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Beyond single-crystal surfaces: The GAL21 water/metal force field

Paul Clabaut,®*® Matthieu Beisert,! Carine Michel,! and Stephan N. Steinmann?®'?)
Ecole Normale Supérieure de Lyon, CNRS, Laboratoire de Chimie UMR 5182, 46 allée d’Italie, F-69364, LYON,
France

(Dated: 28 October 2022)

Solvent effects are notoriously difficult to describe for metallic nano-particles (NPs). Here, we introduce
GAL21 the first pair wise additive force field that is specifically designed to modulate the near chemisorption
energy of water as a function of the coordination numbers of the metallic atoms. We find a quadratic depen-
dence to be most suitable for capturing the dependence of the adsorption energy of water on the generalized
coordination number (GCN) of the metal atoms. GAL21 has been fitted against DFT adsorption energies
for Cu, Ag, Au, Ni, Pd, Pt, and Co on 500 configurations and validated on about 3000 configurations for
each metal, constructed on five surfaces with GCNs varying from 2.5 to 11.25. Depending on the metals, the
RMSD is found between 0.7 kcal-mol~! (Au) to 1.6 kcal-mol~! (Ni). Using GALZ21, as implemented in the
open-source code CP2K, we then evaluate the solvation energy of Auyy and Pty; NPs in water using thermo-
dynamic integration. The solvation free energy is found to be larger for Pt then for Au, and systematically
larger than 200 kcal-mol~!, demonstrating the large impact of solvent on the surface energetics of NPs. Still,
given that the amorphous NPs are both, the most stable and the most solvated ones, we do not predict a
change in preferred morphology between the gas-phase and in water. Finally, based on a linear regression on
three sizes of NPs (from 38 to 147), the solvation energy for Au and Pt surface atoms are found to be -5.2

and -9.9 kcal-mol~!, respectively.

I. INTRODUCTION

Metallic nanoparticles (NPs) have unique properties
related to the nature of the metal but also their mor-
phology and the exposed surface sites, which can be
tuned and modified when used in an aqueous medium.
Their ability to diffuse through the human body to reach
the treatment site,! combined with their radio-sensitising
properties that could be used to selectively kill can-
cerous cells? make them appealing in teragnostic. In
catalysis and electrocatalysis,® the unique reactivity of
their surface sites is exploited by enhancing the surface-
over-volume ratio to maximise the exposed surface area
while minimising the total amount of necessary noble
metal catalysts. This has led to a global augmenta-
tion of the dispersion of active catalyst on support sur-
faces and, thus, to a reduction of the size of the metallic
nanoparticles.* 6

The usage of NPs in the biological environment and
in many (electro)-catalytic processes implies interactions
between the nanoparticles and liquid water that may re-
sult in changes in morphology and exposed active sites.
However, simulating metallic nanoparticles in water is
very challenging: simulations of hundreds of atoms con-
stituting the nanoparticles along with the correspond-
ing (large) water phase would be required. Few stud-
ies exist that perform such simulations at the computa-
tionally costly ab initio level, although the literature is
rather rich regarding the simulation of the correspond-
ing single-crystal surfaces.”. As examples, we can men-
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tion photo-activated water splitting on small Ru clusters®
and O dissociation on small Au particles®. In both stud-
ies, the small clusters have been supported on a solvated
oxide surfaces. Other studies investigate directly the
nanoparticle/water interface structure with heavy sim-
ulations but are limited to structure optimisation,'® im-
plicit solvation,!! or short sampling duration.'? Molec-
ular mechanics (MM) simulations could be employed to
lower the cost of the sampling. However, adapted force
fields that deliver relevant structures and surface solva-
tion for nanoparticles hardly exist. Jacob and co-workers
recently investigated the oxidation and degradation of
Pt clusters under (electro-)oxidation conditions using
ReaxFF.!3 They benefited from an intense parametriza-
tion and validation effort in the past decade'? that is not
available for many metals and adsorbates. To reach a
more transferable description, a simpler functional form
is desired that is compatible with “standard” force fields.
However, describing the interaction between two differ-
ent classes of materials like a metallic nanoparticle on
one hand and liquid water on the other hand poses sev-
eral challenges. The near-chemisorption of water needs
to be properly described in terms of energy, adsorption
site and orientational preference of water relative to the
local surface of the NP.'> We recently proposed GAL, a
metal/water force field that includes an angular depen-
dence and an attractive Gaussian to localize the water on
the appropriate adsorption site on a Pt(111) surface.'®
Since GAL17 captures the near-chemisorption of water
on Pt(111), it is able to describe the competition for ad-
sorption sites between the solvent and other adsorbates.
Therefore, GAL17 was used to assess the impact of solva-
tion on the adsorption energy of aromatic molecules on
Pt(111), leading to a semi-quantiative agreement with
experiment.'” Indeed, for the determination of solvation



energies of adsorbates on (metal) surfaces, our strategy
relies on the combination of interfacial force fields for the
interaction between the solvent and the surface, with a
“standard” (typically UFF)!® force field for the descrip-
tion of the adsorbate. For all these simulations, the DFT
subsystem (surface plus adsorbate) are kept frozen, i.e.,
no force field is required for these interactions that are
generally difficult to describe.

Based on our initial work on GAL17,'6 a
Pt(111)/water force field that reproduces the cor-
rugation of the potential energy surface (top, hollow,
bridge sites) of water on Pt(111), we have recently in-
troduced the GAL19 force field to describe water/metal
(alloy) surface interactions.!® The main ingredient
beyond the standard physisorption potentials?® is the
angular dependence of the interaction between the water
dipole moment and the surface norm, supplemented by
an attractive Gaussian potential. However, GAL19'9 is
only parametrized for the (100) and (111) perfectly flat
crystal surfaces. The metallic environment of atoms in
such extended surfaces differs from the environment of
exposed metallic atoms at the surface of nanoparticles.
At the centre of flat exposed portions of the surface,
the chemical environment of the metallic atoms might
resemble (100) or (111) facets but this does not hold
true for edges or corner atoms. The diversity of surface
atoms on nanoparticles asks for a unified force field
that explicitly depends on the local topology in order
to capture the modulation of the near-chemisorption
interaction.

In 2014 Calle-Vallejo et al. introduced the generalised
coordination numbers (GCN) to correlate the adsorption
energy of atoms and small molecules on nanoparticles
with the metallic environment of the surface atoms.?!22
The GCN can be seen as a second-order corrected coordi-
nation number, as the information of the incomplete co-
ordination sphere of atoms is propagated to/from its first
neighbours. GCNs are, therefore, much more sensible to
the local surface environment than standard coordina-
tion numbers. Even though GCNs do not perfectly cap-
ture the variations of adsorption energies on various sites
of small nanoparticles,?® the GCN is a low-cost, physi-
cally motivated descriptor that captures overall trends.?*
Therefore, we decided to exploit the GCN for the devel-
opment of a unified metal/water force field for arbitrary
metal surfaces and nanoparticles.

We here develop the GAL21 force field, which re-uses
the functional form of GAL19 but introduces a contin-
uous dependence of the parameters on the GCN of the
metallic atoms. By parameterising the force field on a
set of DFT interaction energies of water molecules on
metallic surface atoms featuring a wide range of GCNs,
a unified functional form, adapted to any kind of surface
or particle, is obtained.

Il.  STRUCTURE-SENSITIVITY OF THE ADSORPTION
OF A WATER MOLECULE ON A METALLIC SURFACE

We aim at developing a force field that is able to
describe the metal/water interaction when the metallic
atom belongs to a particle. As a preliminary study, we
evaluated at the DFT level (see computational details)
the adsorption of a water molecule on a series of metal-
lic periodic slabs, varying the metal (Cu, Ag, Au, Ni,
Pd, Pt, Co), the type of facets ((111) and (100)), and
the presence of ad-atoms or defects. The different model
surfaces and atomic sites considered are shown in Fig 1.
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FIG. 1: 2x2 super-cell representations of the model
slabs and atomic adsorption sites chosen for this study.
Red atoms represent the atomic sites on top of which
water molecules are adsorbed. A Generalized
Coordination Number (GCN) and a name is associated
with each of these atoms. Between brackets are the
specific names of the atomic sites on the slabs, followed
by the designation of the slabs themselves. Atomic site
names are not mentioned when all the surface atoms of
a slab are identical. [add] stands for the addatoms, [n1]
stands for the first neighbour of an addatom or defect ;
nadd@S stands for a surface S with n addatoms, while
ndef@S stands for a surface S for whom n atoms were
removed.

To characterize the local topology of a given metallic
site, we have chosen to use the generalized coordination
number (GON).2! The generalised coordination number
GCN(i) of a metallic atoms ¢ is computed according to:

LN\~ ON(j)
GCON (%) j N (1)
where the summation runs on its n closest neigh-
bours, CN(j) is the standard coordination number of the
neighbour j, and CN,,4; is the maximum coordination
number (CN corresponding to a complete coordination
sphere) that could be reached for an atom situated in a
bulk metal of the same nature (12 for an fcc metal). A
visual summary of the method is provided in Fig 2.



The determination of the neighbours and of their co-
ordination number is not uniquely defined for general
(e.g., amorphous) systems and is, here, performed by the
parameter-free ASANN algorithm.?® In Fig. 1, the GCN
of the adsorption site (highlighted in red) is provided.
It spans a wide range, from 2.5 to 11.25 (12 being the
maximum in the bulk).

GCN of metal

FIG. 2: Schematic representation of the GCN
determination process. On the left, the standard
coordination numbers of the metallic atoms. As a first
step, the neighbour of each atom are identified and their
standard coordination numbers gathered. In a second
step, the formula is applied to compute the GCN of
each metallic atom of the slab.

The adsorption energy of a water molecule Egyqs min is
defined as:

Eods,min = Er,0astab — Er,0 — Estab (2)

with Er,0esiqp the energy of the adsorption of a water
molecule on the selected atomic site on the slab, Ep,0
is the energy of the isolated water molecule and FEgqp
is the energy of the slab. The relation between the DFT
minimum adsorption energies on the various explored ad-
sorption sites and the GCN of the nearest atomic adsorp-
tion sites is presented in Fig 3. The adsorption energy
is not linearly but rather quadratically dependent on the
GCN. This information is key to motivate the GAL21
functional form.
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FIG. 3: DFT minimum adsorption energies of water
among the configuration set used in this study for each
atomic adsorption site in function of the GCN of the
atomic adsorption site and the corresponding fitted
parabolas.

I1l. DEVELOPMENT OF A STRUCTURE-SENSITIVE
METAL-WATER FORCE FIELD

A. GAL21 functional form

The basic atom-pairwise additive functional form of
GAL19' was used:

VGAL19/21:Z Z Vs, u (T, m)

H MeQ(H)

+Z Z Vr,0(7um,0,0) (3)

O MeQ(0)

where Q(H) and Q(O) represent two ensemble of
metallic atoms (indistinct of their nature in the case of
an alloy) within a given distance cut-off of an H atom
and the O atom respectively.

The interaction of the surface with the hydrogen
(Var, ) atom is purely repulsive:

VM,H(TM,H) = AHe_TM’H‘BH (4)

where 7 is the norm of ¥, Ay tunes the strength of
the repulsion, and By (an inverse distance) describes the
characteristic distance of the exponential decay.

The attractive interactions between water and the
metal surface are collected in the oxygen/metal inter-
action potential:

Vu,o("v,0,0) = Va(ea, by, b Ta,0)
+ Va(Ro,a1-4;7Mm,0,0)
+ Vrr(A, B,Cs;rar,0) (5)



where V¢ is an attractive Gaussian potential:
2
Vg(’l:}mo) = zi‘ae_bH.T||t‘37bLTi (6)

where 7| and 7 are, respectively, the parallel and per-
pendicular projection of s 0 on the surface normal 7.

V4 is an angular correction term which modulates the
interaction energy of the water molecule as a function of
the angle 6 between the surface norm 7 and the molecular
dipole moment:

Z an cos(nb) (7)

n=1

(e—TM,o/Ro )2

Z e~ TM;.0/Ro
]V[iGQ(O)

VA(TM,Ov 9) =

where R is a parameter for the characteristic distance
of the M-O distance and the a,, are the expansion param-
eters of the Fourier series.

Finally, Vpr is the potential of Tang and Toennies,
accounting for both the short-range repulsion and the
long-range dispersion interactions.

26

6 k
Vrr(r) = Ae” 87 — |1 - Z 7(Bk!r) e BT % (8)
k=0

where A, B, and Cg are parameters.

The surface normal 7 is defined locally for each metallic
atom M of a surface or a nanoparticle. Its definition has
been slightly revised compared to GAL19 to behave more
smoothly at the surface of highly corrugated objects. It
reads:

A(M) =y 9)
T UMM

where i runs over all metallic atoms (é.e., including all
constituents in the case of an alloy) within a distance
cut-off of M. The cutoff is defined as the global force
field cutoff. The sum causes the resulting vector to point
away from the volume containing metallic atoms, and
therefore, to the outside of the metallic object.

In total, Vgar depends on 13 parameters: Ay, By,
€a; b, b1, Ro, the four a,, A, B and Cs. In GAL2I,
two parameters are taken as GCN-independent (Ro and
Cs), six parameters become linearly dependant on the
GCN of M: Ay, By, b, b1, A, and B; and 5 parameters
become quadratically dependant on the GCN of M: ¢,
and the four a,. Each parameter L depending linearly
on the GCN of M is written as:

L=1Lgy- GCN(M) + L) (10)
and each parameter Q depending quadratically on the
GCN of M is parametrized as:

Q=Q@) GCN(M)*>+ Q) - GCN(M) + Q) (11)

B. Fitting method and data set

In order to investigate atomic sites for water adsorp-
tion presenting a wide range of associated GCN, several
surfaces were built. Fig 1 presents the different model
surfaces and atomic sites considered, along with their as-
sociated GCN.

In total, 29 adjustable parameters are needed for the
GAL21 force field for each metal: there are four hydrogen
repulsion parameters, i.e., the two parameters for the lin-
ear dependence of Ay and Ry of Eq. 4. Then, we have
seven parameters for the Gaussian attraction (Eq. 6):
the three parameters of the quadratic dependence of ¢,
and the four parameters of the linear dependence of b
and b, . The angular dependence (Eq. 7) requires thir-
teen parameters: Rp, and the three parameters of the
quadratic dependence of each a1, as, a3, and ay4. Finally,
the physisorption potential (Eq. 8) depends on five pa-
rameters: the Cg coefficient and the two parameters of
the linear dependence of A and B).

Like for GAL19, the C parameter is the only one that
is not fitted but directly extracted from the DFT compu-
tations via the use of the dDsC dispersion correction.?”
In order to fit the remaining parameters, a set of 4154
configurations is built for Co, Ni, Cu, Pd, Ag, Pt, Au.
All configurations consist of a single water molecule ad-
sorbed on a p(3x3) or p(4x4) metallic slab. The con-
figurations probe various orientations, distances, and ad-
sorption sites (top, hollow, addatom, etc...) of the water
molecule. For each surface, several adsorption sites were
identified. Then, for each adsorption site, the potential
energy is scanned on a grid, varying the distance to the
surface and the angular orientation (6,¢). Only a re-
stricted part of the total set (500 configurations obtained
from a stratified random sampling) is used to fit the data,
while all geometries with negative adsorption energies are
used to validate the model. More details about the set
can be found in the supporting information section S1.

Similarly to our previous work,' the optimisation pro-
cess is split between linear and non-linear parameters. In-
deed, only nine parameters are non-linear and have been
optimized via a simplex optimizer. All linear parameters
for which a GCN dependence is introduced can be de-
composed into three individually linear (and thus, easy
to fit) parameters:

Q(GON) - T = Q) - GCN* +Qquy - GON + Qo) - T (12)

= Q2 -GC’N2~T+Q(1) -GCON T + Qo)

where @ is a linear parameter with a quadratic GCN
dependence, Q;) its components in the GCN depen-
dence, and T a term of the potential. Hence, at each
iteration of the simplex, the linear parameters are deter-
mined via a least-squares fit. The final parameters have
been selected among 18 simplex runs that have been in-
tialized via a Latin hypercube with random values that
minimize the maximum correlation coefficient as imple-
mented in pyDOE.

-T
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FIG. 4: Schematic representation of the cartwheel angle
0, the propeller angle ¢, and the helicopter angle w,
defining the orientation of the water molecule with

respect to the surface. w = 0 is arbitrarily defined as a

coincidence of the dipole moment vector and the x-axis.

At ¢ = 0 the molecular plane of H,O is parallel to the
surface.

The optimal parameters for the seven metals are pro-
vided in Table I.

IV. COMPUTATIONAL DETAILS

All DFT energy evaluations have been carried out
with VASP 5.4.1,2%29 using the PBE generalized gradi-
ent approximation functional®® with the dDsC dispersion
correction®3? and an energy cutoff of 400 eV for the ex-
pansion of the plane-wave basis set. The electron-ion in-
teractions are described by the PAW formalism.3334 The
interatomic distances of the bulk metals have been opti-
mized and found to be 2.48, 2.49, 2.56, 2.78, 2.92, 2.81,
2.94 A for Ni, Co, Cu, Pd, Ag, Pt, and Au respectively.
Series of 4154 configurations of a single water molecule
adsorbed on a p(3x3) (for (100), (111) surface) or p(4x4)
(for all the other surfaces) unit cell with 4 metallic layers
were built for each of the metals. The slabs are separated
by a vacuum of 20 A in order to minimize interactions be-
tween periodic images. The diverse set (see section S1 in
the supporting information) explores the configurational
space characterised by the four main descriptors: The ad-
sorption site, the distance to the surface, the cartwheel
angle # and the propeller angle ¢ as defined in Fig. 4.

The Brillouin zone was sampled by a I'-centered 3 x 3 x
1 Monkhorst-Pack K-point grid.?® Idealized geometries
(as cut from the bulks) were adopted for the metallic
layers, while the water molecule was taken from a DFT
optimization in gas phase (O-H: 0.98 A and a H-O-H
angle of 105.32°).

The initial geometries of the Aus; NPs have been ob-
tained from the literature3® and re-optimized at the PBE-
dDsC level in VASP with a Fermi-smearing of 0.025 eV
(~ 300 K) in a cubic box of 25 A. The Fermi smearing

at room temperature was chosen to limit the electronic
smearing in these molecular systems that feature a gap,
in analogy to our studies on semi-conductors.?” The Pt
NPs have been optimized based on the Aug; geometries
using analogous settings.

Molecular mechanics simulations have been carried out
with a modified version of CP2K 5.1,3839 and CP2K
9.1 (which contains GAL21 by default) using the FIST
module under periodic boundary conditions. Long-
range Coulombic interactions were evaluated through the
smooth particle-mesh Ewald summation® with roughly
1 mesh point per A. Molecular dynamics were run in the
NpT ensemble at 1 bar, 298 K, using the default settings
for the Canonical Sampling through Velocity Rescaling
(CSVR) thermostat*! and default (isotropic) barostat.
The geometry of the NPs have been kept fixed in their
DFT geometry. In order to ensure that their geometry is
not rescaled by the barostat, slight modifications in the
source code were required. The TIP3P water model was
used for water-water interactions?? and inter-atomic dis-
tances were constraint via the SHAKE algorithm. Note,
however, that the nature of the water model has no im-
pact on the GAL21 parametrization. Hence, GAL21 is
compatible with all established water models. The wa-
ter/metal interactions were described by our implemen-
tation of the GAL21 force-field. The time step has been
set to 2 fs for all MD simulations. The NPs have been
solvated exploiting the tleap program from AmberTools,
adding ~ 10 A of water in each direction. This resulted
in nearly cubic boxes of ~ 30 A, corresponding to about
3000 water molecules.

For the thermodynamic integrations, 21 windows
(ranging from 0.0035 to 0.995) of 200 ps each have been
performed. Only the last 100 ps have been used for analy-
sis in order to allow the system to equilibrate. The ther-
modynamic integration has been performed relying on
the blocking algorithm of Flyvbjerg?® as implemented in
pyblock and the uncertainties (including for the linear ex-
trapolation to 0 and 1 endpoints) have been propagated
by the uncertainties python module. The numerical in-
tegration itself has been performed via the trapezoidal
rule as implemented in numpy.

V. RESULTS AND DISCUSSION
A. Performances on crystal surfaces

GAL21 was fitted on 500 randomly-selected single-
molecule adsorption configurations with negative adsorp-
tion energies that span the diversity of the data set. The
root mean square deviation (RMSD, see Table I) was
then assessed for all the configurations with negative ad-
sorption energies. The RMSDs span a range between
0.72 (Au) to 1.58 (Ni) kcal-mol~!, which is roughly re-
lated to the typical strength of the interaction of water
with the corresponding metal (see Fig. 3 for the mini-
mum adsorption energies). In other words it is more the
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FIG. 5: ¢, 6 and distance dependence of the adsorption energy on the top site of the (111) facet and the single add
atom on the (111) facet (1st and 2nd column) for Au (left) and Pt (right). Blue and orange refer to DFT and
GAL21, respectively.

relative accuracy that is preserved when comparing the
metals than the absolute one, which is best seen when vi-
sually inspecting the parity plots for the different metals
(Fig. S2). In turns out that in particular the strongest
binding site (low GCN, i.e., the [add] ladd@(111) site)
is difficult to consistently capture, despite the attractive
Gaussian. We presume that this is due to a coupling
between the Gaussian attraction and the orientational
dependence that is absent in the GAL21 functional form.

As representative examples we analyse in more detail
characteristic angular and distance dependencies for Au
(weak binding) and Pt (strong binding). We start with
the corrugation between the top (most stable), bridge
(less stable) and hollow (least stable) site on the (111)
surface. This corrugation is difficult to reproduce by
force fields, since the Lennard-Jones potential?® (or re-
lated pair-wise additive physisorption potentials**) erro-
neously assign the adsorption minimum to the hollow
site.*> Figure S1 clearly shows that GAL21 retrieves the
relative stability quite well, even though the minimum
distance for the less stable bridge and hollow positions
are, especially for Pt, somewhat underestimated com-
pared to DFT. Comparing to the other metals (Fig. S3)
confirms that this is a quite general trend.

Moving to the angular and GCN dependence, Fig. 5
reveals that the angular dependence is very well repro-
duced on the (111) site, assigning the maxima to the
correct angles. The qualitative agreement is still present
for the add-atom adsorption site, but the ¢ dependence,
which is governed by the rather simple H-repulsion term

of Eq. 4, is not sufficiently pronounced in GAL21 com-
pared to DFT. This, together with the parity plots dis-
cussed above, points to a lack of coupling between the an-
gular dependence and the Gaussian attraction: in GAL21
only the GCN introduces some coupling between them,
but this is clearly not enough for a quantitative agree-
ment across all the sites. Note that the GCN dependence
for Au is only weak (and not perfectly reproduced by
GAL21), while on Pt the adsorption energy drops from
-8.7 to -19.8 kcal-mol ! at the DFT level, which is quali-
tatively captured by GAL21 (-8.7 and -15.2 kcal-mol~1).

Minima of the potential energy surface are important
since they correspond to the most likely configurations.
Considering all the (local) minima on the various sur-
faces, Fig. 6 shows that the minimum energy sites are
faithfully reproduced, even though the very strongly ad-
sorbing sites (< 15 kcal-mol~!) slightly misplace the min-
imum. This is actually a general observation, i.e., the
DFT minimum is frequently found to be slightly less sta-
bilized in GAL21, while the GAL21 minimum is generaly
close to the bisector.

In summary, GAL21 provides a consistent performance
across the board for low-coverage adsorption energies of
water on periodic surfaces, even when accounting for add-
atoms and defects.
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FIG. 6: Parity representation (GAL21 vs. DFT) of the
minimum adsorption energy of water on each metal for
each of the 12 tested positions. The DFT energy is
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water is located on the GAL21 minimum (open
symbols). Hence, if they are identical, only one dot is
visible. The orange line indicates the perfect parity line,
while the dashed lines are shifted 1 kcal-mol™" up or
down.

B. Water molecule mono-adsorption on Gold and
Platinum nanoparticles

Having established that GAL21 accurately captures
the effect of surface roughness on the adsorption en-
ergy of water, we move on to a challenging validation
set: adsorption energy configurations on small (55 atoms)
nanoparticles of gold and platinum.

The five tested morphologies are found to be minima
at the DFT level and are represented in Fig. 7. For Augy
the two amorphous (Amol and Amo2) nanoparticles are
close in energy (< 5 kcal/mol), while for Pt the energy
difference is ten times higher, in favor of the “flatter”
Amo2 NP. Interestingly, the crystalline NPs are all con-
siderably higher in energy (in agreement with previous
reports3%). The “ideal” cuboctahedron (cubo), which
is predicted to be most stable for the large-size limit
of NPs,*0 is the least stable one, followed by the Ino-
type decahedron, while the highly symmetric icosahedron
shows intermediate stability. Note that the relative sta-
bility is the same for Aug; and Ptgs, but the relative
energy differences are more pronounced for Pt. This flat-
ter energy-landscape of the Au clusters is in qualitative
agreement with the macroscopic ductility of Au.

We have constructed a set of geometries of single wa-
ter adsorption on these NPs based on a GAL21 molecular
dynamics trajectory from which snapshots have been ex-
tracted. Then, only water molecules with a maximum
distance of 3.5 A between the oxygen atom and the near-
est metal atom have been retained. For each single wa-

ter adsorption case, single-point DF'T computations have
been performed and only geometries with negative ad-
sorption energies in GAL21 and DFT have been included
in Figure 8 to focus on the most relevant structures. The
qualitative behavior of the GAL21 description of water
adsorption on Ausy and Ptyy is similar: the lower tri-
angle (stronger adsorption in GAL21 than in DFT) is
quite populated, while the upper triangle is empty. As a
point of comparison, we show in Fig. S5 the correspond-
ing plot with GAL19 parameters taken from the (111)
surface. In contrast to GAL21, GAL19 underbinds wa-
ter molecules on these under-coordinated sites, which is
understandable, as all metal atoms are considered equal
and highly coordinated. There are two factors that con-
tribute to the overestimation of adsorption energies of
GAL21 for water molecules on these NPs. On the one
hand, this is related to the too “flat” ¢ dependence for
the undercoordinated sites (see Fig. 5). On the other
hand, the significant errors for some of the Amol and
especially Amo2 configurations originate from the gener-
alized coordination number. The amorphous NPs have
a unconventional, non-closed-packed structure, with the
“joint” between the surface and sub-surface atoms being
non-syntactic. Therefore, they feature GCNs that are
quite low (down to 3.1 for Amol, see Fig. S7). As a
consequence, the coordination environment of some sur-
face atoms of Amol and Amo2 look rather “complete”
from a top view, but subsurface atoms are missing, so
that the GCN reaches low (~3) values. Especially for
Pt the low GCN is directly related to low adsorption
energies in GAL21, leading to large (>5 kcal-mol~1) er-
rors for Amo2. In other words, the same GCN reflects
different electronic structure realities, depending on the
crystallinity of the considered system. Note that a simi-
lar “breakdown” of a good correlation between the GCN
and adsorption energies has already been reported for CO
adsorption on an amorphous Augg NP.2? For the compact
icosahedron and, to a lesser extent, the cuboctahedron,
the agreement between GAL21 and DFT is, however, sat-
isfying, demonstrating the reasonable transferability be-
tween single-crystal surfaces and NPs as long as they are
closed-packed, so that their GCNs are comparable. Ad-
ditional validations in the SI (see Fig. S9) demonstrate
a similar accuracy (RMSD of ~ 1 and 5 kcal-mol~? for
Au and Pt, respectively) for a smaller crystalline NP (38
atoms) and three crystalline isomers of larger NPs (147
atoms).

C. Solvation energies of Gold and Platinum nanoparticles

Having established a reasonable accuracy of GAL21
for the interaction between water and nanoparticles, we
are now turning to the determination of the solvation
energy of Augy (weak water adsorption) and Pt (strong
water adsorption) nanoparticles. As a first step, we have
analyzed the number of water molecules that are in the
first solvation shell (see Fig. S8). The first observation is



Amo1 Cubo Ico
A
E,.(kcal/mol), Au 4.3 0.0 59.1 29.3 42.8
Pt 49.7 0.0 129.2 84.9 120.4

FIG. 7: Representation of considered Aus; geometries: The two amorphous (Amo) structures are lowest in energy,

followed by the icosahedron (Ico), Ino’s decahedron (Ino) and finally the cuboctahedron. Relative energies for the

corresponding (reoptimized) Pty clusters are also given. Structures and energies are obtained by minimization at
the DFT level using the PBE-dDsC functional.
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FIG. 8: Parity plot of GAL21 vs DFT for H,O adsorption on five Aug; isomers (left) and Pty (right). The
snapshots are extracted from fully solvated NPs. Only water molecules closer than 3.5 A from a metal atom have
been considered.
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FIG. 10: Snapshot of the number of water molecules <
3.5 A of the Augsamor (left) and Ptys1e0 (right)
nanoparticle.

that about 70 water molecules are within the 3.5 A cutoff.
Visual inspection for two extreme cases (“low” (Ptgsrco)
and “high” (Augsamoe1) numbers of water molecules in
this shell) shows that this 3.5 A cutoff corresponds to
the first solvation shell (see Fig. 10). The icosahedron
being the most spherical shape investigated, its solvation
shell includes the smallest number of water molecules.
The difference is much more pronounced for Pt than for
Au, but exists in both.

Now turning to the solvation free energy, Fig. 9 shows
that platinum is much (2-3 times, see Figure S6) more
solvated than gold. Note that error bars are not shown
as they are at most 2 kcal-mol~!, which amounts to less
than 1% and would not be visible. Even though this
trend is expected based on the adsorption energies, it is
exacerbated compared to the single water adsorption en-
ergies, where the factor is about two (Fig. 5). Given that
the number of water molecules found in the first solva-
tion sphere is quite similar (Fig. S8), it is not obvious
where this difference comes from. Furthermore, it should
be noted that for the crystalline NPs (Cubo, Ico and
Ino) the factor is roughly two, in agreement with expec-
tations. Therefore, the “overstabilization” might be re-
lated to subtle geometrical changes that lower the GCNs
of amorphous Ptgs compared to their Augy analogs: Fig.
S7 shows that the GCNs for amorphous Pt NPs are lower
compared to their Au counterparts, even though we have
not been able to identify a significant geometrical change
by the naked eye.

Adding the DFT energy in vacuum to the solvation
free energy, we can compute the relative stability in wa-
ter of the five isomers and compare it to their stability in
vacuum (see Fig. 9). Despite the very significant solva-
tion energies, the relative energies in solution follow the
ones in vacuum quite closely at least for the “low” (<
50 kcal-mol™!) lying isomers. This can be understood
given that the most stable (amorphous) isomers are also
the ones that feature the lowest GCNs and the highest
number of water molecules in the first solvation shell.

Finally, we also determine the solvation energy per sur-
face atom. In order to do so, we estimate the surface
atoms as the ones with GCNs < 8 and extend the inves-
tigated nanoparticles to a smaller one (38 atoms) and a
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FIG. 11: Solvation energy of Au and Pt nanoparticles
(38, 55 and 147 atoms) as a function of the surface
atoms. The slope of the trend-line going through (0
atoms, 0 kcal-mol~1) is -5.2 and -9.9 kcal-mol~! per
surface atom for Au and Pt, respectively.

larger one (147), both in a cuboctahedron shape. The
results are shown in Fig. 11. As for the single water ad-
sorption energy (Fig. 5) the solvation energy per surface
atom of Pt is roughly twice as important as on Au (-9.9
vs -5.2 keal-mol~!). When compared to the estimate of
the solvation energy of Pt(111) of Ref.'” at the GAL17
level of theory of -5.2 kcal-mol™! per surface atom, we
note a significantly stronger solvation of the NPs. This
is in agreement with the observation that the undercoor-
dinated surface atoms interact more strongly with water.
Furthermore, the corners and edges lead to less steric
hindrance for the adsorbed water molecules compared to
flat surfaces, so that comparably more water molecules
can stabilize the surface.

In summary, the solvation energies of NPs in water are
very large. In particular, the solvation energy per surface
atom is in the order of -5 to -10 kcal-mol~!. These solva-
tion energies reduce the adsorption energies of molecules
or ions on the NPs in water compared to the situation in
gas-phase and can, therefore, not be neglected. For prac-
tical applications, GAL21 can be coupled to the SolvHy-
brid package of Ref.1”. This QM/MM scheme allows to
assess the effect of solvation on the adsorption of various
species, including H* and OH* as a function of the mor-
phology. However, according to our extensive sampling
with a reasonably accurate force field, the water solvent
does not induce a change in morphology, not even when
water molecules are strongly interacting with the NPs.

VI. CONCLUSION

We have developed the third generation of the GAL
force field, called GAL21. This pair-wise additive force
field accounts for the morphology-dependent interaction



of metallic surfaces and nanoparticles via the general-
ized coordination number. The water adsorption is found
to depend roughly quadratically on the GCN, with low
GCNs leading to stronger adsorption. GAL21 achieves
root mean square deviations of 1-2 kcal-mol~! for seven
metals, ranging from weakly (like Ag or Au) to strongly
(like Ni or Pt) interacting metals. This force field, trained
on (defective) single-crystal surfaces, is transferable to
nanoparticles, even though GAL21 tends to overly stabi-
lize water on amorphous NPs compared to DFT reference
data. Finally, we have demonstrated the use of GAL21
for the determination of solvation energies of NPs. The
solvation free energies of Pt NPs are 2-3 times more im-
portant than the ones for gold NPs, which can be ratio-
nalized by the stronger interaction energy of water with
Pt compared to Au. For the systems investigated, the
amorphous NPs are more stable in the gas-phase and fea-
ture at the same time lower GCNs than the crystalline
ones. Together with the larger surface area and thus a
larger solvation sphere, the solvation of the amorphous
NPs is found to be stronger than for the crystalline ones.
Hence, we do not have any evidence for a significant re-
ordering of the relative energies between gas-phase and
solution phase. Finally, we also assessed the solvation
energy as a function of atoms exposed to the solvent. Ac-
cording to a linear regression on three sizes of NPs (from
38 to 147), the solvation energy for Au and Pt surface
atoms are -5.2 and -9.9 kcal-mol ™!, respectively.

VIl. SUPPLEMENTARY MATERIAL

Additional details on the training and validation set as
well as additional Figures are available. Geometries can
be retrieved online under the DOI of 10.17172/NOMAD/
2022.10.28-1.
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Co Ni Cu Pd Ag Pt Au
RMSD (kcal-mol~ 1) 1.28 1.58 1.05 1.11 0.73 1.40 0.72
Ncont 3513 3290 3945 3482 3114 3343 2077
Ro (A) 2.098 2.287 2.120 2.142 2.378 2177 2.224
bio (A% 0.041 0.204 0.115 0.051 0.262 0.166 0.318
bia (A72) 0.1271 0.1133 0.1286 0.1071 0.0582 0.0905 0.0392
bo (A7) 0.342 0.324 0.325 0.367 0.349 0.362 0.178
bia (A72) -0.0184 0.0317 -0.0098 -0.0111 -0.0247 -0.0004 -0.0039
By (A™h) 3.436 3.070 3.447 3.531 3.178 3.171 3.462
By (A7) 0.0226 0.0325 -0.0390 -0.0018 -0.0249 -0.0069 -0.0615
Bro (A7h 2.967 2.941 3.522 3.348 3.314 2.949 2.954
Bui (A1) 0.0401 0.0881 0.0069 0.0841 0.1065 0.0585 0.0163
a1,0 (kcal-mol 1) -330.41 -194.44 -79.80 -105.59 -55.47 -65.49 -65.92
a1, (kcal-mol ™) 109.88 73.65 33.36 38.54 21.78 27.73 33.50
a1,2 (keal-mol ™) -7.93 -5.88 -2.56 -2.81 -1.70 -2.12 -2.85
az,0 (kcal-mol ™) 101.68 95.91 70.98 32.12 36.37 -45.18 48.35
az,1 (kcal-mol™') -32.73 -35.97 -19.54 -10.33 -8.86 20.57 -18.39
az,2> (kcal-mol ™) 2.47 2.91 1.33 0.82 0.53 -1.74 1.57
az,0 (kcal-mol ™) -49.87 -109.66 -100.15 -88.67 -47.49 -88.65 -31.93
az1 (kcal-mol ™) 9.83 32.08 22.26 28.30 12.19 28.11 5.50
as,2> (kcal-mol ™) -0.50 -2.20 -1.14 -2.12 -0.71 -2.05 -0.09
a0 (kcal-mol ™) 4.24 10.60 20.14 16.39 7.82 29.54 -1.64
as (kcal-mol ™) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
as,> (keal-mol ™) -0.08 -0.20 -0.37 -0.35 -0.13 -0.56 0.07
€a,0 (keal-mol™1) -0.031 -4.023 0.298 0.766 0.415 0.632 -0.230
a1 (kcal-mol™1) -10.40 44.87 -10.78 -17.65 -11.53 -18.21 1.63
€a,2 (kcal-mol™1) 92.80 64.15 84.35 130.56 76.32 200.00 12.89
Ao (kcal-mol™!) 8198.02 4527.04 9901.00 30386.07 12833.18 16757.08 12928.33
Ay (kcal-mol™!) 2336.13 2518.75 0.00 259.78 0.00 723.45 0.00
Ao (keal-mol™!) 2937.29 1805.49 6506.64 3219.69 5544.04 2211.10 2580.41
A (keal-mol ™) 112.83 352.13 14.71 1544.04 2378.06 446.63 70.45
C (A% Xkcal-mol™T) 1243 1241 1250 1229 1690 1589 1632

TABLE I: RMSD, number of configurations with negative adsorption energies, non-linear fitted parameters, linear
fitted parameters and C' which is directly taken from the dDsC dispersion correction used in the DFT reference

energies.



