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ABSTRACT: To understand the interaction between charged species and surfaces is one of the
most challenging topics in chemistry, given its wide involvement in several fields such as
electro-catalysis, stabilization of metal nanoparticles (NPs), or preparation of devices, among
others. In general, these systems are particularly complex to model due to the elevated number of
factors that have to be taken into account. Here, we report a robust strategy based on DFT to
study these interactions, which has been applied to the highly charged lacunary [PW,O,]- (PW,)
adsorbed on gold and silver surfaces. In this context, we find that, unlike the modelling of

poloxoanions in solution, the incorporation of counterions in the computational models is crucial



to accurately reproducing the properties of the system, even if an implicit solvent is used. Most
interestingly, we find that the PW,, cluster does not preferentially adsorb onto the gold surface
via its more nucleophilic mono-defect face, but rather, through less negatively charged terminal
oxygen ligands, with an orientation similar to that found for the non-defective Keggin anion
[SiW .0, ], induced by the strong anion-cation interactions from the same and neighboring units.
This counter-intuitive result is important in ongoing efforts to understanding and utilizing the

properties of polyoxometalate monolayers on gold and other reactive metal surfaces.

INTRODUCTION

Polyoxometalates (POMs) are metal-oxide clusters, typically formed via the self-assembly of
{MO,}blocks (M = Mo, W*, Vv, Nb, Ta, etc.) and {XO.} (X = P+, Siv, As", Sv, etc.) polyhedra
in aqueous solution.» The particular properties of POMs, such as redox potentials, acidity, or
stability among others,” enabled their applications in catalysis and material science.: Nowadays,
one of the main hot-topics regarding polyoxometalates is to combine them with other
components possess interesting properties, in order to obtain functional composite materials.
The simplest and more effective way is to adsorb them on planar surfaces or metal nanoparticles
(NPs).*The deposition of polyoxometalates on electrodes has been extensively exploited by
Nadjo and Keita et al. in order to modify the properties of the electrodes for catalytic activity
study. Anson et al., Keita et al., Gewirth et al, and others have investigated the POMs grafting
on planar-metal or graphite, demonstrating the formation of POM monolayers with well-defined

packing structures. "

The polyoxometalates can also adsorb on NPs by the work of Frank," and paved the way to

utilize these POM-NPs nanostructures in catalyst.© Moreover, a recent work has provided a direct



correlation between the electronic effects of the POMs (including PW,) bound to the surfaces of
the gold nanoparticles, and rates of CO oxidation by O..” The role of POMs in composite
materials is not only limited to improving catalytic activities, but also encompasses other
functions. For example on NPs, POMs act as stabilizing agents,‘leading to the formation of
organized self-assembled monolayers (SAM).:» Weinstock et al. pointed out that the stability of
POM SAMs on metal NPs, observed by Cryo-TEM images,* was largely dependent on the
nature of the counter-cations, understood to be structurally integrated into the POM-NP
composite. Whether the adsorption takes place on a flat surface or on a metal nanoparticle, the

interaction between moieties is central to understand the final properties of the material.

A good example of that is the stabilization of gold nanoparticles by means of the defective
lacunary anion [XW,O,]- (X=P", Siv, Al").=As depicted in Figure 1, the [XW,O,]- mono-
defective (lacunary) POM is formed by removing one single WO+ unit from the complete
Keggin structure, thereby resulting in a remarkable increase of the charge. The extra charge is
not uniformly distributed and it is slightly concentrated at the defective region or lacuna. Hence,
the lacuna is more reactive, and allows the lacunary POM either to act as intermediate species in
the transformation of molecular metal oxides,> or its functionalization with more active

moieties.*




Figure 1. Polyhedral-ball representations of (a) a generic Keggin anion [a-PW .0, ]+, and (b) its
mono-defect (or lacunary) derivatives [a-PW,O,]- (PW,) with one K- filled in the lacuna. Color
code: tungsten (green), oxygen (red, and the four oxygen at the lacuna site were labeled as blue),

phosphorus (orange), potassium (violet).

Using cryo-TEM images, it has been revealed that the a-[AIW,O,]* (AIW,) can stabilise Ag(0)
and Au(0) NPs by deposition on their surface,** and it has also provide valuable information
about the thickness of the POM interface and the separation between AIW, . Given the more
nucleophilic character of the lacuna, it would be expected that the AIW, was adsorbed via this
side. Unfortunately, the cryo-TEM images could not confirm or disprove this hypothesis, despite
their strong potential in elucidating structural information. Rather, solution-state binding studies
suggested that total POM charge, rather than specific binding of the nucleophilic lacunae site,
was most important in determining the stabilities of POM monolayers on gold nanoparticles .
More detailed understanding of this counter-intuitive result would provide valuable information
about the nature of interactions between POMs and surfaces.

The computational modelling of these systems represents a milestone in understanding the
interaction and the resulting properties of these materials. Only a few studies have been reported
in this area,*» our group has focused on the modelling of POMs deposited onto the metallic
surfaces and tried to identify the main factors that are necessary to take into account in the
modelling.»» We have shown that the reduction of [SiW.O,]-on the Ag surface can be
reproduced only if the environmental effects from both cations and solvent are taken into account

by combining density functional theory (DFT) calculations with molecular dynamic (MD)



simulations.*However, this approach is quite computationally demanding and not very efficient
for calculating energy differences.

Hence, in the current work we present an improved and more robust computational strategy for
the modelling of ionic species on surfaces. Using the PW, as test system, we are intend to
discuss about the possible adsorption orientations, electronic properties, and the nature of the
interaction between the PW, and the Au(100) surface in both vacuum and solution. We
benchmark our strategy with the full Keggin anion [SiW,0.]- and silver surface, which then

allows us to determine the main factors that have to be considered in modelling ions on surfaces.

COMPUTATIONAL DETAILS AND MODELS
Computational details

All first principle calculations were performed using the Vienna ab-initio simulation package
(VASP5.3), which is based on periodic DFT, using plane waves as a basis set.” Based on our
previous work, we set the kinetic energy cut-off at 500 eV, and used the Perdew—Wang 91
functional (PW91) to describe the exchange correlation potential.” Per species, the valence
electrons considered were the following: 5d-6s' for Au, 4d- 5s' for Ag, 3p4s' for K, 2s2p‘ for O,
3s3p for P, and 5d6s° for W. The interaction between these valence electrons and the
corresponding pseudopotential was described using the projector augmented wave (PAW)
scheme with scalar relativistic effects.» All the models are relaxed by keeping the bottom three
Au layers fixed at their bulk truncated position. All optimizations were performed until self-
consistence, with thresholds of 1-10° eV and 3-10: eV-A' for the electronic and the ionic
convergence respectively. The reciprocal space was described using two different Monkhorst
Pack Schemes*: 3 x 3 x 1 for structure optimizations, and 5x5x1 for calculating the density of

states (DOS). Bader’s AIM (Atoms in Molecules) atomic charges* were determined using the



Henkelmann algorithm.* Solvent effects were included by means of the implicit solvation model
(named VASPsol) implemented by Hennig and co-workers.”In addition,frequency calculations
were performed to ensure the stability of each model. Finally, a data set collection of
computational results is available in the i0Chem-BD repository*and can be accessed via

http://dx.doi.org/10.19061/iochem-bd-2-10 (http://www .iochembd.org/).

Model

Regarding the average distance between the centers of the neighboring POM anions is about
1.57+0.04 nm in experiment,” the gold surface was modeled in a high coverage situation by
using the 5x5 Au (100) slab model, consisting of four gold layers with 25 gold atoms per layer.
The calculated lattice parameter for the gold bulk was 4.17 A, which is in a reasonable
agreement with the experimental bulk parameter of 4.07 A.»» Accordingly, the dimensions of the
unit cell were 14.76 A for a and b directions, corresponding to the PP distance of the
neighboring POM anions. The ¢ direction was set at 35.17 A, considering a vacuum space of
more than 15 A, which was proven to be sufficient to avoid the interactions between the
replicated cells. All isolated molecules were calculated in a cubic box of side 25 A.

We have considered three different adsorption orientations for PW,: S., C,, and lacuna with
maximum number of Au-O, connections and the optimized orientations are depicted in Figure 2.
Notice that although we use S. and C, rotational axes for labeling the two adsorption modes, they
are formally present in the [0-PW.O.]- but not in the PW,. In addition, we did not take into
account different adsorption sites nor rotations of the POM on the surface because we proved
that the main properties of the system are not strongly influenced by these two factors.>

The charge of the POM was compensated using potassium atoms displayed around the POM,

and the solvent was modeled using an implicit model with dielectric constant of water as € = 80.”



By locating the equal number of K atoms around the POM, the neutral POM is very likely to
accept the valence electron of K, thus resulting the K- and POM-. In our study, the vacuum and
the implicit solvent situations are symbolized as two extreme situations. The vacuum represents
an ideal situation in which the surface, the POM, and the counterions are completely dehydrated,
whereas the solvent model represents a situation in which all the species are in contact with the

solvent. We designate these extreme situations as “dry” and “wet” surfaces.

?)

Cs-side Facing

Figure 2. Ball-stick (top) and polyhedral (bottom) representations of the optimized geometries
for PW, deposited on the Au(100) surface via a) the S. improper rotation axis, b) C, proper

rotation axis, and c¢) with the lacuna facing the surface.

RESULTS AND DISCUSSION
Cation distribution around the [PW, O, ] anion
The first step is to determine the potential cation distribution around the PW,, anion. To that end,

we performed molecular dynamic simulations with the POM using the DL_POLY code in a



saturated solution, which are discussed in the ESI.+ From the MD simulations (Figure S1), we
observed that in solution the lacuna was always filled with one counterion and a second
counterion could also be located near to PW, for a short period of time. Unfortunately, the rest of
counterions were found between 12.0 and 45.0 A away from the PW,, which was not close
enough to fit the whole system in the surface unit cell. From these calculations, we can deduce
that cations are, on average, at large distances from the POM.

In order to fit the POM and the counterions on the surface unit cell, we screened different
potassium distributions around the adsorbate at very short distances using DFT, so ensure that
they will be close enough. We optimized seven cation distributions (labeled from A to G), which
differ in the position of the counterions. These positions are: the quartet O., the O, triads, the O.
triads, and the lacuna (detailed in Fig. S2). Optimization was performed in the vacuum and using
implicit solvent, and the system’s relative energies are collected in Table 1. In addition, a full
description of the different sites, nomenclature, and cation distributions can be found in Figure
S2 in the ESI.

In the vacuum, the total energy of the K.PW, system is highly influenced by the cation
distribution, as evidenced by the large range of energies, which is around 69 kcal-mol'. The most
stable structure, A, has one cation at the lacuna, four near the O.-site and two near O~1 site. In
fact, molecular dynamic simulations already suggested that these two sites would be occupied by
cations. The rest of structures were found between 23 and 69 kcal-mol- higher in energy.

However, in solution the range of relative energies is only 12.0 kcal'mol", implying that the
energy of the system is less sensitive to the cation distribution. These findings are reasonable
since in solution, POM and counterions are surrounded by their respective solvation spheres,

shielding their ionic interaction.=«v Regardless, structure A is still the most stable distribution.



We also observe that for those structures lower in energy (A, D, and F), one cation is placed at
the lacuna, in agreement with the observations obtained from the molecular dynamic simulations.
However, in solution the difference in energy between the structures with a cation and those
without a cation on the lacuna is significantly smaller.

Table 1. Relative energies (in kcal-mol") for the different cation distributions around the POM in

vacuum and with implicit solvent.

K distribution AE (vacuum)” AE(solution)®
A 0.0 0.0
B 23.5 6.2
C 55.8 12.0
D 31.6 5.1
E 68.9 12.0
F 27.0 53
G 27.7 9.7

a) System consists of POM+7K; b) In solution the solvent is simulated by a continuum model.

Adsorption of K.PW,O, on the Au(100) surface

Assuming the three adsorption modes represented in Fig. 2, we have explored the following
systems, labeled from 1) to 6) as: 1) S.—K, 2) S,, 3) C—K, 4) C,, 5) Facing-K, and 6) Facing
respectively, where “(mode)—K” indicates that one K- is directly linked to the four terminal
oxygens of the lacuna. Additionally, the other K- are arbitrarily distributed around the POM. The
detailed information of the models is shown in Figure S3.

In vacuum, Au-O, distances were found in a range between 2.52 and 2.69 A, and slightly
larger values, between 2.59 and 2.72 10\, for the solvated surface, as shown in Table 2. These
distance ranges agreed with the experiments regarding the adsorption of [AIW,0O,]* on gold NPs,
in which that range was set to be between 2.5 and 3.0 A The only exception was for the Facing-

K (system 5 in Table 2), which showed an average distance of 3.67 A, more than 1 A longer than



the other structures. In this case, however, this enlargement is a consequence of the K- placed at
the lacuna.

The K-O distances enlarged when the solvent was included in the calculations, from 2.69-
2.77A to 2.92-2.97A. This increase is a consequence of the stabilization that the solvent exerts
onto the PW, anion and the counterions. Finally, the W—O, distances, referring to those O, that
are closest to the surface, showed almost no change with respect to the non-adsorbed PW,
(1.75A), evidencing the poor affinity that POMs and gold surfaces have, in contrast to silver

surfaces.»

Table 2. Selected distances (in A) for different POM adsorption orientations (1 to 6) on “dry”

(Vac.) and “wer” (Sol.) surface. »

Sites Phase Au-0, Au-0O, (av) K-O(av) W-0,(av)
(1) S—-K Vac. 2.58-2.67 2.61 2.69 1.74
Sol. 2.68-2.81 2.72 292 1.75
(2) S. Vac. 2.53-2.69 2.60 2.77 1.75
Sol. 2.56-2.71 2.62 297 1.75
(3) C-K Vac. 2.37-2.75 2.59 2.74 1.75
Sol. 2.50-2.70 2.60 292 1.75
4) C, Vac. 2.29-2.75 2.59 2.74 1.77
Sol. 2.32-291 2.67 297 1.75
(5) Facing— K Vac. 3.36-3.94 3.67 2.75 1.79
Sol. 3.66-3.96 3.80 292 1.77
(6) Facing Vac. 2.42-2.69 2.52 2.74 1.76
Sol. 2.44-2.88 2.59 293 1.76

10



a) Au- O, (0O..,) is the distance (average) between those O, and the contact Au atoms. The
K-O . is the average distance between K- and the nearby oxygen (less than 3.5 A). As

well, W-O,,, refers to those O, in contact with the surface.

As we observed for the non-adsorbed PW,,, the more stable systems in vacuum are those that
have the lacuna filled with one K-, all found in a range of 3.2 kcal'mol", regardless of their
adsorption orientation (Table 3 and Figure 3). On the other hand, those structures that do not
have a K- at the lacuna are found between 6.0 and 30.2 kcal-mol with respect to the most stable
system. Interestingly the most unstable system is the Facing with no K-. This is also counter-
intuitive, as anionic protecting ligands might be assumed to directly interact with the gold
surface via their most negatively charged regions, as shown by the molecular electrostatic
potential representation of the free anion in Figure S4. According to these results, however, the
key factor in stabilizing the system in vacuum is the presence of the counterion in the lacuna and
not the adsorption orientation. Notably, this is supported by experimental data by Weinstock,
who showed that POM charge, rather than structure (i.e., the presence or absence of a lacunary
site) controls the thermodynamics of POM-monolayer assembly on Au NPs.:»» In the same
direction, Finke has shown that the complete Nb substituted Wells-Dawson anion, [P,.W,Nb,O..]",
is more effective for the formation and stabilization of Ir(0) NPs, than the lacunary anion {H[o.-
P.W.O,]}>with the equal charge.”In other words, the presence of lacunary site in the POM

framework appears to produce no special effect on the stabilization of Ir(0) NPs.
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AE 0.0 (+1.1) +3.1(0.0) +16.2 (+3.2) +19.4 (+30.2)
Figure 3. 3D representations and relative energies (in kcal'mol') for some selected structures.

Values in parenthesis are relative energies computed in vacuum, see text.

In solution, results are somewhat different because now the difference in energy between
having the lacuna filled or not is very small, although the former is still more stable than the
latter. When the implicit solvent is included, the S, orientation with the K- fully exposed to the
solvent (Figure 3) becomes the most stabilized form. The C. form is slightly higher in energy
because the cation is in less contact with the solvent, especially if we are dealing with a high
coverage situation, and finally the facing-K form is quite high in energy (+16.2 kcal-mol")
because the cation in no way can interact with the solvent. This means that on gold surfaces the
lacunary anions will try to have the cations in contact with the solvent and as a general behavior
the linkage with the surface will be similar to that of the complete anions.

In order to further understand the reasons that explain the orientation of the POM on metal
surface, we have analysed the variation in the charge density upon adsorption for S.-K and
Facing systems in solution, by subtracting the electronic charge of a K.PW,0./Au(100) system
from its components K.PW, O, and Au(100). As expected, adsorption of the POM induces a
positive image charge in the gold region in contact with the adsorbed anion, fact that is
manifested by an electron density reduction in Figure 4. In the representation of charge density

dfferences we have used very low isovalues in order to visualize better the small electron density
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reorganization induced by the adsorption of POMs on gold surfaces. Similar effects are observed
in the gold atoms near counterions, but that regions show charge accumulations because of the
positive charge of the cations. However, no electron accumulations are observed in the bonding
Au-O region discarding any covalent interaction between gold surface and POM for any of the
orientations of the anion, the main interaction being of electrostatic nature. A lesser electron
deficit in S.-K, leading to a weaker electrostatic attractive than that in Facing.

However, it is important to remark that anion-cation interactions are very relevant in the
adsorption process as it has already been revealed previously.» Furthermore to the stabilization
generated when a K- occupies the defect site in S.-K, additional interactions between K-ions
neighboring units are vey important, in particular four K- strongly interact at the same time with
two anions as shown in Figure S5. In this context, we have verified that the relative stability of
S.-K and Facing adsorptions decreases from 19.4 up to 5.3 kcal'‘mol' when the calculations are
performed in solution with two POMs separated enough to avoid the interactions of
POM:--K:--POM type. In the low coverage situation, the P---P distance between two neighboring
POMs is about 23.6 A, whereas for the high coverage represention that value is only 14.8 A.
Therefore, the strong cation-anion interactions, especially the donation from the defect site, bring
more stability rather than the electrostatic interactions, leading to the S.-K orientation more

favourable than Facing.
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Figure 4. Three-dimensional charge density difference for S.-K (a, b), and Facing (c, d)
systems with views from side and top, respectively, Q..(r) = Qurowain(T) = Ouron(T) — Quan (). The
yellow region represents charge accumulations (electron density increase), and the cyan regions
indicates charge depletion (electron density decrease). The isovalue is set to 0.001 e/Bohr in
Vesta code.» And the maxmum to minimum charge difference in S.-K is -0.013~0.005 e/Bohr
and -0.025~0.011 e/Bohr for Facing.

Affinity of Au(100) for PW,

The relative energies discussed above allow us to determine rather well the different
adsorption modes on gold surfaces. However, it is more difficult to have a guantitative measure
of the interaction between the POM and the surface. To analyze how strong the POM is attached
to the gold surface, we have used two adsorption energies: E.. and E’.. The former is the
traditional adsorption energy, which is defined by eq. 1, where E, is the energy of the whole

system, E,, is the energy of the clean surface, and E.., is the energy of the POM surrounded by
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the counterions in its optimal distribution (model A in Table 1). On the other hand, E’.. (eq. 2)
differs from E., in the term E.... To determine E’,,, the term E’,., is computed considering the
cation distribution of the POM when it is adsorbed. Hence, E’.. can be understood as the
minimum energy that is required to detach the POM from the gold surface.

Eqas = Etor — Esurf — Expom Eq. 1

Elads = Etor — Esurf - E’KPOM Eq.2

Therefore, in vacuum, the surface represents a situation in which no water is present and the
stabilization of the POM over-relies on both surface and cations. On the other hand, under the
continuum solvent environment, the surface represents a fully hydrated situation that not only
involves a potential over stabilization of the POM due to the inclusion of the implicit solvent, but
also because it assumes that all the cations will be surrounding the adsorbate. In conclusion,
these energies should not be taken as a quantitative reference but as a qualitative value.

Hence, E’.. reflects a very exothermic adsorption in vacuum, between -17.0 and -30.0 kcal-mol
, although these values increase if we consider E., instead. This is because the cation’s position
has a strong influence in the energy of the whole system. Therefore, if we take as a reference a
cation distribution that it is not the most stable, that will result in a lower adsorption energy, as
shown in Table 3. In addition, the very exothermic values are an evidence of the over stabilizing
role that the surface and the cations have on the “dry” surface.

Under “wet” conditions the situation is completely different. The E’.. are now closer to 0
kcal-mol-, with the lowest energy being of only -5.1 kcal'mol- for the S.-K. Indeed, this structure
is the only one that shows exothermic E.. (-2.5 kcal'-mol') whereas the rest of the adsorption
modes owned very small but positive values. Thus, when the solvent is included, the

polyoxometalate and the gold surface show a very weak interaction, which is consistent with the
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experimental evidence that polyoxoanions like the [SiW,0,]- spontaneously desorbs from the
Au(111) surface after rinsing,* and are comparable to other oxo-systems adsorbed on gold as
well, like the AsMo,VO,+, which has an estimated free energy of adsorption of —4.8 kcal-mol-,"
or the organomercaptan with an adsorption energy ca. -12 kcal-mol" from water onto gold.=» We
have also evaluated the vdW effects using DFT-D3 approach for the adsorption energies for S.-K
model in solution, however, the computed adsorption energies were found very large. Some

more details are given in the supporting information (Table S1).

Table 3. Relative energies (AE) between different adsorbed systems and adsorption energies

(E.. and E..’ ) for the PW, adsorbed on Au(100).

Adsorption Type Vacuum Solution

AE E. E’. AE E. E’..
(1) S-K 1.2 0.5 -16.8 0.0 -2.5 -5.1
(2) S. 113 104 -194 4.6 23 -4.6
(3) C-K 0.0 -0.7 -134 3.1 0.6 22
4) C, 6.0 53 -18.0 6.7 42 -2.8
(5) Facing— K 32 25 -219 16.1 13.8 8.8
(6) Facing 30.2 293 -28.1 194 16.8 6.2

a) All values are in kcal-mol-.

Electronic structure

The electronic structure of the adsorbed POM in S.-K is depicted in Figure 5 by means of the

projected density of states (PDOS). In this representation, we have referred the energy range to

16



the energy of the Fermi level (E.). Consequently, all bands found below O represent occupied

orbitals whereas bands with positive energy mean virtual orbitals.

(@)

{KsW1;035-Au(100)
H vacuum

PDOS (state-eV'™)
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Figure 5. Projected density of states for system S.-K in a) vacuum, and b) solvent. Similar results

are obtained for C-K and Facing models in Figure S7.

The results obtained in vacuum and with implicit solvent are mainly the same. Electronic
conduction undergoes through the gold surface in both cases, since this is the only contribution
observed at the E. (0 eV). Therefore, the POM does not play any role in the electronic conduction
when it is adsorbed on gold. The only slightly difference between both situations is that the
POM’s conduction band, i.e. the front of the W(d) band, is found at 0.8 eV in the vacuum and at
1.0 eV in solution. This difference can be attributed to the stronger interaction between K and
POM that exists in the vacuum that leads to an insignificant over-stabilization of these bands.
Anyway, since the W(d) bands are not below the E,, no charge transfer between surface and
POM can occur. These results are in line with the calculated Bader charges listed in Table S1 of

the ESI. The charge of the POM is —6.2 and —6.5 e for the vacuum and solvent respectively. This
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charge is supplied by the counterions, as their total charge is 6.2 and 6.6 e respectively. This
charge character was also evident by the calculated Mulliken populations shown in Table S2.
Another common feature is the high polarization of the surface, as all layers are charged.
Although this would indicate that more layers should be considered in our system, the surface
polarization does not alter the main properties of the adsorbed POM. It should be noted that this
polarization was also found for the free gold slab.

Finally, in order to consider the effects of explicit water on the electronic structure, we
performed the optimization for S,-K site by including the first solvation sphere, which was
selected from a snapshot of a 2ns molecular dymamics simulation (Figure S6). In addition to the
gold suface and the polyoxoanion, totally 46 water molecules and 7 K- are involved in the unit.
The electronic structure of gold is almost not affected by the presence of explicit waters, and the
position of W(d) and O(sp) bands show only 0.27 eV stabilization with respect to that in implicit
solvent (Figure S8). Furthermore, the band gap between W(d) and O(sp) is well reproduced by
introducing the implicit solvent (2.61 versus 2.65 eV in explicit water). It is worth mentioning
that the calculations using explicit waters are much more computationally demanding, and that in
this context to locate the overall energy minimum is very complicate because of the large
number of local minima. Thus, the implicit solvent approach provides a much easier way to

include the solvent effects in this type of studies.

Extending the modeling to [SiW..0.]- on silver/gold surfaces
Finally, we have also analyzed the effect of the metal and the charge of the POM. To that end,
we have performed calculations with the Ag(100) surface in both vacuum and solution, as well

as studying the adsorption of the [PW,O,] and [SiW.O.]*. Notice that for the silver surface we
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have used the gold surface unit cell, adjusting the cell parameter to a = 14.67A, accordingly to
our previously calculated bulk parameter for silver.”« The adsorption mode for PW, and SiW,. on
Ag(100) is focused only on the S. orientation as discussed above.

Firstly, E’.. shows the same trend we previously observed regarding to the magnitude of the
adsorption energy when we consider the surface in vacuum and solution (Table 4). It is worth
noting once again, that this difference arises from the over-stabilization role of the surface in the
absence of the solvent. Interestingly, for all the systems, adsorption on silver is more favorable
than on gold, although the magnitude of that stabilization depends on the POM.

For the PW, and considering in vacuum, E’,, is 5.6 kcal-mol' more stable for silver than for
gold. With the solvent mediated, the adsorption energy is practically the same, -5.1 kcal-mol- for
Au(100) and -5.8 kcal'mol" for Ag (100). The density of states for this system (Figure S9)
suggests that there is no charge transfer between surface and POM regardless of the metal, which
could explain why the adsorption energies are very similar for both metals.

The [SiW,.O,]- also has poor affinity with the Au(100) “wer” surface, with an adsorption
energy of only -4.4 kcal-mol-, practically the similar energy obtained respect to the PW, on gold.
With silver surfaces, however, the affinity is much stronger, with an adsorption energy of -11.1
kcal-mol" (Table 4). The analysis of the DOS function shown in Figure S10 and the atomic
charges which are listed in Table S1 clearly indicate that [SiW,.O,]+ is spontaneously reduced
when the anion is adsorbed on a solvated silver surface. This behavior is totally consistent with
the experimental data reported by Gewirth® and also with our previous results, which combined
classical MD simulations and DFT calculations. In other words, the continuum solvent model
gives rise to the same results we obtained when we included explicit water molecules through

MD simulations, but in an easiest way.

19



Table 4. Adsorption energy (E’.) computed for [PW,O,] and [SiW.O,]- on Au(100) and

Ag(100).»
POMs slab Vac. Sol.
PW, Au(100) -16.8 5.1
Ag(100) -224 -5.8
SiW,,  Au(100) -12.2 -4.4
Ag(100) -21.2 -11.1
a) All values are in kcal-mol-;
CONCLUSIONS

In this paper we have presented a general strategy based on periodic density functional theory
and implicit solvent model to study the adsorption of highly charged species on surfaces. To that
end, we investigated the adsorption orientation of the [PW,O,] anion on Au(100) by using a
strategy that accounted for the charge of the system, the counterions and the solvent.

This approach involved compensating the charge of the POM by including explicit counterions
in the calculations in order to ensure the electroneutrality of the system. The role of the implicit
solvent was to stabilize all the ionic species involved in the solid-liquid interface, thus preventing
an over-interaction between them. These considerations allowed the correct modelling of the
adsorbate and ensured an accurate description of the adsorption itself.

In the particular case of study, the adsorption of [PW,O,] on Au (100), our calculations have
revealed that unexpectedly, the POM does not adsorb through the lacuna, which is its more

nucleophilic region, but it adsorbs on the surface in a similar fashion with respect to the atomic
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connectivity as the non-defective [SiW.O,]- anion on silver surfaces, supporting the critical role
of cation-anion interactions in stabilizing the PW,-monolayer.

Additionally, although the lacuna position is always filled with a counterion, the positions of
the rest of the counterions around the POM do not influence the properties of the system.
Notably, these findings are in agreement with the available experimental data.»» We also
computed the [SiW.O.]- on Ag/Au(100) and the results were perfectly consistent with the

experimental evidences and our previous calculations using a more expensive procedure.

Therefore, by using a highly charged system to test our model, we have demonstrated the
efficiency and the robustness of our approach, which will be very helpful for the modelling of

similar systems, as well as for the study of catalysis and electrocatalysis involving ionic species.
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