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Abstract The first part of this study aims at evaluat-
ing the accuracy of DFT calculations of acids and their
conjugate bases in periodic boundary conditions and
plane wave basis sets. The resulting gas-phase acidi-
ties are compared to experimental data. Calculations
done with the PBE functional are accurate, with a 4
kcal.mol™! mean average deviation (MAD) with respect
to experiments and a ~1 kcal.mol"* MAD with respects
to non-periodic DFT calculations done in the aug-cc-
pvtz basis set with the same functional. The relative
stability of Ru;; isomers is also successfully compared
to previous calculations done using local basis sets (J.
Chem. Phys. (2015) 142, 024319). Finally, several car-
boxylic acids and their conjugate bases are adsorbed
on two Ruys clusters, showing a linear correlation be-
tween adsorption energies and experimental gas-phase
acidities.

Keywords DFT - Ruthenium clusters - Gas-phase

acidities

1 Introduction

In the past twenty five years, colloidal transition metal
nanoparticles (TMNPs) have been strongly attracting
the attention of the scientific community due to their
unique properties located between those of bulk mate-
rials and molecules[1, 2]. Tt is well-known that control-
ling the structure of nanomaterials can directly influ-
ence their physical and chemical properties, that can
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be of interest for applications in various fields rang-
ing from biology, medicine, optoelectronics, catalysis,
energy, etc[3]. The physical and chemical properties of
TMNPs depend on their structural characteristics like
their shape, size, defects, but also on the nature of cap-
ping ligands used to stabilize them and on the num-
ber of adsorbed species onto the metal surface. Among
other transition metals, ruthenium is particularly ap-
pealing owing to its catalytic activity. Several RuNPs
have been developed, both in solution and in supported
conditions[4, 5]. Despite this diversity, there is still a
need to modify their surface in order to improve their
properties and functionality. Although carboxylic acids
are widely used as surfactants in colloidal synthesis,
the direct adsorption of carboxylic acids onto ruthe-
nium metal surfaces has received less attention. In so-
lution, and according to their pK,, to the solvent and
to pH, carboxylic acids can dissociate into protons and
carboxylates, although in water they are usually weak
acids. It means that, while the usual picture is the dis-
sociative adsorption of acids at the surface of TMNPs,
carboxylates could directly adsorb on metal surfaces in
appropriate experimental conditions and hence inject
electrons in the electronic band structure of TMNPs.

Molecular physics techniques based on mass spec-

trometry offer a route to produce and characterize electron-

and atom-precise transition metal nanoclusters in gas-
phase. Bare[6, 7, 8, 9] or even hydrogen-protected|[10]
cluster anions can be generated by magnetron sputter-
ing, selected by size and stored in a quadrupole ion trap
in order to bring them to thermal equilibrium at low
temperatures. Electron scattering measurements cou-
pled to atomic modeling and to DFT calculations on
anionic clusters allowed to evidence that different struc-
tural types exhibit unique experimentally distinguish-
able fingerprints.



Being able to calculate the electronic and structural
properties of charged species is thus of great interest,
both in metal nanoparticles and metal clusters science.
Among the first principles quantum mechanical soft-
wares used in this field, VASP[11, 12] is a tool of choice,
given its efficiency and its SCF convergence ability for
zero-gap materials. Turbomole[13] has also been used
to calculate the properties of anionic transition metal
clusters at the DFT level of theory[10]. VASP, although
specifically designed to describe bulk materials or sur-
faces by DFT methods with periodic boundary condi-
tions (PBC), can also be applied to molecules, thanks
to the supercell approach. It uses the projector aug-
mented wave method, and a plane wave basis set. Yet,
when PBC are applied to a supercell that contains a
charged species, an electrostatic interaction occurs be-
tween the charge and its image in the neighbor super-
cells and contributes to the total energy of the system.
This is a spurious, unwanted energy contribution, that
must be canceled. It is for that purpose that all ion-
containing periodically replicated simulation cells have
a neutralizing background, in effect adding a monopole
correction to the total energy. This correction due to
the background and the image charge interactions has
been well documented|[14, 15]. In atomic units it is given
by Frwald = qga/ 2Ley, where o is the Madelung con-
stant, ¢ is the net charge of the system and L is the
length of the cubic unit cell. Such correction is avail-
able in VASP. However, to the best of our knowledge,
no general study on the accuracy of this method for
charged molecules or clusters has been achieved. It may
be because VASP is generally not known as being the
most appropriate program for molecular species. How-
ever, given that species grafted at the surface of TMNPs
can modulate the properties of the metal core, assessing
the ability of VASP to deliver accurate geometries and
energies of charged metallic species, in addition to neu-
tral compounds, is of utmost importance. The present
study focuses on gas-phase acidities and geometries of
selected organic compounds (section 3) and on the rel-
ative stability of anionic ruthenium isomers Ruj; (sec-
tion 4.1). After comparison to reference data, it will
be shown that DFT calculations with PBC and plane
wave basis sets performs also very well on these species.
Given the very satisfactory results obtained, some clues
are provided in section 4.2 about the adsorption ener-
gies of carboxylic acids and carboxylates at the surface
of an icosahedral Ru;3 core.

2 Computational details
2.1 Gaussian basis set calculations

All DFT calculations in local basis sets were performed
with Gaussian09[16]. Geometries were fully optimized
in gas phase without symmetry constraints, employ-
ing the Perdew-Burke-Ernzerhof (PBE) form|[17, 18] of
the generalized gradient approximation (GGA) and the
aug-cc-pvtz correlation-consistent basis set[19, 20, 21].
Calculations of vibrational frequencies were systemat-
ically done in order to characterize the nature of sta-
tionary points. The vibrational analysis was also used
to compute enthalpies in the framework of the har-
monic approximation for the vibrational contribution
(see for example ref. 22 for detailed thermodynamical
equations).

2.2 Plane-wave basis set calculations

They were performed with the Vienna ab initio simu-
lation package, VASP[11, 12| within the framework of
density functional theory. Projector augmented waves
(PAW)[23, 24] were used, with a plane-wave kinetic en-
ergy cutoff of 550 eV. All the calculations used the PBE
functional. The supercell used was 30 x 30 x 30 A
large. I'-centered|25] calculations were performed with
a Gaussian smearing (o) of 0.01 €V, the energies being
therefore extrapolated for 0=0.00 eV. The atoms posi-
tions were optimized until the criterion of the residual
forces on any direction being less than 0.01 eV/ A was
met. A vibrational analysis has been systematically un-
dertaken in order to characterize the nature of station-
ary points. A good accuracy of the vibrational frequen-
cies calculation is obtained by setting up the thresh-
old to stop the relaxation of the electronic degrees of
freedom to 1x10°® eV, whilst the displacement of each
ion to numerically calculate the Hessian Matrix is set
up to 5x103 A. Enthalpies were computed with the
home-made ThermoWithVASP tool, following the same
methodology as the one used in Gaussian09. The main
approximation relies on non-interacting molecules and
therefore applies only to ideal gases. It is however often
also applied to condensed matter. In short, enthalpies
are calculated by summing RT (i.e. PV) and a ther-
mal correction to DFT energies, Fiherm: Ftherm 1S de-
duced from a straightforward application of statistical
thermodynamics, i.e. by calculating the molecular par-
tition function ¢(V,T)[22]. If one assumes that there is
a unique molecular conformation under temperature T'
and a negligible coupling between the translational and
rotational motions and the electronic states occupation
and the vibrational motion, ¢ can be separated into a



product of translational, rotational, electronic and vi-
brational partition functions. As a consequence, Eiperm
is calculated as Etherm = Evib + Erot + Ftrans + Eelecs
where each contribution Ex to the thermal correction
(X = vib, rot, trans, elec) is evaluated from the parti-
tion function gx:

5 (0In(gx)
Ex(T) = RT (6T)V (1)
Tests were made to check that the same data provide
the same thermal corrections to DFT energies than
Gaussian09.

The Density of States (DOS), d-band centers|26, 27]
and Crystal Orbital Hamilton Population (COHP)|[28|
of ruthenium clusters were calculated after projection
of the PAW wavefunction in a minimal basis set. It was
achieved with the Lobster software, using the pbeVASP-
fit basis set[29, 30, 31]. Integrated pCOHP indexes be-
tween two atoms A and B were also calculated as:

Er
IpCOHPAp = > / pCOHP,,,(¢)de (2)
E

MEA vEB min

where p and v run over all AOs belonging to atoms
A and B.

It provides a qualitative information of the average
bond strength in covalent systems. The charge spilling,
a criterion that assesses the quality of the projection,
was systematically lower than 1.0%. Atomic charges can
be calculated by integrating the pDOS up to the Fermi
energy. It is nothing else than a Mulliken population
analysis (MPA) done with an orthogonal basis set. It is
called pMPA in the paper. Some examples of pCOHP,
IpCOHP, and pDOS electronic structure and bonding
analysis of bare and ligand-protected RuNPs can be
found in Refs. 32 and 33, whereas assessment of pMPA
analysis is done in Ref. 34.

3 Gas-phase acidities

The gas phase acidity is defined as the positive enthalpy
change (A, H°®) associated with the deprotonation of
a molecule AH to form A~ and H" ions: AH(g) —
A~ (g) + H'(g). As a reminder, the gas phase proton
affinity (PA) is defined as the negative enthalpy change
associated with the protonation of a molecule B to form
the BH' ion: B(g) + Ht(g) — BHT(g). In the fol-
lowing, A,H3gg is calculated for the ten compounds
shown in Fig. 1 as well as for water and the hydro-
nium ion. Interestingly, and according to G4(MP2)-
6X calculations|35], the conjugate base of molecule 9,
the ortho-diethynylbenzene dianion (ortho-DEB?), is
to date the synthesized ion with the highest calculated
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Fig. 1 Acids whose gas-phase acidity has been calculated in this
study.

proton affinity (A, HSgg: 440.6 keal.mol™t). With an ex-
perimental A, Hgg = 321.9 keal.mol !(36], the heptaflu-
orobutanoic acid, 4, stands on the other side of the acid-
ity range considered in this work. The convergence of
the periodic-boundary PBE calculation in plane-wave
basis set is first going to be evaluated for ethanoic acid
as a function of the size of the supercell. A, HSyg acidi-
ties calculated with VASP will then be compared with
reference datal37, 36, 38, 39, 40, 41|, as well as with
non-periodic PBE calculations done with Gaussian 09,
with the aug-cc-pvtz basis set, which can be considered
as close enough to the basis set limit. Some charac-
teristic geometrical parameters obtained with the two
theoretical methods will then be compared.

3.1 Convergence of the energy as a function of the size
of the supercell

The energy of ethanoate with the correction involved
by a neutralizing background is reported in Fig. 2 as a
function of the size of the supercell, L, with L in the
range 8 A to 45 A. Unsurprisingly, the correction to
the energy is ill-defined at 8 A. The corrected energy
starts to smoothly converge at 15 A. The corrected en-
ergy difference between the 30 A and 45 Asupercell is
7 x 103 eV (~ 0.2 kcal.mol!) only. From now on, all
calculations will be performed in a L = 30 A box and
energies will be given in kcal.mol ™.

3.2 Comparison of A, Hygg energies with reference
data

All energies AE and acidities A, HS5gg (AgHsggs = AE+
A(PV) + AEherm) calculated with VASP or Gaussian
are reported in Figure 3 and tabulated in Table 1, in
comparison to experimental reference data. No exper-
imental gas-phase acidity has been found in the liter-
ature for octanoic acid, and only a non-periodic PBE
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Fig. 2 Evolution of the energy of ethanoate as a function of the
size of the supercell.

against periodic PBE comparaison has been made in
table 1.
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Fig. 3 Comparison of gas-phase acidities A, Hagg calculated in
this work with reference data (formic acid, ethanoic acid, dis-
chloroethanoic acid, pentanoic acid, heptafluorobutanoic acid:
ref. 36; ortho-diethynylbenzene anion: ref. 35; methane: ref. 41;
phosphoric acid: ref. 38). Dashed line corresponds to slope =
1, i.e. to a perfect agreement between the theoretical calcula-
tions from this work and reference data. With A HSyg = 165.2
kcal.molt, H3O1 does not appear on this scale (see values in
Table 1). Blue cross: only AE has been calculated with VASP
(see text for details).

At first sight there is an overall very good agree-
ment between the two theoretical approaches and only
small deviations with respect to reference values. The
two exceptions are hydroxide and the methyl anion. As
for HO", we have checked that using in VASP harder
potentials for oxygen and setting up higher energy cut-
offs do not improve the agreement between theory and
experiments (VASP wvs. experiments: 10.6 kcal.mol™!) or

even with the aug-cc-pvtz calculations (VASP vs. G09:
4.7 keal.mol™!). Mind that even with non-periodic DFT
methods, the calculation of A, Hagg for HO™ is very sen-
sitive to the basis set. The methyl anion was also uneasy
to calculate with VASP. Given convergence issues in the
numerical calculation of frequencies, it is the deproto-
nation energy, AF, that is reported in Figure 3 for the
methyl anion (blue cross). Owing to the singularity of
HO™ and CH3 in the test set, they have not been con-
sidered in the calculation of mean average deviations
(MAD) given hereafter. Deprotonation energies, AF,
calculated with VASP and G09 agree very well, with a
MAD = 0.9 kcal.mol!. Although the numerical differ-
entiation used in VASP to calculate vibrations is some-
what less accurate than the analytic calculations of sec-
ond derivatives in G09, A, Hagg values calculated with
VASP are very close to the non-periodic DFT values,
with a MAD that slightly increases to 1.2 kcal.mol™!. Tt
also confirms the correctness of the ThermoWithVASP
utility.

3.3 Geometries

All geometries and selected geometrical parameters are
reported in Figure 4. In the following, discussions on ge-
ometry parameters will systematically be made by com-
paring GO09 results with VASP. Although HO™ appeared
as a singularity in the calculation of the acidity of water,
with a ~5 kcal.mol™! energy difference between the two
methods, as for geometries the agreement is excellent
(0.975 A ws. 0.976 A). The VASP geometry of the sec-
ond singular anion, CHj , is not very accurate. It is in
particular significantly less pyramidal than found with
GO09 (pyramidalization angle: 119.4° vs. 135.4°). Apart
from the methyl anion, GO9 and VASP yield almost
the same geometries for all remaining species consid-
ered in this work. The bond lengths in the hydronium
ion are found to be the same within 1/1000 A (0.988
A), whereas the dihedral angle w is slightly higher with
VASP (125.6° wvs. 128.9°). Regarding carboxylic acids
(1-6, 10), both methods find the same expected trends,
usually within a few thousandth of A: HOOC-CR; bond
lengths increase upon deprotonation (for example: pen-
tanoic acid 1.510 A vs. 1.510 A and pentanoate 1.574
A vs. 1.572 A, benzoic acid 1.487 A vs. 1.486 A and ben-
zoate 1.554 A vs. 1.552 A); HO-C(O)(R) bond lengths
decrease upon deprotonation (for example: pentanoic
acid 1.369 A vs. 1.370 A and pentanoate 1.264 A wvs.
1.267 A, benzoic acid 1.368 A vs. 1.370 A and benzoate
1.263 A vs. 1.267 A); the two C-O bond lengths are not
identical in some carboxylates owing to the strong po-
larization by electronegative atoms (for example, hep-
tafluorobutanoic acid 1.252 A and 1.246 A vs. 1.255



Table 1 Energy differences AE and gas-phase acidities AqHggg, in kcal.mol™! of the reaction AH(g) — A~ (g) + HT(g) (or
AH*(g) — A(g) + HT(g) for H301). The MAD is between calculations and reference data. TThe gas-phase acidities of water

and methane are not taken into account in the calculation of the MAD.

: Pulsed electron high pressure mass spectrometer experiments, extrapolated from 7" = 600K, ref. 36

: Energy-resolved, competitive threshold collision-induced dissociation experiments, 7' = 298K, ref. 40
: Negative ion photoelectron velocity-map imaging experiments, 7' = 298K, ref. 41

o oo

[N

: Ion-molecule bracketing experiments, ref. 38
: G4(MP2)-6X calculations, T' = 298K, ref. 35

50

g: JANAF tables, ref 37
See also the NIST database, 42.

theoretically-corrected ionization threshold measurements, T' = 298K, ref 39

compound Agausszuj?{f)ggs AL VASAZ H§98 ref. AqH®
1 351.7 344.7 351.7 343.2 348.5%, 348.2P
2 350.7 343.5 350.9 342.1 346.2*
3 350.4 343.1 351.0 341.1 -
4 323.9 317.1 323.1 314.5 321.9®
5 344.7 337.6 345.1 336.8 340.1#
6 347.4 340.3 347.1 338.9 345.3*
7 420.6 412.3 410.9 - 416.4¢
8 332.4 326.3 332.6 323.8 330.54
9 445.4 439.3 440.3 434.8 440.6¢
10 330.1 323.3 331.1 324.3 328.9*
HzO0t+ 170.6 164.0 171.2 164.5 165.2f
H20 392.8 386.3 388.6 381.5 392.28
MADT 3.4 4.0 0.0

A and 1.249 A) A careful reading of Figure 4 does not
reveal any major discrepancy between the two meth-
ods. Let us now turn to phosphoric acid (8), a weak
acid as well, and its conjugate base, dihydrogen phos-
phate. Bond lengths are similar within one hundredth
of A and angles differ by at most 0.2°. The CC bond
lengths in the ortho-DEBH™ compound (10) and its the
conjugate base are found to be very similar with both
methods. This result, together with the accuracy al-
ready observed in the calculation of the acidity with
VASP, involves that the neutralizing background and
the correction to the energy is also valid for the ortho-
DEB? dianionic species.

4 Relative stability of neutral and anionic Ruj3
isomers

4.1 Convergence of the energy as a function of the size
of the supercell

The (CHCl;COO*Ruy3 — I,)~ cluster has been used as
a test case. The total energy is reported in Figure 6 as
a function of L. With a 2.5 kcal.mol™! energy difference
only between the 30 A and 45 A supercells, 30 A can
be considered as good cost/accuracy compromise.

4.2 Bare clusters

The structures of small, bare ruthenium anionic clus-
ters, Ru,, (n = 8 — 20), were investigated a couple of
years ago[43] using a combination of trapped ion elec-
tron diffraction (TIED) and density functional theory
computations performed with the non-periodic Turbo-
mole software[13]. The present study more particularly
focuses on Ruy;. According to electron diffraction mea-
surements, its most stable isomer forms a Cy, defec-
tive double layered hexagonal structure (see Figure 5),
which was found to be the most stable by TPSS[44]/def2-
SVP[45] calculations. The second isomer (Cy — 1) is
based on the simple cubic motif. Although is was found
to be isoenergetic to the Co, isomer, only the latter fit
the TTED experimental data. A Cy — 2 isomer, a vari-
ant to Cs — 1, was also found, lying 0.1 €V above the
two degenerate isomers. The icosahedron (I},) was not
considered, probably owing to its high energy w.r.t. the
low-lying isomers. Table 2 shows the relative energies
AFE (in kcal.mol™!) as well as the magnetic moments p
found in Ref. 43 at the TPSS/def2-SVP level of calcula-
tion. AE and p calculated with VASP, using the same
meta-GGA TPSS functional and a 500eV cut-off, are
also reported in Table 2. Magnetic moments are found
to be the same and AFE differ at most by 2.9 kcal.mol™!.
This difference could either be related to the basis set,
to the size L of the supercell or to the energy correc-
tion of the neutralizing background. The agreement is
anyway very good and it shows that accurate DFT cal-
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Fig. 5 Lowest energy isomers of Ruj; clusters considered in this
work (after ref. 43).
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Fig. 6 Evolution of energies of dichloroethanoate adsorbed on
Rui3 — Iyas a function of the size of the supercell.

culations with PBC can be performed on anionic TM
clusters. Incidentally, the I, cluster lies ca. 52 kcal.mol™!
above the Cy, isomer.

These last years, we have explored the surface and

Table 2 Symmetries, relative energies (in kcal.mol'!), and mag-
netic moments f(in ug) or the lowest isomers of Ruj;.
a: def2-SVP gaussian basis set, ref. 43.

symmetry TPSS PBE
AE*  pu*  AE AE  p
Cav 0.0 7 0.0 7 00 7
Cs-1 0.0 7 1.5 7 47 7
Cs-2 2.3 7 52 7 1.0 7
Iy - - 51.9 1 674 1

the evaluation of this functional on charged species im-
portant for the sake of comparison with a large amount
of data. The present results could also be compared to
reference calculations of adsorption properties on Ru
surfaces.[49] AE and p calculated at this level of theory
are also reported in Table 2. The relative stability of the
C9y and Cg — 1 isomers is switched between TPSS and
PBE, the Cs-1 isomer being now the most stable iso-
mer by 4.7 kcal.mol}. PBE is however accurate enough
for the identification of the most interesting candidates
that can account for the experimental TIED data. By
the way, and regarding the use of TPSS for describing
anionic ruthenium clusters, it has been claimed to “pro-
vide a relative energy accuracy to within several tenths
of an electron volt”[9]. Besides, ZPE and thermal cor-
rections could give a different ordering - this is however
beyond the scope of the present study. Finally, TPSS

catalytic properties of RuNPs using the PBE functional[46, and PBE agree that the bare I}, isomer is high in energy,

47, 32, 33, 48] with PBC, which, at least to us, makes

with a magnetic moment equal to 1 ug.



The pCOHP and pDOS profiles of the optimized
neutral and anionic Cy, clusters are reported in Figure
7. The Fermi energy is higher by ca. 2 eV in Ruj,, which
a d-band center slightly closer than in Rujs. In aver-
age, the additional electron is equally shared by the 4d
and 5s AOs. Whilst pDOS profiles of both compounds
look alike below the Fermi energy, pCOHP profiles dif-
fer around it. Moreover, the IpCOHP index, found to be
1.04 eV per Ru-Ru bond in Ru;3 is lowered to 0.98 eV
in Ruj;, in agreement with the anti-bonding character
of the available empty MOs in Russ.

4.3 Ruys-I, and Ruy3-Cs-1 clusters stabilized by
carboxylic acids or carboxylates

Although the I}, isomer is much higher in energy than
the low-lying C5, and Cj isomers, it is an interest-
ing cluster to graft ligands on, owing to a core/surface
structure that preludes larger clusters and NPs. The
Cs-1 isomer, although not observed experimentally in
TIED experiments, is also an interesting test case owing
to its simple cubic motif-based structure. We are now
going to examine two adsorption mechanisms, namely

the dissociative adsorption energy of gas-phase carboxylic

acids on the metal surface (eq. 3), and the direct ad-
sorption of gas-phase carboxylates (eq. 4).

Ruys + CH3COOH — (RU13)(CH3COO)<H) (3)
Ruys + CHgCOO’ — [(Rul3)(CchOO)]7 (4)

We shall first examine the adsorption of CH3COOH
and CH3COO" on the [y, isomer. The resulting opti-
mized geometries are given in Figure 8, together with
pMPA charges. (CH;COO) adsorbs on an edge, thus
making a five-membered dimetallacycle with the metal
surface. The hydrogen atom has been put opposite from
(CH3COO) in order to avoid a close coupling of the
electronic structure of surface species through shared
metal atoms. Whereas a single ps-H is more stable on
Rujs-Ipthan p-H by 3.3 keal.mol™, H prefers an edge
site in this system, with an energy difference of ~2
kcal.mol™! between the two isomers. The extra electron
does not have a significant influence on geometries of
the CH3COO moiety nor on the adsorption site, except
for the Ru-O bond lengths which are slightly elongated
by ~0.01 A in [(Rujz—I,)(CH3COO)]~ with respect
to (Ruy3)(CH3COO)(H). With a -0.38¢ charge, the ad-
sorbed hydrogen atom has clearly an hydridic charac-
ter. CH3COO is also negatively charged in both clus-
ters. Interestingly, whereas the Rujs core is oxidized
by the hydride and the ethanoate in the neutral clus-
ter (the overall charge of Ruys is 1.32¢), a reduction of

Ruy3 is observed in [(Ru;3)(CH3COO)]~. By compar-
ison with the neutral cluster, it means that the extra
electron is mainly delocalized within the metal core.
The two ruthenium atoms involved in the coordination
of the ethanoate moiety in the anionic cluster possess
however the same positive charge as in the neutral one.
The pDOS and pCOHP profiles of the two clusters are
shown in Figure S1. As already observed in the bare
clusters, the Fermi energy, Er, increases in the nega-
tively charged cluster with respect to the neutral one.
Apart from this shift, the pCOHP and pDOS profiles
look similar at first sight. However, the IpCOHP(Ru-
Ru) index is weaker by 2.3 kcal.mol'per Ru-Ru bond
in the anionic cluster, in line with a delocalization of
the extra charge mainly on the metal part and with the
anti-bonding metal character of the electronic states
around the Fermi energy.

The adsorption of one ethanoate ion on Ruys-Iy, (re-
action 4) is stronger than the dissociative adsorption
of a single ethanoic acid molecule (reaction 3) by ~20

kcal.mol™! (E,qs(RCOOH): -56.6 kcal.mol™! vs. E,qs(RCOO™):

-76.9 kcal.mol!). Provided that the carboxylate-metal
bond strengths be quite similar in the anionic and neu-
tral clusters, and despite the lowering of the metal cohe-
sive energy in the anionic cluster, this significant energy
difference is explained by a high O-H bond dissociation
energy that is not counterbalanced by the newly formed
Ru-H bond in the neutral cluster.

We shall now qualitatively examine the adsorption
energies, F,qs(RCOOH) and E,4s(RCOO™) as a func-
tion of acid strength. The dissociative and direct ad-
sorption energies, F,qs(RCOOH) and E,45(RCOO™),
of seven carboxylic acids/conjugate bases at the surface
of the Ruys-I, and Ruyz-Cg-1 clusters are reported in
Figure 9 as a function of experimental gas-phase acidi-
ties, A,H® (the hydride is found to be u3 in the Cg-1
isomer). Four main results arise: the linear relationships
between experimental gas-phase acidities and adsorp-
tion energies of acids and bases at the surface of both
clusters; the slight increase of adsorption strengths of
acids and the strong decrease of adsorption strengths
of bases as a function of the acid strength; the stronger
adsorption of bases, with the exception of heptafluo-
robutanoic acid on the icosahedral isomer; very similar
adsorption energies are found for the Cs-1 and I}, iso-
mers, despite different motif-based clusters.

5 Conclusion

Regarding acidities, this study shows that background-
corrected DFT-PBE with periodic boundary conditions
performs very well. Enthalpies differ generally by less
than 1 kcal.mol! with respect to non-periodic PBE



2 (a) 4p6.00 4d7.22 550.78 (b) 4p6.00 4d7.25 550.80 Ru-Ru 2
0 1 r o
-2 A r -2
>
o
2 2 2
% o F 3
& M S | Py-——-- - g8
@ @
= N =
= ; .
Total pDOS r -8
Ru-4d
Ru-5s
F-10
0 10 20 30 -20 0 20 0 10 20 30 -20 0 20
pDOS -COHP pDOS -COHP

Fig. 7 Projected DOS and COHP analysis for the nearest neighbor interactions in the bare Ruf; — Cay clusters. (a) ¢ = 0; (b)
g = —1. The average occupation of the 4p, 4d and 5s bands are also reported, as well as the d-band center for all Ru atoms (dashed
red line) and the position of the Fermi level (brown horizontal line). The low-lying 4p-DOS does not appear in this energy range.
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Fig. 8 Adsorption on the Ruj3-Iy cluster of a dissociated
ethanoic acid (a); of ethanoate (b). Atomic pMPA charges (in
units of e), shown as color maps, are given below, together with
the color reference charge scale.

calculations with polarized triple-zeta gaussian basis
augmented with diffuse functions (aug-cc-pvtz). When
compared to experimental reference enthalpies, the mean
average deviation (MAD) is low (ca. 4 kcal.mol™!). In
addition to this satisfactory agreement between meth-
ods, this study also underlines that GGA functionals
well describe proton-transfer reactions in the gas phase.
The main failure was found for the hydroxide anion, and
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Fig. 9 Comparison of adsorption energies on the Ruiz-Iy
(dashed lines and empty symbols) and Rujz-Cs-1 (plain lines
and filled symbols) clusters calculated in this work with experi-
mental gas-phase acidities A, H® (see references in the text and in
table 1). Black circles and lines: dissociative adsorption energy of
RCOOH acids, E,qs(RCOOH); Red squares and lines: adsorption
energy of RCOO" bases, E,qs(RCOO™). The adsorption sites are
also shown.

especially for the methyl anion. The relative ordering
of three Ruj; isomers is close within a few kcal.mol™!
to TPSS results obtained using a local basis set. Fi-
nally, we use these good results to calculate the adsorp-



tion properties of carboxylic acids and carboxylates on
two Ruj, isomers as a function of acid strength. Weak
acids are less strongly bound to the metal surface than
their conjugate bases. Dissociative adsorption energies
of acids vary within a narrow energy range as a function
of acid strength, whereas adsorption energies of bases
are more sensitive to this property. An evaluation of
these trends on ligand- and hydride-protected models
is ongoing. More generally, such case study provides
new perspectives in the theoretical treatment of both
colloidal ultra-small TMNPs stabilized with charged
species and of ionized TM clusters produced in mass
spectrometry-based molecular physics experiments. It
also offers an alternative to theoretically describe cat-
alytic processes that involve charged species, such as
redox reactions.
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