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The search for new ligands capable of modifying the metal nanoparticle (MNP) catalytic behavior is of
increasing interest. Herein we present the first example of RuNPs stabilized with non-planar heptagon-
containing saddle-shaped nanographenes (Ru@l and Ru@2). The resemblance to graphene-supported
MNPs makes these non-planar nanographene-stabilized RuNPs very attractive systems to further
investigate graphene—metal interactions. A combined theoretical/experimental study allowed us to
explore the coordination modes and dynamics of these nanographenes at the Ru surface. The curvature
of these saddle-shaped nanographenes makes them efficient MNP stabilizers. The resulting RUNPs were
found to be highly active catalysts for the hydrogenation of aromatics, including platform molecules
derived from biomass (i.e. HMF) or liquid organic hydrogen carriers (i.e. N-indole). A significant ligand
effect was observed since a minor modification on the hept-HBC structure (C=CH, instead of C=0)
was reflected in a substantial increase in the MNP activity. Finally, the stability of these canopied RuNPs
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Introduction

The use of metal nanoparticles (MNPs) in catalysis has attracted
huge attention in the last few years." The reason for this massive
interest is the great potential of MNPs as catalysts. Their
particular electronic configuration, small size (1-100 nm) and
high active surface area make them exceptionally active cata-
lysts. The catalytic properties of MNPs are greatly influenced by
ligands used as stabilizers (i.e. nitrogen-, phosphorus- carbon-
or oxygen-containing ligands),”> which, in the same way as in
organometallic chemistry, are able to modify the electronic and
steric properties of active metal centers.®> Ligand-substrate
interactions can also enhance or hinder the reactivity of certain
functional groups, and therefore influence the reactivity of
ligand-stabilized MNPs.* In this context, the search for potential
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was investigated by multiple addition experiments, proving to be stable catalysts for at least 96 h.

ligands capable of modifying the MNP catalytic behavior is
always a challenge. For example, some of us have recently
developed a new class of ligands based on zwitterionic adducts
of N-heterocyclic carbenes (NHCs) and carbodiimides as effi-
cient stabilizers able to modify MNP reactivity,” where small
variations in the N-substituents lead to significant changes in
the catalytic activity of MNPs.®

The pursuit of new families of ligands led us to explore for
the first time the use of non-planar polycyclic aromatic hydro-
carbons (PAHSs) or distorted nanographenes in MNP stabiliza-
tion. Non-planar carbon-based aromatic systems have been
gaining great attention due to their special geometry and
optoelectronic properties compared to their planar counter-
parts.” In addition, these non-planar nanographenes can be
suitable models for MNP-graphene interaction studies, since
graphene materials normally contain non-hexagonal rings
(pentagons or heptagons) that curve these 2D structures,
modifying their original properties.”*® It is very well known that
these defect sites act as excellent anchoring points for MNPs.”
However, most of the interaction studies between MNPs and
graphene materials have been performed by DFT calculations.
In general, these computational studies predict that the inter-
action between MNPs and defect-free graphenes is weak, and
although there is an overlapping between the 7 orbitals of the
graphene and the d electrons of the MNPs, the presence of
defect sites (i.e. curvature, doping elements or functional
groups) is necessary for a strong MNP-graphene interaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The lack of experimental interaction studies, together with the
possibility of synthesizing distorted nanographenes doped or
functionalized, makes non-planar PAHs potentially ideal
molecules for fundamental metal-graphene interaction inves-
tigations. Thus, non-planar PAHs with a five-membered-ring
and a positive curvature have been reported to interact with
multi-metallic complexes on account of their adaptability and
shape.™ It has also been shown that the inclusion of seven-
membered rings in nanographenes leads to a saddle-shaped
curvature and induces changes in optoelectronic responses
and increases solubility."” Particular supramolecular interac-
tions of those saddle-shaped nanographenes have been scarcely
reported,™ which might have an impact on the interaction with
MNPs and the subsequent catalytic activity. Besides, to the best
or our knowledge, their use as ligands for MNPs has no
precedents.

Spectroscopic techniques, such as NMR, XPS or FT-IR, have
been demonstrated as appropriate techniques to investigate the
binding mode and dynamics of coordinating ligands on MNP
surfaces.* This, together with the great importance of theoret-
ical calculations to clarify experimental data, makes joint
theoretical/experimental studies ideal to determine the coordi-
nation mode of stabilizing ligands®* and better understand the
chemical processes at the MNP surface.'® Recently, the coordi-
nation of carboxylic acids to ruthenium nanoparticles (RuNPs)
was investigated through a combined experimental and theo-
retical study.'® The interaction of ligands at the MNP surface
can occur through different coordination modes, what ulti-
mately is going to define the catalytic properties of the catalyst.
Therefore, coordination and ligand effect studies are essential
to design more efficient nanocatalysts. In this regard, ligand-
stabilized RuNPs are candidates of choice to be applied in
catalytic processes as they can be easily characterized by NMR
due to the absence of magnetic perturbations (knight shift,
paramagnetism, etc.), and they are highly active catalysts in
hydrogenation reactions, including aromatic reductions.

Today, the hydrogenation of aromatics is an active research
area."” The formation of substituted cyclohexanes from the
corresponding aromatic substrates is extensively applied in the
chemical industry (e.g hydrogenation of benzene into
cyclohexane/cyclohexene for nylon production).'® Aromatic
hydrogenation is also an important process in the valorization
of platform molecules derived from biomass such as hydrox-
ymethylfurfural (HMF) or phenol.” Furthermore, arene
hydrogenation/dehydrogenation is of key importance in
hydrogen storage by using liquid organic hydrogen carriers
(LOHCs).*® In comparison with other simpler olefins, the
reduction of aromatics is much more difficult due to their
aromaticity.”® Thus, the hydrogenation of arenes has been
traditionally carried out using heterogenous systems under
harsh conditions (high temperature and/or pressure).>
Although there are some recent examples about supported Ru
NPs operating under milder conditions,” soluble ligand-
stabilized RuNPs have also demonstrated to be efficient mate-
rials for mild aromatic hydrogenation reactions.>*

Herein, we have generated stable RuNPs canopied with dis-
torted nanographenes for the first time. In particular, we used

© 2022 The Author(s). Published by the Royal Society of Chemistry
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saddle-shaped heptagon-containing hexa-peri-hexabenzocor-
onene analogues (hept-HBC) as stabilizing ligands. These novel
RuNPs were characterized by the state-of-the-art techniques
(TEM, HRTEM, XPS and TGA) and their surface chemistry was
studied by using CO as a probe molecule (solid state NMR and
DRIFT). The interaction of distorted nanographenes with the
ruthenium surface was also investigated by solution NMR and
DFT calculations. The presence of the saddle curvature within
the structure of the nanographene is crucial for MNP stabili-
zation. In addition, the catalytic activity of these canopy RuNPs
has been evaluated in the hydrogenation of various aromatic
substrates, finding interesting ligand effects in terms of activity
and selectivity.

Results and discussion
Synthesis, characterization and surface studies

Heptagon-containing saddle-shaped nanographenes
prepared according to a previously reported procedure, via a Co-
catalyzed alkyne cyclotrimerization followed by a Scholl cyclo-
dehydrogenation.”® In particular, two different hept-HBC
nanographenes were synthesized and used as stabilizers to
prepare RuNPs through an organometallic approach: one
functionalized with a carbonyl group (1), and another one an
all-carbon analogue with a methylene unit (2) (Scheme 1).
Comparison of both ligands would give information about the
influence of the carbonyl moiety or the curved aromatic surface
on the stabilization of the MNPs. More specifically, RuNPs were
obtained by reduction of Ru(COD)(COT) (COD = cyclo-
octadiene; COT = cyclooctatriene) in THF under 3 bar H, in the
presence of 0.1 equivalents (equiv.) of the corresponding hept-
HBCs (Scheme 1 and see ESI Section S1, Experimental partf).
After purification by washing with pentane, the resulting RuNPs
were characterized by Transmission Electronic Microscopy
(TEM) and High Resolution TEM (HRTEM) (Fig. 1). Microscopy
analysis of Ru@1 and Ru@2 revealed the formation of spher-
ical, crystalline and well-dispersed NPs with a mean diameter of
1.6 = 0.4 and 1.6 £+ 0.5 nm, respectively. Both nanomaterials
presented the hexagonal close packed (hcp) structure charac-
teristic of bulk ruthenium. Size and crystalline structure were
confirmed by X-ray powder diffraction (XRD) (see ESI Section S2,
Fig. S17).

The metal percentage of RuNPs was determined by ther-
mogravimetric analysis (TGA), giving ruthenium contents of
58.8 and 57.6 wt% for Ru@1 and Ru@2, respectively (see ESI
Section S3, Fig. S2 and S3%).>* These metal content values,
similar to theoretical ones (~60%), suggest the coordination of
all hept-HBC molecules added during the synthesis (0.1 equiv.).
However, the Ru(s)/L ratio for Ru@1 and Ru@2 (ca. ~6) is not
large enough to accommodate all the nanographene molecules
on the ruthenium surface (see ESI Section S3, Table S1t). Thus,
these remaining molecules may be organized in a second
sphere of coordination, probably by - stacking between the
aromatic rings of the hept-HBCs."

The surface chemistry of Ru@1 and Ru@2 was investigated
by solid-state >C MAS-NMR with and without "H-">C cross-
polarization (CP). Most of the hept-HBC signals can be

were
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Ru@2, X = CH,

Number of NPs

1.6 £0.4 nm

size (nm)

20

Number of NPs.

2000

1.6+£0.5nm

size (nm)

20

Fig.1 TEM images and size histograms of (a) of Ru@1 and (c) Ru@2. (b) Fourier analysis applied to a HRTEM micrograph of Ru@1, which displays
reflections to the (101), (102) and (100) atomic planes. (d) HRTEM image of Ru@2 showing a lattice fringe spacing of 2.32 A that corresponds to the
Ru (001) crystal plane of metallic Ru. Both HRTEM images reveal the presence of crystalline RuNPs retaining the hcp structure.

identified in the MAS NMR spectra of RuNPs recorded on
purified samples (Fig. 2a and S4, see ESI Section S47). In addi-
tion to the intense signals corresponding to the tBu groups at
ca. 27 ppm, a broad resonance between 120 and 130 ppm for the
aromatic rings is clearly observed. The presence of this wide
peak indicates that aromatic moieties of 1 and 2 were not
hydrogenated during the nanoparticle synthesis, being able to
stabilize the RuNPs through aromatic m-to-metal surface inter-
actions. Moreover, in the case of Ru@1, the peak corresponding
to C=O0 is not visible (normally observed at ca. 200 ppm), sug-
gesting that 1 also coordinates to the MNP through the carbonyl
group by o-donation of the oxygen lone pair to Ru. This lack of
visibility is attributed to a line broadening produced by the
coordination of a ligand to the metal surface.**” Coordination of
CO has been demonstrated to be an ideal tool to investigate the
MNP surface through the location of the active sites. While the
CO molecules located at the faces of the MNPs are normally
coordinated in a bridging mode (COy), the COs placed on their
edges or apexes are coordinated in a terminal mode (COy).>® The
3C MAS NMR spectra of solid samples of Ru@1 and Ru@2 NPs
exposed to 1 bar of "*CO (Fig. 2b) show two new signals attrib-
uted to adsorbed CO molecules. The broad peak at about § ~
230 ppm can be assigned to COy, while the sharp resonance at
0 = 200 ppm is attributed to CO,. Comparing the intensities of
these two peaks, we can deduce that in both cases most of the

13048 | Chem. Sci., 2022, 13, 13046-13059

CO molecules are coordinated in a terminal way. This is prob-
ably because the faces of the particle are not easily available due
to the coordination of the saddle-shaped nanographenes
through m-interactions between the aromatic rings and MNP
faces. However, this interaction does not poison the RuNP
catalysts, since under catalytic conditions these canopy RuNPs
are highly active in the hydrogenation of aromatic compounds
(reaction that requires MNPs with available faces on their
surface) (vide infra). Furthermore, the presence of spinning side
bands (¥) indicates that CO, are static on the MNP surface,
which can be a consequence of the close coordination of hept-
HBCs, thus restricting their mobility. In the "*C CP-MAS NMR
spectra of Ru@1 and Ru@2 (see ESI Section S4, Fig. S5T) the
intensity of the CO; signals slightly increases compared to the
COy, ones. This means that bridging COs are less affected by
cross polarization than terminal CO molecules, which are closer
to the hydrogen carrier molecules, namely hept-HBCs.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was also used to investigate the surface chemistry of
Ru@1 and Ru@2. To continue with the location of the free sites
present on the MNP surface, CO was bubbled for 5 min into
a THF solution of Ru@1/Ru@2. Interestingly, DRIFT spectra of
purified Ru@1 and Ru@2 NPs already showed the characteristic
band of CO absorption at ca. 2000 cm ™~ * before the reaction with
carbon monoxide (see ESI Section S5, Fig. S6 and S77). This

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) 1*C CP-MAS NMR spectra of Ru@1 (blue) and Ru@2 (red). (b)
13C MAS NMR spectra of Ru@1 (blue) and Ru@2 (red) after exposure to
13CO (1 bar, 20 h, r.t.). The signals with asterisks correspond to spinning
side bands.
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small amount of CO coordinated to the Ru surface is due to the
partial decarbonylation of THF used during the synthesis, as
previously reported.® This is an indication of the high reactivity
of these RuNPs. After bubbling CO, the aforementioned band
showed an increase in intensity and shift to higher frequency
(2019-2024 cm "), evidencing the coordination of CO, and the
presence of a large number of available active sites in these
canopy RuNPs.

X-ray photoelectron spectroscopy (XPS) is a well-known
technique to analyze the metal composition and oxidation
states of surface catalysts. In addition, it has been recently re-
ported to investigate the coordination mode of surface ligands
on the MNP surface.*** A decrease in the binding energy of
coordinating atoms (i.e. N-atoms) indicates a loss of electron
density and the coordination of the ligand to the metal surface
through these electron donor atoms. Unfortunately, the O 1s
signal for Ru@1 presents identical binding energy (BE) to the
free hept-HBC 1 used as a stabilizer (532.4 eV; see ESI Section
S6, Fig. S81). Thus, we cannot evidence the coordination of 1
through the oxygen of the carbonyl group to the Ru surface by
XPS. In spite of this, a shoulder at ca. 530 eV can be clearly
observed, which can be attributed to RuO, and indicates that
the Ru surface could be partially oxidized. The oxidation states
of the as-synthetized RuNPs have been studied by XPS analysis
of the Ru 3p region, since the overlapping of the Ru 3d and C 1s
signals makes the deconvolution and interpretation difficult.
Fig. S9a and b (see ESI Section S6t) show a Ru 3ps,, peak at a BE
of ca. 462 eV which can be deconvoluted in two components.
The main contribution located at 461.8-461.3 eV is assigned to

b
h f
RU@1
4 A a . T v A 4
1
9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6
(ppm)

Fig. 3 Aromatic region of *H NMR spectra of 1 (red) and Ru@1 (blue) in THF(d®).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Ru(0),”® which suggests that Ru@1 and Ru@2 are mainly
composed of metallic ruthenium. Another contribution at
463.7-463.8 eV corresponds to some RuO, (26-28%),* probably
formed during the preparation of the samples for XPS in air.

DFT and NMR coordination studies

The solubility of Ru@1 and Ru@2 in organic solvents such as
THF allowed us to characterize them by liquid NMR, employing
1D and 2D experiments to carry out a complete assignation of
the signals, and obtaining interesting findings about the
interaction between the hept-HBC nanographenes and the
RuNP surface. The '"H NMR peak assignation of the free 1 and 2
ligands was also secured by DFT calculations (see ESI Section
S7, Fig. S111). The 'H NMR spectrum of Ru@1 in THF(d®)
showed that the resonances of the aromatic rings are signifi-
cantly displaced with respect to those of the free nanographene
(Fig. 3), and full-assignation was completed with 2D '"H-'H
gCOSY (see ESI Section S8, Fig. S187). The signals affected by the
proximity of the ruthenium surface, due to aromatic 7-to-metal
surface interactions, are normally deshielded and thus dis-
placed to lower field. For example, the peak attributed to the
aromatic protons closest to the carbonyl group (protons a) is
considerably shifted to downfield (from 7.87 to 8.26 ppm). In
particular, this remarkable displacement suggests that hept-
HBC 1 is also coordinated to the ruthenium surface through
the carbonyl group. The absence of the carbonyl signal due to
a line broadening in the 'H-"*C gHMBC spectrum of Ru@1
supports the o-interaction between the C=0 group and the
metal surface (see ESI Section S8, Fig. S191). This 2D experiment
has been selected due to its sensitivity which is 20 times better
than that of a simple *C experiment. Other aromatic peaks
shifted to downfield, thus interacting with the ruthenium
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surface, are those belonging to protons f, g and h (Fig. 3). On the
other hand, aromatic resonances influenced by the presence of
another polycyclic aromatic molecule coordinated through -
stacking (located in a second coordination sphere) are more
shielded and thus shifted to high field (b and c¢). The upfield
shift of the aromatic resonances due to a self-association by -7
stacking between different molecules of 1 was previously
observed.” Finally, resonances corresponding to protons d, e
and those of the tBu groups are not essentially affected, which
means that these protons are far away from both the ruthenium
surface and nearest-neighbor nanographenes (Fig. 3 and S20,
see ESI Section S8+t). These results confirm the presence of 1 at
the ruthenium surface, probably coordinated through the
carbonyl group (o-donation) and the aromatics (w-interactions)
at the same time, and the existence of a second sphere of
coordination through m-m stacking between the aromatic rings
of the hept-HBC nanographenes, which was previously deduced
by thermogravimetric analysis (see ESI Section S3, Table S11).
The "H NMR spectrum of Ru@2 in THF(d®) also showed
a noticeable displacement of the aromatic resonances with
respect to the signals of the nanographene 2. Again, we can
obtain valuable insights about ruthenium-nanographene
interactions by analyzing their chemical shifts by 'H and 2D
"H-"H gCOSY NMR (Fig. 4, S21 and S22, see ESI Section S87).
However, here the assignment is somewhat more complex since
some signals are split in two. Again, protons a next to the vinyl
group are close to the ruthenium surface and thus shifted to
downfield. This, together with the invisibility of the character-
istic signal of the vinyl group at 5.03 ppm, points that hept-HBC
nanographene 2 interacts with the metal surface through m-
metal interactions of this aromatic ring. Interestingly, protons f,
g and h are also shifted to high field, which means that these

a
be
> Ay
g s
b a
2 L
9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6

(ppm)

Fig. 4 Aromatic region of 'H NMR spectra of 2 (red) and Ru@2 (blue) in THF(d®).
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a) AE(1) =-118.2 kcal.mol” / ligand
AE(2) =-115.9 kcal.mol™ / ligand

b) AE(1) =-93.8 kcal.mol™ / ligand
AE(2) =-93.8 kcal.mol™ / ligand

Fig. 5 Comparison of the two possible coordination modes of 1 and 2 on the RussHsz; NP, through: (a) the oxygen atom of the tropone group
and the HBC moiety (canopy mode) and (b) only the HBC moiety (cupola mode). The very similar structures obtained for the Ru@2 model are not
shown. Average adsorption energies are also given below each 3D structure.

protons are also near to the ruthenium surface. In contrast, the
signal for protons c¢ is not only displaced to upfield, which
means that these protons are mostly interacting with another
hept-HBC molecule through 7-7 stacking, but it is also split in
two. This double set of signals is probably due to two different
coordination modes of this nanographene on the NP surface or
to a loss of symmetry in the coordinated nanographene. The
same signal-split happens to the resonances corresponding to
protons f and b (in the case of b one of the two signals is shifted
to downfield and the other one to upfield). As in the "H NMR
spectrum of Ru@1, protons d and e, together with the ¢tBu peak
(see ESI Section S8, Fig. S22t), are practically in the same
position, and therefore we can assume that they are almost not
influenced neither by the ruthenium surface, nor by other

nanographene molecules, due to the bulkiness of these ¢Bu
groups. Again, these results confirm the coordination of 2 to the
nanoparticle surface through m-interactions and the existence
of a second coordination sphere (w-71v stacking). Altogether
these data corroborate that hept-HBC molecules 1 and 2
interact in different manners with the Ru surface, and thus we
should expect an important ligand effect in catalysis (vide infra).

To check the coordination mode and stability of the ligands
attached at the ruthenium NP surface we have carried out DFT
calculations at the DFT-PBE level of theory. These calculations
were performed on an hcp spherical model containing 57
ruthenium atoms (13 in the core and 44 on the surface) with
a diameter of 1 nm close to the aforementioned mean diameter
of Ru@1 and Ru@2. Two hydrogen coverages, 0.84 or 1.07H/

a) AE(1) =-118.2 kcal.mol™ / ligand
AE(2) =-115.9 kcal.mol™ / ligand

b) AE(1) =-113.4 kcal.mol™ / ligand
AE(2) =-112.1 keal.mol™ / ligand

Fig. 6 Drift effect on the canopy coordination mode of 1 on RussHsz; NP. Only adsorption energies are shown for the Ru@2 model [AE(2)], given
the structural similarity to the Ru@1 model. On the left (a), there is only one wide canopy-protected zone, whereas in (b) two canopy-protected

zones are available.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Rug,,, were also considered which correspond to respectively 37
or 47 hydrogen atoms coordinated on the RuNP surface. On
these two hydrogenated NPs the coordination of three 1 or 2
ligands at the RuNP surface can occur through two coordination
modes involving: (i) the methylene carbon of the heptafulvene
group or the oxygen atom of the tropone group and the HBC
moiety (Fig. 5a) or (ii) only the HBC moiety (Fig. 5b). Interest-
ingly, when the three 1 or 2 ligands interact with the RussH3;
surface only through the HBC moiety we observe a cupola-type
coordination in which the C=0 or CH, groups point outwards.
In this case, the nanographenes are p-n,:n, coordinated to the
atoms of the edges creating a cavity between the center of the
nanographene and the surface of the NP. From a thermody-
namic point of view, this coordination mode is between 22 and
24 keal per mol per ligand less stable than the second one in
which the nanographene ligand is coordinated by both the
methylene carbon of the heptafulvene group or the oxygen atom
of the tropone group and the HBC moiety. In this case, we
observe the o/m-donation of the oxygen atom in 1 or the -
donation of the methylene group in 2 and an aromatic 7-to-
metal surface interaction, with at least 3 aromatic cycles of
each ligand exhibiting a typical ps-n*mn*n?> face-capping coor-
dination mode. When adsorbed on an edge, 1 or 2 involves
a nice canopy-like coordination thanks to the curvature of the
ligands. Small species, such as hydrides, can coordinate below
this protection without any steric discomfort (Fig. 6b).

For comparison (see ESI Section S7, Fig. S127), in a higher
hydrogenated model (Rus;H,;) the cupola-type adsorption
strength is slightly affected by the increase of the number of
surface H atoms (—93.8 kcal mol™" on RussHj; vs. —77.1 keal
mol ™" on Rus,H,,) due to the migration of the hydrogen atoms
within the aforementioned cavity. The o/m-CO/m-HBC coordi-
nation is much more strongly affected (—113.4 kcal mol " on
Rus,H;, vs. —88.4 kcal mol™" on Rus,H,,) but remains more
favorable than the cupola one. Another interesting point is the
possible mobility of the ligands once coordinated to the RuNP
surface. As we can see in Fig. 6 the drift of the ligands inducing
the coordination of 1 or 2 by the outermost and not central parts
is a thermodynamically facile process in view of the energy
difference between these two coordination modes (+4.8 kcal
mol ™ for Rus,H;,@1 and +3.8 kcal mol™* for Ru;;H;,@2).
Thus, it is possible that this drift motion takes place dynami-
cally on the surface of such canopied RuNPs.

Density of states (DOS), crystal orbital Hamilton population
(COHP) and charge analysis* studies have also been undertaken
for the Rus;H;,@1 and Rus;H;z,@2 models (see ESI Section S7, Fig.
S13 and S14t). It appears that the strong coordination of 1 and 2
on the Ru surface stems from a mixing of some d states of the
metal core with the molecular orbitals (MOs) of the ligands as well
as from a significant metal-to-ligand charge transfer (MLCT). Some
typical MOs of the Rus;;H;,@1 model are reported in Fig. 7.
Bonding MOs close to the Fermi energy involve d states of the
metal core and 7 MOs of the surface ligands. The three most stable
MOs shown in this figure lie below the bottom of the d-band of the
metal core. These MLCT MOs partly account for the electron
withdrawing ability of 1. Two of them also involve a weak contri-
bution of the 5s band of the Ru core. The Rus;,H;,@2 model
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hept-HBC(m)-Ru(d) 1(m)-Ru(d)

Fig. 7 Selection of MOs typical of the metal-ligand interaction in the
Ru@1 model. Similar MOs are found for Ru@2 (see Fig. S137). Energies
are given w.r.t. the Fermi energy.

has similar MOs (see ESI Fig. S131). As a result of the complex
metal-ligand orbital electronic interaction, each ligand 1 with-
draws on average 1.77|e| to the metal core, a value slightly higher
than that found for 2 (1.59|e|). The COHP and DOS profiles for the
Ru@1 and Ru@2 models are nevertheless very similar, with almost
identical surface and core d-band center* values (surface: 2.92 eV
vs. 2.91 eV; core: 3.41 eV vs. 3.43 eV). On the basis of these basic
descriptors, the catalytic activity of these species should not differ
much.

Finally, the possible accommodation of a fourth 1 or 2 ligand
in the second coordination sphere of the RuNP was investigated
(see ESI Section S7, Fig. S15t). The results show that the
formation of a m-m stacking interaction between one of the
three ligands coordinated to the RuNP surface and the fourth
ligand is thermodynamically stable regardless of the orientation
of the latter (between —26.5 and —32.1 keal mol™* for 1 and
between —19.2 and —37.1 kcal mol~* for 2). In all three cases,
the average distance between the two ligands is around 4.3 A,
with a difference in stability governed by the steric hindrance of
tBu groups. Indeed, in the most stable form (see ESI Section S7
and Fig. S15at) the C=0 or CH, groups point outwards and the
two ligands are rotated by 90° with respect to each other, thus
maximizing the m-m stacking interaction by avoiding steric
clashes between ¢Bu ligands.

Additional coordination studies

RuNPs have been generated on a large variety of carbon mate-
rials, including graphite,* activated carbon,*® carbon nano-
tubes (CNTs),** fullerenes,* carbon nanofibers (CNFs)* and
graphenes.”” However, studies about the interaction of MNPs
with carbon derived supports are practically restricted to DFT
calculations. Thanks to the possibility of preparing hept-HBC
nanographenes with different functional groups and the
soluble nature of Ru@1 and Ru@2 in organic solvents (i.e.
THF), coordination studies could be performed, obtaining
useful information about MNP-nanographene interactions. To
understand better the role of the curvature and the carbonyl

© 2022 The Author(s). Published by the Royal Society of Chemistry
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b)

benzophenone

c)

dibenzosuberone

Fig. 8 2D and 3D structures of the polyaromatic hydrocarbons used in control experiments: (a) coronene, (b) benzophenone and (c) diben-

zosuberone. Hydrogen atoms are not shown for the sake of simplicity.

group of these hept-HBC nanographenes in the stabilization of
ruthenium nanoparticles a series of control experiments were
carried out. First, we tried to generate RuNPs following the same
organometallic approach that is described in Scheme 1, but
using coronene (Fig. 8a) as stabilizer. However, after the
reduction of Ru(COD)(COT) under 3 bar H, in the presence of
0.5 equiv. of coronene, we did not observe the formation of
RuNPs. TEM pictures only showed the presence of large-sized
Ru agglomerates (see ESI Section S9, Fig. S2471). As we can see
in Fig. S16a (see ESI Section S7t), coronene is a strong stabilizer,
with —87.3 kcal per mol per ligand average adsorption energy,
compared to —118.2 keal mol ™" for 1 and —115.9 kecal mol ™" for
2. The COHP and DOS profiles of Rus,H3,(coronene)s, plotted in
Fig. S17,7 are similar to those of the Ru@1 and Ru@2 models,
with almost identical d-band center values (surface: 2.89 eV,
core: 3.41 eV) and the same metal-ligand interaction charac-
terized both by low-lying MLCT states and by a mixing between
some d states of the metal moiety and some 7w MOs of coronene
(see also the selection of MOs plotted in Fig. S177). The electron
withdrawing effect of coronene is however weaker (1.32]e|).
Coronene remains almost planar, in sharp contrast to the
ligands in the Ru@1 and Ru@2 models. One can speculate that
it involves less flexibility and adaptability during the growth
process. Since a polycyclic aromatic hydrocarbon like coronene
is not able to stabilize RuNPs and the nanographene 2 is, we can
consider that the curvature is essential to stabilize RuNPs. In
fact, to the best of our knowledge, Ru@2 is the first example of
MNPs stabilized by a purely aromatic ligand, where m-interac-
tions between the aromatic rings and the metal surface are
more than enough to stabilize metal nanoparticles. Once
observed the importance of the curvature, we decided to
investigate the role of the carbonyl group present in nano-
graphene 1 in the stabilization of RuNPs. The ability of oxygen
donor ligands such as alcohols,*® cyclodextrines®® and carbox-
ylic acids'** to stabilize RuNPs is very well known. However,
there is no example about ketones-stabilized MNPs prepared by

© 2022 The Author(s). Published by the Royal Society of Chemistry

the organometallic approach. We first decomposed Ru(COD)(-
COT) in THF under 3 bar H, in the presence of benzophenone
(Fig. 8b), obtaining a black dispersion. Once purified, TEM
analysis revealed the presence of two populations of nano-
particles with mean sizes of 1.4 £ 0.3 and 2.7 + 0.7 nm,
respectively, besides a large number of agglomerates (see ESI
Section S9, Fig. S25%). Although benzophenone presents
a carbonyl group together with two phenyl groups, we observed
that this molecule is not an effective ligand to stabilize RuNPs.
Going further with these coordination studies, we also
employed dibenzosuberone (Fig. 8c) as MNP stabilizer. Apart
from the carbonyl and two phenyl groups, this organic molecule
also bears a heptacycle ring. Interestingly, the curvature caused
by the presence of the seven membered ring enhances the
stabilization of RuNPs. After the decomposition of Ru(COD)(-
COT) under usual conditions (3 bar H,, THF, r.t.) using diben-
zosuberone as stabilizer, small RuNPs were obtained. TEM
micrographs of these RuNPs after purification by washing with
pentane showed disperse and well distributed nanoparticles
with a mean diameter of 1.3 + 0.6 nm (see ESI Section S9, Fig.
S267). Regarding the coordination of benzophenone, as can be
seen in Fig. S16c (see ESI Section S77), the ligands are mainly
coordinated via the C=0 moiety or at least by this group and by
the ipso and ortho carbons of the phenyl groups, which explains
the rather low coordination energy around —46.9 kcal mol * for
this ligand. For dibenzosuberone (see ESI Section S7, Fig.
S16bt), the presence of the heptacycle ring allows, in addition to
C=0 coordination, the formation of a strongly stabilizing p;-
n*mn*n? face-capping interaction between one of the phenyl
groups and the RuNP surface. In this case, the coordination
energy per ligand is 1.5 times higher than that of benzophenone
(—=70.6 vs. —46.9 kcal mol™"). Therefore, we can assume that
although the lone pair electrons of the C=0 group may help to
stabilize RuNPs, the most important stabilizing feature in
nanographene 1 is its curvature, which favors an optimal
coordination on the surface.

Chem. Sci., 2022, 13, 13046-13059 | 13053
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Catalytic studies

Once observed that non-planar hept-HBC nanographenes are
capable of stabilizing small RuNPs, the effect of this distorted
polycyclic aromatic hydrocarbon on their catalytic activity has
been investigated. Ligand-stabilized RuNPs have been previ-
ously reported as efficient nanocatalysts for mild hydrogenation
reactions.»>** Thus, in a first approach, acetophenone hydro-
genation was used as a model reaction to probe the surface
reactivity of Ru@1 and Ru@2 under mild conditions (50 °C, 10
bar H,, 20 h), since it presents the possibility of evaluating the
selectivity between aromatic and carbonyl hydrogenation. In
fact, acetophenone can be hydrogenated to 1-cyclohexylethanol
through two different pathways (routes A and B of Fig. 9a). An
interesting impact of the molecular structure of hept-HBCs on
the activity and selectivity of the RuNPs was observed. More
specifically, it was found that although both catalysts prefer to
hydrogenate the aromatic ring rather than the ketone (prefer-
ably go through route B), Ru@2 is clearly more active than
Ru@1 (Fig. 9b and c). Comparing their initial conversion rates,
Ru@?2 hydrogenates the phenyl group faster than Ru@1. After 1
hour reaction, Ru@2 exhibits an estimated conversion of
around 60% (estimated TOF = 12.5 h™')," with the 1-
cyclohexylethanone/1-phenylethanol ratio being 2.7, whereas
the conversion with Ru@1 at the same time is only 35% (esti-
mated TOF = 7.3 h™") with a much lower ratio (i.e. 1.6) (see
kinetic data in Fig. 9b and c¢). The higher the 1-
cyclohexylethanone/1-phenylethanol ratio during the first
stages of the reaction, the higher the capability of the catalyst to
hydrogenate the aromatic ring. However, at higher reaction
time (i.e. 20 hours), complete conversion is reached with both
catalysts with slight differences in terms of selectivity (Table 1,
entries 1 and 2). When working with Ru@2, 1-cyclohexylethanol
is the main product (i.e. 85% of selectivity), with the only side
product being 1-cyclohexylethanone. On the other hand, Ru@1
appears to be less selective, producing a mixture of 1-phenyl-
ethanol, 1-cyclohexylethanone and 1-cyclohexylethanol. The
latter catalytic results illustrate the high activity of Ru@1 and
Ru@2 in the mild hydrogenation of aromatic rings.

Motivated by the high activity of these canopy RuNPs in the
hydrogenation of aromatic rings, we decided to further inves-
tigate the catalytic differences of Ru@1 and Ru@2 in the
hydrogenation of a series of arenes under the previously used
conditions (50 °C, 10 bar H,, 20 h). As a rule, Ru@2 is a more
active catalytic system than Ru@1 (similar tendency as in the
case of acetophenone). For example, in the hydrogenation of
benzaldehyde (Table 1, entries 3 and 4), the conversion with
both catalysts is >99% but Ru@2 produces a higher percentage
of the over-reduced product. Similar results were found in the
hydrogenation of styrene, naphthalene and biphenyl (Table 1
entries 5-10), where, in all cases Ru@2 yields a higher amount
of the totally hydrogenated product. On the other hand, toluene
and anisole were successfully hydrogenated resulting in
a complete reduction of the aromatic ring with both catalysts
(Table 1 entries 11-14). Phenol and hydroxymethylfurfural
(HMF) were also effectively hydrogenated, highlighting the
potential of these canopy RuNPs for the transformation of
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biomass derivatives. Again, Ru@2 showed a higher reactivity in
the hydrogenation of these biomass platform molecules (Table
1, entries 15-18). Finally, the activity of Ru@1 and Ru@2 was
also evaluated in the hydrogenation of 1-methyl indole, which is
a promising LOHC due to its high hydrogen content (5.76 wt%)
and low melting point (—20 °C). Under these moderate condi-
tions, Ru@2 shows a conversion of 69%, with 85% selectivity
towards the octahydro-1-methylindole, while Ru@1 presents
a conversion of only 49% with a similar selectivity (Table 1,
entries 19 and 20). On the other hand, when the reaction was
performed at 70 °C instead of 50 °C, the conversion with both
catalysts is >99% with high selectivities towards the product 29

a) OH

NS & U
©)k e i B~ O)\
Acetophenone (j)K 1-cyclohexylethanol

1-phenylethanol

b) 1-cyclohexylethanone
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80 l\ 1-cyclohexylethanol
° 60
&
=
40 -
¥ A4
20 A 3
Ny
04 T e
T T T T T T T
3 6 9 12 15 18 21
Time (h)
c)
10042 —o— Acetophenone
—=— 1-phenylethanol
—e— 1-cyclohexylethanone
80 - 1-cyclohexylethanol
X 60
k| A
o
40 4
20
AN '
-
0 —T T T T T T T
0 3 6 9 12 15 18 21
Time (h)
Fig. 9 (a) Different catalytic pathways in the hydrogenation of ace-

tophenone. Hydrogenation of acetophenone using (b) Ru@1 and (c)
Ru@2 as catalysts. Reaction conditions: acetophenone (0.15 mmol),
2 mg RuNPs (7.2 x 10~° mmol Ru assuming ~60% Ru from TGA/ICP
and ~60% Ru(s)), THF (2 mL), hydrogen (10 bar), 50 °C.
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Table 1 Application of Ru@l and Ru@2 in the mild hydrogenation of arenes®

Entry Catalyst Substrates Products Conversion® Selectivity”
1 Ru@1 OH o >99% 2:3:4=4:22:74
Ru@?2 Q ©)\ O)J\ >99% 2:3:4=0:15:85
©)k (2) OH (3)
)
(4)
3 Ru@1 o) oH oH >99% 6:7=67:33
4 Ru@?2 ©)kH >99% 6:7 = 56:44
(6) )
(5)
5 Ru@1 N >99% 9:10 =6:94
6 Ru@?2 ©/\ ©/\ O/\ >99% 9:10 = 0:100
(®) (9) (10)
7 Ru@1 >99% 12:13 =45:55
8 Ru@2 C@ OO >99% 12:13 = 16: 84
1) (12) (13)
9 Ru@1 >99% 15:16 = 59:41
10 Ru@?2 I O\Q O\O >99% 15:16 =21:79
a4 (15) (16)
11 Ru@1 >99% —
12 Ru@2 é (5 >99% —
an (18)
13 Ru@1 O O >99% —_
14 Ru@2 ©/ O/ >99% —
(19) (20)
15 Ru@1 OH OH 94% —
16 Ru@2® ©/ O >99% —
@1 (22)
17 Ru@1 o OH OH 98% 24:25 =77:23
18 Ru@2 (o oH o OH o OH 97% 24:25 = 50:50
| Y/, | /
(23) (24) (25)
/ / 49% 27:28:29=13:6:81
19 Ru@1
u@ ) CEN) @:N) >9996% 27:28:29 =5:0:95
20 Ru@?2 N Y 69% 27:28:29=12:3:85
Y (27) / (28) >999%? 27:28:29=1:0:99

N
2

0

(29)

“ Reactions conditions: substrate (0.15 mmol), 2 mg RuNPs (7.2 x 10~* mmol Ru assuming ~60% Ru from TGA/ICP and ~60% Ru(s)), THF (2 mL),
hydrogen (10 bar), 50 °C, 20 h. * Conversions and selectivities were determined by GC using dodecane as the internal standard, and confirmed by
GC-MS. ¢ Cyclohexanol was isolated as a pure product with a yield of 88.8%. ¢ Reaction temperature (70 °C).

(99 and 95%), incorporating up to four hydrogen molecules into
the initial substrate. Normally, the hydrogenation of N-indole,
or others LOHCs, requires harsher conditions,* demonstrating
again the great potential of these NPs in the hydrogenation of
aromatic compounds.

Given the similar DFT adsorption energies (Fig. 5a), d band
centers and DOS and COHP profiles (see ESI Section S7, Fig.

© 2022 The Author(s). Published by the Royal Society of Chemistry

S137) found between Ru@1 models and their Ru@2 counter-
parts, the origin of the higher activity of Ru@2 in comparison
with Ru@1 is not obvious. However, two different effects could
be involved. On one hand, the slightly weaker interaction
between 2 and the metal surface together with a slightly
enhanced drift effect could facilitate the approach of the
aromatic substrates to the ruthenium (Fig. 6). On the other
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hand, Fig. 9 shows a slower conversion of 1-phenylethanol into
1-cyclohexylethanol by Ru@1. It could be related to the forma-
tion of hydrogen bonds between 1-phenylethanol and the C=0
group of 1 that could compete with the 7 coordination of the
phenyl group, and even favor an exchange of 1-phenylethanol
with the second coordination sphere, thus delaying the hydro-
genation of the phenyl group. In any case, an interesting ligand
effect was observed, since a minor modification on the hept-
HBC structure (C=CH, instead of C=0) was reflected in
a substantial increase in the aromatic hydrogenation activity of
the herein presented RuNPs.

To investigate the stability of Ru@1 and Ru@2 NPs a set of
experiments were carried out. TEM and HRTEM analyses after
the hydrogenation of acetophenone, (Table 1, entries 1 and 2)
showed MNPs with the same morphology, size and crystallinity
as the corresponding as-synthesized ones (see ESI Section S9, Fig.
S27 and S287%), demonstrating their robustness under reaction
conditions (50 °C, 10 bar H,, 20 h). Going further with stability
studies, a multi-addition experiment was performed. Here, the
hydrogenation of anisole was done in a multiple addition way.
More specifically, each 12 hours new starting material was added
to the reaction medium, analysing the anisole conversion just
before each addition. The reactivity of Ru@1 and Ru@2 NPs
remains practically unaltered for at least 4 addition cycles
(conversions between 98 and 94%). After that, the conversion
slightly decreases to 90-80%, remaining constant until the 8th
cycle (see ESI Section S10, Fig. S31a and bt). TEM micrographs of
Ru@1 and Ru@? after the multi-addition experiments revealed
a small increase in size and distribution, from ca. 1.6 nm to ca.
2.0 nm (see ESI Section S9, Fig. S29 and S30t), which could
explain the slight decrease in the activity after the 4th cycle. In
any case, these results point to a good stability of these canopied
nanoparticles under reaction conditions during long reaction
times (up to 96 h). Finally, the hydrogenation of toluene was
performed under neat conditions by using Ru@2 as a catalyst,
observing a remarkable increase in the turnover number (TON)
of the catalyst. While under standard conditions (2 mL THF, 10
bar H,, 50 °C and 20 h) Ru@2 showed a TON of 20.8 (Table 1,
entry 12), in neat toluene the TON increases to a value of 1420
(see ESI Section S11 and Fig. S321).** This notable increase
probably is due to a concentration effect, and a substrate-THF
competition for their coordination to the MNP surface. The
high number of catalytic cycles performed per surface Ru atom
(maximum TON = 1420) together with the activity of the catalysts
with time (up to 96 h), highlights the great stability of the
nanocatalyst and its high potential as a hydrogenation catalyst.

Conclusions

We have successfully stabilized RuNPs with non-planar hept-HBC
nanographenes by following an organometallic approach (Ru@1
and Ru@2). Normally polycyclic aromatic hydrocarbons are not
effective stabilizing ligands, but interestingly the curvature of
hept-HBCs makes them efficient MNP stabilizers. A combined
theoretical/experimental study allowed us to investigate the
coordination modes and dynamics of the heptagon-containing
saddle-shaped nanographenes used as stabilizers. We have
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shown that hept-HBC 1, functionalized with a carbonyl group,
coordinates to the ruthenium surface through a double interac-
tion: (i) through the carbonyl group by o/m-donation and (ii) via
interactions of the o or w MOs of the aromatic rings with the
metal surface, which also results in a significant metal-to-ligand
charge transfer. In a similar way, hept-HBC 2 that bears the
vinyl group coordinates to the ruthenium surface atoms via both
the methylene carbon and the HBC moiety. In any case, the drift
of these ligands on the NP surface is a thermodynamically facile
process. Non-planar hept-HBC-stabilized RuNPs showed an
interesting application in catalysis, since they were highly active
in the hydrogenation of aromatic substrates under mild condi-
tions. In addition to a wide number of aromatic substrates, Ru@1
and Ru@?2 efficiently hydrogenated platform molecules derived
from biomass (i.e. HMF) or LOHCs (i.e. N-indole). Moreover, an
interesting ligand effect was observed; Ru@2 stabilized with the
vinylic hept-HBC was clearly more active than Ru@1. Subtle
modification of the nanographenes used as stabilizers had
a notable effect on the catalytic performance of the Ru NPs in the
aromatic hydrogenation activity. Finally, the stability of the ob-
tained RuNPs was investigated by multiple addition experiments,
proving to be stable catalysts for at least 96 h. Therefore, we have
effectively stabilized for the first time colloidal RuNPs with poly-
cyclic aromatic hydrocarbons, finding interesting insights about
their coordination and dynamics. The similarity with carbon
supports in general, and with graphenes in particular, makes
these hept-HBCs very attractive compounds to stabilize MNPs
and further investigate graphene-metal interactions. In addition,
the remarkably activity (maximum TON = 1420) and stability (up
to 96 h) of these nanographene-stabilized RuNPs make them
promising catalysts for reactions of industrial interest.
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