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Given the properties of metal nanoparticles (NPs) depend on several parameters (namely, mor-
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phology, size, surface composition, crystalline structure, etc.) a computational model that brings
a better understanding of structure/properties relationship at the nanoscale is a significant plus in

order to explain the surface properties of metal NPs and also their catalytic viability, in particular
when envisaging a new stabilizing agent. In this study we combined experimental and theoretical
tools to obtain a mapping of the surface of ruthenium NPs stabilized by ethanoic acid as a new
capping ligand. For that purpose, the organometallic approach was applied as synthesis method.
The morphology and crystalline structure of the obtained particles was characterized by state-
of-the art techniques (TEM, HRTEM, WAXS) and their surface composition was determined by
various techniques (solution and solid-state NMR, IR, chemical titration, DFT calculations). DFT
calculations of the vibrational features of model NPs and of the chemical shifts of model clusters
allowed to secure the spectroscopic experimental assignations. Spectroscopic data as well as
DFT mechanistic studies showed that the ethanoic acid lies on the metal surface as ethanoate,
together with hydrogen atoms. The optimal surface composition determined by DFT calculations
appeared to be ca. [0.4-0.6] H/Rug,; and 0.4 ethanoate/Rug,¢, which was corroborated by exper-
imental results. Moreover, for such a composition, an hydrogen adsorption Gibbs free energy in
the range -2.0 to -3.0 kcal.mol™! was calculated, which makes these ruthenium NPs a promising
nanocatalyst for the hydrogen evolution reaction in the electrolysis of water.

1 Introduction

The interest in metal nanoparticles (NPs) continues to be very
strong in both the academic and industrial sectors owing to
their possible applications in various fields ranging from biol-
ogy, medicine, catalysis, optoelectronics, to energy.l"> This in-
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terest is prompted by the specific properties displayed by metal
NPs, usually different to those of matter and molecular transition
metal complexes or small clusters. This relies on an electronic
structure intermediate between the quantized levels in finite-size
small compounds and the band structure in solids. It depends
on the shape of the metal core, its size, the possible presence of
defects and the nature and surface coverage of capping ligands.
Given their specific properties, metal NPs are nowadays proposed
and investigated as multipurpose species for innovative applica-
tions. There is thus a need to produce them in a reproducible
and controlled manner in terms of size, shape and composition.
The organometallic approach is a powerful way to meet this tar-
get. It involves coordination chemistry, from the use of metal
complexes as metal sources, of ligands as stabilizing agents, and
of additional chemical species to decompose and in some cases
to reduce the complexes, as well as intricated and complex ther-
modynamic and kinetic parameters during the growth process.
When metal NPs are stabilized with covalently bound ligands,
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their surface composition is a key factor that influences the elec-
tronic structure of the metal core. The size and charge of surface
ligands can also tune the inter-particle interaction, and induce
different self-assembly properties. A suitable choice of metal pre-
cursors (and consequently of the by-products issued from the syn-
thesis) and of functionalizing surface species will also directly act
on the metal NPs solubility. Despite the fascinating diversity of
metal NPs already produced, it is still necessary to modify their
surface in a controlled manner in order to improve their prop-
erties and extend their multifunctionality. Regarding ruthenium
NPs, they have been reported to be stabilized by amines, phos-
phines, pyridines, carbenes, alcohols, betaines, carbon monox-
ide...©" Yet, although carboxylic acids are widely used as surfac-
tants in colloids synthesis (mainly in combination with amines),
to our knowledge there is only one reported attempt to stabilize
small ruthenium NPs with carboxylic acids, namely with hexasub-
stituted fullerene Cge (COOH);,.1% From a more general point of
view, whilst adsorption of formic acid on metal surfaces is a long-
standing case study, L both because of fundamental issues?? and
because it is identified as an hydrogen source, 13 adsorption of
carboxylic acids RCOOH (R#H) on metal surfaces have received
less attention.

Here, we present a study where computational and experimen-
tal chemistry team up and complement one another, in order to
fully characterize CH;COOH-functionalized ruthenium NPs and
to provide insights on their electronic structure. This joint strat-
egy provides new clues to experimentalists about the 3D represen-
tation of small metal NPs, their surface chemistry and the balance
between surface coverage and adsorption energies. According to
the Bronsted-Evans-Polanyi (BEP) relationship,1#1% and to the
Sabatier-Balandin concepts, ¢ assessing actual adsorption ener-
gies is an important prerequisite to understand the catalytic prop-
erties of metal NPs. From a computational chemistry point of
view, it is necessary to explore the physical or chemical properties
of a chemical system on a structural 3D model, including sur-
face species, that must be as close as possible to the experimen-
tal compound and that must be within the reach of first princi-
ples method. This is a challenging goal regarding organometallic
metal NPs.

We show here that it is possible to bring computational chem-
istry applied to small nanoparticles to the same level of accuracy
and relevance as in molecular chemistry. We thus report the syn-
thesis of ruthenium NPs stabilized with ethanoic acid and their
characterization by transmission electron microscopy (TEM), 'H
and 13C nuclear magnetic resonance (NMR) and infrared (IR)
spectroscopy. The spectroscopic experimental assignations are se-
cured with DFT calculations of the vibrational features of model
NPs as well as with the chemical shifts in model clusters. The sur-
face chemistry of these new CH; COOH-functionalized ruthenium
NPs is also investigated and discussed both experimentally and
theoretically, including calculations of atomic charges and d-band
centers. The possibility to use such NPs in the context of the hy-
drogen evoluation reaction (HER) is also evaluated on the basis of
DFT calculations and of the Sabatier-Balandin principle.1Z The re-
sults highlight the relationship between surface composition and
dissociative adsorption energies of H,. It further strengthens the
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need to carefully evaluate the surface composition of model NPs,
in order to make theoretical investigations in this field useful and
relevant.

2 Results

2.1 Synthesis and structural characterization of CH;COOH-
functionalized ruthenium NPs

The NPs object of this study were produced in a Fisher-Porter
reactor at room temperature (r.t.) by the decomposition of
[Ru(COD)(COT)] (COD= 1,5 cyclooctadiene, COT= 1,3,5- cy-
clooctatriene) with molecular hydrogen (H,) in a pentane solu-
tion and in the presence of ethanoic acid (CH;COOH) as a stabi-
lizer (Scheme [T).

? i
3 barH,
+ Pentane . ? ?
~ 0.5h
rt. ?

Ru,(CH;COOH), NPs

[Ru(COD)(COT)] CH,COOH

Scheme 1 Synthesis of CH;COOH-capped rutheniumNPs.

A [CH;COOH]/[Ru] ratio of 0.2 molar equivalent (equiv.)
compared to the quantity of the Ru precursor introduced was first
applied. This [CH;COOH]/[Ru] ratio was chosen because it is
known to be effective to prepare stable and homogeneous pop-
ulations of ruthenium NPs using different capping ligands.Z\18
After pressurization of the Fisher Porter reactor with 3 bar H,
under vigorous stirring at r.t., the initial yellow solution turned
black into ca. 2 min. The hydrogen pressure was maintained
at r.t. during 30 min to ensure complete decomposition of the
[Ru(COD)(COT)] precursor, meanwhile some precipitation was
observed. Then, excess H, was evacuated under vacuum and the
colloidal suspension concentrated by half. Transmission Electron
Microscopy (TEM) images recorded after deposition of a drop
of the crude concentrated colloidal suspension onto a carbon-
covered copper grid, revealed a non-homogeneous sample (Fig-
ure SI.1): two different populations of individual ruthenium NPs
were observed with mean diameters of ca. 0.8 and 1.2 nm, to-
gether with agglomerated particles in the size range 50-180 nm.
The presence of these big agglomerates can explain the forma-
tion of the precipitate noticed during the synthesis. Given small
ruthenium NPs were observed, we estimated that the ethanoic
acid was able to act as a stabilizer and that the inhomogeneity
of the sample could be attributed to a default of the capping lig-
and quantity. The synthesis of the particles was thus repeated in
the same conditions increasing the [CH;COOH]/[Ru] ratio to 0.4
equiv. By this way, no precipitate was observed over the course
of the reaction (30 min), but the NPs slowly sedimented when
stopping the magnetic stirring for a few hours. This phenomenon
can derive from a limited solubility of the NPs in pentane due to
the short aliphatic tail and strongly polar head of the ethanoic
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acid ligand. TEM analysis from the crude concentrated colloidal
suspension evidenced NPs with a mean size of ca. 1.5 = 0.6
nm (Figure [Ip) and a spheroid morphology forming a popula-
tion with a relatively large size distribution, but no aggregates
were observed this time (Figure ). The increase of the ethanoic
acid quantity to 0.4 equiv. [CH;COOH]/[Ru] leading thus to
NPs of enhanced stability in solution we decided to focus on this
Ru, (CH3COOH) ) 4, system for the rest of our experimental study.
HRTEM (high resolution transmission electron microscopy) anal-
ysis (Figure [1c and Figure SI.2) showed NPs displaying a poor
crystalline character but with a few atomic plans sufficiently vis-
ible to resolve the crystal structure of some NPs. Fast Fourier
Transformation (FFT) of HRTEM images indicated the presence
of interplanar distances of 0.238 and 0.208 nm that can be at-
tributed to (100) and (101) lattice planes of an hexagonal close
packed (hcp) structure as in bulk ruthenium. Moreover, energy-
dispersive X-ray spectroscopy (EDX) data recorded in parallel of
HRTEM analysis allowed to quantify Ru and O contents. The ob-
tained values led to a Ligand/Rug,¢ ratio of ca. 0.27 (see Figure
SI.3 and Table SI.4).

WAXS analysis for solid-state Ru,(CH3COOH), 4, was per-
formed to complete the local study by TEM with a statistic probe.
Such approach has been routinely used for previous studies and
with few exceptions, both structure and average size (through the
coherence length measured in real space) were in good agree-
ment, provided the NPs were close to single crystals, even very
small. This is not fully verified in the present case: in the recip-
rocal space (Figure SI.5), a very broad pattern is observed which
doesn’t match those expected from compact structures. Moreover,
in the real space (Figure SI.6), a well-defined function fully con-
sistent with zerovalent metallic ruthenium can be observed. How-
ever the coherence length is close to 0.9 nm, thus considerably
smaller than the size obtained by TEM. The function computed
from a very small hep crystallite also does not fit the experimen-
tal one. This is not in contradiction with TEM results since WAXS
is sensitive to very small objects, crystalline or not, whilst HRTEM
largely relies on phase contrast and emphasizes the better crystal-
lized fraction of a sample. This result is likely a consequence of
the relatively large size distribution: in such a case, WAXS will ev-
idence the contribution of many very small and poorly crystallized
objects, the hcp NPs revealed by HRTEM being related to bigger
and better ordered domains. This dual population from the size
and structure point of view may indicate a limited coalescence of
the very small ruthenium NPs leading to bigger domains.’2

Two complementary spectroscopic techniques, namely nuclear
magnetic resonance (NMR; both in liquid and solid state as well
as DOSY experiments) and IR were used to analyze the coor-
dination of the ethanoic acid to the NP surface and thus, to
characterize the surface state of the RuX(CHSCOOH)O.4y NPs.
The results will be presented in forthcoming sections, together
with DFT-based analysis, when available. Our main objective
was to get information about the surface composition of the
Ru, (CH;COOH), 4y NPs and the nature of the bonding of the sta-
bilizing ligands.

This journal is © The Royal Society of Chemistry [year]

2.2 Are ethanoic acid ligands adsorbed on the NPs?

NMR techniques coupled with theoretical calculations provided
relevant information to answer this question. It is worth not-
ing that obtaining reliable information on ligands coordinated at
the surface of NPs by solution NMR analysis is not a simple task.
This is mainly due to the low concentration of coordinated lig-
ands compared to metal atoms in the NP core, the diversity of
coordination sites at the metal surface, the heterogeneity of the
magnetic environment of the atoms in the ligand owing to the
decrease of its freedom degrees and slow tumbling of the NPs. All
together these parameters lead to broad and weak signals that are
sometimes very difficult to observe all the more so when the probe
atoms are close to the metal surface, as it is the case here with
ethanoic acid. Furthermore, short alkyl chain ligands do not help
the solubilization of the NPs thus leading to a weak NP concen-
tration in the colloidal suspension. Nevertheless, a combination
of complementary NMR tools allowed to get relevant information
on the ligands attached at the ruthenium surface which was cor-
roborated by theoretical approach. 'H-NMR studies are described
hereafter.

A proton-liquid NMR (!H-NMR) spectrum was recorded from
the purified Ru, (CH;COOH),, 4, NPs (washing of the crude sam-
ple with several pentane-THF cycles and drying under vacuum
during 12 h) after re-dispersion in THE-d8. This 'H-NMR spec-
trum is given in Figure SI.7 in comparison with that of pure
ethanoic acid as a reference for the free (uncoordinated) acid.
Apart from the signals at 3.62 and 1.76 ppm that correspond to
THF and the one at 2.55 ppm that can be attributed to water,
the spectrum of the NPs (Figure SI.7, solid green line) does not
show any sharp signals around 1.93 and 10.59 ppm as expected
for free CH;COOH (Figure SI.7, dash burgundy line). This result
suggests that the THEF-d® solution of Ru, (CH;COOH), 4y NPdoes
not contain free ethanoic acid. However, broad and sharp singlets
are visible in the 1.90 to 2.20 ppm range that might correspond
to methyl groups of ethanoic acid molecules in fast exchange be-
tween the surface of the NPs and the solution. Besides, several
sharp peaks of low intensity can be observed in different area of
the spectrum that may derive from THF degradation. This point
will be discussed later on.

Pulse field gradient NMR technique can be used as a diffusion-
filtered 1H-NMR experiment to reduce the contribution of mobile
molecules with fast diffusion coefficients like free ligands, side
products or solvents, thereby giving the possibility to observe
signals corresponding to larger species with lower diffusion co-
efficients such as ligands interacting with the NP surface. This
methodology has been already applied in the group and allowed
to distinguish signals of free ligands in solution from those of lig-
ands interacting at a metal NP surface.20"22/ The application of
a diffusion-filter to the Ru, (CH;COOH), 4y NPs solution, allowed
to detect a new broad signal that is characteristic of slow diffusing
species at ca. 2.08 ppm (FWHM = 1150 Hz, Figure[2). This value
is close to the chemical shift observed for the methyl group pro-
tons of the ethanoic acid (§: 1.93 ppm). Due to its position and
broadness, as well as to previous surface state studies on ligand-
capped ruthenium NPs, this slightly shifted signal in comparison
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Number of NPs

Fig. 1 TEM image and corresponding size histogram of Ru,(CH3COOH)g 4, NPs (a, b); HRTEM image of Ru,(CH3COOH) 4, NPs with FFT results

(©).

to that of free CH;COOH can be attributed to the methyl group
protons of ethanoic acid strongly bonded to the ruthenium NPs
surface.

>
2.3 ppm
[2.0-2.2] ppm
Ru Ru\—f{u
Ru%Ru

52.08 ppm 1.8 ppm

2.6-2.9] ppm Half Width 1150 Hz I
u
| 2.6 ppm o \/ \,Ru

Ru —
Ru — N > "

1.3 ppm

ppm

Fig. 2 Diffusion-filtered "H NMR spectrum of Ru,(CH3COOH), 4, NPs

dispersed in THF-d® at r.t. The broad signal at ca. 2.08 ppm was fitted
with a Gaussian shape. The DFT "H NMR chemical shifts of the methyl
group in various models ((CH3COOH),, CH;COO™, [Rug] clusters) are
also given. The DFT results are summarized by the burgundy horizontal
lines.

This assignment is confirmed by DFT chemical shifts calcu-
lated for protonated/unprotonated carboxylic acid free and co-
ordinated onto a model [Rug] cluster (see Figure 2 and Table
S1.8), the molecular cluster strategy for such NMR calculations
having been validated by us23*27 and others.28 The protons of the
methyl group of free ethanoic acid dimer are found to resonate at
1.9 ppm as experimentally observed (1.93 ppm). The protons of
the methyl group in all the Rug(CO),(CH;COOH) clusters were
found to be strongly deshielded by the metal surface (6: [2.6 -
2.9] ppm). This strong deshielding effect is confirmed by calcula-
tions performed on small molecules (see Table SI.8) which rules
out this coordination mode in the NPs studied here. Thus, accord-
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ing to our results, there is no doubt that the signal experimentally
observed at ca. 2.08 ppm cannot be assigned to ethanoic acids co-
ordinated on the metal surface but to chemisorbed ethanoates (§:
[2.0 - 2.3] ppm). Indeed, the signal of the protons of the methyl
group is deshielded by ca. 0.1 ppm for an ethanoate coordinated
on an edge via a bidentate mode. The three methyl protons in the
free ethanoate are shielded by 0.6 ppm with respect to those of
the free ethanoic acid dimer by the delocalized negative charge
of the carboxylate group (6: 1.3 ppm vs. 1.9 ppm). The interac-
tion of the -COO- negative moiety with a metal cation in sodium
ethanoate weakens the shielding of the methyl protons by the
negative charge by 0.6 ppm (8: 1.9 ppm, close to the value found
in DZO@]). As a result of this counterbalance, the methyl protons
in a metal-ethanoate complex resonate at a value close to those
of ethanoic acid, with a modulation of the deshielding which is
function of the cationic charge of the metal atom (for example, &
is found to be 2.1 ppm in the (CHSCOO‘)ZMg2+ complex).

Diffusion-Ordered NMR Spectroscopy (DOSY-NMR) also allows
to get information on the dynamic behaviour of chemical com-
pounds dispersed into a liquid environment. Here (i.e. on
Ru, (CH3COOH),, 4, NPs dispersed in THF-d® at r.t.) the strong
overlapping between the broad signal of low intensity attributed
to the methyl groups of the surface attached ligand with the sharp
signals of fast exchanging molecules, makes the DOSY data diffi-
cult to analyse. However, interesting information were obtained
by following the evolution of the integration of the 1.90 - 2.20
ppm area - that mostly presents signals of the methyl groups of
ethanoates in interaction with the ruthenium NP surface - with
the gradient strength. This diffusional attenuation is shown on
Figure |3| and was fitted to the classical Stejskal-Tanner equation.
The decay could not be fitted with a mono-exponential analysis
and only a bi-exponential analysis least-square fitting led to a per-
fect match of the experimental data.

This journal is © The Royal Society of Chemistry [year]
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T
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Fig. 3 Diffusional attenuation of the 1.90 - 2.20 ppm area for
Ru,(CH3COO0H), 4, NPs dispersed in THF-d® at r.t. Data were analysed
with a bi-exponential least-square fitting.

Two different diffusion coefficients (D) were extracted from
this fitting, one representing 55.0 = 10.0 % of the signal with
D; = 2.0 = 0.3 x 10° m2.s! and the other one representing
45.0 = 10.0 % of the signal with Dy= 0.5 + 0.1 x 10° m2.s’l.
The significant difference between the two diffusion coefficients
obtained is indicative of capping ligands with different interac-
tion strengths at the NP surface, namely a distinction between
coordinated ligands and fast exchanging molecules. The lower
diffusion coefficient is attributed to ligands in strong interaction
with the metal surface (namely, strongly coordinated ligands) and
the faster one is assigned to ligands with higher mobility that can
be in fast exchange with free ligand in solution or possible THF
degradation products. The population of the strongly bonded
species (45.0 = 10.0 %) must be considered as a minimal value.
Indeed, as a significant part of the very broad signal of the slow
diffusing species detected at ca. 2.08 ppm lies outside the 2.20
- 1.90 ppm range, the population of strongly bonded ligands is
probably much higher. Hydrodynamic radii (ry) calculated from
the diffusion coefficients (familiar Stokes-Einstein equation) were
found to be ca. 0.94 and 0.24 nm, respectively. From these re-
sults, the size of the objects having the smallest diffusion coeffi-
cient can be estimated to 1.88 nm, including both the metal core
and the capping-ligand layer. When comparing this value with
the NPs mean diameter determined from TEM analysis (ca. 1.50
nm), that represents only the metal core, a good agreement is ob-
served. The difference between these two values (0.38 nm) can
be explained by the thickness of the layer of ligands surround-
ing the metal core. The hydrodynamic radius calculated for the
species having the highest diffusion coefficient provided an esti-
mated size for the corresponding objects of 0.48 nm. This value
being slightly larger than the one calculated for the free ethanoic
acid dimer (D = 2.1 x 10° m2.s'1, ry = 0.22 nm), it confirms the
presence of ligands in fast exchange between the surface and the
solution. On the basis of the DOSY NMR data and the mean size
of the particles determined by TEM, we could estimate the ligand
quantity at the RuNP surface to be ca. 0.3 ligand / Rug,f-

2.3 Are the adsorbed acids protonated?

A first indication of the deprotonation of the acid was obtained by
1H NMR (see above). A full answer to this question will now be

This journal is © The Royal Society of Chemistry [year]

given on the basis of DFT-based thermodynamic and kinetic data,
complementary to experimental NMR and IR results.

Adsorption strengths and O-H activation barrier: a theoreti-
cal survey.

b
2C00H

1C00H

Fig. 4 Rugs(CHZCOOH), denoted as 1°0OH  and
Rugs(CH;COOH)(CH;C00)5H3,, denoted as 2°CCH, models (15
hydrides result from COO-H activation in 26O, The faceting of the
surface is highlighted with translucent gray planes.

As far as we know, there is no DFT study trying to answer
that question on ruthenium surfaces, with the noticeable excep-
tion of formic acid. Previous DFT calculations showed that the
O-H dissociation of HCOOH on a bare Ru(0001) surface is one
of the most exothermic reaction among several model transition
metal surfaces (-40 kcal.mol! w.r.t. gas-phase HCOOH).2% Con-
sidering both the present experimental study as well as some
spectroscopic and DFT evidences reported in Ref. [10} carboxylic
acids seem to interact under the form of carboxylates with the
ruthenium NPs surface. Before studying the optimal surface cov-
erage by means of the first-principle thermodynamics, we will
first consider the adsorption, kinetic and geometric properties of
a single ethanoic acid on two hcp models which diameters are
close to the WAXS coherence length of the experimental NPs:
a bare 1 nm Russ; NP (model 1, see section Methods) and the
same Rug: NP, now stabilized by 15 ethanoates and 32 hydrides
(model 2). Model 2 provides reference data for the upper limit
in terms of surface coverage (vide infra), model 1 being a lower
limit with no surface species. The resulting species of the ad-
sorption will later on be named 1€COH and 2C00H | see Figure
[@ The ethanoic acid molecule is adsorbed on the same site in
1C00H and 2C00H ;. an edge between the (001) and (101)
planes. Among the 32 hydrides present in 2€00H_ 15 are consid-
ered to originate from the acid deprotonation. The metal surface
thus accommodates 0.4 acids or carboxylates per surface Ru atom
(Rugy.£) and 0.7 H/Rugy,s, a surface composition close to that of
the RuX(CH3COOH)0‘4y experimental NPs, but with an hydride
coverage slightly beyond the experimental evidence (vide infra).

With an adsorption energy of -23.9 kcal.mol ! on the bare NP, to
be compared for example to the adsorption energy of CO on the
same model (~ -45 kecal.mol!) ethanoic acid can be considered
as moderately chemisorbed. It is even more weakly adsorbed on
the surface of 2, with an adsorption energy of -14.0 kcal.mol ',
a value very similar to the dissociative adsorption energy of H,
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Ru55(CH;C00),5H;, [2] + CH;COOH C-O(H): 1.28
Rus; [1] + CH;COOH C-0:1.29
0O-H:1.36
0.0 Ru-O(H): 3.16
Ru-0: 2.05

21
C-O(H): 1.33 _—~Barrierless?
€-0:1.25

0-H: 1.02

Ru-O(H): 3.47
Ru-0:2.15
C-O(H): 1.32
C-0:126
0-H: 1.03

Ru-O(H): 3.51
Ru-0:2.11

-29.9 C-0:1.28
Ru-0:2.10

C-0:1.28
Ru-0: 2.05

\ 4C00H
-57.4

Fig. 5 Energy profile of the O-H bond dissociation. Black profile and
energies: O-H activation on the bare Russ NP (model 1); red profile and
energies: O-H activation on the Rugs(CH3;COO)5Hs, NP (model 2). For
the sake of clarity, geometries are shown for the bare case only; very sim-
ilar geometries are found in model 2. Energies are given in kcal.mol ™.
Some characteristic bond lengths are also given, in A (same color con-
vention as the energy profiles).

on bare Ru surfaces.*!) Although no steric hindrance impedes
the grafting of an ethanoic acid, the presence of hydrides and
ethanoates in the vicinity of the grafting site weakens its adsorp-
tion strength on the metal surface by lowering its d-band center
(vide infra) 2233

Unsurprisingly, CH;COOH dissociates very easily in 1CO0H
to form an hydride adsorbed on the nearest edge and a car-
boxylate group (1€COH see Figure [5| black profile), with a
very small activation barrier of 5.6 kcal.mol! (1%). The result-
ing Rugs (CH;COO) (H) nanoparticle is more stable than the car-
boxylic acid counterpart by 33.5 kcal.mol’l. The O-H bond dis-
sociation energy (on the order of 112 kecal.mol'l) is easily over-
compensated by the hydrogen adsorption and the formation of
a five-membered dimetallacycle involving the CH;COO moiety.
Some characteristic bond lengths are also given in Figure|5| On-
going from the carboxylic acid group to its carboxylate counter-
part, the Ru-O bond lengths are reduced by ~0.06 A, whereas
the two C-O bonds have the same length, only 0.04 A larger than
a typical C=0 bond length, indicating a conjugation within this
dimetallacycle. Despite our efforts, no TS state has been found for
2C00H 'which suggests an almost barrierless O-H activation, i.e. a
very flat energy surface, on carboxylate-stabilized ruthenium NPs
(2%). Similarly to the bare case, the carboxylate/hydride species
is thermodynamically more stable than the adsorbed carboxylic
group (15.9 kcal.mol'!). The grafting of this additional group
is less favorable than on bare NPs. It is also interesting to eval-
uate the average dissociative adsorption energy of 16 ethanoic
acids, i.e. the energy yield per ethanoic acid unit of the reaction
RugsH;, + 16CH;COOH — 2€99H which is -35.1 keal.mol 1.
It is close to the -29.9 kcal.mol! energy calculated for the disso-
ciative adsorption energy of CH;COOH on model 2 (see Figure
red profile). It highlights the collective effect involved by the
simultaneous adsorption of all ethanoic acids that makes the ad-
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sorption of new ethanoates on the surface less and less exother-
mic. It must be mentioned at this point that an attempt to per-
form a geometry optimization of the Rugs (CH;COOH),4H;, com-
pound, ie. the carboxylic acid counterpart of 2€00H led to a
spontaneous decoordination of five acids from the metal surface.
Given these thermodynamic and kinetic data, it can be assessed
that carboxylic acids will readily form mainly carboxylate species
on the surface, whatever its surface composition in the range [0
H, 0 EtAc - 0.7 H, 0.4 EtAc]/Rug,,s - and probably beyond.

13C NMR experiments. As previously mentioned, heterogene-
ity, solubility and motion reduction (associated to dipolar cou-
plings and chemical anisotropy) are some of the variables that
can cause broad and weak signals in liquid NMR instead of sharp
ones. The information obtained from solution NMR is thus very
often not enough satisfying for determining the molecular struc-
ture or the intermolecular packing of ligands at NP surface.%
In particular, the atoms the closest to the NP surface and even
more importantly those directly attached, cannot be identified by
liquid-state NMR. In this case, solid-state NMR can be an interest-
ing alternative to reach information on the ligand shell. Indeed,
application of a high-speed rotation at the magic angle (MAS)
allows to reduce the dipolar interactions and anisotropy of the
samples, thus leading to visible signals in solid-state NMR that
are not accessible by solution NMR.

Previous works from the group proved solid-state NMR to be
a powerful tool to get information on the ligand atoms close to
the metal surface. For instance, 13C and 3!P solid-state NMR
allowed to get precise information on carbon and phosphorous
atoms directly attached to the surface of ruthenium NPs stabilized
by carbenes=2 or phosphines.2221 Given that, solid-state 13C CP
Hahn-MAS NMR was attempted on the Ru, (CH;COOH), 4, NPs
in order to go more deeply into the characterization of their sur-
face state. To avoid the formation of electric arcs between the
NMR coils and the rotor due to the high metal content of the
purified ruthenium NPs powder, the sample was dispersed by im-
pregnation of mesoporous silica with a THF colloidal suspension
of the NPs. The obtained data are presented in Figure |§| as well
as results from DFT calculations for different coordination modes
which have been used to assign the signals from the experimental
spectrum.

The two intense peaks observed at ca. 24.2 and 66.8 ppm cor-
respond to carbon atoms from residual THF. The broadness ob-
served in the foot of the ca. 24.2 ppm signal may be attributed to
the carbon of the methyl group of the ligand, as confirmed by the
DFT-NMR calculations which show a weak dependence of this res-
onance for the protonation/deprotonation of the carboxylic group
or to its coordination mode (20 ppm to 33 ppm according to the
model). The broad signal observed above 170.0 ppm is in the
expected area for carbon atoms of carboxylic groups from free
CH;COOH. The signal at ca. 186.0 ppm is downfield shifted
compared with the signal of the C atom of the carboxyl group
of this free CH;COOH in THF-d® (171.7 ppm), an experimental
value that is well reproduced by the DFT calculations obtained
for the free CH;COOH (172 ppm). But this DFT values could
be shifted by taking into account solvent effects or by increas-
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ing the size of the basis set. It is however accurate enough to
evaluate trends.
n-coordinated species (137 ppm and 147 ppm) account for the
signal at ca. 186.0 ppm, but there is a peak at ca. 142.8 ppm
that can be attributed to these species or to THF degradation. Re-
garding o-bonded species, the carbon deshielding is due to the
o-coordination on the metal surface, with the exception of the
monodentate ethanoate shown in the left inset of Figure |§| (170
ppm). But it is not easy to distinguish a dimetallacycle ethanoate
(6: [177 - 186] ppm) from a c-bonded ethanoic acid (§: [180 -
185] ppm), on the contrary to the protons of the methyl group,
which 'H NMR chemical shifts were previously shown to be a
good probe of the ethanoic acid vs. ethanoate presence at the
surface. As an outcome of both the 'H and 13C NMR, experimen-
tal and calculated results, the ligands capping the NPs should be
coordinated as ethanoates with a direct interaction of the oxygen
atoms with the metal surface within a dimetallacycle.

None of the chemical shifts calculated for the

Vibrational properties. To complete these surface state studies,
and in order to confirm that the ligands are coordinated on the
metal surface as ethanoates, an FT-IR analysis on a solid sample
of purified Ru, (CH3COOH)044}, NPs was performed in ATR mode
using a spectrophotometer installed in a glove box. The experi-
mental spectrum is reported in Figure |7 in comparison with the
experimental one of sodium ethanoate %38 and calculated fre-
quencies of the theoretical Ru-H, and Ru-ethanoate normal modes
2CO00H model. The vibrational frequencies of
the metal core were calculated as well and it is interesting to no-
tice that no imaginary frequency was found. In other words, the
chosen hcp shape of the metal core is still a thermodynamic mini-
mum under such high coverage. Although 2°09%H does not rigor-
ously account for the experimental NPs, it is a relevant model for
the purpose of the experimental peaks assignment, very close to

of vibration of the
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be an optimal surface composition (vide infra), with co-adsorbed
H and CH;COO~ species. We shall see now that a normal modes
analysis together with sodium ethanoate data provide a clear as-
signment of most of the peaks.

The bands experimentally observed at 2970 cm™ are attributed
to the v, and vg vibration modes of the methyl group (-CH3) of
the carboxylic moiety. Their theoretical counterpart are slightly
overestimated by ~200 cm'! with respect to experimental data,
as usual for C-H stretching modes within DFT calculations.*? No
carboxylic acid (-C=00H) stretching vibration bands are visible
in the region 1800-1600 cm’!, indicating the absence of ethanoic
acid for which a C=0 vibration band is expected around 1706
em'! in standard conditions.*? Whereas experimentally the three
bands that lie between 1600 and 1300 cm™! are well separated,
the corresponding theoretical counterparts are situated in a nar-
rower domain (1510 - 1300 cm™). They correspond to the succes-
sive excitation of the asymmetric stretching modes of the carboxy-
late group (v,s(COO)), of the methyl group deformation mode
(845(CH3)) strongly coupled with the COO symmetric stretching
mode (v5(COO0)), and of the symmetric deformation mode of
Me (65(CH3)), in agreement with former IR results obtained on
sodium ethanoate.2%%38 The frequency of the v,5(CO,) mode is
underestimated in our calculation (1510-1455 cm™!, exp.: 1550
em'1), as a possible result of an overestimation of the Ru to COO
back-donation. The five characteristic peaks of ethanoate that
follow &;(CHj3) are well-separated. They successively correspond
to p(Me), v(CC), 6(CO), w(CO,), p(CO,), and they are not
shifted with respect to experiments (DFT domain vs. exp. Vimax:
~1020-1000/1021, ~930-920/939, ~650-635/674, ~590/615
and ~530-490/498 cm™).

Four experimental bands (a-d) observed at 1220, 1150, 850
and 800 cm’! do not correspond to any calculated soft mode in
2C00H On the basis of their frequencies, some CH;COOH modes
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calculated in 2€00H could account for three of these unassigned

peaks, namely at 1243 cm’!, §(COH) at 1155 cm’!, v(CC) at 853
em™l. However, no peaks are observed experimentally around
1700 cm'!, the domain that corresponds to v(C = O), calculated
to lie in 2C€00H at 1680 cm’!, thus ruling out this first interpre-
tation. Peaks a, c and d are rather attributed to the presence
of silicon grease and of PFPE, a perfluoropolyether lubricant, that
were used in the vacuum line and schlenk techniques to insure the
inert atmosphere during the ruthenium NP synthesis.4142 Dye to
its presence during the purification process, THF could also be ad-
sorbed on the surface, part of its IR signature being hidden below
the p(Me) and c bands. #3444 But it will be shown later on that its
moderate adsorption energy on model 2 rules out this possibility.
THF could also be indirectly responsible for the weak signal close
to 1950 cm’!, that may be attributed to a carbonyl group (CO)
derived from THF degradation as previously observed with other
ruthenium NPs (incidentally, Ru-H stretching modes are calcu-
lated to lie in the same domain frequency).® The last unassigned
peak, b, could be attributed to polytetrahydrofuran (PTHF),42
owing to a transitory adsorption of THF followed by ring-opening
polymerization process. To conclude on this part, the results point
out that the ligands surrounding the ruthenium NPs are not un-
der the carboxylic acid form and confirm the deprotonation of the
ethanoic acid upon coordination, now observed as a carboxylate
by IR, as precedently by NMR.

2.4 Surface composition

Experimental titration of surface hydrides. Owing to the syn-
thesis conditions (H, atmosphere), the presence of hydrides at
the surface of the RuX(CHS)COOH)O_4y NPs was expected, as pre-
viously observed for other ruthenium NPs systems prepared in
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the same manner.” The titration of surface hydrides was per-
formed by investigating the particles as catalysts in the hydro-
genation model reaction of norbornene at r.t. with no extra hy-
drogen added. The 2-norbornene conversion in the presence of
Ru, (CH3COOH), 4, NPs was observed to be low, but enough for
its detection and quantification by GC analysis.The quantification
of alkane formed by GC allowed determining the quantity of hy-
drogen atoms used for reducing the alkene, and further to cal-
culate the H/surface Ru atomic ratio considering the nanopar-
ticles mean size determined by TEM (1.5 nm). An estimated
value of ca. 0.3 reactive hydrides per ruthenium surface atom
(0.3 Hyeac/Rugy,f) was found. This value appears a bit low com-
pared to values previously determined for other ligand-stabilized
ruthenium NPs that were in the range 1.0 - 1.6 Hyeac/Ruigy,s. 240
This result supports a difference in terms of surface state of the
particles with less hydrides present.

Rug; DFT titration of surface species. It is possible to calcu-
late the Gibbs free energy and other thermodynamic functions
of solids and liquids, using first principles methods. Such ap-
proach has successfully been applied to explain or predict thermo-
dynamic properties of materials, and in particular surface proper-
ties at the solid-gas interface. 4720 1n practice, it extends the T =
OK and p = OPa ab initio energies of surfaces covered by organic
molecules coming from the surrounding medium to realistic envi-
ronmental conditions in terms of temperature, pressure and com-
position of the gas and liquid surrounding phases, which is con-
sidered as a reservoir of species in equilibrium with the surface.
These past years, it has been successfully applied to ruthenium
surfaces and NPs, in equilibrium with molecular hydrogen only
or with syngas. 21335152l The robustness and predictability of this
approach is now going to be evaluated on the co-adsorption of
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H, and CH3COOH on model 1 (Russ). The 44 coverage possibil-
ities that have been considered are summarized in the Methods
section and listed in Table SI.9. Owing to the previous analysis of
the spectroscopic data (IR and NMR), to the higher stability of ad-
sorbed ethanoates with respect to adsorbed ethanoic acids, and to
the very low COO-H activation barrier, 41 of these 44 structures
exhibit no ethanoic acids on the metal surface.

Figure 8]shows two Gibbs free energies A,G°(py,,[CH3COOH])
phase diagrams, calculated at T = 300 K and T = 450 K, which
result from the DFT energies of the 44 structures, taking into ac-
count the ligand-metal vibration corrections (see Refs. 47 and
[52)). Note that the very low pressure and concentration domains
are only plotted to show the appropriate relative positions of the
stability domains with respect to higher pressure and concentra-
tion ones. Moreover the thermodynamic model is based on chem-
ical potentials calculated for an ideal gas (H,) or for an ideal
mixture, thus making questionable the results shown for the very
high pressure or concentration domains, but it nevertheless gives
useful trends.

At rt. (Fig. ), two stable surface compositions are found
when py, and [CH;COOH] are in the range 102°-10? bar and
10°-10° mol.L'!, respectively. For py, < 10~ 'bar , the most
stable species exhibits 16 ethanoates and 16 hydrides that can
be seen as originating from the ethanoic acid deprotonation
((CH;COO0)¢H;4, domain 1 in Fig. . Above this threshold, the
ruthenium NP surface can accommodate 9 additional hydrides,
thus resulting in an average 0.6 coverage value for H per Ru
surface atoms (Rugg(CH3;COO0),¢H,5, domain 2). Note that the
2€00H model (Rugg (CH;CO0),cHas, structure 41 in Table SI.9)
is very close to this surface composition.

This journal is © The Royal Society of Chemistry [year]

Four stable surface compositions are found at 450 K within
the same pressure and concentration domains previously con-
sidered at rt (Fig. ). The Rugs(CH3C00) ¢H;¢ and
Rugs (CH?,COO)N)H25 compounds are not any more the most sta-
ble structures around the acid concentration and hydrogen pres-
sure of the experiments achieved in this study. The temperature
increase requires a significant increase of the amount of acid and
hydrogen in the surrounding medium in order to get such sur-
face compositions. It is now Ruggs(CH;C00),,H;, (domain 3)
that is stable in the range 10°-10? mol.L'! and with py, below
10! to 102 bar according to the acid concentration. Although
the dissociative adsorption energy of H, is low compared to that
ofCH;COOH, there is a competition between the desorption of
hydrides and of ethanoic acids with respect to what is found at
300 K. Indeed, it is worth noting that there is a remarkable re-
versal of the H/ethanoate stoichiometry for a low acid concentra-
tion and a significantly high pressure of hydrogen, with a stable
Ru;; (CH3COO)H;, structure (domain 4). This can be explained
in terms of the metal surface energy, which relies upon the ad-
sorption strength of each ligand and on the total number of lig-
ands that are bound on a given metal surface area (parameter A in
eq. E Methods section). It turns out that on a crowded metal sur-
face the dissociative adsorption energy of a single ethanoic acid
is ~ -30 kcal.mol'l, i.e. it is not significantly higher than the dis-
sociative adsorption energy of H, (~ -22 kcal.moll, see Ref. [33).
Yet, owing to obvious steric considerations, a given surface area
cannot accommodate as many ethanoate ligands as hydrides. The
balance between similar adsorption energies, steric hindrance,
zero-point energies of light ligands, pressure/concentration and
temperature explains this drastic change in the surface composi-
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tion on going from domain 3 to domain 4 in Figure

Hydrides titration indicated that the ruthenim NP surface is
covered by 0.3 Hyeac/Rug,f, meaning that at least around 13 H
are adsorbed on the surface of the Russ NP model. DOSY NMR
studies showed that at least 45% of the observed ligands are
strongly bonded to the surface, the remaining ones being char-
acterized by a fast diffusion coefficient. Ethanoates which have
a strong interaction are the only one described in our theoretical
structural model. This ratio suggests that at least ca. 12 carboxy-
lates should be strongly bonded based on our NP model. Our
theoretical model provides a quantity of species surrounding the
NP a bit overestimated but presents the same trend as experimen-
tal data (high quantity of ligands and low amount of hydrides).
Both theoretical studies and experimental findings are thus in a
good agreement about the NP surface composition.

Fig. 9 Optimized geometry of RuggH3,(CH3;COO)5(THF).

On the possible presence of THF on the surface.
RuX(CH3COOH)O.4y NPs here studied were washed with
THF prior to spectroscopic studies, THF was also used as a
deuterated solvent for liquid NMR experiments. This opens
the possibility for some THF molecules to adsorb on ruthenium
NPs. In order to evaluate the possible competition with acid
species on the metal surface, let us first compare the adsorption
energy of THF and ethanoic acid on the Rug;(CH;CO0)5H;,
model (model 2). The adsorption energy of the ethanoic acid
was found to be -14.0 kcal.mol! (compound 2€COH)  with
an easy O-H dissociation that leads to an ethanoate and an
hydride more stable than the adsorbed ethanoic acid by 15.9
kcal.mol! (compound 2€00H)  The n' grafting of THF on
the metal surface of Rug5(CH3;COO);;H;,, which involves
the o-donation of one oxygen lone pair to a metal atom
(Figure EI), is stable by -12.7 kcal.moll. It can be inferred
from these energies that the equilibrium exchange reaction
2C00H 4 THF ¢— Rugs(CH;CO0);sH,,(THF) + CH;COOH
is in favor of 2C00H  the reaction being significantly en-
dothermic by 17.2 keal.mol ™. As already commented
on for the adsorption energy of the ethanoic acid or of
the ethanoate, the THF/CH;COOH exchange equilibrium
depends on the total amount of adsorbed species. For
example, the reaction Rugy;(CH;CO0)4H;, + THF <—
Rug; (CH;C00)3H; 3 (THF) + CH;COOH is endothermic by ~43
kcal.mol'l. In conclusion, these results are not in favor of the
presence of THF at the surface of ruthenium NPs.

2.5 Electronic properties
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Electronic states. The electronic structure of 26€00%H js now go-
ing to be compared with that of the bare Rugg NP, which density
of states and orbital-like analysis have already been published
elsewhere.2323 Thanks to the Lobster software, the PAW elec-
tronic states were projected on a local Slater atomic basis set,
hence giving the possibility to derive several properties and in-
dexes, such as projected density of states (pDOS), crystal orbital
hamilton population (pCOHP), bond strength indexes (IpCOHP) -
see definitions and references in the Methods section. The d-band
center=224 for the 44 surface metal atoms of the bare ruthenium
NP was found to lie 2.6 eV below the Fermi energy, whereas the
electronic structure of the 11 core atoms is more stable, with §; =
3.6 €V. As can be seen on the projected density of states (pDOS)
plotted in Figure the 33 hydrides and the 16 CH;COO ligands
stabilize the d-band center of surface atoms, which now lies at
2.94 eV, whereas core atoms are characterized by &; = 3.34 eV.
The grafting of species on the metal surface also involves a weak-
ening of the Ru-Ru bond strength, with the IpCOHP index per
Ru-Ru bond equals to 19.6 kcal.mol! instead of 27.0 kcal.mol
in the bare Rusg NP. In other words, the coordination of surface
ligands leads to NPs of increased stability but involves a lowering
by ca. 30% of the cohesive energy of the metal part of the NPs.
As already found in our previous study about the co-adsorption
of H and CO on ruthenium NPs,3 the highest occupied states
are essentially developed upon metal atoms, and they exhibit an
anti-bonding character (negative -pCOHP). It is worth mention-
ing that some electrons populate anti-bonding C-O states (blue
pCOHP curve in Figure[10) that lie at the same energy as bonding
Ru-C states (red pCOHP curve in Figure[10). It can be analyzed
as a weak back-donation from the metal surface to the 7* MOs of
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the carboxylate groups. This is also in line with the average C-O
bond length calculated to be 0.02 A larger than in ethanoate at
the DFT-PBE level of theory.

Are ethanoate-coated ruthenium NPs oxidized? The evolu-
tion of atomic charges upon the coordination is also of interest:
do the grafted carboxylates change the oxidation state of surface
ruthenium atoms? To answer this question, Bader charges as well
as the Mulliken population analysis obtained by integrating the
pDOS (pMPA charges) were calculated. In the 2€00H case, the
average atomic charge of the hydrides (Bader vs. pMPA: quy
= -0.19¢/-0.20¢e), the global charges hold by functional groups
(Bader vs. pMPA: gpe = 0.14e/0.07e, gcoo = -0.67e/-0.55¢)
as well as the overall charge of the Rusg metal part (Bader vs.
PMPA: gry = 0.27e/0.26¢) are found to be similar with both
methods. The main differences lie in the atomic charges of the
hydrogen atoms of the methyl group and of the main group ele-
ments (Bader vs. pMPA: gc,, = 1.52¢/0.64e, go = -1.10e/-0.5%,
gy, = 0.07e/0.33e, qc,, = -0.07e/-0.91e) as well as in the av-
erage charge hold by the 11 core metal atoms (Bader vs. pMPA:
qru, = 0.04e/-0.12¢). Whereas the two methods agree in con-
cluding that surface Ru atoms are significantly oxidized (Bader
vs. pMPA: ggr,, = 0.33e/0.35¢ - we will not introduce here a de-
bate on the partial vs. formal atomic charges, but 1/3e is sig-
nificantly positive), they differ about the charges on the 11 core
metal atoms. According to the Bader analysis they are almost
neutral whereas they are slightly negatively charged according to
pMPA. In summary, the most striking difference between Bader
and pMPA charges is observed for the core metal atoms and for
the main group elements, with a possible overestimation by the
Bader analysis of the charge difference between carbon and oxy-
gen atoms.

Geoo: -0.55¢

Que: 0.07e
Qhydrido: -0.20€

Fig. 11 Atomic pMPA charges in Rusg, RugsH;7 and 2€C0H (from left
to right), shown as color maps. The charge scale is shown on the left.
Some selected partial charges are also shown (metal charges per Ru
atom, gru, Or per core Ru atom, gry,, Or per surface Ru atom, gry, ).

There is of course no best partitioning of the electron charge
density for all purposes.®320 It turns out that we recently ob-
served for non-covalent doped graphene that pMPA charges are
very similar to Natural Population Analysis charges.2Z Given also
that pMPA charges are consistent with the pCOHP data and other
values obtained from this projection scheme, such as the d-band
center &;, from now on they will be preferred. The pMPA charges
of the Rugg NP, of the moderately hydrogenated RussH;, NP and
of 2C00H are graphically compared in Figure Surface Ru
atoms in Rugg are neutral or slightly positive (average charge
gru,: 0.04¢), whereas in RussH;, the hydrides hold a negative
charge, thus involving a small oxidation of the surface Ru atoms
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they are bound to (average charge ggr,,: 0.19¢). The dissociative
grafting of 16 CH;COOH acids (compound 2¢99H) involves a
stronger oxidation of the surface Ru atoms, with a 0.35e average
charge of the surface. Ru atoms on which carboxylates are grafted
are even more oxidized, with charges that reach ca. 0.5e. It is in-
teresting to compare these data with the charges calculated for
Ru;;(CO)g4, another saturated Ru nanocluster previously stud-
ied by us.2? It exhibits a weaker oxidation of surface Ru atoms,
with an average charge gg,, = 0.25e. It is not in contradiction
with a low m-acceptor character of CO when coordinated to Ru
surfaces®? and it underlines the ability of ethanoate and hydrides
to deplete the electronic density of surface Ru atoms. It is also
worth mentioning that according to the charge calculations, all
adsorbed hydrogen atoms in ethanoate-capped ruthenium NPs
have an hydridic character, even those that originate from the
acids.

3 What about the hydrogen evolution reac-
tion as possible application?

As mentioned in the introduction, metal NPs can be used for sev-
eral applications, ranging from catalysis to energy. Organometal-
lic ruthenium NPs from the group have already been applied as
catalysts mainly for hydrogenation reactions” and also more re-
cently in hydrogen evolution reaction.® Considering the present
study where we used carboxylates as new capping species on
ruthenium NPs, the question of the interest of such NPs for HER
application in the electrolysis of water can arise. This point is
going to be now treated from the theoretical point of view. Ac-
cording to the seminal work of Ngrskov,'Z there is a correla-
tion between the H, dissociative adsorption Gibbs free energy
(AGy- = 1 [G(nH*) — G(surf) — 2G(H,)]) and the exchange cur-
rent iy for HER. A Balandin-Sabatier volcano curve had been
found, with platinum electrodes on top of the volcano and AGy-
that lies between -2.0 kcal.mol'! and +0.7 kcal.mol'! as a func-
tion of H coverage. The main conclusion of this study is that the
requirement for an optimal HER catalyst is that the Gibbs disso-
ciative adsorption energy of H, must lie as close as possible to 0
keal.mol-!.

Although Pt-based catalysts show a high efficiency for reducing
protons to H, in acidic media, there is a need to find alternative
HER catalysts owing to the prohibitive cost of platinum. Ruthe-
nium can be considered as an interesting candidate: it is approxi-
mately one order of magnitude cheaper than Pt, and it is close to
fulfill the H adsorption Gibbs free energy criterion (AGy: ~ -7.9
and -2.6 kcal.mol! on Ru(0001) for 0.25 and 1.25 ML; results de-
duced from Ref. [31] after the empirical addition of 5.5 kcal.mol!
as the representative thermal energy for all metals, see Ref. [17).
Yet, the counterpart of this weak adsorption energy is that hy-
drogen may be scarcely present at the surface of ruthenium NPs
when co-adsorbed with stabilizers that have a strong affinity with
Ru, as recently demonstrated for ruthenium NPs in equilibrium
with syngas where CO ligands were shown to occupy all grafting
sites.23 On the contrary, carboxylic acid-capped ruthenium NPs
are good candidates for the HER owing to the surface composi-
tion previously studied, that shows a co-existence of carboxylates
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with ca. [0.4-0.6] H/Rug,, at .t (Figure |8, domains 1 and 2).
The adsorption energy of H, AEy+, has been calculated on five
representative sites of the bare Rus; NP, and compared to those
calculated on Rugs(CH3CO0),¢H;¢ and Rus5(CH3;COO)Hs,
models (domains 1 and 4 in Figure [8). AGy- energies calcu-
lated with eq. [2] are reported in Figure together with the
atomic d-band centers shown as color maps.>2 The bare Rugg
NP shows a too strong |AGy-|, whatever the adsorption site (be-
tween -8.8 and -10.3 kcal.mol'!). |AGy:| is in general smaller
for Rug;(CH3;COO)Hgy,, in line with a significantly more stable
atomic d-band center in this nanoparticle w.r.t. Rugs. But, ac-
cording to the weak AGy- criterion, that does not make NPs
with such surface composition interesting candidates for HER.
The calculated H, dissociative adsorption Gibbs free energies in
Rug5 (CH;COO)¢H;g, the model in best agreement with the ex-
perimental characterization, are weaker than those calculated for
Rugs (CH;COO)Hs, on the same active sites (ca. -2 kecal.mol').
The d-band center model cannot account for the difference be-
tween the two models, since the &; values are the same (-
2.90 €V for surface atoms). The weaker H-adsorption strength
calculated in Rugg(CH;COO0),¢H;¢ is probably due to a strong
Coulomb repulsion between the adsorbed hydride and the sur-
face ethanoates. Such low adsorption energies position this cata-
lyst on top of the volcano defined by Ngrskov and co-workers, 17
thus making this nanomaterial a promising catalyst for HER..

-6.4
+2.0
-1.0
442,90
Rus5(CH;CO0)eHys &, :-3.48 Russ(CH;COO)H;, %, :-3.48
£,:-3.01 T-3.01
d-band center '8 .8
2-1.95
3 , 0.
Pz
. < B V‘
| 8.0 ‘ 4 -10.3
| -6.8
-g'gg '9.1
390 id‘s:-2.58
<-4.05 Russ £4,c:-3.65
£4:-2.90

Fig. 12 d-band center color maps (scale in eV) forRugs, and for
Rugs(CH;C00)gH6 and Rugg(CH3COO)H;, (domains 1 and 4 in Fig-
ure @ The dissociative adsorption Gibbs free energies of H,, AGy-+, are
given in kcal.mol! (see text for details). The arrows indicate the probed
adsorption sites. The surface, core and total average d-band center val-
ues are also given (in eV).

4 Conclusion

To summarize, in this study we report that ethanoic acid can be
used as a stabilizing agent to prepare small ruthenium NPs and
their full characterization at both experimental and theoretical
level. On the basis of the combined data obtained, it is shown
that ethanoic acid ligand lies on the surface of the nanoparticles
as ethanoate. This result is in agreement with a small activation
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barrier of O-H bond dissociation. Moreover, the ethanoate form
observed does not preclude the adsorption of a significant amount
of hydrogen atoms at the NP surface, contrarily to strongly co-
ordinated ligands, such as carbon monoxide. The optimal sur-
face composition appears to be ca. [0.4 - 0.6] H/Rug,,r and 0.4
ethanoates/Rug,s. Better still, with such a composition the hy-
drogen adsorption energy is calculated to be only -2.0 to -3.0
kcal.mol'!, which is an important pre-requisite for a material to
be a good catalyst of the HER in the electrolysis of water. This
will be the topic of a forthcoming study.

Methods

Synthesis of NPs and characterization techniques

Reagents. All operations for the synthesis of the CH;COOH-
stabilized ruthenium NPs were carried out using standard Schlenk
tubes, Fisher—Porter bottle techniques or in a glove-box (MBraun)
under argon atmosphere (Air Liquide, classe 2, U 1006). The
solvents (tetrahydrofurane, THF; n-pentane) were purchased
from Carlo-Erba, purified by filtration on adequate columns in
a purification apparatus (MBraun) and degassed according to a
freeze-pump-thaw process just before use. The ruthenium pre-
cursor, [Ru(COD)(COT)] (Ruthenium-1,5-cyclooctadiene-1,3,5-
cyclooctatriene), was synthesized from RuCl;-xH,O (Janssen)
following an established procedure.”? Glacial ethanoic acid
99.8% (CH;COOH) was purchased from Acros Organics and de-
gassed before use by bubbling argon for 30 min. Hydrogen gas
was bought from Air Liquide (Alphagaz). THF-d® for NMR stud-
ies were purchased from SDS and stored on activated molecular
sieve into the glove box. Silica gel (pore size 60 A) was gathered
from Fluka Analytical, dried by thermal treatment (590 °C) under
vacuum and then stored in the glovebox.

Synthesis of Ru, (CH;COOH), , and Ru, (CH3COOH),, 4, NPs.
As a general procedure, Ru(COD)(COT) (30.0 mg; 0.095 mmol)
was dissolved under argon in 20 mL of n-pentane in a Fisher
Porter reactor. Then, the ethanoic acid, stabilizer, was added to
the pale yellow Ru(COD)(COT) solution. Two different quan-
tities of ethanoic acid compared to the Ru(COD)(COT) intro-
duced were used, namely: 0.2 molar equivalent (1.14 mg; 0.019
mmol; Ru, (CH;COOH), ,) and 0.4 equiv. (2.29 mg; 0.038 mmol;
RuX(CH3COOH)O'4y). After addition of the stabilizer, the reactor
was pressurized with 3 bar of hydrogen (H,) at room temperature
and the initial yellow solution turned black in a few minutes. A
vigorous magnetic stirring and the H, pressure were maintained
for 30 min at r.t.. The synthesis carried out in the presence of 0.2
equiv. of ethanoic acid led to the formation of a precipitate in ca.
15 min under H, atmosphere while the reaction performed with
0.40 equiv. led to a colloidal suspension which remained stable
in the same conditions. After 30 min, the H, pressure was evacu-
ated and the reaction mixtures were concentrated under vacuum
for TEM/HRTEM analysis.

Isolation and purification of Ru, (CH3;COOH), 4, NPs. The
colloidal suspension of RuX(CHBCOOH)O‘4y NPs was left under
vacuum for 12h in order to eliminate the pentane used as sol-
vent and the cyclooctane released from the decomposition of the
Ru precursor. By this way, a dark grey powder was obtained
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that was further used for analysis by 1D and 2D liquid-'H NMR
spectroscopy after dispersion in deuterated THF. Additionally, the
Ru, (CH;COOH) 4, powder was washed with pentane and THF
and dried again under vacuum to get a highly purified sample
for characterization by WAXS, solid-state NMR and Infrared spec-
troscopy.

Quantification of surface Hydrides. The quantification of hy-
drides adsorbed onto the surface of the NPs was carried out by
gas chromatography (GC) analysis on a THF colloidal suspension
following a previously described procedure.®? 10 equivalents of
olefin (2-norbornene) were added to a colloidal suspension of
the NPs and the reaction mixture was maintained at r.t. under
vigourous stirring during 72 h. Samples were taken from the mix-
ture for GC analysis and estimation of the norbornene conversion
into norbornane was done. The measurement of the amount of
alkane formed by GC analysis (see below the analysis details) al-
lowed to determine the necessary quantity of hydrogen atoms for
reducing the alkene, and further to calculate the Hyeac/Rugy,,s ra-
tio considering the nanoparticle mean size obtained by TEM.

The quantity of surface metal atoms was obtained by following

3
M) where N is the total num-
2b (Ruradio)

ber of Ru atoms per NP and b is the crystalline closed packed
parameter.®' N = 1 (10n* — 15n? + 11n—3) where n is the num-
ber of shells according to the magic number for metallic clus-
ters. Nyt = 10n> —20n+ 12 where Ny, is the number of Ru sur-
face atoms per NP.°2 The quantity of hydrides was calculated by
the next equation nyg = 2 (noleofin) (%cony) Where %cony is the 2-
norbornene hydrogenation percentage. The number of hydrides
per Ru surface atom was obtained following the next relation
Hreac/Rugyrr = (nH ) <%)

the next equations. N = (

NRy

Transmission Electron Microscopy (TEM) and High Resolu-
tion TEM (HRTEM). Transmission electron microscopy analy-
sis were performed at the “Centre de Microcaractérisation Ray-
mond Castaing” in Toulouse (UMS-CNRS 3623). Samples were
prepared by slow evaporation of a drop of the crude and con-
centrated colloidal suspension deposited onto a carbon-covered
copper grid. TEM analysis were performed using a JEOL JEM
1011 microscope or a JEOL JEM 1400 one operating at 100 kV
and 120 kV, respectively, and with a point resolution of 0.45 nm.
HRTEM analysis was carried out using a JEOL JEM-ARM 200F
microscope working at 200 kV with a point resolution of <0.19
nm. Size distributions were built by measuring ca. 400 nanopar-
ticles through a manual counting of several enlarged TEM micro-
graphs. The mean diameters of nanoparticles were determined
by fitting a Gaussian curve to each statistical size distribution.
FFT treatments of HRTEM images were carried out with Digital
Micrograph Version 1.80.70 in order to determine the crystalline
structure and the lattice parameter of the Ruthenium part of the
NPs.

Wide-angle X-Ray scattering (WAXS). Measurements were
performed at CEMES-CNRS in Toulouse. Samples were sealed
in 1.0 mm diameter Lindemann glass capillaries. The samples
were irradiated with graphite monochromatized molybdenum Ko
(0.071069 nm) radiation and the X-ray scattering intensity mea-
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surements were performed using a dedicated two-axis diffrac-
tometer. Radial distribution functions (RDF) were obtained after
Fourier transformation of the corrected and reduced data.

Nuclear Magnetic Resonance (NMR) spectroscopy. Liquid
proton NMR (1H-NMR) and diffusion-ordered spectroscopy
(DOSY) experiments were performed on a Bruker Avance 500
spectrometer and on a Bruker Avance NEO 600 at 298 K. Prepara-
tion of the NMR tubes was carried out under argon atmosphere to
avoid any oxidation of the NPs using deuterated tetrahydrofurane
(THF-d®) to disperse the nanoparticles powder. DOSY measure-
ments were performed with a diffusion delay (A) of 90.0 ms and
gradient pulse length (6) of 2.0 ms. The peak integration decay
curves of the DOSY spectra were fitted according to the Stejskal-
Tanner function.®3 Solid-state NMR analysis were accomplished
on a Bruker Avancelll 400WB spectrometer . Preparation of the
sample was performed in a globe box to limit oxidation. The pow-
der of RuX(CH?’COOH)O'4y NPs was diluted in mesoporous silica
(60 A) by impregnation (THF colloidal suspension) before filling
a 3.2 mm rotor, followed by slow solvent evacuation. Experi-
ments were conducted at a spinning speed of ca.12 KHz, using a
13¢ spin-Echo and CPMG pulse sequence.

Calculation of Hydrodynamic radios. Hydrodynamic radios
were estimated from the diffusion coefficients measured in 2D-
DOSY experiments by following the Stokes-Einstein equation for

spherical particles: r = 6’;§1TD

Fourier Transform Infrared (FT-IR) spectroscopy. FT-IR spec-
tra were recorded under inert atmosphere in a globe-box on a
Perkin-Elmer GX2000 spectrometer in the Attenuated total reflec-
tion (ATR) mode and in the range 4000-400 ceml.

Gas Chromatography (GC). GC analyses were performed with
a Hewlett Packard HP-5890 Series II instrument equipped with
a flame ionization detector and a 30 m non polar capil-
lary column (0.32 mm diameter, 0.25 mm film thickness) of
dimethylpolysiloxane (SGE BP1), using helium (2 mL.min~1) as
a carrier gas; the temperature of the injector was set at 250 °C and
that of the column at 60 °C (3 min). Each analysis was performed
using a temperature set from 60 to 170 °C (15°C.min~1).

DFT calculations

The Ruz; model and other geometry features. It has previ-
ously been published and detailed elsewhere.”3 Briefly, it was
shaped by slicing an hep structure by two (001) planes and (101)
planes. A tip has been added in order to introduce one B4 and one
Bs site. Removing one line of atoms between two (101) planes
generates a slightly corrugated facet. Such defects can probably
be found on NPs larger than this ultra-small 1nm model. With 11
Ru atoms in the core, the surface area of the DFT-PBE optimized
cluster is 258 A”. In order to define the bridging character p, and
the hapticity n”, we have considered an atom of the ad-ligand as
coordinated to a given metal atom when the metal-atom distance
is lower than 2.1 A for H, 2.5 A for C and 2.3 A for O.

Sterically-driven distribution of ligands on the surface. Sev-
eral of the 44 surface coverage possibilities considered in Section
2.4 were generated with our dressNPs home-made utility.*2 In
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short, acids and hydrides were uniformly distributed on the sur-
face by minimizing the steric hindrance between surface species
with a Monte-Carlo simulated annealing algorithm. Other geome-
tries with a low surface coverage were generated by randomly re-
moving surface species from structures with a higher amount of
ligands.

Periodic DFT calculations of metal nanoclusters. Software:
Vienna ab initio simulation package, VASP.2463: spin polarized
DFT; exchange-correlation potential approximated by the gener-
alized gradient approach proposed by Perdew, Burke, and Ernzer-
hof (PBE); 00 projector augmented waves (PAW) full-potential re-
construction;©Z108 pAW data sets for metal atoms treating the (n-
1)p, (n-1)d and ns states (i.e. 14 valence electrons for Ru); kinetic
energy cutoff: 500 eV;2133153! _centered calculations;®? Gaus-
sian smearing of 0.02 eV width; geometry optimization threshold:
residual forces on any direction less than 0.02 eV/A; supercell size
set to ensure a vacuum space of ca. 16 A between periodic images
of metal clusters (for example, 27.0x27.0x27.5 A for Rugs).

Calculation of coordination d-band centers. Coordination
and averaged d-band centers=224 were calculated with our home-
made tools4vasp suite of utilities,>2 which uses the DOS projected
on a local basis set by the Lobster package (pDOS and pCOHP
calculations, vide infra). The atomic d-band center of an atom «,
g;(a), is calculated as:

(Zm Jgt €ng, (o 8)ds>
(Zm JEE ng, (@, S)de)

where m runs over the five d AOs and n,4, (a,€) is the atom-
projected density of states on the d,, AO of atom «; Ly, is reminis-
cent of the symbol which designates bridging ligands in coordina-
tion chemistry and the bar sign above &; means that it is averaged
over all d AOs; E,,;y, is readily set to the bottom of the occupied d-
band; DOS integrated up to the Fermi level Er (see the discussion
in ref.>3); all calculated values are plotted as colored maps: hot
spots for adsorption in red, blue for potentially weak interactions,
white shows where intermediate adsorption processes should oc-
cur (white is defined by the electronic feature of the Ru(0001)
slab).

€3]

g(a)=

HER. The free energy of the adsorbed state, H", is calculated as

1
AGy+ = E(H*) — E(surf) — EE(HZ) + AEzpg — TASH 2

In practice, N/orskov and co-workers have suggested that 5.5
kcal.mol~! can be considered as representative of AEzpg — TASy
for all metals.2Z This means that AGy = AEg- +5.5 keal.mol™L. In
some cases where the surface was very crowded, AEy- has been
calculated by removing an hydrogen atom instead of grafting one,
in order to avoid any spurious steric hindrance

pDOS, pCOHP and atomic charges calculations. pDOS and
PCOHP profiles as well as bond energy analysis were achieved
with the Lobster software, using the pbeVASPfit basis.Z%%72 Ru:
{4p, 4d, 5s, 5p}; H: {1s}; C, O: {ns, np}. At least 12n+m+ 8k
bands are calculated in VASP for a RugsH,,(X); compound. The
charge spilling, a criterion that assesses the quality of the projec-
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tion, is systematically lower than 0.7%. Atomic charges are pro-
vided both by integrating the pDOS up to the Fermi energy and by
carrying out the atoms-in-molecules (AIM) analysis of the charge
density, proposed by R. W. F. Bader.Z? The former is nothing else
than a Mulliken population analysis done with an orthogonal ba-
sis set, it has been called pMPA in the paper.

Qualitative average bond strength. This index can be ob-
tained for a given A-B bond by integrating up to the Fermi energy
the projected COHP values calculated between all valence p and
v AOs that belong to A and B atoms, respectively:

Er

IpCOHP(A-B)= ) }° / pCOHP,,, (£)de 3)

EAvEB " Emin

Such one-electron derived index must not be considered as a

bond dissociation energy but it gives a valuable bond strength

index which variation follows BDE variations or any property re-
lated to bond strength, such as A-B stretching frequencies.=3

ab initio thermodynamics. Let us consider a co-adsorption
process of two species, L; and Ly, which is the starting point of
the Langmuir-Hinshelwood mechanism in heterogeneous cataly-
sis. It can be summarized as MNP + nL; + Ly = n1L] +mpL3,
and the Gibbs free energy for this reaction is calculated as:

AG = [AG® —nipu(Ly,T,p) = nopt(La, T, p)] /A )

with:

AG® = AE + FY®(n L}) + FY®(n,L3) )

and A is the surface area of the metal core of the NP.

As the surrounding medium acts as a reservoir of ligands, the
chemical potential for the ligand L can then be calculated from
the standard chemical potential and the activity of the ligand:

W(Li T, p) = p°(Li, T, p°) + KT Ina(L;) ©)

u®(L;,T,p°) can usually be calculated from H$ and S5 val-
ues given in thermodynamic tables? (u®(L;,T,p°) = H(L;) —
TS%(L;)) or computed from first-principles calculations done at
OK. In this case the standard chemical potential, i.e. G%(L;), is
given by: 7>

uo (L, T,p°) = EPT (L)) + H (Li) — TS7(Ly) @

where H;(L;) and S7(L;) are usually calculated from the L par-
tition function, i.e. by a straightforward application of the statis-
tical thermodynamic equations.’Z>

Surface adsorption Gibbs free energies A,G can be plotted as a
function of the two chemical potentials u(L;) and p(L,) for var-
ious surface compositions (n;, np) and plausible thermodynami-
cally stable geometries can then be highlighted on a surface phase
diagram in the [u(L;), 1(Ly)] space.

Hj (EtAc,g) and S7(EtAc,g) were calculated with the Gaus-
sian software, with THF taken into account as a solvent thanks
to the SMDZ® variation of IEFPCM,7278 whereas Hj(Ha,g),
S7(Hp,g), were taken from the JANAF tables 74 (for example,
Hsoq 15(Ha,g) = 8467 J.mol'l, S54¢ |s(Ha,g) = 130.68 J.mol 1K1,
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Hsog 15(EtAc),g = 8671 J.moll and S5 ,s(EtAc),g = 197.65
J.mol1.K1); the chemical potential for H is calculated as
% u(Hy,T,p), since it is the dissociative adsorption of H, that is
considered. The surface area of the Rus; cluster was calculated
by dressNPs, after identification of core and surface atoms (A =
258 A2). Free energy thermodynamic diagrams were produced
with our home-made aithermo program.>2

Reaction barriers. They were estimated by the climbing image
nudge elastic band (CINEB) methodZ278l with a spring force be-
tween images of 5 eV and a force tolerance of 0.02 eV/A. The har-
monic vibrational modes were systematically calculated for in or-
der to distinguish minima and saddle points by using the dynam-
ical matrix code implemented in VASP as well as the VASPTST
tools also developed in Henkelman’s group.

NMR calculations on organic species on small metal clus-
ters. Software: Gaussian09;82 geometries fully optimized with-
out any geometry constraints; PBEO hybrid functional;®3 Chem-
ical shielding tensors: Gauge Including Atomic Orbital (GIAO)
method 8488

Pseudopotentials and basis sets for [Rug] clusters are the same
as in Ref.23 (Basis set I). Relativistic effective core potentials de-
veloped by the Stuttgart group and their associated basis sets
have been used for Ru®? - augmented with an f polarization func-
tion ({f: 1.577); H: 6-31G(d,p) basis set. C, O: Stuttgart ECPs
and their associated basis set?Y, with polarization functions (C :
£, =0.587;0: & =0.961).

Basis set for ethanoic acid and ethanoate: cc-pvtz (basis set II).
Whereas 'H and 13C chemical shifts of ethanoic acid are found
to be almost the same with basis set I and II, the basis set depen-
dence is stronger with ethanoate.

TMS chemical shieldings. Polarized double-zeta basis set: oy
= 31.66 ppm; oc = 196.81 ppm. cc-pvtz basis set: oy = 31.57
ppm; oc = 189.16 ppm.
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