Research Article
Cite This: ACS Catal. 2019, 9, 9418−9437

pubs.acs.org/acscatalysis

Mechanistic Role of the Proton−Hydride Pair in Heteroarene
Catalytic Hydrogenation
Haiting Cai,†,§ Roberto Schimmenti,‡,§ Haoyu Nie,† Manos Mavrikakis,*,‡
and Ya-Huei Cathy Chin*,†
†

Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Ontario M5S 3E5, Canada
Department of Chemical and Biological Engineering, University of WisconsinMadison, Madison, Wisconsin 53706, United
States

Downloaded via UNIV OF TORONTO on September 10, 2020 at 15:46:36 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

‡

S Supporting Information
*

ABSTRACT: Kinetic and density functional theory studies
probe the catalytic involvements of proton−hydride pairs in
breaking the strong aromaticity of N-containing heteroarenes
(pyridine and pyrrole) on sulﬁded Ru cluster surfaces. Under
the sulfur chemical potentials relevant to hydrodenitrogenation
catalysis, Ru clusters remain covered with a layer of sulfurdeﬁcient RuSx on which a variety of reactive hydrogen species,
which bind to Ru4+, S2−, or Ru4+−S as Ru4+−(Hδ−), S2−−
(Hδ+), and Ru4+−(SH2), respectively, coexist. These reactive
hydrogen species exhibit either proton or hydride character,
depending on the electronegativity of their ligands (ruthenium
and sulfur). For this reason, they participate in diﬀerent
hydrogen addition steps during the hydrogenation of
heterocyclic-N compounds. Pyridine as the basic and pyrrole as the nonbasic heterocyclic model compounds undergo
hydrogenation via distinctly diﬀerent kinetically relevant steps because of their diﬀerent proton aﬃnities, which inﬂuence their
interactions with the various reactive hydrogen species and in turn adsorption conﬁgurations. The hydrogenation of pyridine
initiates from an initial, quasi-equilibrated proton attack onto the N atom, followed by a second hydridic hydrogen addition as
the kinetically relevant step. In the contrasting case of pyrrole, the hydrogenation initiates via a kinetically relevant proton attack
to its β-carbon that breaks its aromaticity before a hydride addition onto its α-carbon. Both reactions require a proton attack
followed by a hydride attack, but their mechanistic diﬀerences lead to contrasting rate dependences with H2S pressure because
the H2S pressure, together with H2 pressure, gives the H2S:H2 ratio that dictates the sulfur chemical potentials, the relative
abundance of S anions and Ru cations coordinating to the hydrogen species, and in turn the surface concentrations of proton
and hydride intermediates on Ru cluster surfaces. The catalytic involvements of proton−hydride pairs described here are
general for hydrogenation reactions and, in particular, heteroarene hydrogenation in hydrotreatment processes.
KEYWORDS: hydrogen species, pyridine, pyrrole, sulﬁded Ru, hydrogenation, kinetics, hydrodenitrogenation, DFT

1. INTRODUCTION

challenges have remained, even on the simple questions of how
the reactions are initiated and what is the sequence of the
hydrogen addition events. The need to process heavier, dirtier
feedstocks with higher N and S contents, while meeting the
stringent regulations for cleaner fuels,22 has made the topic a
central, industrially relevant active research subject. The
overarching challenge is to remove N and S heteroatoms
from the cyclic compounds eﬀectively with minimal hydrogen
consumption.
These reactions share the common mechanistic features that
they require multiple hydrogen attacks, each adds a H onto the
organocyclic reactants. The catalytic chemistry of these

Hydrogenation (HYD) of cyclic hydrocarbons, hydrodenitrogenation (HDN) of organonitrogen compounds, and
hydrodesulfurization (HDS) of organosulfur species are the
largest commercial catalytic processes (by feed volume) to
date, accounting for >80% of the bulk chemical and fuel
production.1 These petro-processing reactions occur on
transition metal catalysts containing surface sulfur (Mo, Ru,
Rh, Pd, W, Re, Os, Ir, Pt)2−4 or bulk sulﬁdes (MoS2,5−13
WS2,12−15 NbS3,16,17 ReS2,18 RuS219,20) and involve one or
more of the following general catalytic steps: (1) hydrogenation of N- or S-containing heteroarenes via hydrogen
addition and (2) C−N or C−S bond cleavage via Hofmann
elimination or nucleophilic substitution that removes the N or
S heteroatom.21 Despite the apparent mechanistic simplicity
and signiﬁcant technological advancement over the years,
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Scheme 1. (a) Schematic of the Ruthenium Cation and Sulfur Anion Reactive Couple [Ru4+−S2−, site i] on RuS2 Surfaces;
Dissociative H2 Adsorption on the Ru4+−S2− Reactive Couple via Step H2, Forming Ru4+−(Hδ−)−S2−−(Hδ+) [site ii], which
Contains Ru4+−(Hδ−) [site ii−] and S2−−(Hδ+) [site ii+]; Molecular H2S Adsorption on Ru4+−S2−, Forming Ru4+−(SH2)−S2−
[site iii] via Step H2S. (b) Top-View of RuS2 (100) Surface with Various Sites on a S1 + 4H Surface (refer to section 3.1),
which Include Ru4+−S2− [site i], Ru4+−(Hδ−)−S2−−(Hδ+) [site ii], and Ru4+−(SH2)−S2− [site iii].a (c) Calculated Bader
Charge for Each Hydrogen Species, Surface Deprotonation Energies [SDE, eq 9] for the Protonation of Pyridine (PYR) and of
Pyrrole (PYL), and Diﬀerential Binding Energy of Each Hydrogen Species (ΔBE) on the S1 + 4H Surface Model (refer to
section 3.1)b

a

Ru, S, and H atoms are represented by cyan, yellow, and white spheres, respectively. Red, brown, and purple shaded hydrogen atoms belong to
Ru4+−(SH2)−S2− [site iii], S2−−(Hδ+) [site ii+], and Ru4+−(Hδ−) [site ii−], respectively. b3H, 2H, and 1H in parentheses represent the number of
hydrogen atoms remaining on the surface unit cell after each hydrogen removal step (refer to section S10 of the Supporting Information for more
details).

factors dictate their binding to sulfur and also to heterocyclic
S-reactants.
Sulﬁded Ru is one of the most eﬀective catalysts for HYD,
HDN, and HDS reactions.27 Unlike other metal sulﬁdes (e.g.,
MoS2) that form layers with diﬀerent lengths and numbers of
stacked monolayers,28 the structure of Ru clusters is relatively
simple and well deﬁned. Metallic Ru clusters undergo bulk
phase transition in the presence of H2S, as H2S dissociates to
form surface sulfur species that migrate into the bulk and
convert to sulfur anions and as Ru0 atoms incipiently oxidize to
Ru4+ ions, forming bulk Ru sulﬁde (RuS2) according to the
following thermodynamic relation29

hydrogen addition events has remained elusive, even on the
simple mechanistic questions of (1) what are the chemical
identity and the charge of reactive hydrogen species, i.e., does
hydrogen transfer as a proton, hydrogen adatom, or hydride,
(2) what are the exact sequences of the hydrogen addition
steps and how does hydrogen transfer occur at the molecular
level, and (3) what are the kinetic requirements for these
hydrogen addition steps? Addressing these mechanistic details
are required for the discovery of more eﬀective catalysts.
The chemical identity of reactive hydrogen species depends
largely on the charge and identity of their coordinating ligands,
which on metal/metal−sulﬁde systems vary according to their
position in the periodic table. These catalyst properties,
together with the thermochemical properties of the reactant,
inﬂuence largely the adsorption conﬁgurations, energies of the
intermediate and the transition state during the hydrogen
addition steps, the kinetic relevance of these steps, and in turn
rates.
Among the various transition metal sulﬁdes, reactivities for
HDN (quinoline, 653 K and 5.0 MPa)4 and HYD reactions
(diphenyl, 530 K and 2.25 MPa)23 are the highest for thirdrow metals and decrease with decreasing periodic rows. For
HDS (dibenzothiophene, 673 K and 3.1 MPa) reactions, the
reactivities for the second and third rows are similar and much
higher than those in the ﬁrst row.24 Previous studies have
shown that the HDS reactivities appear to correlate to the d
electron density in the highest occupied molecular orbital
(HOMO)25 and to the location of the t2g band,26 as these
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where ai represents the activity of phase i (i = RuS2 or Ru) and
f i denotes the fugacity of species j (j = H2 or H2S) in the gas
phase. KRuS2 and ΔG0RuS2 are the equilibrium constant and
Gibbs free energy for bulk RuS2 formation, respectively. As
shown in eq 2, the RuS2:Ru activity ratio is a function of the
equilibrium constant KRuS2, which relates to ΔG0RuS2 and
H2S:H2 fugacity ratio. In other words, the operating H2S:H2
fugacity ratio (f H2S/f H2), which equals their partial pressure
ratio in the limit of ideal gas, dictates the RuS2:Ru activity ratio
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and, in turn, the thermodynamically stable phase of Ru
clusters. Scheme 1 describes the types of catalytic sites and
reactive hydrogen species on Ru sulﬁde surfaces using one of
the exposed, thermodynamically stable RuS2 planes as an
example. The surfaces contain exposed Ru cations (Ru4+) and
lattice sulfur anions (S2−). Each Ru4+ and a vicinal S2− form a
Ru4+−S2− reactive couple [site i]30,31 on which H2 undergoes
heterolytic dissociation (eq 3, also Step H2 of Scheme 1a).
This dissociation forms Ru4+−(Hδ−)−S2−−(Hδ+) [site ii]. The
hydrogen that binds to the Ru cation [Ru4+−(Hδ−)] acquires a
hydride character, and the other hydrogen that binds to the
sulfur anion [S2−−(Hδ+)] acquires a proton character, denoted
hereinafter as site ii− and site ii+, respectively, as also depicted
in Scheme 1a.

Next, let us also examine the reactant properties. NHeterocyclic compounds exhibit varying degrees of basicity,
i.e., six-membered ring compounds such as pyridine and
quinoline contain a N atom with a lone electron pair residing
outside of the π-conjugated system. This lone pair can act as a
Lewis base, interacting with and donating its electron density
to an electron-deﬁcient S2−−(Hδ+) center [site ii+]. In
contrast, ﬁve-membered ring compounds such as pyrrole and
indole each contain a N with a lone electron pair residing
within its π-conjugated system. This lone pair is unavailable for
interacting with protons, including S2−−(Hδ+) and Ru4+−
(SH2) species, making these compounds much less basic than
six-membered ring compounds. The basicities of the various
N-heterocyclic compounds relate directly to their gas-phase
proton aﬃnities [PA, eq 7], deﬁned as the negative of the heat
of reaction, −ΔHΘ298.15, for a proton to attack a CnHmN
molecule (pyridine = C5H5N and pyrrole = C4H5N) in the gas
phase, generating the most stable gas-phase protonated species
at 298.15 K32

Alternatively, H2S can adsorb molecularly at the same
reactive couple, interacting predominantly with the Ru4+,
forming Ru4+−(SH2)−S2− [site iii; Step H2S, Scheme 1a]

[Ru 4 + − (SH 2) − S2 −]
[site iii]
=
[site ii]
[Ru 4 + − (H δ −) − S2 − − (H δ +)]
ij f yz
1
jj H2S zz
jj
zz
=
K H2S − H2 jj fH zz
k 2{

Θ
CnHmN + H+ → CnHmNH+, PA = −ΔH298.15

(7)

For pyridine, the proton binds to the N atom with a PA of 930
kJ mol−1,33 whereas for pyrrole, it binds to the α-C with a PA
of 875 kJ mol−1.33−35
We hypothesize that the N-heterocyclic compounds and
their partially saturated intermediates acquire diﬀerent aﬃnities
toward the various hydrogen intermediates [in site ii−, site ii+,
and site iii] as a result of their diﬀerent basicities. For this
reason their adsorption conﬁgurations, catalytic steps, and
kinetic relevance and in turn rate dependencies diﬀer. To
interrogate our hypothesis, we ﬁrst characterize the chemical
and electronic properties of the various surface hydrogen
species on sulﬁded Ru surfaces and then probe their
mechanistic involvement in the hydrogenation of pyridine
and pyrrole, the model basic and nonbasic reactants,
respectively. We report distinct rate dependencies between
pyridine and pyrrole and, most strikingly, a contrasting
dependence on H2S pressure in promoting pyridine but
suppressing pyrrole hydrogenation, because of the diﬀerences
in their catalytic requirements. Planewave DFT calculations
shed light on the atomic-scale details on sulﬁded Ru surfaces
through construction of surface phase diagrams at relevant
reaction conditions. Our results conﬁrm that Ru4+−S2−, Ru4+−
(Hδ−), S2−−(Hδ+), and Ru4+−(SH2) depicted in Scheme 1
coexist on the stable surface models. Bader charge analysis
sheds light into the electron densities and chemical natures of
these reactive hydrogen species with their diﬀerential binding
energies and surface deprotonation energies as the respective
descriptors for their acidic characters.
The coordinating ligand polarizes the electron density of the
surface hydrogen species (H), making H acquire either proton
or hydride character. Both of these hydrogen species
participate in the hydrogen addition events as a part of the
hydrogenation catalytic cycle. Pyridine and pyrrole, due to
their basicity diﬀerence, adsorb in diﬀerent conﬁgurations and
thus undergo mechanistically distinct hydrogen addition
events. Pyridine undergoes an initial protonation on two
acidic hydrogen species, one of them from Ru4+−(Hδ−)−S2−−
(Hδ+) and the other from Ru4+−(SH2)−S2− in rapid, quasiequilibrated steps, before a subsequent kinetically relevant
hydride addition step. In contrast, pyrrole, because of its much
lower proton aﬃnity than pyridine, remains kinetically diﬃcult

(6)

Equation 3 when combined with the reverse of eq 4 gives eq 5,
which shows that the relative abundance of Ru4+−(Hδ−)−S2−−
(Hδ+) and Ru4+−(SH2)−S2− sites, i.e., the site ratio of site iii to
site ii, depends on the H2S:H2 fugacity ratio and the
equilibrium constant KH2S‑H2, as described by eq 6, where
KH2S‑H2 is a function of temperature. In other words, at a ﬁxed
temperature, this H2S:H2 fugacity ratio is a surrogate of the
sulfur chemical potential of Ru cluster surfaces, as it dictates
not only the thermodynamically stable phase of Ru clusters (eq
2) but also the relative abundance of the various reactive
hydrogen species (eq 6), each with its unique electronic
charge. Because of their charge diﬀerence we expect that their
catalytic reactivity and speciﬁc involvement in the catalytic
cycle diﬀer. In addition to their exceptional reactivities, the
well-deﬁned structures and the direct correlation of the
structures to the various types of reactive hydrogen species
via the H2S:H2 fugacity ratio have made sulﬁded Ru clusters
well suited as model materials for mechanistic studies.
No detailed information is, however, available to date on the
chemical identities and speciﬁc catalytic roles of these diverse
hydrogen species in the hydrogenation of N-heterocyclic
compounds, the critical reaction preceding the HDN. This
reaction is required for breaking the aromaticity of the
heterocyclic reactants before their sequential C−N bond
hydrogenolysis.21
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stainless-steel plug ﬂow reactor (0.375” o.d., 0.277” i.d., 12”
reactor length) equipped with two isolation valves, and treated
with one of the following procedures

to protonate. As a result, an initial protonation of pyrrole at its
β-C site limits its hydrogenation turnover.
The diﬀerences in both the numbers of hydrogen addition
event and the charge of reactive hydrogen required to evolve
the kinetically relevant transition states lead to the rate
dependent diﬀerences in pyridine and pyrrole hydrogenation.
Between the two reactions the rate dependences on H2S
pressure are exact opposite of each other, i.e., H2S promotes
pyridine but inhibits pyrrole hydrogenation. Understanding
this contrasting kinetic manifestation and connecting it to the
diﬀerence in catalytic sequences, kinetically relevant step, and
catalytic requirements would allow us to design and create
more eﬀective active site structures with a balance of protons
and hydrides. These H species work together to break the
strong aromaticity in N-heteroarene eﬀectively; understanding
their respective roles would allow us to develop microkinetic
models for predicting their hydrogenation rates more
accurately.

(1) heating to 623 K in 101 kPa H2 at 2 K min−1 and
holding isothermally for 3 h (Sample RED);
(2) immediately after procedure 1, the catalyst was exposed
to 0.15 kPa H2S, 99.50 kPa H2, and 1.35 kPa He at 673
K for 3 h (Sample SLP);
(3) immediately after procedure 1, the catalyst was exposed
to 10.1 kPa H2S and 90.9 kPa He at 673 K for 3 h
(Sample SHP);
(4) immediately after procedures 1 and 2, the catalyst was
cooled to 573 K and then exposed to 1.8 kPa H2S, 1200
kPa H2, and 6.0 kPa pyridine at 573 K for 5 h (Sample
RXN).
After completion of one of the above treatment procedures,
the reactor was subsequently purged in ﬂowing He for 5 h at
473 K for Samples RED, SHP, and RXN and at 573 K for
Sample SLP. The reactor was then isolated by closing oﬀ the
inlet and outlet valves and transferred into the glovebox. Inside
the glovebox, the catalyst samples were loaded onto a sample
holder carousel and then transferred directly into the UHV
compartment of the Thermo Scientiﬁc ESCALAB 250Xi
Spectrometer (E. Grinstead, UK), equipped with a monochromatic Al Kα source (900 μm), for XPS analyses. Charge
compensation was applied using an e−/Ar+ ﬂood gun, and the
electron binding-energy scale was calibrated with the C1s peak
of adventitious carbon at 284.8 eV. All data collections and
analyses were performed using the Advantage and Origin
software.
2.2. Rate and Selectivity Measurements. Ru/SiO2
powders were pelletized and then sieved to obtain particles
between 180 and 250 μm in diameter. These Ru/SiO2 particles
(200 mg) were loaded into a stainless-steel plug ﬂow reactor
(0.25” o.d., 0.16” i.d., 12” reactor length, ∼1” catalyst bed
length) with its temperature and pressure controlled by a
resistively heated furnace (Bluewater Heater) and a backpressure regulator (Equilibar, 4911, HC Hastelloy diaphragm),
respectively. The catalyst sample was heated from ambient
temperature by ramping at 0.033 K s−1 under ﬂowing H2
(Praxair, 99.999%, 16.7 cm3 g−1 s−1) to and holding at 623 K
for 3 h. Subsequently, it was treated in a mixture of 0.15 kPa
H2S (Linde, certiﬁed mixture, 9.94% H2S/He) and 99.50 kPa
H2 (Praxair, 99.999%), ramping at 0.033 K s−1 to 673 K and
holding for 3 h before cooling to 573 K. Afterward, H2
(Praxair, 99.999%, 510−1250 kPa), H2S (Linde, certiﬁed
mixture, 9.94% H2S/He, 1.8−13.5 kPa of H2S), and He
(Praxair, 99.999%) were introduced, and the total pressure was
adjusted to 1.5 MPa.
Liquid pyridine (Sigma-Aldrich, anhydrous, 99.8%) or
pyrrole (Sigma-Aldrich, reagent grade, 98%) was mixed with
an internal standard (either cyclohexane or heptane) and, in
some cases, with a solvent (n-octane). For example, pyridine
reactant was dissolved in n-octane (Sigma-Aldrich, anhydrous)
solvent together with cyclohexane (Caledon, 99%) as the
internal standard. Pyrrole was mixed with heptane (SigmaAldrich, anhydrous, 99%) as the internal standard. These liquid
reactant mixtures were introduced through a high-pressure
syringe pump (ISCO 500D) into a vaporization zone,
maintained at 458 or 523 K for pyridine or pyrrole feeds,
respectively. The inlet partial pressures of pyridine or pyrrole
were varied by changing the liquid feed rate of the syringe

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS
2.1. Synthesis and Characterization of Dispersed Ru
Clusters on SiO2. 2.1.1. Catalyst Synthesis. Ru/SiO2 (4% wt
Ru) catalysts were prepared by three successive incipient
wetness impregnation steps. SiO2 (Grace, Davisil Chromatographic Silica, 330 m2 g−1, 70−200 μm, 1.21 cm3 g−1) was ﬁrst
milled down to 0−75 μm, heated at 0.033 K s−1 to 673 K, and
then held at this temperature in ambient air for 5 h. After
thermal treatment, the SiO2 granules were impregnated with an
aqueous Ru precursor, prepared by mixing a Ru(III) nitrosyl
nitrate solution [Ru(NO)(NO3)3, Sigma-Aldrich, certiﬁed
1.4% wt Ru] with doubly deionized water (>18 MΩ cm).
The samples were then heated under ambient air at 353 K for
24 h and then at 393 K for 12 h followed by treating under
ﬂowing 5% H2/He (Linde, certiﬁed mixture, 5.34%, 0.33 cm3
g−1 s−1) from ambient temperature at 0.033 K s−1 to 673 K and
then held at this temperature for 12 h. The samples were then
cooled to ambient temperature in ﬂowing He (Praxair,
99.999%, 0.33 cm3 g−1 s−1) before exposure to 5% O2/He
(Linde, certiﬁed mixture, 4.88%, 0.33 cm3 g−1 s−1) for 2 h.
2.1.2. Hydrogen Chemisorption. Ru dispersion was
determined by volumetric hydrogen chemisorption carried
out isothermally at 313 K. For each measurement the catalyst
was heated in situ under ﬂowing H2 (Praxair, 99.999%, 0.2 cm3
g−1 s−1) from ambient temperature to 673 K at 0.033 K s−1,
held at 673 K for 1 h, and then cooled under dynamic vacuum
(∼10−5 Pa) to 313 K. Two hydrogen adsorption isotherms
were measured consecutively from 0 to 13 kPa H2 at 313 K,
between which the sample was evacuated for 0.5 h under
dynamic vacuum (∼10−5 Pa). The amount of H2 irreversibly
adsorbed on Ru cluster surfaces was determined by subtracting
the amount of reversibly adsorbed hydrogen from that of the
total amount, both evaluated at zero pressure, determined by
extrapolation of the second and the ﬁrst adsorption isotherms,
respectively. The average Ru cluster size was determined by
assuming an atomic ratio for the irreversibly adsorbed H:Ru of
unity.36
2.1.3. X-ray Photoelectron Spectroscopy (XPS). The
chemical states of Ru and S species were monitored by highresolution X-ray photoelectron spectroscopy (XPS) equipped
with a glovebox sample preparation chamber controlled to <1
ppm of O2 with 101 kPa Ar. The catalyst sample was pelletized
into a self-supporting wafer (5 mm diameter), loaded onto a
9421
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pump, and those of H2 and H2S were varied independently
with mass ﬂow controllers. All transfer lines were kept above
423 K to prevent condensation of the reactants and products.
During each experiment catalyst sample was initially exposed
to 1.8 kPa H2S, 1200 kPa H2, and 6.0 kPa of either pyridine or
pyrrole for 12 h. Reactant and product concentrations were
quantiﬁed with an online gas chromatograph (SRI 8610C)
equipped with a MXT-1 capillary column (8600-WB1C, SRI,
60 m × 0.53 mm × 5.0 μm) connected to a ﬂame ionization
detector (FID) and a ﬂame photometric detector (FPD). No
detectable conversions of pyridine or pyrrole were found in
blank experiments with SiO2 granules (the catalyst support) at
573 K (1.8 kPa H2S, 1200 kPa H2, 6.0 kPa pyridine or pyrrole).
Turnover rates are deﬁned as the conversion rates of Nheterocyclic reactants per exposed Ru atom (in μmol s−1
molSurf.Ru−1, where subscript Surf.Ru denotes surface Ru
atoms). Product selectivities are determined as the percentages
of pyridine or pyrrole converted into the speciﬁc products. The
gas hourly space velocity (GHSV) is deﬁned as the volume of
gas feed per hour at 298 K and 101.325 kPa divided by the
catalyst mass (in m3 h−1 gcat−1).
2.3. Computational Methods. All calculations were
carried out using the Vienna Ab initio Simulation Package
(VASP).37,38 Projector augmented wave (PAW) potentials
were used to describe the core electron interactions with a 400
eV plane-wave basis set energy cutoﬀ. The Perdew, Burke, and
Ernzerhof (PBE)39 exchange-correlation functional was
employed, including Grimme-D340 semiempirical dispersion
corrections. Geometry optimizations were performed until the
Hellman−Feynman forces on each atom were less than 0.01
eV Å−1. Periodic RuS2(100) slabs were used to model the
catalyst, which consists of a few RuSx layers covering metallic
Ru clusters (see Results and Discussion section). Given the
thickness of the RuSx overlayers, we believe this is a reasonable
approximation for studying the surface reactivity of these
catalysts. The (100) facet of RuS2 was previously predicted to
be the most stable in operating conditions comparable to those
used here for rate measurements, namely, ∼10 meV Å−2 more
stable than the (111) facet.29 The RuS2(100) slab was cut
starting from the RuS2-optimized bulk lattice. This can be
described as a FCC arrangement of Ru atoms in which S2 pairs
are intercalated, with a = 5.670 Å as the optimized lattice
constant, which compares well with the experimental value of
5.61 Å.41 Each Ru atom is coordinated to six S atoms, forming
octahedra interconnected through S−S bonds. Due to the
octahedral symmetry of the RuS6 clusters, S atoms can be in
either an axial or an equatorial position with respect to Ru.
These interconnected octahedra act as the bulk fundamental
structural unit (FSU), which is shown in the inset of Figure 1.
With a procedure similar to that reported by Aray et al.,29 the
bulk lattice was cut along the S−S or Ru−S bonds obtaining Srich and S-poor (vacancy abundant) surfaces, labeled as S0−
S4, according to the number of exposed S atoms in the axial
position with respect to the RuS6 octahedra composing the
surface unit cell. According to this nomenclature, S2 is the
stoichiometric model, as shown in Figure 1.
The obtained slabs were periodically repeated in a supercell
geometry using two unit cell sizes ( 2 × 2 ) and
(2 2 × 2 2 ). The ﬁrst, comprised of six layers of Ru and
S atoms, was used for the surface phase diagram, Bader charge,
and surface deprotonation energy calculations; the second unit
cell, comprised of four layers of Ru and S atoms, was employed

Figure 1. Surface models obtained by cutting the RuS2 bulk structure
along diﬀerent Ru−S and S−S bonds. S0 and S1 surface models
contain two and one sulfur vacancies, respectively. Compared to the
stoichiometric model S2, S3 and S4 surface models contain one and
two excess S atoms, respectively. Two interconnected octahedra
forming the fundamental structural unit (FSU) are shown in the inset.
Ru and S atoms are represented by cyan and yellow spheres,
respectively. Shaded S atoms are those in the axial position with the
octahedral structural unit.

for calculations involving the adsorption and reactivity of
pyridine and pyrrole. In each case the two outermost Ru/S
layers were allowed to relax during geometry optimization. We
included at least 15 Å of vacuum between successive slabs in
the z direction to avoid spurious interactions between periodic
replicas. For the ( 2 × 2 ) unit cell, the ﬁrst Brillouin zone
was sampled with a (6 × 6 × 1) Monkhorst−Pack k-point
mesh, whereas a (3 × 3 × 1) k-point sampling was used for the
(2 2 × 2 2 ) unit cell. Convergence with respect to all
computational parameters was conﬁrmed.
Ab initio surface phase diagram calculations were performed
adapting the method proposed by Bollinger et al.42 and the one
speciﬁcally applied to RuS2 surfaces by Aray et al.29 (details in
section S5 of Supporting Information). S-poor and S-rich
models (S0−S4) were investigated, and the stability of
hydrogenated surface terminations including up to four H
atoms was evaluated; the complete list of the surface
termination models investigated can be found in section S6
of the Supporting Information. In this way, a set of surface
models, labeled Sx + Hy, with x = 0−4 and y = 0−4, was built.
The number of hydrogen atoms was chosen on the basis of test
calculations, demonstrating that four is the maximum number
that is possible to include in the selected surface termination
models without leading to spontaneous desorption in the form
of either H2S or H2.
Models including the most stable surface terminations were
further characterized by means of Bader charge analysis,
diﬀerential binding energies of hydrogen (ΔBE), and surface
deprotonation energy (SDE) calculations. ΔBE was deﬁned as
ΔBE = −E(RuS)x H y + E(RuS)x H(y−1) + E H

(8)

where E(RuS)xHy is the energy of a generic surface slab including
x RuS surface groups and y surface H atoms coordinated to
either Ru or S atoms and E(RuS)xH(y−1) is the energy of the same
slab including y − 1 hydrogen atoms. EH is the gas-phase
energy of monatomic hydrogen. For example, for a surface
model including four hydrogen atoms, four values of ΔBE can
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be calculated, each corresponding to the successive dehydrogenation steps which can take place on that model system.
SDE was deﬁned as the energy required to complete the
following process
(RuS)x Hy + PYR(PYL)gas
−
→ (RuS)x H(y − 1) + esurf
+ PYRH+(PYLH+)gas

(9)

where (RuS)xHy is a generic surface slab model with y H atoms
coordinated to either Ru or S, PYR(PYL)gas is the gas-phase
pyridine (pyrrole), (RuS)xH(y−1) is the same surface slab
previously deﬁned in its deprotonated form, and e−surf is the
electron formed during the (RuS)xHy deprotonation process,
which resides in the slab, while PYRH+(PYLH+)gas is the gasphase pyridine (pyrrole) in its protonated form. More details
on the calculation of SDE can be found in section S8 of the
Supporting Information.
Finally, on some selected models, pyridine and pyrrole
adsorption energy (Eads) was calculated according to the
following expression
Eads = E(RuS)x H y + PYR(PYL) − E(RuS)x H y − E PYR(PYL)

(10)

where E(RuS)xHy+PYR(PYL) is the total energy of the slab +
adsorbed pyridine (pyrrole) system, E(RuS)xHy is the total energy
of the clean slab, and EPYR(PYL) is the gas-phase total energy of
pyridine (pyrrole).

Figure 2. High-resolution XPS spectra in the Ru3d and S2p regions
for the Ru/SiO2 catalyst after (a) reduction in H2 at 623 K (Sample
RED), (b) sulﬁdation in 0.15 kPa H2S−99.50 kPa H2 at 673 K
(Sample SLP), (c) sulﬁdation in 10.1 kPa H2S and 90.9 kPa He at 673
K (Sample SHP), and (d) sulﬁdation in 0.15 kPa H2S and 99.50 kPa
H2 at 673 K followed by a hydrogenation reaction under 1.8 kPa H2S,
1200 kPa H2, and 6.0 kPa pyridine at 573 K (Sample RXN). Binding
energies were referenced to the C1s peak at 284.8 eV, associated with
adventitious carbon.

3. RESULTS AND DISCUSSION
3.1. Thermodynamically Stable Phase of Ru and
Identities of Reactive Hydrogen Intermediates. Highresolution X-ray photoelectron spectroscopy (XPS) studies in
the Ru3d (d3/2 and d5/2), Ru3p (p1/2 and p3/2), and S2p (p1/2
and p3/2) spectral regions provide the relative atomic contents
of Ru and S and their chemical states. Figures 2 and S1 show
the XPS spectra for the Ru3d and S2p regions and the Ru3p
region, respectively, of the Ru/SiO2 catalysts (4% wt Ru, 5.9
nm average Ru clusters), after reduction at 623 K (Sample
RED), sulﬁdation in 0.15 kPa H2S−99.50 kPa H2 at 673 K
(Sample SLP), sulﬁdation in 10.1 kPa H2S at 673 K (Sample
SHP), and pyridine hydrogenation with 1.8 kPa H2S−1200
kPa H2−6.0 kPa pyridine at 573 K for 5 h (Sample RXN), as
described in section 2.1. Table 1 summarizes the atomic
contents and relative fractions of the various Ru and S species
and S:Ru atomic ratios.
On all samples Ru3d5/2 spectra show Ru0 in the metallic
state, Ru4+ associated with sulfur species, and Ruδ+ associated
with oxygen species at 280.0, 280.4, and 281.6 eV,
respectively.43−46 These spectra indicate that a small fraction
of the Ru atoms (19%), possibly those that are highly dispersed
on and strongly interacting with the SiO2 support, remains in
the highly oxidized Ruδ+ state, even after reduction. These
irreducible Ru atoms, because of their strong binding to the
silica support, are unable to undergo reduction; thus, they
remain inactive. The majority of Ru atoms are either Ru0 or
Ru4+, coexisting in the sample, indicating that Ru clusters
retain their metallic core but their surfaces and subsurface
layers become sulﬁded as RuSx species, as also conﬁrmed
independently from the S2p3/2 spectra, which show bands for
anionic sulfur (S2−) centered at 161.8 eV.47 Quantiﬁcation of
the S2p3/2 and Ru3d5/2 spectra give the atomic ratio of
sulfur:total reducible Ru, S/Rutotal red (the subscript total red
denotes total reducible Ru). For Sample SLP this ratio is 0.24.

Table 1. Surface and Bulk Atomic Densities of the Various
Ru and Sulfur Species and Their Ratios after Various
Treatments
Relative Contents

Sample
RED

Sample
SLP

Sample
SHP

Sample
RXN

Ruird/Rutotala
Rutotal red/Rutotalb
Rusurf,red/Rutotal redc
S/Rutotal red
S/Rusurf red
RuS2 (S based)/Rusurf,redd
RuS2 (Ru4+ based)/Rusurf,red
layer of RuS2 (S based)
layer of RuS2 (Ru4+ based)

0.19
0.81
0.27
-

0.19
0.81
0.27
0.24
0.86
0.43
0.49
1
1

0.19
0.81
0.27
1.43
5.22
2.61
2.64
4
4

0.19
0.81
0.27
0.42
1.54
0.77
0.81
1
1

a
Determined from the Ruδ+:Rutotal from high-resolution XPS spectra
in the Ru3d5/2 region (281.6 eV for the binding energy of Ruδ+;43,45,46
Ruird denotes irreducible Ru, and Rutotal denotes total Ru). bRutotal red
is the summation of Ru0 and Ru4+ from high-resolution XPS spectra in
the Ru3d5/2 region (280.0 and 280.4 eV for binding energies of Ru0
and Ru4+, respectively43,44). cDetermined from hydrogen uptake at
373 K. dThe contents of sulfur (161.8 eV for the binding energy of
S2− ion47) determined from high-resolution XPS in the S2p3/2 region
to that of RuS2 with the stoichiometry of 1Ru:2S.

The ratio increases to 1.43 after treating the sample in a higher
H2S pressure but without H2 (Sample SHP) and to 0.42 after
hydrogenation catalysis (Sample RXN). These results are
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Figure 3. (a) Calculated variation of Gibbs free energy (Gslab) of the ﬁve most stable models of the hydrogenated RuS2 (100) surface as a function
of the H2S:H2 (PH2S/PH2) ratio at 573 K. Interval spanned in (PH2S/PH2) ratio is consistent with the experimental conditions for pyridine and
pyrrole hydrogenation. (b) Optimized geometry of the S1 + 4H surface model (tilted view). (c) Optimized geometry of the S1 + 2H surface model
(tilted view). Ru, S, and H atoms are represented by cyan, yellow, and white spheres, respectively. Red, brown, and purple shaded hydrogen atoms
belong to Ru4+−(SH2)−S2− [site iii], S2−−(Hδ+) [site ii+], and Ru4+−(Hδ−) [site ii−], respectively. Bader charge of each surface hydrogen is
reported using the same color scheme. Dashed white lines show the unit cell lattice vectors.

1245 kPa H2).29 Figure 3a shows the surface phase diagram at
573 K as a function of H2S:H2 ratio, the rigorous descriptor of
sulfur chemical potential (eqs 2 and 6). For the sake of clarity,
only the ﬁve most stable surfaces are reported here. The S1 +
4H, S1 + 2H, S0 + 2H, and S2 + 4H models show all possible
combinations of surface terminations expected on RuS2 (100)
surfaces. The complete surface phase diagram including all of
the investigated surface models is reported in section S6 in the
Supporting Information.
We ﬁnd that hydrogenated S-poor models S1 + 4H and S1 +
2H, shown in Figure 3b and 3c, respectively, are the only stable
models at 573 K and in the relevant H2S to H2 pressure range
(0.005−0.025) typically encountered in hydrodenitrogenation
reactions with their Gibbs free energies of at least 0.16 and
0.14 eV, respectively, more negative than the stoichiometric S2
+ 4H surface termination. These S-poor surfaces inherently
contain sulfur vacancies. This is in general agreement with the
trend found by Aray et al., who showed that the RuS2 (100)
surface with the removal of the two outmost sulfur atoms is the
most stable surface at H2S:H2 ratios below 0.03 at 650 K29 and
consistent with our ﬁndings from XPS studies (Table 1).
In our case, we ﬁnd that the S1 + 4H surface exhibits the
lowest Gibbs free energy and therefore is the most stable.
Figure 3b shows the optimized geometry of the S1 + 4H slab
surface model. This particular surface model is characterized
by 2/3 of site pair ii [i.e., 1/3 of site ii+ and 1/3 site ii−] and
1/3 of site iii (Scheme 1) without any site i. Four diﬀerent
hydrogen atoms can be recognized in the unit cell. Two of
them, red shaded in Figure 3b, are coordinated to the same S
atom, forming a Ru4+−(SH2) chemical moiety, as a part of site
iii; the other two hydrogen atoms, shaded with purple and
brown in Figure 3b, respectively, are present as Ru4+−(Hδ−)
and S2−−(Hδ+) in sites ii− and ii+, respectively. However, we
note that the S1 + 2H surface model (Figure 3c), which has
50% of site i and 50% of site iii is nearly isoenergetic with S1 +
4H over the entire range of H2S:H2 ratio studied. Therefore, it
is possible to argue that these surface terminations may coexist
in a delicate equilibrium governed by the H2S:H2 ratio. The S0
+ 2H surface model, in which Ru4+−(Hδ−) and S2−−(Hδ+)
terminations can be found [50% of site ii+ and 50% of site
ii−], and the S2 + 4H model, showing only Ru4+−(SH2)
terminations [100% of site iii], are instead considerably higher
in energy, suggesting that they may not exist under relevant

consistent with previous sulfur isostere studies which showed
that both the increase in the H2S:H2 ratio and the decrease in
temperature could promote sulfur solvation into the subsurface
and bulk of Ru clusters, increasing the sulfur content and
converting the Ru to RuS2.48
Volumetric hydrogen uptakes at 313 K titrate all reducible,
exposed Ru surface atoms on the fresh Ru/SiO2 catalyst.
Excluding the irreducible Ru atoms, the atomic ratio of
surface:total Ru atoms (Rusurf red/Rutotal red, subscript surf red
denotes surface reducible and total red denotes total reducible)
is 0.27. This fraction, taken together with their speciﬁc S/
Rutotal red ratios (determined from XPS), gives the atomic ratios
of sulfur:surface reducible Ru (S/Rusurf red) that range from
0.86 to 5.22 after the various treatments. After hydrogenation
catalysis (573 K, 5 h), the S/Rusurf red ratio is 1.54, which
suggests that Ru cluster surfaces are in the RuSx state. The
atomic ratios of Ru4+:S2− (in their ionic form) are 1:1.78
(Sample SLP), 1:1.98 (Sample SHP), and 1:1.90 (Sample
RXN), which are lower than but close to the stoichiometry
expected for RuS2 of 1:2 (Table 1); therefore, the structure of
the sulﬁded cluster is most likely a sulfur-deﬁcient RuS2 shell
covering the Ru0 metallic core. The Ru−sulfur−hydrogen
phase diagram48 has shown that at 573 K the Ru to RuS2 phase
transition occurs at a 0.0002 H2S:H2 ratio. Thermodynamics
together with XPS studies suggest that the exposed sulfur and
Ru atoms retain their ionic charges and are chemically
equilibrated with the H2S and H2 in the contacting gas
phase. The clusters, however, retain their metallic bulk,
apparently because the Ru atoms in the cluster bulk (and
not those on the surfaces) are trapped in a metastable phase,
kinetically hindered to undergo bulk phase transition. The
RuS2 layer does not achieve the full stoichiometry (S/Rusurf red
ratio = 1.54 vs 2) during hydrogenation catalysis (Sample
RXN), whereas those exposed to a higher H2S pressure
without H2 at 673 K (Sample SHP) form four subsurface RuS2
layers, estimated by assuming that Ru clusters are in their
thermodynamically stable bulk crystal structure of truncated
hexagonal bipyramid49,50 (details in Supporting Information,
section S1).
Next, we explore the stability of RuS2 (100) surfaces, the
most stable facet, with diﬀerent surface sulfur anion densities at
the sulfur chemical potentials and temperature relevant to the
hydrogenation catalysis (573 K, 1.8−13.5 kPa H2S, and 510−
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Figure 4. Kinetic dependences on (a) H2, (b) H2S, and (c) pyridine partial pressures for the pyridine hydrogenation reactions on RuSx surfaces at
573 K and 1.5 MPa with 1.8 kPa H2S (★, ▲), 13.5 kPa H2S (◆, ●), 616 kPa H2 (◀), 1250 kPa H2 (★, ◆, ■), and 6.0 kPa pyridine (■, ◀, ▲,
●), 0.045 m3 h−1 gcat−1. Lines are the kinetic ﬁttings predicted from eq 17.

deprotonated the energy required for the second H elimination
step, that of Ru4+−(Hδ−), is considerably lower (1.94 eV).
Although it is diﬃcult to assess the origin of this diﬀerence in
energy, it is reasonable to suggest that the interaction between
site ii− and site ii+ in the Ru4+−(Hδ−)−S2−−(Hδ+) couple
may prevent the ﬁrst hydrogen from being easily removed from
the surface. Finally, hydrogen atoms appearing as Ru4+−
(SH2)−S2− [site iii] should be the most strongly bound to the
surface with a highly positive ΔBE of 3.05 eV (see Table S8 for
a complete list and more details on the calculated ΔBE for
each hydrogen of the S1 + 4H surface model).
These various types of reactive hydrogen species on sulﬁded
Ru cluster surfaces, conﬁrmed by the DFT calculations, agree
with the experimental studies via inelastic neutron scattering
spectroscopy51−53 and Fourier-transform infrared spectroscopy.54 Previous inelastic neutron scattering spectra on
unsupported RuS252,53 at 29852−300 K53 and on partially
desulfurized RuS2 at 298 K51 have provided evidence on the
diﬀerent types of hydrogen species resulted from H 2
dissociation (50−200 kPa H2 at 298−300 K51−53), with the
RuH bending modes at 54051−54252 and 82351−82652 cm−1
and the SH bending modes at 60053−64552 and 71053−72052
cm−1. Furthermore, Fourier-transform infrared spectra have
conﬁrmed the presence of SH species on RuS2/SiO2 with the
band at 2915 cm−1 generated from the heterolytic dissociation
of CH3SH (298 K, 0.5 kPa CH3SH).54 These hydrogen
species, each with their unique electronic properties, may
interact with the N-heterocyclic reactants diﬀerently, and as a
result, their catalytic roles diﬀer. We ask the speciﬁc question
of how the charges of these reactive hydrogen species inﬂuence
(a) their catalytic function in breaking the aromaticity and (b)
the identity of the kinetically relevant step. We report the
diﬀerent kinetic dependencies for pyridine and pyrrole
hydrogenation and then relate their kinetic responses to the
sulfur contents on Ru cluster surfaces; we then connect these
ﬁndings to the diﬀerent catalytic roles of the various catalytic
sites in Scheme 1a.
3.2. Kinetic Dependencies of Pyridine and Pyrrole
Hydrogenation on RuSx-Covered Ru Clusters. Pyridine
and pyrrole hydrogenation at 573 K and 1.5 MPa (510−1250
kPa H2, 1.8−13.5 kPa H2S, 4.5−15.0 kPa pyridine/pyrrole, 4.5
× 10−2 m3 h−1 g−1) were studied on 4 wt % Ru/SiO2 (5.9 nm
average cluster diameter) at sulfur chemical potentials that lead
to formation of a sulfur-deﬁcient RuSx layer covering Ru
clusters, as shown from XPS and DFT studies in section 3.1.
The reactions on these RuSx clusters were conﬁrmed to be far

experimental conditions (see Supporting Information, section
S6).
Bader charge analysis probes the charge and chemical nature
of the various surface terminations (S1 + 4H, S1 + 2H, S0 +
2H, and S2 + 4H models). Scheme 1c shows the Bader charge
of the various reactive hydrogen species on the S1 + 4H
surface model. On this surface, H atoms appearing in Ru4+−
(SH2) [red shaded in Figure 3b, a part of Ru4+−(SH2)−S2−,
site iii] moieties have a partially positive charge of +0.07 |e−|
and +0.15 |e−|; however, the two hydrogen atoms can be
considered chemically equivalent and indistinguishable. The
diﬀerence in Bader charge can be attributed only to the
diﬀerent chemical species that the hydrogen atoms see in their
immediate environment and the weak interactions occurring
among them. In fact, at the reaction conditions the exchange
between these two hydrogen species would be facile, as
demonstrated by the negligible activation energy barriers
associated to −SH2 rotation (see Supporting Information,
section S9). H atoms appearing in S2−−(Hδ+) moieties
[shaded brown in Figure 3b, site ii+] show a much smaller
positive charge: +0.02 |e−|. Instead, H atoms in Ru4+−(Hδ−)
[shaded purple in Figure 3b, site ii−] have hydridic character,
as suggested by their negative charge of −0.20 |e−|.
To gain quantitative information on the acidity of each
hydrogen-containing termination, the ΔBE of hydrogen was
calculated on each surface. For the sake of clarity, we brieﬂy
summarize, taking an example of the S1 + 4H surface model,
how ΔBE was calculated on each surface for the hydrogen
atoms and how this information can be correlated to the
tendency of each H-containing chemical moiety to be
dehydrogenated. For a given surface model ΔBE was
calculated according to eq 8 by removing one by one all of
the surface hydrogen atoms in the model (four hydrogen
atoms for S1 + 4H). The one with the ΔBE smallest in
magnitude would be the hydrogen more prone to be removed
from the surface. Then ΔBE is calculated again on the
remaining hydrogen atoms on the surface after the ﬁrst one is
removed (the remaining three hydrogen atoms, in the case of
S1 + 4H). This means that the value of ΔBE associated with
the second hydrogen atom to leave the surface is not strictly
higher than the ﬁrst, as the electronic properties of the surface
deprived from the ﬁrst hydrogen atom would be inherently
diﬀerent.
The results for the S1 + 4H surface, reported in Scheme 1c
and section S10, demonstrate that S2−−(Hδ+) of site ii+ should
be the weakest bound (ΔBE = 2.56 eV), i.e., the easiest to be
deprotonated. Interestingly, after S2−−(Hδ+ ) has been
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Figure 5. Kinetic dependences on (a) H2, (b) H2S, and (c) pyrrole partial pressures for the pyrrole hydrogenation reactions on RuSx surfaces at
573 K and 1.5 MPa with 1.8 kPa H2S (★, ▲), 13.5 kPa H2S (◆, ●), 616 kPa H2 (◀), 1250 kPa H2 (★, ◆, ■), and 6.0 kPa pyrrole (■, ◀, ▲,
●), 0.045 m3 h−1 gcat−1. Lines are the kinetic ﬁttings predicted from eq 18.

reactive hydrogen species (in Scheme 1) remain the same,
irrespective of the chemical identity of the N-heterocyclic
reactants. Therefore, several conclusions can be drawn from
the kinetic results. First, the reaction orders to pyridine/pyrrole
are both smaller than unity. Each hydrogenation turnover
converts a pyridine/pyrrole; therefore, its molecularity is one
along the reaction coordinate; the eﬀective reaction orders that
are smaller than unity simply indicate that pyridine/pyrrolederived intermediates occupy a portion of the active sites.
Second, the slightly smaller reaction order to pyridine than
pyrrole during their respective hydrogenation reaction, i.e.,
0.31 (±0.06) vs 0.60 (±0.05), suggests that pyridine binds
onto the RuSx surfaces more strongly than pyrrole, due to its
much higher proton aﬃnity. Pyridine and pyrrole also adsorb
through distinctly diﬀerent conﬁgurations to be described from
DFT calculations in sections 3.3 and 3.4. Previous studies on
NiMo/Al2O3 catalysts have shown that heterocyclic Ncompounds with higher proton aﬃnities bind more strongly,55
and for this reason, these compounds exhibit inhibitory eﬀects
during their hydrogenation.56 More recently, Rangarajan and
Mavrikakis calculated the binding energy of an extended data
set of N-containing aromatic compounds on Co-promoted
molybdenum sulﬁde surfaces, concluding that a linear
correlation holds between proton aﬃnity and binding energy.57
Third, the apparent reaction orders to hydrogen remain equal
to or higher than unity for both hydrogenation reactions. For
pyridine, an eﬀective order of 1.30 (±0.04) indicates that at
least one hydrogen addition event must occur before the
kinetically relevant step. For the contrasting case of pyrrole, the
eﬀective reaction order to H2 is unity, indicating that the
number of hydrogen addition events leading to the kinetically
relevant steps is smaller than that of pyridine. Finally, and most
notably, the reaction orders to H2S for the two reaction
systems are in stark contrast with each other. For pyridine
hydrogenation, the positive order on H2S conﬁrms that,
instead of acting as a poison, H2S actually promotes the
hydrogenation reactions, while this is not the case for pyrrole,
where H2S inhibits the reactions.
3.3. Proposed Sequence of Elementary Steps and
Their Reaction Energies for Pyridine Hydrogenation on
RuSx-Covered Ru Clusters. The ﬁndings of (i) more reactive
hydrogenation turnovers for pyridine than pyrrole and the
apparent connection to their proton aﬃnity diﬀerence and (ii)
their distinct kinetic dependencies, especially the contradictory
eﬀects of H2S pressure on pyridine and pyrrole hydrogenation
rates, suggest that H2S-derived species [Ru4+−(SH2)−S2−, site

away from chemical equilibrium (<10% approach to
equilibrium) under all conditions reported herein.
Reactions of pyridine/pyrrole with H2 involve multiple
hydrogen addition events that break their aromaticity and
increase ring saturation. The reactions form diverse products,
depending on the extents of primary and sequential hydrogenation and hydrogenolysis reactions. At a constant sulfur
chemical potential (H2S:H2 ratio = 1.5 × 10−4; 6.0 kPa
pyridine), pyridine-H2 reactions form 97.4% piperidine, 1.6%
pentene, and 0.5% pentane at 13.2% conversion (0.045 m3 h−1
gcat−1) at 573 K. Pyrrole-H2 reactions under similar conditions
(except replacing the pyridine with pyrrole) form 89.1%
pyrrolidine, 1.9% butene, and 1.0% butane at a lower
conversion (5.3%). Thus, pyrrole, the less basic molecule, is
less reactive. The high selectivities to piperidine and
pyrrolidine in pyridine-H2 and pyrrole-H2 reactions, respectively, conﬁrm that hydrogenation occurs much more rapidly
than the sequential C−N bond hydrogenolysis reaction.
Pyridine turnover rates (rHYD,PYR) increase more than
linearly with H2, less than half order with H2S, and
approximately one-half order with pyridine, as shown in
Figure 4, respectively. The rate equation and the apparent
reaction orders are
rHYD,PYR = kPYR,eff [H 2]1.30 ± 0.04 [H 2S]0.19 ± 0.02 [PYR]0.31 ± 0.06
(11)

where kPYR,eff is the eﬀective rate constant and subscript
PYR,eﬀ denotes pyridine and eﬀective. Pyrrole-H2 reactions on
the identical sulﬁded Ru clusters at similar sulfur chemical
potentials and reaction conditions yield predominantly
pyrrolidine. In contrast to pyridine hydrogenation and as
depicted in Figure 5, the reaction is ﬁrst order in H2, less than
negative half order in H2S, and less than ﬁrst order in pyrrole.
The turnover rates for pyrrole hydrogenation (rHYD,PYL) follow
the apparent dependencies of
rHYD,PYL = kPYL,eff [H 2]1.08 ± 0.05 [H 2S]−0.26 ± 0.01[PYL]0.60 ± 0.05
(12)

where kPYL,eff is the eﬀective rate constant and subscript PYL,eﬀ
denotes pyrrole and eﬀective.
Since both the pyridine and the pyrrole hydrogenation
reactions were carried out at the same temperature, at each
H2S:H2 fugacity ratio, the sulfur chemical potentials for both
reaction systems are identical and described rigorously by eq 6.
When sulfur chemical potentials are equal, the number of Ru
and sulfur ligands and the relative abundance of the various
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Scheme 2. (a) Reaction Energies (ΔE) Corresponding to the Thermodynamically Unfavorable Pathways for the First and the
Second Hydrogenation Steps of Pyridine on the S1 + 4H Model. (b) Adsorption Energy (Eads) of Pyridine and the Reaction
Energies (ΔE) Associated with the Thermodynamically Preferred Pathways for the First and the Second Hydrogenation Steps
on the S1 + 4H Model.a (c) Optimized Structures and the Relevant Bond Lengths of Pyridine (PYR*) and Monohydrogenated
Pyridine (HPYR A*, HPYR B*, HPYR C*) on the S1 + 4H Surface Modelb

In each case, the ﬁrst protonation step occurs at the pyridinic N. In the second step, the carbon atom in the ring that accepts the hydrogen is
shown by a small blue circle. bRu, S, N, and C atoms are represented by cyan, yellow, blue, and grey spheres, respectively. Additionally, the pink H
atoms belong to the aromatic ring, while white ones belong to the surface.
a

trends and eﬀective rate dependencies and with our DFTcalculated adsorption conﬁgurations and energies and the heats
of reaction for the various elementary reactions. In addition,
our mechanistic proposal is consistent with the reactivity
descriptor for the H species, the SDE (eq 9).
On RuSx surfaces H2 dissociates heterolytically on a Ru
cation and sulfur anion site pair, Ru4+−S2−, forming a Ru4+−
(Hδ−)−S2−−(Hδ+) reactive couple, as depicted in Step H2
(Scheme 1a).30,31 The H2 dissociation step remains quasiequilibrated, because of the rapid hydrogen dissociation and
recombination events at these temperatures, when comparing
to the forward rates of pyridine and pyrrole hydrogenation.
The ﬁrst-order rate constant of H2−D2 exchange reaction on

iii], in addition to the H2-derived reactive hydrogen species
[Ru4+−(Hδ−)−S2−−(Hδ+), site ii], may initiate pyridine
hydrogenation. On the contrary, H2S-derived Ru4+−(SH2)−
S2− species cannot initiate pyrrole hydrogenation; only the H2derived Ru4+−(Hδ−)−S2−−(Hδ+) species initiate the reaction.
After considering all plausible routes catalyzed by the various
sites in Scheme 1, as summarized in Schemes 2 and 3, for
pyridine and pyrrole hydrogenation, respectively, we proposed
a sequence of elementary steps for H2 and H2S dissociative
activation (Step H2 and H2S, Scheme 1a), two parallel routes
for pyridine hydrogenation (PYR-A and PYR-C, Scheme 4),
and one for pyrrole hydrogenation (PYL-B, Scheme 4). The
proposed mechanism is consistent with the measured reactivity
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Scheme 3. (a) Reaction Energies (ΔE) Corresponding to the Thermodynamically Unfavorable Pathways for the First and
Second Hydrogenation Steps of Pyrrole on the S1 + 4H Model. (b) Adsorption Energy (Eads) of Pyrrole and Reaction Energies
(ΔE) Associated with the Thermodynamically Preferred Pathways for the First and Second Hydrogenation Steps on the S1 +
4H Model.a (c) Optimized Structures and the Relevant Bond Lengths of Adsorbed Pyrrole (PYL A*), Monohydropyrrole
[HPYL A(β)*], and Dihydropyrrole (H2PYL B*) on the S1 + 4H Surface Modelb

a

For each step the carbon atom in the ring that accepts a hydrogen is shown either by a blue (α position) or a red circle (β position). bRu, S, N,
and C atoms are represented by cyan, yellow, blue, and grey spheres, respectively. Pink H atoms belong to the aromatic ring, while white ones to
the surface.

hydrogenation, can be evaluated by SDE, which is a
quantitative descriptor derived from our DFT studies,
reﬂecting the enthalpy required to remove a reactive hydrogen
species as proton from the RuSx surfaces in order to react and
protonate the pyridine in the gas phase. As summarized in
Scheme 1c, the SDE values of these H species in the S1 + 4H
surface model during the pyridine protonation are in the order
of S2−−(Hδ+) (SDE = −0.09 eV) < Ru4+−(Hδ−) (SDE = 0.29
eV) ≈ Ru4+−(SH2) (SDE = 0.30 eV). Scheme 2 summarizes
the adsorption energy of pyridine and then the reaction
energies for the diﬀerent reaction paths during pyridine
hydrogenation, considering the involvement of S2−−(Hδ+),
Ru4+−(Hδ−), and Ru4+−(SH2) in the initial hydrogen addition
step, in Paths 2A−2C, respectively. For the energetically
favorable routes (Paths 2A and 2C), we also consider the
sequential hydrogen addition events (Sub-Paths 2A1−2A3 and
2C1−2C3).
First, pyridine adsorbs molecularly on Ru4+−(SH2)−S2−
[site iii], forming adsorbed pyridine, Ru4+−(SH2−PYR)−S2−
(PYR* in Scheme 2). This adsorbed pyridine weakly associates
with one of the two hydrogens in −(SH2) through its N atom,
forming a weak N···H bond (1.87 Å), with its ring tilted away

sulfur-deﬁcient RuS2 clusters with a reduction degree of 0.35 at
273 K and under 10.1 kPa H2 and 10.1 kPa D2 is 1.35 × 10−8
s−1 kPa−1 with an apparent activation energy of 50 kJ mol−1.58
Extrapolation with these rate constant and activation energy
values to 573 K leads to H2−D2 exchange rates of 0.73−1.8 s−1
at 510−1250 kPa H2, which are 2−3 orders of magnitude
higher than the turnover rates of pyridine and pyrrole
hydrogenation, thus the H2 dissociation step is quasiequilibrated. On a Ru4+−S2− site pair, H2S may also adsorb
molecularly on the Ru4+ cationic center as a reactive species,
Ru4+−(SH2)−S2− [site iii], via Step H2S (Scheme 1a) that acts
as a promoter for pyridine hydrogenation and an inhibitor for
pyrrole hydrogenation, as observed experimentally (see Figures
4b and 5b). Since H2S is neither consumed nor produced
during pyridine and pyrrole hydrogenation and their
subsequent C−N bond hydrogenolysis reactions, H2 S
adsorption must be quasi-equilibrated during steady-state
reactions.
Pyridine adsorption, protonation, and sequential reactions
were explicitly studied on an extended S1 + 4H surface model.
The reactivities of the surface H species of site ii+, ii−, or iii for
attacking the N atom in pyridine, which initiates its
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Scheme 4. Proposed Elementary Steps of (a) Pyridine and (b) Pyrrole Hydrogenation on RuSx Surfacesa

a
See Scheme S1 in the Supporting Information for more details: (forward arrow) irreversible reaction, (double arrows with oval) denotes quasiequilibrated reaction, and (dashed forward arrow) electron transfer direction. Kj is the equilibrium constant for each elementary step, where
subscript j represents the H2, H2S, or N-containing reactant of each elementary step; kHYD,i,L denotes the rate constant for the kinetically relevant
step of pyridine or pyrrole hydrogenation, where subscript HYD,i,L represents pyridine or pyrrole (i = pyridine or pyrrole) hydrogenation via Path
L (L = A, B, or C). *If this step is quasi-equilibrated, the equilibrium constant is KHPYL. The steps of adsorption, hydrogen addition, and desorption
are highlighted in grey, light green, and light blue backgrounds, respectively.

from the surface. The calculated adsorption energy is −0.62
eV. Upon the initial adsorption, PYR* undergoes successive
hydrogenation. The ﬁrst hydrogen addition leads to monohydrogenated pyridine. This step may occur on all three
reactive hydrogen species in sites ii+, ii−, and iii via Paths 2A,
2B, and 2C, as depicted in Scheme 2, together with their
reaction energies and the optimized product geometries,
HPYR A*, HPYR B*, and HPYR C*, respectively. In each
case, the product HPYR L* (L = A, B, or C) interacts with the
surface through its protonated −NH+ moiety, with the
formation of either NH+···S or NH+···Ru bonds in Path 2A
and 2C or Path 2B, respectively. Considering the ﬁrst
hydrogen addition events, Paths 2A and 2C, both involving a

proton rather than a hydride transfer, are much less
endothermic and therefore more plausible catalytic paths
than Path 2B. Path 2A involves an initial protonation catalyzed
by the S2−−(Hδ+) of site ii+ with ΔE values of −0.04 eV and
Path 2C the protonation on the Ru4+−(SH2) of site iii with ΔE
values of 0.08 eV. Both of these routes are much less
endothermic than that of the initial, hydridic hydrogen
addition path (ΔE = 1.34 eV, Path 2B). This trend is
expected, because pyridine, due to its high proton aﬃnity,
prefers to react with the proton in either S2−−(Hδ+) or Ru4+−
(SH2) rather than the hydride in Ru4+−(Hδ−), forming a
monohydropyridine with an −NH+ moiety as the most stable
intermediate.59 Both Paths 2A and 2C and their sequential
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3.4. Proposed Sequence of Elementary Steps and
Their Reaction Energies for Pyrrole Hydrogenation on
RuSx Covered Ru Clusters. During pyrrole hydrogenation,
H2 dissociation and H2S adsorption steps on RuSx-covered Ru
clusters (Steps H2 and H2S, Scheme 1a) remain identical to
those during pyridine hydrogenation. Both pyridine and
pyrrole hydrogenation reactions involve successive hydrogen
addition events, but the speciﬁc catalytic sequence and the
charge and identity of the reactive hydrogen in each event may
diﬀer, because of their diﬀerent proton aﬃnities, which dictate
their thermodynamic aﬃnity to accept a surface hydrogen, the
extent of complete proton transfer in forming their respective
charged, protonated intermediate, their adsorption conﬁgurations and adsorption energies, the kinetically relevant
activation free energies and in turn rates.
Pyrrole, due to its lower proton aﬃnity than pyridine, can
adsorb on Ru4+−(SH2)−S2− or Ru4+−S2− sites via weak van
der Waals interactions. Pyrrole adsorption and hydrogenation
pathways were explicitly studied on the extended S1 + 4H
surface model, accounting for the weak van der Waals
interactions and to conﬁrm the trend determined by SDE.
Scheme 3 summarizes plausible paths for pyrrole hydrogenation, including the heat of pyrrole adsorption, reaction
energies, and optimized structures of the intermediates,
accounting for the initial hydrogen attack by the proton in
the S2−−(Hδ+), the hydride in the Ru4+−(Hδ−), and the proton
in the Ru4+−(SH2)−S2− of sites ii+, ii−, and iii via Paths 3B,
3C, and 3A, respectively. This scheme also provides the
reaction energies for the energetically most favorable paths for
the second hydrogen attack of Sub-Paths 3A(β)1 and 3A(β)2.
Pyrrole adsorbs preferentially on Ru4+−(SH2)−S2− (on the S1
+ 4H surface model) and Ru4+−S2− (on the S1 + 2H surface
model), as Ru4+−(SH2−PYL)−S2− and Ru4+−(PYL)−S2−,
with a heat of adsorption of −0.54 and −0.64 eV, respectively.
The optimized geometry of pyrrole adsorption [PYL A*,
Ru4+−(SH2−PYL)−S2−] in Scheme 3 shows that the PYL A*
interacts predominantly through its pyrrolic ring with the
surfaces, in a conﬁguration distinctly diﬀerent than that of
pyridine (PYR*), which interacts through its N atom (Scheme
2). The bond distances of the SH···C(α) and SH···C(β) in
PYL A* are 3.30 and 2.66 Å, respectively, indicating a weak
interaction between the surface and pyrrole. The shorter SH···
C(β) bond distance suggests that in this case C(β) could be
attacked by the proton more easily than C(α). Alternatively, as
reported in Figure S7, the optimized geometry of the adsorbed
pyrrole on the S1 + 2H surface model, Ru4+−(PYL)−S2− (PYL
B*), shows an interaction with the surface S2− atom with a
NH···S2− bond distance of 2.52 Å.
Next, protonation of the α- and β-carbons of the pyrrolic
ring [Ru4+−(PYL)−S2−] by all of the H-containing surface
moieties via Paths 3A, 3B, and 3C was investigated. The direct
double hydrogen addition (Path 3B and Sub-Path 3B1) that
involves sequential addition of Hδ+ and then the Hδ− from
Ru4+−(Hδ−)−S2−−(Hδ+) [site ii] is the most thermodynamically preferred (ΔE = −0.31 eV) than that initiated by the
proton of site iii [ΔE = 0.60 and 0.34 eV for Paths 3A(α) and
3A(β), respectively] and hydride of site ii− [ΔE = 1.66 and
1.32 eV for Paths 3C(α) and 3C(β), respectively]. This
mechanism is reminiscent of Noyori-type homogeneous Ru
complex catalysts for hydrogenation, which proceeds through a
concerted proton/hydride addition on vicinal sites of the
substrate.60 The protonated pyrrole generated in Path 3B
(HPYL B*) is not stable on the surface and directly converts

hydrogen addition paths (Sub-Paths 2A1−2A3 and 2C1−2C3)
are considered in detail, and the two energetically most
favorable paths that lead to two parallel catalytic cycles are
depicted in complete catalytic sequences, labeled as PYR-A and
PYR-C in Scheme 4.
One of the two plausible routes (Sub-Path 2A1 in Scheme 2,
also Scheme 4 PYR-A) involves protonation of PYR* through
the transfer of the proton from S2−−(Hδ+) [site ii+] to PYR*.
As a result of this protonation, the S2−−(Hδ+) bond distance
lengthens from 1.37 to 1.95 Å and the N···H bond distance
shortens from 1.87 to 1.12 Å, indicating that a full proton
transfer from S2−−(Hδ+) to the N atom has occurred, forming
a positively charged, monohydrogenated pyridine intermediate
[HPYR A* in Scheme 2; Ru4+−(Hδ−)−S2−−(HPYR), Step
PYR-A(ii) in Scheme 4]. The protonated pyridine interacts
predominantly through its N atom, and the aromatic ring
remains nearly upright and away from the surface. The αcarbon of HPYR A* intermediate interacts with the hydride in
Ru4+−(Hδ−) [site ii−], forming adsorbed dihydropyridine
species, Ru4+−(Hδ−)−S2−−(H2PYR), via Sub-Path 2A1
(Scheme 2), also depicted in Step PYR-A(iii) of Scheme 4
PYR-A. This step is endothermic by 0.27 eV but is more
favorable than the other Sub-Paths 2A2 and 2A3, which
involve hydrogen addition from one of the hydrogens in Ru4+−
(SH2)−S2− to the β- and α-carbon of pyridine at much higher
endothermicities of 0.56 and 0.76 eV, respectively. Protonated
pyridine, as an electron-deﬁcient intermediate, prefers to
interact with an electron-rich hydride in Ru4+−(Hδ−) [site ii−]
rather than an electron-poor proton in S2−−(Hδ+) [site ii+] or
Ru4+−(SH2) [site iii]; thus, the endothermicity of Sub-Path
2A1 is lower than that of Sub-Path 2A2 or 2A3. In order to
complete the catalytic cycle, four other hydrogen additions
occur sequentially, during which the dihydropyridine intermediate converts to and desorbs as piperidine.
The other plausible pyridine hydrogenation route, as
outlined in Scheme 4 PYR-C, also as Sub-Path 2C1 in Scheme
2, begins with the same adsorbed pyridine (PYR*) followed by
the transfer of a proton in Ru4+−(SH2)−S2− to PYR*. This
protonation step involves a concomitant S−H bond cleavage
and N−H bond formation that converts Ru4+−(SH2−PYR)−
S2− to Ru4+−(SH-HPYR)−S2−[HPYR C*, Step PYR-C(i)].
Upon completion of the proton transfer, the S−H bond
lengthens from 1.41 Å in Ru4+−(SH2−PYR)−S2− to 1.95 Å in
Ru4+−(SH-HPYR)−S2−. The subsequent hydride addition
from a vicinal Ru4+−(Hδ−)−S2−−(Hδ+) to the α-carbon
forms the Ru4+−(SH-H2PYR)−S2− [Step PYR-C(ii)], dihydropyridine species that interacts with the vicinal Ru4+ cation
via weak van der Waals forces. This route is nearly
thermoneutral (0.02 eV), which is energetically more favorable
than the alternative routes involving addition of the protonic
S2−−(Hδ+) species to the α-carbon (ΔE of +0.64 eV, Sub-Path
2C2) and of the protonic H in the Ru4+−(SH2)−S2− to the γcarbon (ΔE of +0.91 eV, Sub-Path 2C3). Upon completion of
Step PYR-C(ii), the −H2PYR moiety transfers one of its H
atoms to the Ru4+−(SH)−S2−, regenerating the Ru4+−(SH2)−
S2− species, and the resulting −HPYR interacts with the vicinal
Ru4+−S2−−(Hδ+), forming the Ru4+−S2−−(H2PYR) species
[Step PYR-C(iii)]. Subsequently, the proton and hydride
addition steps will take turns to occur, leading to the adsorbed
piperidine [Ru4+−S2−−(Piperidine)]. The desorption of
piperidine completes a hydrogenation turnover [Step PYRC(iv) and PYR-C(v)].
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H2PYL)−S2−. The reaction is exothermic by −0.23 eV [SubPath 3A(β)1]. The alternative path of hydrogen addition from
S2−−(Hδ+) [site ii+] to α-carbon is endothermic, 0.38 eV
[Sub-Path 3A(β)2]. Both paths are less favored than the cycle
involving the direct double hydrogen additions.
3.5. Mechanistic Description, Rate Expression, Regression of Rate Data, and Interpretation of Kinetic
Parameters for Pyridine and Pyrrole Hydrogenation on
RuSx-Covered Ru Clusters. Pseudo-steady-state treatments
on the various reactive species described in the proposed
catalytic sequence in Schemes 4 lead to two generalized rate
expressions, one each for pyridine and pyrrole hydrogenation,
consistent with the proposed DFT-calculated reaction energies,
quasi-equilibrated H2 and H2S activation, and catalytic roles of
the surface proton and hydride proposed in sections 3.3 and
3.4. At a speciﬁc H2S:H2 ratio, which determines the sulfur
chemical potential, the sulfur content of working RuSx surfaces,
their surface structures, and the relative abundance of the
various reactive hydrogen species depicted in Scheme 1 remain
the same, irrespective of the chemical identity and reactivity of
the N-containing species. Thus, the equilibrium constants for
H2 and H2S activation, KH2 and KH2S, must have the exact same
values for pyridine and pyrrole hydrogenation when carrying
out these reactions at the same temperature within the
framework of a Langmuirian surface. The generalized
expression for the fraction of unoccupied Ru4+−S2− site pairs
during both reactions is

to dihydropyrrole (H2PYL B*, Scheme 3b), which adsorbs on
the Ru4+−Hδ− [site i] via formation of C(α)−H···Ru and
C(β)−H···S bonds with bond distances of 3.75 and 3.43 Å,
respectively. To answer the questions of which H initiates the
ﬁrst hydrogen addition and how it does so, i.e., the speciﬁc
carbon position (α- or β-carbon) to which it added onto, we
need to compare the SDE and the reactivities of the various H
species. As shown in Scheme 1c, the hydrogen in S2−−(Hδ+)
[site ii+, SDE = 0.37 eV] is more acidic than those in Ru4+−
Hδ− [site ii−, SDE = 0.74 eV] and Ru4+−(SH2) [site iii, SDE =
0.76 eV]; thus, it is most likely the reactive species involved in
the ﬁrst hydrogen attack. In Path 3A, addition to the β-carbon
[Path 3A(β), ΔE = 0.34 eV] is energetically more favored than
to the α-carbon [Path 3A(α), 0.60 eV]. Similar trends remain
for Path 3C, where addition to the β-carbon is less
endothermic than to the α-carbon [1.32 eV for Path 3C(β)
vs 1.66 eV for Path 3C(α)]. These results lead us to propose
Path 3B as the most plausible route, where the proton from
S2−−(Hδ+) attacks the β-carbon of the pyrrolic ring ﬁrst and
then the hydride from Ru4+−(Hδ−) attacks the α-carbon. This
proton and hydride attack sequence appears, at ﬁrst glance, to
be the exact opposite of that expected based on the higher gasphase proton aﬃnity of the α- than β-carbon.34,35 It is worth
mentioning that the origin of the regioselectivity of pyrrole
protonation, in gas- and liquid-phase catalysis, is generally
ascribed to the presence of larger lobes of the HOMO on
C(α), which would explain this higher reactivity (and higher
proton aﬃnity). However, when adsorbed on a surface, other
factors could play a role: in this case, the orientation of the
adsorbed molecule allows it to interact more eﬃciently
through SH···C(β) than SH···C(α), as indicated by the bond
lengths reported in Scheme 3b. We hypothesize that these
interactions of the pyrrolic ring to RuSx surfaces, together with
the steric hindrance, deﬁne the proton−hydride attack
sequence and, within the sequence, the carbon position to
which each step occurs.
Scheme 4 PYL-B describes the entire catalytic sequences of
Path 3B. First, pyrrole adsorbs at two diﬀerent sites via Step
PYL-B(iA) or PYL-B(iB); these adsorbed pyrroles undergo an
identical protonation step by the attack of S2−−(Hδ+) [site ii+]
to their β-carbon, generating Ru4+−(Hδ−)−S2−−(HPYL)
[Step PYL-B(iiA) or Step PYL-B(iiB)]. Since Ru4+−(Hδ−)−
S2−−(HPYL) is not stable, it undergoes the second hydrogen
addition readily to Ru4+−S2−−(H2PYL) via a hydride attack
from the Ru4+−(Hδ−) [site ii−] to the α-carbon of the Nintermediate [Step PYL-B(iii)]. Following this hydride
addition, the additional proton and hydride addition steps
lead to the adsorbed pyrrolidine [Ru4+−S2−−(Pyrrolidine),
Step PYL-B(iv)], which then desorbs to complete a hydrogenation turnover [Step PYL-B(v)].
We also consider two other plausible paths and their
sequential hydrogen addition events [Sub-Path 3A(β)1 and
Sub-Path 3A(β)2], during which the ﬁrst hydrogen addition
occurs from one of the reactive hydrogens in the Ru4+−
(SH2)−S2− couple to the β-carbon of the pyrrolic ring [Path
3A(β)], generating Ru4+−(SH-HPYL)−S2− [HPYL A(β)*],
with a RuS···C(β) bond distance of 1.91 Å. Following this step
the second hydrogen addition involves hydrogen addition from
Ru4+−(Hδ−) [site ii−] to α-carbon, forming Ru4+−(SH-

[Ru 4 +−S2 −]
1
=
[Tj]
[θ + φj]

(13)

where
θ = 1 + K H2[H 2] + K H2S[H 2S]

(14)

φPYR = KPYR,ads[PYR]K H2S[H 2S] + KHPYR,AKPYR,ads[PYR]
K H2[H 2] + KHPYR,CKPYR,ads[PYR]K H2S[H 2S] + ...
(15)

φPYL = (KPYL,ads,A[PYL]K H 2S[H 2S])d
+ (KPYL,ads,B[PYL])1 − d + KHPYLKPYL,ads,B[PYL]
K H2[H 2] + ...

(16)

where [Tj] refers to the total surface sites during j (j = pyridine
or pyrrole hydrogenation) reaction. θ reﬂects the total surface
concentrations of Ru4+−S2−, Ru4+−(Hδ−)−S2−−(Hδ+), and
Ru4+−(SH2)−S2− sites unoccupied by N-heteroarene and is a
function of the partial pressures and equilibrium constants,
described in eq 14. φj represents the surface coverages of the
heteroarene. Parameter d diﬀerentiates whether the hydrogen
addition initiates from the adsorbed pyrrole on site i, as Ru4+−
(PYL)−S2− (d = 0), or on site iii, as Ru4+−(SH2−PYL)−S2−
(d = 1). Elementary rate constants and equilibrium constants
kHYD,PYR,A, kHYD,PYR,C, kHYD,PYL, KPYR,ads, KHPYR,A, KHnPYR,A,
KHPYR,C, KHnPYR,C, KPYL,ads,A, KPYL,ads,B, KHPYL, and KHnPYL are
deﬁned in Scheme 4.
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rHYD,PYR = rHYD,PYR,A + rHYD,PYR,C
=

{

}

kHYD,PYR,A (K Hn−1PYR,AK Hn−2PYR,A ... KHPYR,A)n = a , a ≥ 2 KPYR,ads [PYR](K H2S[H 2S])a2≤−2a (K H2[H 2])a
2

+

(θ + φPYR )
kHYD,PYR,C (K Hn−1PYR, CK Hn−2PYR,C ... KHPYR,C)n = c , c ≥ 2 KPYR,ads [PYR]K H2S[H 2S](K H2[H 2])c − 1

rHYD,PYL =

{

}

2

{θ + φPYR }c = 1 or {(θ + φPYR ) }c ≥ 2

{

(17)

}

kHYD,PYL (K Hn − 1PYLK Hn − 2PYL ... KHPYL)n = b , b ≥ 2 (KPYL,ads,A )d (KPYL,ads,B)1 − d [PYL](K H2S[H 2S])bd= 1(K H2[H 2])b
(θ + φPYL)2

Each pyridine hydrogenation turnover requires six hydrogen
addition steps, and that of pyrrole requires four. Assuming that
the ath hydrogen addition event is a kinetically relevant step
for Path 2A (rHYD,PYR,A; PYR-A in Scheme 4) and the cth
hydrogen addition event is that for Path 2C (rHYD,PYR,C, PYR-C
in Scheme 4), where a and c are integers ranging from 1 to 6
because the pyridine hydrogenation reaction involves six
hydrogen addition events, the generalized turnover rate
expression for pyridine hydrogenation (rHYD,PYR) is given in
eq S22 of the Supporting Information. Since the reaction order
of H2 for pyridine hydrogenation is 1.30 (±0.04) as described
in section 3.2, the kinetically relevant steps occur earlier on,
i.e., during either the ﬁrst or the second hydrogen addition.
Therefore, a and c values are further narrowed down to either
1 or 2 (1 ≤ a ≤ 2, 1 ≤ c ≤ 2), and the generalized turnover rate
expression becomes eq 17.
Similarly, pseudo-steady-state treatments and the assumption of the bth hydrogen addition, where b is an integer ranging
from 1 to 4 because pyrrole hydrogenation requires four H
species, as the kinetically relevant step for pyrrole hydrogenation via PYL-B pathway lead to the generalized rate
expression for pyrrole turnover (rHYD,PYL), as shown in eq S32
of Supporting Information. Since the reaction order of H2 for
pyrrole hydrogenation, as shown in section 3.2, is 1.08
(±0.05), the kinetically relevant step is assumed to be one of
the initial two hydrogen addition events; therefore, the b value
is less than or equal to 2 (1 ≤ b ≤ 2), and the generalized rate
expression is written as eq 18.
By keeping the KH2 and KH2S values during pyridine and
pyrrole hydrogenation the same and independent of the
chemical identity of organonitrogen reactants, the rate data in
Figures 4 and 5 are regressed simultaneously against their
respective rate expressions in eqs 17 and 18, via nonlinear
regression, by minimizing the residual sum of squares. The
predicted rates for both reactions are included in Figures 4 and
5 for a direct comparison with the measured rates. Kinetic and
thermodynamic parameters, including a, b, c, d, KH2, KH2S,
KHPYR,AKPYR,adsKH 2, (KHPYR,C + 1)KPYR,adsKH 2S,
kHYD,PYR,AKHPYR,AKPYR,ads(KH 2S)2−a(KH 2)a,
kHYD,PYR,CKHPYR,CKPYR,adsKH 2S(KH 2)c−1, KPYL,ads,B,
KHPYLKPYL,ads,BKH 2, KPYL,ads,AKH 2S, and
kHYD,PYL(KPYL,ads,AKH 2S)d(KPYL,ads,B)1‑d(KH 2)b, are shown in
Table 2, and the parity plots are given in Figure 6.

(18)

In terms of pyridine hydrogenation, parameters a and c both
acquire a value of 2.0 (±0.2), indicating that the second
hydrogen additions via both Step PYR-A(iii) and Step PYRC(ii) are kinetically relevant. This is in agreement with the
DFT results, which suggest that for Path 2A and Sub-Path 2A1
the endothermic, second hydrogen addition to pyridine is
kinetically more challenging than the initial, exothermic
pyridine protonation. For Path 2C and Sub-Path 2C1, both
hydrogen addition steps are thermoneutral and energetically
comparable.
With regard to pyrrole hydrogenation, parameter b equals
1.0 (±0.02), indicating that its initial protonation via Step
PYL-B(iiB) is the kinetically relevant step. This result agrees
with the DFT calculations (section 3.4) that pyrrole prefers to
undergo direct double hydrogenation via Path 3B, where the
second hydrogen addition from Ru4+−(Hδ−)−S2−−(HPYL) to
Ru4+−S2−−(H2PYL) occurs incipiently following the initial
hydrogen addition. For this reason, the ﬁrst hydrogen addition
of Path 3B, which requires higher energies than the second
hydrogen addition step, is most likely the kinetically relevant
step. Since parameter d is less than 0.02, the hydrogen addition
is more likely to occur on Ru4+−(PYL)−S2− rather than on
Ru4+−(SH2−PYL)−S2− species. However, we can argue that
pyrrole can easily migrate on the Ru4+−(PYL)−S2− adsorption
site in the S1 + 2H surface model to a vicinal site in the S1 +
4H surface model and react with the reactive hydrogen, such as
those of site ii.
Taking the above parameters, eqs 17 and 18 are further
simpliﬁed into eqs 19 and 20, respectively. The relative
magnitudes of the terms present in the denominators of eqs 19
and 20 reﬂect the abundances of the various sites. During
pyridine hydrogenation, the Ru4+−S2− [site i] site fraction
ranges from 39.7% to 83.0% and that of Ru4+−(SH2)−S2− [site
iii] from 3.5% to 26.6%. During pyrrole hydrogenation both of
these site fractions are proportionally higher than pyridine,
exposing 50.9−81.4% Ru4+−S2− and 4.0−28.7% Ru4+−(SH2)−
S2−, because of the weaker adsorption of pyrrole than pyridine
on RuSx surfaces. The coverage ratios of site i:iii for both
pyridine and pyrrole hydrogenation are between 2.1 and 16.0,
proportionally varying with H2S partial pressure (1.8−13.5
kPa), as depicted by eq 4. The equilibrium constant, KH2, has a
near zero value and remains insigniﬁcant; thus, the coverage of
Ru4+−(Hδ−)−S2−−(Hδ+) species [site ii] is negligible. The
equilibrium constant of H2S adsorption, KH2S [3.5 (±0.2) × 10
−2
kPa−1], is much larger than KH2 (<1.0 × 10 −7 kPa−1), as
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is 2 orders of magnitude higher than that of H2 dissociation

expected and in agreement with those reported for thiophene
hydrodesulfurization on sulﬁded Ru/SiO2, where the equilibrium constant for H2S adsorption [8.9 (±3.6) × 10−2 kPa−1]
rHYD,PYR =

[1.17 (±0.9) × 10−4 kPa−1] at 623 K.61

kHYD,PYR,AKHPYR,AKPYR,ads[PYR](K H2[H 2])2 + kHYD,PYR,CKHPYR,CKPYR,ads[PYR]K H2S[H 2S]K H2[H 2]
{1 + K H2[H 2] + K H2S[H 2S] + KHPYR,AKPYR,ads[PYR]K H2[H 2] + (KHPYR,C + 1)KPYR,ads[PYR]K H2S[H 2S]}2

rHYD,PYL =

(19)

kHYD,PYLKPYL,ads,B[PYL]K H2[H 2]
(1 + K H2[H 2] + K H2S[H 2S] + KPYL,ads,B[PYL])2

A more detailed analysis on the relative contributions from
the two rate terms rHYD,PYR,A and rHYD,PYR,C at 573 K shows
that, at low H2S:H2 ratios, Step PYR-A(iii) is the predominant
reaction path (rHYD,PYR,A/rHYD,PYR,C = 1.28−3.12, 1.44 × 10−3−
3.52 × 10−3 H2S:H2 ratio). However, at high H2S:H2 ratios,
Step PYR-C(ii) becomes kinetically signiﬁcant (rHYD,PYR,A/
rHYD,PYR,C = 0.17−0.42, 1.08 × 10−2−2.64 × 10−2 H2S:H2
ratio).
3.6. Catalytic Signiﬁcance of Ligands on the
Formation of Proton−Hydride Pairs on Transition
Metal Surfaces and Their Roles in Heteroarene Hydrogenation and Hydrotreatment Processes. Cationic metal
and anionic sulfur ligand promote the incipient generation of
proton−hydride pairs, as illustrated here on model RuS2(100)
surfaces deﬁcient of sulfur. Proton and hydride each has their
respective catalytic function, and together they are required for
the successive proton and hydride insertion events for breaking
the strong aromaticity in heteroarenes, demonstrated here with
basic pyridine and nonbasic pyrrole as the examples.
These catalytic requirements of proton and hydride pairs are
evident not only during hydrotreatments, which include
hydrodenitrogenation and hydrodesulfurization catalysis, but
also during hydrodeoxygenation catalysis. Despite their general
catalytic involvements, the detailed mechanism across these
seemingly distinct classes of reactions over diﬀerent transition
metal catalysts has not been unambiguously established.
However, the correlation established here between the
chemical identity of surface hydrogen atoms and their kinetic
role on pyridine and pyrrole hydrogenation can revisit and
reconcile the results of previous mechanistic studies focusing
on wide-ranging hydrotreating catalysis.
A previous experimental study on pyridine hydrodenitrogenation on sulﬁded NiMo/γ-Al2O3 has proposed that the
hydrogenation involves successive proton and hydride addition
steps.62 DFT calculations of pyridine hydrogenation on Nipromoted MoS2 (1010) edge sites have also suggested that the
reaction involves Ni−H and −SH groups.59 However, these
studies have not reached a consensus on the identity of the
kinetically relevant step and the charge of reactive hydrogen
species involved in each of the H-addition steps within the
catalytic sequence. Our study has shown that the acidic Hδ+ in
the S2−−(Hδ+) species, found also on MoS2, CoMoS, Rh2S3,
and PdS surfaces,30,63 initiates the catalytic turnover by
protonating the reactants (Path 2A, Scheme 2; Path 3B,
Scheme 3), after which a sequential hydride attack occurs.
Our combined kinetic studies and quantum chemical
calculations show similar mechanistic steps for both pyridine
and pyrrole hydrogenation reactions. Both reactions occur via

(20)

an initial proton attack followed by a hydride addition but the
kinetic relevance of these steps diﬀers, caused largely by the
diﬀerences in proton aﬃnities, adsorption conﬁgurations, and
extents of proton transfer. Highly basic pyridine undergoes an
incipient protonation, followed by a kinetically relevant
hydride attack. In contrast, less basic pyrrole undergoes a
kinetically relevant protonation at its β-carbon before a hydride
addition to its α-carbon. These mechanistic diﬀerences lead to
the contrasting rate eﬀects of H2S, where H2S promotes
pyridine but retards pyrrole hydrogenation.
The contradictory eﬀects of H2S have been recognized
previously, but their mechanistic drivers have not been clearly
identiﬁed. A previous study of 2-methylpyridine hydrogenation
on NiMo/Al2O3 has illustrated that H2S promotes the
reactions at low H2S:H2 ratios (4.8 MPa H2 and 0−10 kPa
H2S, 573 K), as it assists with the adsorption of basic N-rings.
However, H2S inhibits the reactions at higher H2S:H2 ratios
(4.8 MPa H2 and 30−100 kPa H2S, 573 K) because it occupies
and thus blocks the active site required for hydrogenation.64
Our study suggests that H2S-derived Ru4+−(SH2)−S2− species
[site iii] promote pyridine but not pyrrole protonation.
Table 2. Kinetic Parameters for Pyridine and Pyrrole
Hydrogenation on RuSx-Covered Ru Clusters at 573 K,
Derived from Rate Data Regression
common parameters

values

KH2 (kPa−1)

<1.0 × 10−7

KH2S (kPa−1)

3.5 (±0.2) × 10−2

parameters for pyridine HYD
a
c
KHPYR,AKPYR,adsKH2S (kPa−2)

2.0 (±0.2)
2.0 (±0.2)
3.9 (±0.2) × 10−5

(KHPYR,C + 1)KPYR,adsKH2S (kPa−2)

2.2 (±0.1) × 10−2

5.0 (±0.3) × 10−4
kHYD,PYR,AKHPYR,AKPYR,ads(KH2S)2−a(KH2)a
(μmol molsurf.Ru−1 s−1 kPa−3)
kHYD,PYR,CKHPYR,CKPYR,adsKH2S(KH2)c−1
0.11 (±0.02)
(μmol molsurf.Ru−1 s−1 kPa−1‑c)
parameters for pyrrole HYD
b
1.0 (±0.02)
d
<0.02
KPYL,ads,B (kPa−1)
3.7 (±0.4) × 10 −2
−2
KHPYLKPYL,ads,BKH2 (kPa )
<1.0 × 10 −7
KPYL,ads,AKH2S (kPa−2)
kHYD,PYL(KPYL,ads,AKH2S)d(KPYL,ads,B)1−d(KH2)b
(μmol molsurf.Ru−1 s−1 kPa−d‑b‑1)
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these results by considering formation of the proton−hydride
pair, where the proton coordinates to the S or P ligand and the
hydride binds to the cationic Mo, through a step similar to eq
3. Although few studies have examined the elementary
reactions of these proton and hydride pairs, we anticipate
that their catalytic roles remain similar to those reported here.
The synergistic function of proton−hydride pairs has also
been reported at other interfaces during the hydrogenation of
unsaturated functional groups66,76,77 or hydrogenolysis of
strong bonds (i.e., C−O linkage)78−80 as well as in the
homogeneous catalysis for the hydrogenation of unsaturated
compounds with CO and CN groups.81−84 At metal (i.e.,
Ru) and support (i.e., TiO2) interfaces,78,79 metallic Ru atoms
and anionic lattice oxygen ligands from the TiO2 support
catalyze the heterolytic dissociation of H2, forming Ru−Hδ−
and O−Hδ+ pairs that are highly eﬀective for the selective C−
O bond rupture of phenolic compounds (phenol78 and mcresol79). At metal (i.e., Ru,66,77,80 Pd,66,76 and Pt66) and protic
solvent interfaces (i.e., R−OH, R = CxH2x+1, x = 0−4), a
fraction of metal hydrides (i.e., Ru−Hδ−) could undergo
solvent-assisted ionization to form the solvated protons [i.e.,
Hδ+(ROH)n]. These Hδ− and interfacial Hδ+ coexist and
function in sequence66,76,80 or in parallel77 to either attack the
unsaturated CO bond in carbonyls,66 furfural,76 and acetic
acid77 or synergistically lower the overall kinetic hurdle during
the activation of a strong C−O bond in lignin-derived phenolic
monomers.80 Besides, in homogeneous Ru complexes {i.e.,
trans-Ru(H2)(diphosphine)(diamine),81 RuH(NH2CH2CH2Y)(η6-benzene)(Y = O or NH),82 RuCl[NH2CH(C6H5)CH(C6H5)N(SO2Ar)](η6-arene)(Ar = 4CH3C6H4)83,84}, the polarized Ru cation and N anionic ligand
pairs heterolyticaly dissociate H2, generating Ruδ+−Hδ− and
Nδ−−Hδ+ pairs that participate in the hydrogenation of ketones
(CO)81,82 and imines (CN).83,84 These Ru cationic and
anionic ligand pairs that are found at the interfaces of metal
and support and of metal and protic solvent and in
homogeneous transition metal complexes could also promote
formation of proton−hydride pairs, which may further facilitate
hydrogenation reactions via mechanistically similar steps with
those on Ru4+−S2− site pairs.

Figure 6. Parity plots for the predicted (from eqs 17 and 18) and
kinetic parameters in Table 2 and measured turnover rates of (a)
pyridine and (b) pyrrole HYD reactions at 573 K and 1.5 MPa with
1.8−13.5 kPa H2S (○, ◇), 510−1250 kPa H2 (□, ☆), and 4.5−13.5
kPa pyridine (△) or pyrrole (◁).

Previous DFT calculations for pyrrole hydrogenation on Nipromoted MoS2 (1010) edge sites have shown that pyrrole
protonation by the molecularly adsorbed H2S on the Ni edge is
more endothermic than that by the hydrogen of the Ni−H
group and of the −SH group residing on the basal plane.59 Our
interpretation is in agreement with these studies that the
proton from the S2−−(Hδ+) [site ii+] rather than Ru4+−
(SH2)−S2− [site iii] initiates the kinetically relevant pyrrole
protonation step. When H2S pressure increases, the surface
abundance of Ru4+−(SH2)−S2− increases and that of Ru4+−
(Hδ−)−S2−−(Hδ+) concomitantly decreases; thus, the catalytic
routes of Step PYL-B(iiB) become suppressed. As a result, H2S
inhibits pyrrole hydrogenation.
Looking beyond N-heteroarene, the hydrogenation of
unsaturated heteroatom-containing hydrocarbons, including
those containing S (thiophene61 and dibenzothiophene65) and
O (aliphatic carbonyls66), also requires successive proton−
hydride pair additions. Since N-, S-, and O-containing
heteroarenes are all electron-rich structures, their hydrogenation prefers to initiate with a proton addition step
followed by a hydride addition step. For example, proton
addition (adsorbed −SHδ+) initiates thiophene hydrodesulfurization on sulﬁded Ru clusters, followed by a sequential
hydride addition (adsorbed Hδ− species).61 Studies of
dibenzothiophene hydrodesulfurization on MoS2 dispersed
on TiO2, Al2O3, or ZrO2 supports have also suggested the
requirements of successive proton and hydride additions.65
Furthermore, despite the fact that only a few studies have
examined the elementary steps for the hydrogenation of Ocontaining heteroarenes on metal sulﬁdes, sulﬁded CoMo/
Al2O3 catalysts exhibit higher reactivities in furan hydrodeoxygenation than their reduced counterpart; this reactivity
trend suggests that the hydrogen of surface −SH species
generated from sulﬁdation is much more reactive than the
hydrogen adatoms prevalent on unsulﬁded catalysts.67
In addition to transition metal sulﬁdes, transition metal
oxides (MoO3/Al2O3 and CoO-MoO3/Al2O3),68 phosphides
(Ru2P69 and NiWP/SiO270), and carbides (NbMo2C/SiO2,
Mo2C/SiO2, NbC/SiO2)71 are also eﬀective for generating
proton−hydride pairs. These materials all contain surface
cation and anion pairs that are known to activate hydrogen
heterolytically, as previously conﬁrmed on metal nitrides and
metal oxides (MoN272 and MgO73,74) via infrared studies.
Prior research on the promotional eﬀect of adsorbed S atoms
on the MoP(010) surface for thiophene hydrodesulfurization
has concluded that S moderately lowers the activation barriers
for breaking the C−S bond in thiophene.75 We can revisit

4. CONCLUSIONS
Rate assessments in the kinetically controlled regime and away
from thermodynamic constraints, density functional theory
calculations, and X-ray photoelectron spectroscopic studies
shed light onto the generalized mechanistic requirements of
proton−hydride pairs for heteroarene hydrogenation.
Proton−hydride pairs form incipiently on Ru clusters, as
these clusters are exposed to H2S−H2 mixtures, sulﬁded, and
reconstructed to expose S-poor RuS2 facets. These facets
expose Ru cations and sulfur anions (Ru4+−S2−) as reactive
pairwise centers for activating H2 and H2S and generating the
proton−hydride pairs. H2 activates heterolytically, forming the
proton−hydride pairs, Ru4+−(Hδ−)−S2−−(Hδ+). In addition,
H2S adsorbs molecularly as Ru4+−(SH2)−S2−, and its
hydrogen atoms also acquire proton characters. These
proton−hydride pairs initiate the hydrogenation of basic
pyridine and nonbasic pyrrole.
The hydrogenation of N-heteroarenes occurs via a
generalized sequence of proton and hydride attack events.
First, the organonitrogen reactants adsorb on RuSx surfaces,
followed by proton attack and then hydride attack. Basic
pyridine adsorbs on RuSx surfaces via weak interactions
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between its N atom and a Ru4+−(SH2)−S2− site, followed by a
protonation step, during which it accepts a proton from either
Ru4+−(Hδ−)−S2−−(Hδ+) or Ru4+−(SH2)−S2− sites. The
subsequent hydride addition limits hydrogenation rates.
Pyrrole, a nonbasic molecule with a much lower proton
aﬃnity than pyridine, adsorbs on a Ru4+−S2− site of RuSx
surfaces via weak interactions. It undergoes a kinetically
relevant initial protonation via its β-carbon followed by a
hydride addition to its α-carbon. The diﬀerences in exact
positions of the proton and hydride attacks within the
heteroarenes and in the identity of the kinetically relevant Haddition step cause pyridine and pyrrole to both exhibit
positive dependencies on H2 but opposite dependencies on
H2S. For pyridine hydrogenation, both H2 and H2S promote
catalytic turnovers because the protons in S2−−(Hδ+) and
Ru4+−(SH2) that are involved in the quasi-equilibrated
protonation steps are derived from H2 and H2S, respectively.
For pyrrole hydrogenation, H2 promotes but H2S inhibits the
turnover rates because only the proton from H2 dissociation,
S2−−(Hδ+), is able to interact with and protonate the pyrrole in
the initial, kinetically relevant protonation step. An increase in
H2S pressure reduces the Ru4+−(Hδ−)−S2−−(Hδ+) site density
and thus the rates.
This combined experimental and theoretical study establishes a generalized mechanistic framework for the hydrogenation of N-heterocyclic compounds, capturing the catalytic
involvements of the reactive hydrogen species with protonic
(Hδ+) and hydridic (Hδ−) characters, and describing how
proton−hydride pairs attack the heterocyclic N-ring, mediate
the potential energy landscape, and dictate the kinetically
favorable pathways.
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Pawelec, B.; Fierro, J.; Jiménez-López, A.; Rodríguez-Castellón, E.
Role of Cs on Hydrodesulfurization Activity of RuS2 Catalysts
Supported on a Mesoporous SBA-15 Type Material. ACS Catal. 2011,
1, 175−186.
(46) Mun, C.; Ehrhardt, J.; Lambert, J.; Madic, C. XPS
Investigations of Ruthenium Deposited onto Representative Inner
Surfaces of Nuclear Reactor Containment Buildings. Appl. Surf. Sci.
2007, 253, 7613−7621.
(47) Mitchell, P. C.; Scott, C. E.; Bonnelle, J.-P.; Grimblot, J. G. Ru/
Alumina and Ru-Mo/Alumina Catalysts: An XPS Study. J. Catal.
1987, 107, 482−489.
(48) McCarty, J. G.; Wise, H. Thermodynamics of Sulfur
Chemisorption on Metals. II. Alumina Supported Ruthenium. J.
Chem. Phys. 1981, 74, 5877−5880.
(49) Wyckoﬀ, R. W. G.; Wyckoﬀ, R. W. Crystal Structures;
Interscience: New York, 1960.
(50) Van Hardeveld, R.; Hartog, F. The Statistics of Surface Atoms
and Surface Sites on Metal Crystals. Surf. Sci. 1969, 15, 189−230.
(51) Jobic, H.; Clugnet, G.; Lacroix, M.; Yuan, S.; Mirodatos, C.;
Breysse, M. Identification of New Hydrogen Species Adsorbed on
Ruthenium Sulfide by Neutron Spectroscopy. J. Am. Chem. Soc. 1993,
115, 3654−3657.
(52) Dumonteil, C.; Lacroix, M.; Geantet, C.; Jobic, H.; Breysse, M.
Hydrogen Activation and Reactivity of Ruthenium Sulfide Catalysts:
Influence of the Dispersion. J. Catal. 1999, 187, 464−473.
9436

DOI: 10.1021/acscatal.9b01997
ACS Catal. 2019, 9, 9418−9437

Research Article

ACS Catalysis

(74) Ito, T.; Sekino, T.; Moriai, N.; Tokuda, T. Hydrogen
Adsorption on Magnesium Oxide Powders. J. Chem. Soc., Faraday
Trans. 1 1981, 77, 2181−2192.
(75) Li, G.; Zhao, L.; Zhu, H.; Liu, X.; Ma, H.; Yu, Y.; Guo, W.
Insight into Thiophene Hydrodesulfurization on Clean and SModified MoP(010): A Periodic Density Functional Theory Study.
Phys. Chem. Chem. Phys. 2017, 19, 17449−17460.
(76) Zhao, Z.; Bababrik, R.; Xue, W.; Li, Y.; Briggs, N. M.; Nguyen,
D.-T.; Nguyen, U.; Crossley, S. P.; Wang, S.; Wang, B.; Resasco, D. E.
Solvent-Mediated Charge Separation Drives Alternative Hydrogenation Path of Furanics in Liquid Water. Nat. Catal. 2019, 2,
431−436.
(77) Shangguan, J.; Olarte, M. V.; Chin, Y.-H. C. Mechanistic
Insights on C-O and C-C Bond Activation and Hydrogen Insertion
During Acetic Acid Hydrogenation Catalyzed by Ruthenium Clusters
in Aqueous Medium. J. Catal. 2016, 340, 107−121.
(78) Nelson, R. C.; Baek, B.; Ruiz, P.; Goundie, B.; Brooks, A.;
Wheeler, M. C.; Frederick, B. G.; Grabow, L. C.; Austin, R. N.
Experimental and Theoretical Insights into the Hydrogen-Efficient
Direct Hydrodeoxygenation Mechanism of Phenol over Ru/TiO2.
ACS Catal. 2015, 5, 6509−6523.
(79) Omotoso, T. O.; Baek, B.; Grabow, L. C.; Crossley, S. P.
Experimental and First Principles Evidence for Interfacial Activity of
Ru/TiO2 for the Direct Conversion of m-Cresol to Toluene.
ChemCatChem 2017, 9, 2642−2651.
(80) Shangguan, J.; Pfriem, N.; Chin, Y.-H. C. Mechanistic Details of
C-O Bond Activation in and H-Addition to Guaiacol at Water-Ru
Cluster Interfaces. J. Catal. 2019, 370, 186−199.
(81) Abdur-Rashid, K.; Faatz, M.; Lough, A. J.; Morris, R. H.
Catalytic Cycle for the Asymmetric Hydrogenation of Prochiral
Ketones to Chiral Alcohols: Direct Hydride and Proton Transfer from
Chiral Catalysts trans-Ru(H)2(diphosphine)(diamine) to Ketones
and Direct Addition of Dihydrogen to the Resulting Hydridoamido
Complexes. J. Am. Chem. Soc. 2001, 123, 7473−7474.
(82) Yamakawa, M.; Ito, H.; Noyori, R. The Metal-Ligand
Bifunctional Catalysis: A Theoretical Study on the Ruthenium (II)Catalyzed Hydrogen Transfer Between Alcohols and Carbonyl
Compounds. J. Am. Chem. Soc. 2000, 122, 1466−1478.
(83) Noyori, R.; Hashiguchi, S. Asymmetric Transfer Hydrogenation
Catalyzed by Chiral Ruthenium Complexes. Acc. Chem. Res. 1997, 30,
97−102.
(84) Uematsu, N.; Fujii, A.; Hashiguchi, S.; Ikariya, T.; Noyori, R.
Asymmetric Transfer Hydrogenation of Imines. J. Am. Chem. Soc.
1996, 118, 4916−4917.

(53) Heise, W.; Lu, K.; Kuo, Y.; Udovic, T.; Rush, J.; Tatarchuk, B. J.
Neutron Scattering Study of Hydrogen on Ruthenium Sulfide. J. Phys.
Chem. 1988, 92, 5184−5188.
(54) Berhault, G.; Lacroix, M.; Breysse, M.; Maugé, F.; Lavalley, J.
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