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In the first section of this supplementary information, we present the optimized structures of

bare Ag3 and Ag5 clusters. In Section S2, the Ag/TiO2(110) and Xe/TiO2 interaction potentials
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Brillouin zone is also presented in Section S2. Finally, Section S3 presents complementary results

on the Ag2/TiO2(110) interaction.
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S1 Optimizing the geometries of bare Ag3 and Ag5 clusters

Ag3
Ag5

Figure S1: Optimized geometries of bare Ag3 and Ag5 clusters.

The geometries of bare Ag3 and Ag5 clusters were optimized at second-order Möller-Plesset

perturbation theory (MP2) level using the def2-QZVPP1 basis set. For this purpose, the ORCA

program system2 has been used (version 4.0.1.2). As can be seen in Figure S1, triangular (Ag3)

and planar trapezoidal (Ag5) geometries were obtained, agreeing well with with experimental ob-

servations.3 A bipyramidal Ag5 structure was found to be 194 meV higher in energy at MP2 level.

These geometries were reoptimized using the PBE-D3(BJ) approach and the same def2-QZVPP

basis set. The Ag-Ag relative distances, dAg−Ag, are presented in Table S1. It can be observed

that the lengths of the Ag-Ag bonds are longer using the PBE-D3(BJ) approach. The comparison

of the Ag2 bond length with the available experimentally determined value4 (2.531 Å) indicates

that the MP2-based dAg−Ag distances are underestimated (by ca. 0.05 Å for the Ag2 cluster) while

those calculated with the PBE-D3(BJ)-based scheme are sligthly overestimated (by ca. 0.03 Å for

the Ag2 cluster). Overall, these results indicate that the PBE-D3(BJ) approach provides sensible

predictions of optimized Agn structures.
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Table S1: Relative Ag-Ag distances, dAg−Ag, in the optimized geometries of bare Ag2, Ag3 and
Ag5 clusters (see also Figure S1).

dAg−Ag, Å
Cluster Ag2 Ag3 Ag5
MP2 2.48 2.55 2.62
PBE-D3(BJ) 2.56 2.59 2.68
Experiment4 2.53 − −
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Figure S2: Comparison of Ag/TiO2(110) and Xe/TiO2(110) interaction energies using the PBE-
D3(BJ) scheme (right-hand panel) and the vdW-uncorrected PBE approach (left-hand panel). The
Xe and Ag atoms are located on top of either the five-fold coordinated Ti5 f atom (Ti5 f site, dashed
line) or the bridging oxygen atom Obrid (Obrid site, full line). Z (in Å) stands for the distance
between the Ag and Xe atom and the five-fold coordinated Ti5 f atom along the surface normal di-
rection. Potential energy curves shown in red and blue were calculated using a 5×5×1 Monkhorst-
Pack5 k-point mesh while that shown in green was obtained with the Brillouin zone sampled at the
Γ point only.
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S2 Comparing the Ag/TiO2(110) and Xe/TiO2(110) interactions

In this section, we compare the Ag/TiO2(110) and Xe/TiO2(110) interactions. The same com-

putational set-up described in the main manuscript was followed for the periodic calculations.

However, a 5×5×1 Monkhorst-Pack5 k-point mesh was also used in the present case. Relevantly,

as can be seen in Figure S2, the potential energy curve estimated with the Brillouin zone sampled

at the Γ point only is hard to be distinguished from that calculated a 5×5×1 Monkhorst-Pack5

k-point mesh. This outcome confirms the adequacy of the computational set-up. i.e., involving the

sampling at the Γ point only.

The interaction of noble-gas atoms with solid surfaces are stereotypical dispersion-dominated

interaction problems. Contrarily, attractive dispersionless energy contributions are expected to play

a relevant role for the open-shell Ag/TiO2(110) interaction. As can be observed in Figure S2, the

Xe/TiO2(110) interaction becomes significantly attractive when the D3(BJ) dispersion correction

is added (see right-hand panel) while the well-depth values are very small without including it (see

left-hand panel). As discussed in previous works (see, e.g., Refs. 6,7), the preferential adsorption

site for noble-gas atom/surface interactions is determined by a balance between the exchange-

repulsion and the attractive long-range dispersion contributions. The dispersionless interaction is

clearly less repulsive when the Xe atom is located on top of the five-fold coordinated Ti5 f atom

while the dispersion contribution is larger on top of the same site. Notice that the adsorption energy

differences between the Ti5 f and Obrid positions become more pronounced when the dispersion

correction is included. On one hand, since the static polarizability is larger for the O2− ion than for

the Ti4+ cation in TiO2,8 the dispersion interaction is more attractive for the Xe−O pair than for

the Xe−Ti counterpart. On the other hand, when the Xe atom is located on top of the Ti5 f atom,

it benefits from the dispersion interaction with bridging oxygen atoms located at both sides of the

Ti5 f atom. Therefore, the clear preferential adsorption of the Xe atom on top of the Ti5 f site can

be easily understood, as in previous studies of the He-TiO2(110) interaction (see, e.g., Refs. 9,10).

As can be seen in Figure S2, the open-shell Ag/TiO2(110) interaction differs greatly from the

closed-shell Xe/TiO2(110) interaction. In contrast with the latter, the vdW-uncorrected (disper-

S6



sionless) Ag/TiO2(110) interaction is already significantly attractive and this attractive interaction

becomes favored on top of the Obrid site. This feature reflects the tendency of silver atoms with

an unpaired electron to donate part of its electronic charge to the under-coordinated O− anion

in the TiO2 surface and being strongly polarized. As shown for the Ag2/TiO2(110) interaction

from a Symmetry-Adapted Perturbation Theory (SAPT)-based decomposition (see Table 1 of the

main text), the magnitude of the induction and dispersion terms at the potential minimum is very

similar to each other. For the closed-shell Ag2/TiO2 system, with the Ag−Ag axis oriented per-

pendicularly to the surface plane, the induction contribution is expected to arise from the strong

polarization of the Ag2 electronic density upon approaching the material. However, charge-transfer

energy contributions are also embedded into the SAPT-based induction energy,11 being expected

to play an important role in the case of the open-shell Ag/TiO2(110) interaction.

Figure S3: Structure of the Ag/TiO2(110) system with the Ag atom located on top of a “hollow"
site.

Interestingly, the adsorption energy differences for the Ag atom on top of the Ti5 f and Obrid

sites become reduced when the dispersion D3(BJ) correction is added while the opposite holds

for the Xe/TiO2(110) interaction (see Figure S2). For the Ag/TiO2(110) case, it reflects the com-

petition between dispersion and additional attractive (dispersionless) energy contributions. The

dispersion energy is larger on top of the Ti5 f atom for the same reason as for the Xe/TiO2(110)
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system: this symmetric position allows the Ag atom to benefit from the long-range dispersion in-

teraction with bridging oxygen anions at both sites of the Ti5 f atom. On the other hand (see above),

the attractive polarization and charge-transfer contributions are favored on top of the bridging oxy-

gen atom. It should be stressed, however, that our analysis has been restricted to the Ti5 f and Ob

adsorption sites. Thus, the adsorption on the hollow site shown in Figure S3 is more attractive by

70 meV, with the adsorption energy being −1009 meV. Hollow sites have been reported as most

favored positions for the Ag/TiO2 (anatase) and Au/TiO2(110) systems.12,13

S3 Complementary results on the Ag2/TiO2(110) interaction

E =  − 1.7 eV

Figure S4: Optimized geometry and binding energy of the Ag2 cluster upon adsorption on the
TiO2(110) surface. Gray spheres represent silver atoms while red and blue spheres stand for oxy-
gen and titanium atoms.

As for the Ag3 and Ag5 clusters (see main manuscript), the geometry of the supported Ag2

cluster was relaxed starting with that optimized for the separated Ag2 dimer using the PBE-D3(BJ)

approach (see Table S1). Upon adsorption, the internuclear Ag−Ag distance becomes ca. 0.04

Å larger (from 2.56 to 2.60 Å). As can be seen in Figure S4, the Ag−Ag internuclear axis of

the optimized structured become oriented perpendicularly to the Ti5 f row, with the Ag2 center-

of-mass being on top of the Ti5 f atom. Assuming a van-der-Waals(vdW)-dominated interaction,

the favored rotation from the structure with the Ag−Ag internuclear axis oriented in a parallel

configuration to the Ti5 f row (see Figure 2 of the main manuscript) to that presented in Figure S4
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can be understood by considering that it makes the Ag-Obrid distances shorter and, then, the net

Ag-Obrid dispersion contribution larger. However, besides the dispersion, additional attractive

contributions are important in stabilizing the Ag-Obrid bonds (see bellow).
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Figure S5: Radial scan of the interaction energies between the Ag2 dimer and the TiO2(110)
surface, as calculated with PBE method (left-hand panel) and the vdW-corrected PBE-D3(BJ)
scheme (right-hand panel). The cluster center-of-mass is located on top of the five-fold titanium
atom Ti5 f (Ti5 f site) Z stands for the distance between the dimer center-of-mass and the Ti5 f
atom along the surface normal direction. For the “T-shaped" configuration adsorption sites, the
internuclear Ag−Ag axis is perpendicular to the direction of the row of Ti5 f atoms while the
opposite holds for the “parallel" arrangement.

By keeping the internuclear Ag−Ag distance fixed to the experimentally determined value of

2.531 Å, Figure S5 compares the Ag2/TiO2(110) interaction potentials for the “T-shaped" config-

uration (i.e., with the Ag−Ag internuclear axis oriented perpendicularly to the Ti5 f row) and the

“parallel" approach (i.e., with the the Ag−Ag internuclear axis being collinear to the Ti5 f row).

It can be observed that the inclusion of the dispersion correction stabilizes very similarly both

configurations. However, the uncorrected-vdW interaction is already much more attractive for the

“T-shaped" approach. It indicates the partial covalent nature of the Ag-Obrid bond in that configu-
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ration. Contrarily, for the “parallel" approach, the bonding is mainly determined by non-covalent

vdW-type contributions.
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