ag atom keeps oscillating
about the minimum of the Ag-graphene potential. The helium
droplet experiences an evaporation-like process each time that
the Ag atom impacts with the surface, dissipating its collision
energy. The helium layer located in between the Ag atom and
the surface also cushions its landing motion, as shown in the
snapshot at 20 ps (see Fig. 3). Finally, at 26 ps, the remaining
helium droplet evaporates as a whole back from the graphene

This journal is © the Owner Societies 2023
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sheet, with the Ag atom having been trapped in the minimum
of the Ag-graphene potential.

The described mechanism of collision energy dissipation of
the Ag atom by the helium droplet is essentially the same as
found for an immersed Au atom colliding with a TiO, surface."”
The consideration of a Ag" ion is much more challenging since
the Ag'-surface interaction is much stronger. Thus, it can be
observed in Table 1 that the Ag-coronene interaction is around
twelve times weaker than the Ag'-coronene interaction. As a
result, as can be observed in Fig. 4, the Ag" cation experiences
an earlier (ca. 9.5 vs. 12.5 ps) approach to the minimum of the
Ag'-graphene potential. As can be noted in the upper panel
Fig. 4, the most apparent difference between Ag and Ag"
motions, however, lies in the much larger amplitude and
frequency of the latter. Moreover, due to the much higher
velocity of the Ag' cation (bottom panel of Fig. 4), higher
density helium peaks are formed in the closest layers of
the Ag". As in the case of the Ag atom, these solid-like features
play an essential role in braking the Ag" motion towards the
graphene sheet, causing its movement back and forth from the
surface. As a consequence of these high helium density fluctua-
tions, the amplitudes in the Ag" motion become reduced as a
function of time until the remaining helium droplet fully
evaporates at ca. 15 ps (see also Fig. 5). Additionally, we note
that the evaporation-like process of the helium droplet is faster
when doped with the Ag" cation than in the case of the Ag atom.

In spite of the major role of high-density fluctuations in the
superfluid droplet *He motion as the strength of the metal-
surface interaction increases, it is remarkable that the global
picture of the soft-deposition mechanism remains unaltered.
The same holds true when the size of the helium droplet
hosting the Ag" ion increases from 1000 to 2000 *He atoms.
Fig. 5 shows a comparison of the oscillations in the Ag" cation
motion with time for droplets of 1000 and 2000 “*He atoms. The
attractive region of the Ag'-graphene potential is naturally
reached at a later time as the helium droplet size increases.
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Fig. 5 Comparison of the oscillations in the Ag* cation motion as a

function of time for droplets of 1000 and 2000 “He atoms. The graph
for Agt@*Heso00 has been shifted by 6.2 ps.
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In this way, for comparison purposes, the graph corresponding
to 2000 “He atoms has been shifted by 6.2 ps. The amplitudes
of the earliest oscillations are identical in both cases, but for
the *He,q0o droplet, their decrease is much more pronounced
as a function of time, pointing out that much more energy is
being dissipated. In short, larger helium droplets favor the
occurrence of soft-deposition.

4. Conclusions

Summarizing, by applying high-level ab initio theory and
the quantum He-TDDFT approach, theoretical predictions are
presented on the superfluid helium droplet-mediated soft-
deposition of neutral and charged metal atomic species onto
zero-temperature surfaces, corroborating previous work.'” Yet,
due to the increase of the ion-surface interaction forces as
compared with the neutral atom-surface case, high helium
density fluctuations around the metal species play a much
more relevant role in braking the ion upon impact with the
solid support. The collision dynamics is thus much more
sensitive to quantum effects for immersed charged species
and, particularly, hard-core He-He correlation contributions.
Classical molecular dynamics (MD) simulations using a renorma-
lized He-He interaction to account for the fluid nature of the
helium medium have proved deposition of metal nanoparticles in
soft-landing conditions even on surfaces at room-temperature.'®
The major role of high-density helium fluctuations for the case of
charged species, however, challenges classical MD simulations,
even including a renormalization of the He-He interaction,"®®® to
deliver the physics of the soft-landing process at low temperature.
Path Integral MD Simulations would allow the analysis of the
impact of quantization as a function of the doped droplet velocity
without an implicit assumption of superfluidity.®® The highly
accurate results from full quantum simulations presented in this
work provide a benchmark to be used in future MD simulations.

The follow-up of our work with MD simulations will be
useful in providing time scales for the thermalization of helium
droplets on surfaces at room-temperature (RT), ultimately
leading to evaporation. If thermalization is faster than soft-
deposition, both neutral and charged immersed species would
be back scattered. On the one hand, the numerous pieces of
experimental evidence accumulated on soft-landing of neutral
species on RT surfaces"*'"”° and large-scale MD simulations'®
indicate that thermalization might be slower than soft-landing
itself. On the other hand, proven back scattering of charged
species immersed in charged helium droplets and further
deposition on a surface orthogonally oriented with respect to
the primary one® call for a much more complex strategy in
achieving soft-deposition. In particular, thermalization of the
primary surface at the same temperature as the helium droplet
could be an effective way to drive rebounding of the doped
helium droplet as a whole towards the secondary surface.
Moreover, as clearly demonstrated in this work, the enlarge-
ment of the helium droplet hosting the charged species would
enhance energy dissipation on the collision with the support.
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Whatever the experimental strategy is, this and previous work"”
point in the direction that superfluid helium droplet motion
ensures soft-landing of immersed (metal coinage) atomic
species independently of charge, droplet size, and chosen
(graphene or titanium dioxide) support.”* Furthermore, they
also suggest a possible pathway to stabilize single atom cata-
lysts on suitable surfaces.”"*°
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