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The design and engineering of heterogeneous nanocatalysts that are both highly active and selective for
hydrogenation reactions constitute a crucial challenge. In that context, herein a series of Rh-Cgg
nanocatalysts have been synthesized via the decomposition of an organometallic rhodium complex in the
presence of fullerene Cgo under a H, atmosphere. Rhodium atomically dispersed or rhodium nanoparticles
on Rh-Cgg spherical fulleride particles were produced by tuning the Rh/Cgo molar ratio. Significant charge
transfer between rhodium and Cgo was evidenced through Raman and X-ray photoelectron spectroscopy,
which indicates electron-deficient Rh species. The resulting heterostructured nanomaterials were applied
successfully in the catalytic hydrogenation of quinoline, exhibiting excellent activity and producing
selectively the partially hydrogenated product, 1,2,3,4-tetrahydroquinoline. Density functional theory (DFT)
calculations show that the hydride coverage of the Rh NPs plays a key role in the adsorption modes of
quinoline and 1,2,3,4-tetrahydroquinoline on the surface of the NPs, and that these adsorption modes are
modulated by the presence of fullerene Cgo, thus affecting the activity and selectivity obtained with this
rhodium based catalyst.
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particular,  quinolines  allow the preparation of
tetrahydroquinoline products that are broadly found in drug
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Heterogeneous catalytic hydrogenation reactions are broadly
known as one of the most fundamental chemical
transformations in both the laboratory and industry.'” Over
the years, numerous heterogeneous nanocatalysts, in
particular, carbon-based hybrid nanostructures, have shown
high catalytic activity and selectivity in hydrogenation
reactions,® > owing to their high surface area to volume ratio,
exclusive electronic properties to favour charge transfer, high
chemical and thermal stability, ease of recovery from the
reaction mixture and high mechanical strength. Catalytic
reduction of quinoline (1) is a key organic reaction where one
of the products, 1,2,3,4-tetrahydroquinoline (2), is an
important intermediate for pharmaceuticals, agrochemicals,
alkaloids and various biological active molecules.”>™® In
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A simple and effective synthesis strategy is the
direct regioselective hydrogenation of quinoline (Scheme 1).
However, 5,6,7,8-tetrahydroquinoline (3) and the fully
hydrogenated product decahydroquinoline (4) may be also
produced.

A variety of heterogeneous catalysts have been developed
to improve activity and selectivity for this reaction in recent
years. Au,”” Rh,"®* Ru,***” Pd (ref. 28) and Pt (ref. 29)-based
catalysts have been revealed to be very active and selective.
Specifically, Rh nanoparticles (NPs) show high selectivity
towards  1,2,3,4-tetrahydroquinoline (2). For instance,
rhodium NPs immobilized in a Lewis acidic ionic liquid (IL)
catalyse a large scope of heteroarenes, being very selective to
the arene ring without hydrogenating other functional
groups.> In the specific case of quinoline, it was selectively
hydrogenated to 2 (95% yield) at 30 bar of H, and 80 °C after
15 h of reaction. Other Rh catalysts have produced the partial
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Scheme 1 Hydrogenation of quinoline.
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hydrogenated product 2 very selectively under similar
reaction conditions: Rh NPs over reduced graphene oxide
(99% yield; 30 bar of H,, 80 °C, 12 h);>® Rh NPs stabilized
with polyethylene glycol (99% selectivity; 30 bar of H,, 100
°C, 3 h);>®* Rh NPs stabilized with a phosphine-functionalized
IL (99% selectivity; 30 bar of H,, 50 °C, 5 h);*® Rh NPs
stabilized with tannin (94% selectivity; 20 bar of H,, 80 °C,
0.5 h)."? Interestingly, the Rh/AIO(OH)"® catalyst and Rh NPs
stabilized with an N-heterocyclic carbene (NHC)** were able
to hydrogenate quinoline under milder reaction conditions.
Rh/AIO(OH) was active at room temperature using a
hydrogen balloon and produced 2 with a selectivity of 94%
after 6 h of reaction. Rh-NHC was also active at low
temperature (30 °C) under 20 bar of H, pressure reaching full
conversion after 140 min of reaction, but in this case, only
75% selectivity to 2 was observed (TOF = 238 h™'). Full
conversion after only 30 min of reaction was achieved by
increasing the temperature to 60 °C and quinoline was
completely consumed with 75% selectivity towards 2; after 24
hours of reaction, the fully reduced product 4 was obtained
(TOF = 496 h™"). These last two examples describe very active
catalysts able to produce the fully hydrogenated
decahydroquinoline (Rh/AIO(OH)) under slightly harsher
reaction conditions (8 bar of H,, 100 °C, 5 h),*® which is in
opposition to the findings using Rh NPs immobilized in a
Lewis acidic IL.>* These results suggest that electron-rich Rh
NPs are very active, but, in general, less selective to the
partially hydrogenated product 2.

On the other hand, electron-poor Ru NPs can be produced
straightforwardly from the decomposition of (1,5-
cyclooctadiene)(1,3,5-cyclooctatriene)ruthenium(0)  [Ru(COD)-
(coT)] with H, in the presence of fullerene Cgo.*° This
nanocatalyst shows excellent activity and selectivity in the
hydrogenation of nitrobenzene.*'*> The same methodology
has been used to obtain other metal NPs.>* Also, fullerene
Ceo based catalysts with other metals have been described,**
including Pd,*® Ni (ref. 36) and Ru.’”*® With the ability of
fullerene to accommodate various metals,>® as well as the
effectiveness of the organometallic approach to produce
almost any kind of noble metal NP, we decided to synthesize
Rh-Cg, catalysts with the aim of producing electron-poor Rh
NPs, which can be very interesting for selective quinoline
hydrogenation.>***> 1In this work, we demonstrate that
rhodium NPs can be synthesized straightforwardly via the
decomposition of the [Rh(n*-C;H;);] complex in the presence
of fullerene Cgo in 1,2-dichlorobenzene (DCB) under a H,
atmosphere. Rh atomically dispersed or Rh NPs on Rh-Cg,
fulleride spherical particles were produced by tuning the
ratio of the Rh precursor and fullerene. These Rh compounds
were characterized using several techniques such as
transmission electron microscopy (TEM), wide angle X-ray
scattering (WAXS), inductively coupled plasma optical
emission spectroscopy (ICP-OES), attenuated total reflection
infrared spectroscopy (ATR-IR), solid-state NMR (SSNMR),
and thermal gravimetric analysis (TGA), including X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy,
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which evidenced charge transfer from rhodium to fullerene.
The nanostructures were used as catalysts in the
hydrogenation of quinoline, showing excellent activity (TOF =
488.0 h™") and selectivity to 2 (up to 98%). Density functional
theory (DFT) calculations were also performed to support
these findings.

Results and discussion

A series of Rh-Cs, compounds were synthesised through the
decomposition of [Rh(n*-C3H;);] under 3 bars of H, in the
presence of Cg, using 1,2-dichlorobenzene (DCB) as a solvent
at 50 °C. In this series, the molar Rh/C¢, ratio has been
varied ranging from [Rh]/[Ce] = 1 to 20. Fig. 1 shows the
representative TEM images of the as-synthesised products.
Nanospheres with a size of about 100-170 nm were observed,
which were decorated with Rh NPs (Fig. 1 and S1{ and
Table 1). The NP size was in the range of 2-3 nm, presenting
a broad size distribution (polydispersities of around 30%),
which displays a bimodal distribution for samples 5/1 and
10/1. These species are structurally similar to the ruthenium
nanocatalysts stabilized with fullerene Cq, described in a
previous study by some of us.*’ In the above-mentioned
work, the decomposition of [Ru(COD)(COT)] under
dihydrogen in the presence of fullerene Cq, provided a Ru
based catalyst composed of Ru-Cs, molecular spheres with
their surface decorated with Ru NPs, as pointed out by a
combination of characterization techniques, including TEM,
WAXS, and extended X-ray absorption fine structure (EXAFS),
and supported by DFT calculations. Also, Ru-Cg, fulleride
nanospheres synthesised in DCB displayed a size of 200.0 +
38.5 nm, which is similar to the ones of Rh-Cg, materials.
Furthermore, HRTEM analyses were performed for the Rh-
Ceo 1/1 and 10/1 samples. The HAADF-STEM mode allowed
the detection of a few Rh NPs on the surface of the
nanospheres in the Rh-Cq, 1/1 compound, together with
isolated atoms on the surface, which was in contrast with the

Rh-Cg, 5/1

Fig. 1 TEM micrographs of Rh-Cgo 1/1, 5/1, 10/1, and 20/1 (scale bar
200 nm).
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Table 1 Mean size distributions and rhodium content of the Rh-Cgo nanocatalyst

Rh-Csp Rh content” (%) NP mean size” (nm) Nanosphere mean size” (nm)
11 9.2 2.0+0.4 158.2 + 27.5
5/1 23.3 1.1 + 0.3 (21%)/3.0 £ 0.9 (79%)° 103.0 £ 15.5
10/1 35.9 1.9 + 0.5 (69%)/4.7 + 1.1 (31%)° 167.9 + 27.3
20/1 46.2 2.3+0.6 96.3 + 14.4

“ By ICP. b Manual measurements from enlarged TEM micrographs of at least 150 objects. © In brackets is the percentage of each population.

Rh-C, 1/1

Rh-C, 10/1

10 nm

T BT

T 233

Fig. 2 STEM-HAADF images of Rh-Cgg 1/1 (top) and Rh-Cgo 10/1(bottom) together with the EDX line scanning profile of Rh signals extracted from
cumulated EDX spectra on the line scans (right) (scale bars from left to right: 50 nm, 50 nm, 10 nm and 50 nm).

analyses carried out for the Rh-Cg, 10/1 sample, for which
the Rh NPs on the surface were more abundant (Fig. 2). In
addition, the distribution of the Rh signal by EDX analysis
along the line scan is uniform for sample 1/1 (Fig. 2) while
this confirms the presence of Rh NPs on the surface of Rh-
Ceo 10/1, as a higher Rh content was detected on the surface
of the sphere. ICP analyses pointed out that the rhodium
content was lower than expected, which suggested the
presence of residual DCB on the samples, further
corroborated by IR, SSNMR and TGA, as detailed below.

In order to obtain more insight into the evolution of these
Rh-Cq, species during the synthesis, the reaction was
monitored by ex situ TEM analyses. For that, the
decomposition of [Rh(n’-C;Hs);] under hydrogen in the
presence of fullerene Cqy (Rh/Csy = 10/1) was performed at
low temperature (-20 °C). The reaction mixture was sampled
over time and the TEM images are displayed in Fig. S2t
together with their respective size histograms. The evolution
of the nanostructures over time showed that at 2 min of
reaction, worm-like structures composed of nanospheres
were already formed, with a nanosphere mean size of 218.7 +
23.9 nm, which evolved to independent nanospheres after 5
min of reaction displaying a larger mean size, 274.4 + 33.1
nm (Table S11). Rh nanoparticles were observed after 15 min
of reaction on the surface of the nanospheres and dispersed
on the TEM grid, 1.7 + 0.5 and 3.4 + 1.3 nm, respectively. The

6886 | Catal. Sci. Technol., 2019, 9, 6884-6898

reaction was allowed to proceed overnight at —20 °C and the
last TEM analysis performed showed that the size of the
nanospheres remained similar, 255.7 + 39.5 nm, while the Rh
NPs on the surface presented a bimodal distribution, 2.4 +
0.7 and 4.7 + 0.4 nm and isolated NPs were no longer
observed. These observations make it feasible to propose
that, as previously observed during the synthesis of Ru-Cg,
compounds,®® the nanospheres are composed of molecular
species, which form this particular shape due to the stirring
and the different viscosities between the as-synthesized
species and the solvent.”® For the previously described Ru-
Ceo species, lower solvent viscosity leads to smaller
nanospheres. Here, the decrease of the temperature to —20 °C
increased the size of the nanospheres when compared to the
synthesis performed at 50 °C (255.7 + 39.5 nm for -20 °C,
103.0 + 15.5 nm for 50 °C). Taking into account that the
viscosity increases when the temperature decreases, an
increase of the diameter is expected, as observed here. Also,
the detection of isolated NPs at 15 min could indicate that
double NP nucleation occurs during the synthesis: one on
the surface of the Rh-Cgy nanospheres and a second one in
solution. It is possible that the rhodium precursor reacts with
the solvent, as arene-rhodium complexes have been
described in the past.*’™® The arene ring of DCB, being
electro-deficient, should coordinate weakly when compared
to other arene compounds such as benzene or toluene,*

This journal is © The Royal Society of Chemistry 2019
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producing also NPs under reaction conditions. In addition,
the fact that the Rh NPs are stabilized by a weakly stabilizing
ligand (DCB) could also explain that the isolated NPs
observed first are then adsorbed on the surface of the
nanospheres, explaining in turn the bimodal size
distributions and the polydispersity (around 30%) of the
samples.

WAXS analyses were performed on the Rh nanostructures.
After corrections and Fourier transform, the radial
distribution function was obtained (RDF, Fig. S31). For the
lowest Rh amounts (i.e. 1/1 and 2/1), the observed RDFs
present only weak features actually dominated by the
distances in Cg,. From 5/1, the distances are consistent with
metallic Rh in the fcc structure and both amplitude and
coherence length increase in relation to the Rh amount.
Coherence lengths could be estimated to be 3.3 nm for 5/1,
3.5 nm for 10/1 and 3.8 nm for 20/1. It should be noted that
the scattering phenomenon strongly emphasizes the
contribution of larger particles, which does not make it very
sensitive to size distribution. This behaviour has been
previously observed for Ru-Ce, species.*

To gain further insight into the interactions between Rh
and fullerene, XPS analyses of Rh-Cq, 1/1 and 10/1 were
conducted (Fig. 3 and S4 and Table S2t). Peaks in the full
XPS spectra indicate the presence of Rh, C and O elements
on both samples (Fig. S47). Rh 3d peaks could be fitted into
a unimodal doublet, pointing to the presence of only one Rh
chemical state: metallic Rh®. In the Rh 3d region of the Rh-
Ceo 1/1 XPS spectrum, a single doublet is observed at 307.8
eV (3ds/,) and 312.4 eV (3ds/,). These binding energies may
evidence charge transfer from the metal to the Cg, molecules,
since they are significantly shifted compared to that of
metallic rhodium (Rh 3d;/, component at 307.2 eV).** The Rh
3d core peaks of Rh-Cg, 10/1 are asymmetric and appear at
relatively lower binding energies ie. 307.2 eV (3ds,) and
311.9 eV (3d,), which are typical of metallic Rh®. Such an
asymmetry could be explained by the presence of a second
contribution at slightly higher binding energies, consistent
with the charge transfer mentioned above. In agreement with

a) Rh@Ceso 1/1 - Rh 3d

320 315 310 305 300
Binding Energy (eV)
b) Rh@Ceso 10/1 - Rh 3d

320 315 310 305 300
Binding Energy (eV)

Fig. 3 XPS Rh 3d spectra of a) Rh—Cg 1/1 and b) Rh-Cgp 10/1.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

the EDX results presented earlier, the atomic percentage
(Table S27) for rhodium is higher for Rh—-Cg, 10/1 (8.0%) than
that for Rh-Ce 1/1 (1.5%). For both samples, the C 1s peaks
(Fig. S4 and Table S2t) are dominated by a peak at 284.3 eV
attributed to fullerene Cg,, with less intense peaks associated
with contaminating carbon (285.0 eV), oxygenated carbon
groups (between 286 and 288.5 eV) and a shake-up peak (at
ca. 290.0 eV). It is to be noted that the binding energy of
284.3 eV is significantly lower than the value reported for the
C 1s peak of fullerene films thicker than one monolayer
(approximately 284.8 eV).*> This shift is consistent with the
charge transfer mentioned above, as observed for a
1-monolayer-thick film of Cg, on Cu(111).*> The O 1s peaks
(Fig. S4 and Table S21) for both samples correspond to
oxygen atoms bound to carbon.

Raman spectroscopy is an efficient technique to study Ce,
as it can provide important information on various
vibrational modes, and thereby one can understand the
crystallinity, structure, intramolecular bond formation and
molecular deformation. The Cgz molecule has 46
intramolecular modes, among which 10 are Raman active (2
Ag + 8 Hg). The Ag (1) mode at ~492 em™" is known as the
breathing mode, which originates from the in phase radial
movement of all sixty carbon atoms in the icosahedral
structure. The second Ag mode Ag (2), situated at 1458-1468
em™, is also known as the pentagonal pinch mode
corresponding to the in phase tangential displacement of
carbon atoms, leading to an out of phase breathing mode of
pentagon and hexagon faces. Similarly, the low frequency Hg
modes (<700 cm™') mainly arise from the radial molecular
movement, whereas higher frequency Hg modes are mainly
due to the tangential displacements.”*"” The Raman
spectrum of Cg, displays intense tangential Raman modes of
vibrations such as Ag (2), Hg (7), and Hg (8) at 1459 cm™,
1429 cm™, and 1561 cm™' respectively. Fig. 4 shows the
Raman spectra of Rh-Cq, samples with different Rh/Cgq
ratios and Table 2 lists the peak position, peak shift and full
width at half maximum (FWHM) as a function of the Rh/Cg,
ratios, which are obtained by peak fitting using the
Lorentzian function. It is observed that after Rh introduction,
the peaks are broadened with a decrease in intensity as well
as an increase in luminescence background. The Ag (2) and
Hg (7) peaks show downshifts, whereas Hg (8) shows an
upshift as compared to the corresponding Ce, peak positions.
The FWHM values of the rhodium containing samples are
considerably larger compared to that of the Cg, fullerene. For
the Rh-Cq, samples, the low frequency vibrations are not
clearly visible because of a large luminescence background
and the softening of these modes. The shifts in the tangential
modes at a higher wavenumber have been assigned in the
literature to the electron transfer from dopants to the Cgo
molecule.”®* The broadening of these prominent modes,
mainly those of Hg (7) and Hg (8), are explained by the
electron-phonon coupling due to doping. The broadening of
the Ag (2) mode is explained by the expansion of the Cg
molecule, which reduces the force constants.*® The reported
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Fig. 4 a) Raman spectra of Cgg fullerene together with Rh-Cgo nanostructures and b) shift in peak position vs. Rh/Cgg ratio.

Table 2 Peak position, shift of peaks and FWHM of Cgo and Rh-Cgg

Ag(2) Hg (7) Hg (8)

Position (cm™)  Shift (em™) FWHM Position (em™)  Shift (em™) FWHM Position (cm™)  Shift (cm™) FWHM
Ceo 1459.1 0 15.1 1423.6 0 17.2 1563.2 0 20.1
Rh-Cg 1/1 1439.9 -19.2 65 1378.4 -45.2 206.4 1577.3 14.1 84.6
Rh-Cq 5/1 1434. 0 -25.1 105.6 1360.3 -63.3 181.5 1578.0 14.8 81.2
Rh-Cq 10/1  1432.8 -26.3 71 1366.1 -57.5 267.1 15711 7.9 82.85
Rh-Cgy 20/1  1435.6 -23.5 61.1 1374.6 -49 239.8 1569.4 6.2 77

electron transfer for the downshift of tangential modes of
vibrations at a higher wavelength are -6 cm™ per electron for
Ag (2), -7 em™ per electron for Hg (7) and -15 cm™ per
electron for Hg (8)." The downshift of the pentagonal pinch
mode is commonly used to quantify the charge transfer from
the metal to the antibonding electron orbitals of the Cg,
molecule since it is the most intense peak in the Raman
spectra of Cgo. Meanwhile, Rh-C¢, 10/1 shows a higher
downshift of -26.3 cm™ corresponding to an electron
transfer of ~4.4 e and Rh-Cg, 20/1 exhibits a downshift of
-23.5 cm™* corresponding to an electron transfer of ~3.9 e”.
For Rh doping, the negative shift and broadening increases
for up to 10/1, but decreases for 20/1, and from this, we can
predict that there is saturation with respect to Rh doping.
The ATR-IR spectra of the Rh-Cg, nanostructures were
recorded in the solid state (Fig. S5-af). Characteristic peaks
of fullerene Cq, are observed at 518, 577, and 1182 cm’,
which confirm the presence of the stabilizing molecules in
the samples. Other intense peaks are attributed to the
presence of DCB (657, 745, 1033, 1124, 1432 and 1454 cm‘l).
The SSNMR of Rh-Cg, 10/1 (Fig. S61) confirmed the presence
of fullerene Cqy, whose signal appears at 147.1 ppm. The
MAS *C{'H} NMR also show two signals at 130.9 and 128.1
ppm, which were attributed to remaining DCB and
corroborated the presence of the solvent in the samples as
seen in the ATR-IR spectra. The CP-MAS *C NMR (CP =
'H-"*C cross polarization) allowed the observation of a broad

6888 | Catal Sci. Technol, 2019, 9, 6884-6898

signal centered around 43 ppm attributed to a mixture of
hydrogenated fullerene species. The hydrogenation of
fullerene Cg, at ambient temperature and pressure has
already been reported for the Rh/ALO; catalyst, and the
formation of these hydrogenated species were also observed
for Ru-Cg, materials.>® Adsorbed DCB was removed by
annealing the samples at 200 °C under Ar. The ATR-IR
spectra (Fig. S5-bt) recorded for the heat-treated samples
show that the DCB peaks vanished. Additionally, TGA
analyses (Fig. S7f) confirmed the efficiency of the thermal
treatment. No appreciable structural change of the
nanospheres was observed from TEM analyses on the Rh-Cg
5/1 sample (denoted as Rh-Cgo 5/1 TT) (Fig. S8t); however,
the size distribution of the NPs was unimodal, centred at 1.8
+ 0.5 nm, which could be attributed to slight sintering of the
small nanoparticles.

To evaluate the catalytic performance of the Rh-Cgp
catalysts, we selected the quinoline hydrogenation, as
rhodium based catalysts have shown very good performances
in this reaction (Scheme 1 and Tables 3 and 4).>°**** In
addition, the fact that Rh is electron deficient, as evidenced
by Raman and XPS, can be an advantage to obtain higher
selectivity, as Rh-NHC carbene species,” bearing strong
donating groups on the Rh NP surface, are very active for this
reduction reaction working at 30 °C but not very selective to
the synthesis of 2. Theoretical calculations supported our
first analysis, as Rh-based catalysts intrinsically coordinate

This journal is © The Royal Society of Chemistry 2019
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Table 3 Selective hydrogenation of quinoline using the Rh-Cgo 10/1 nanocatalyst®
T TOF? Time Conversion”® Selectivity” (%)

Entry (°C) Solvent (h™) (h) (%) 2 3 4
1 60 THF 19.5 1 7 100 — —
2 4 44 98 1 1
3 80 THF 47.8 1 38 97 1 2
4 4 65 97 1 2
5 100 THF 118.6 1 75 98 1 1
6 4 100 97 1 2
7 100 Toluene 99.8 1 57 97 1 2
8 4 90 98 1 1
9 100 Isopropanol 123.4 1 78 98 1 1
10 4 99 97 1 2

“ Reaction conditions: 0.02 mmol Rh, 404 mg (3.1 mmol) of quinoline, 75 mg (0.41 mmol) of dodecane (internal standard), 20 bar H,, 25 ml of
solvent. ” TOFs calculated at 1 h of reaction related to the % of Rh. ¢ Conversion and selectivity determined by GC analyses using the internal

standard technique.

Table 4 Selective hydrogenation of quinoline using the Rh-Cgo nanocatalyst”

TOF? Time Conversion®¢ Selectivity” (%)
Entry Catalyst (h™) (h) (%) 2 3 4
1 Rh-Cg 1/1 94.3 1 54 100 — —
2 4 80 100 — —
3 Rh-Cg 5/1 164.3 1 98 96 1 3
4 4 99 94 1 5
5 Rh-Cgp 5/1 TT 157.1 1 99 97 1 3
6 Rh-Cg, 10/1 123.4 1 78 98 1 1
7 4 99 97 1 2
8 Rh-Cg 20/1 157.7 1 97 92 3 5
9 4 99 920 3 7

“ Reaction conditions: 0.02 mmol Rh, 404 mg (3.1 mmol) of quinoline, 75 mg (0.41 mmol) of dodecane (internal standard), 100 °C, 20 bar H,,
25 ml of solvent. ” TOFs calculated at 1 h of reaction related to the % of Rh. ¢ Conversion and selectivity determined by GC analyses using the

internal standard technique.

the N-bearing ring more efficiently (Table 5, Rhy3H,, N vs.
aromatic ring coordination), therefore, giving preferentially
the partially hydrogenated product 2, as observed in most of
the reviewed reported studies. Concerning the coordination
of 1,2,3,4-tetrahydroquinoline (2) to rhodium clusters, this
difference is less pronounced (Table 6, Rh;3H,, N vs.
aromatic ring coordination), as both coordination modes are
possible with similar adsorption energies (E,qs) and a priori
the coordination of the aromatic group could lead to the
complete hydrogenation of the molecule. As this is not so
usual in the existing literature, probably steric effects should
be taken into consideration, as further coordination of
another 2 molecule would give extra stabilization, leading to
poisoning of the Rh surface by the product, an argument
which is pointed out in some cases to explain the high
selectivity of Rh systems.”® We recall that full hydrogenation
is possible too.”’”* The present DFT study also supported
our hypothesis that the use of Rh electron deficient species
should be an advantage to obtain higher selectivity. Indeed,
by comparing the coordination of quinoline to systems, such
as Rhy3H,, (to mimic bare Rh NPs under hydrogenation
conditions) and Cg,-Rh;3H,0-Ceo (Table 5), it is observed that
the hydrogenated Rh NPs interacting with fullerenes can

This journal is © The Royal Society of Chemistry 2019

coordinate the N-bearing aromatic ring in two distinct modes
(by N or by two carbon bonds) with a similar E,4s. This is in
contrast with the coordination of quinoline to Rh;3H,, in
which the coordination of the N atom is largely favourable.
This could explain the high TOF observed in the
hydrogenation of quinoline using Rh-C4, as a catalyst
discussed below. The analyses of the coordination of
compound 2 to the Cgy-Rh;3H,,-Cgo System (Table 6), in
comparison with Rh;3H,,, show that in this case, only the
coordination by the N atom is possible, in contrast with
Rh;3;H,, for which two coordinating modes close in
adsorption energies are possible. This observation, the strong
coordination of the partially hydrogenated product, could
explain the high selectivity of Rh—Cg.

Experimentally, Rh-Cg, catalysts were active and highly
selective for the hydrogenation of the pyridine ring of
quinoline (Tables 3 and 4). Using the best conditions, the
selectivity towards 1,2,3,4-tetrahydroquinoline (2) at full
conversion was in the range of 92-98% for all catalysts. The
Rh-Cgo 10/1 catalyst was used to optimise the reaction
conditions (Table 3). As expected, the catalytic activity
increased with the temperature, and the conversion of
quinoline at 4 h of reaction was 44%, 65% and 100% at 60
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Table 5 DFT results of quinoline adsorption on several Rh;3 clusters; comparisons between adsorption modes (N vs. aromatic ring) are highlighted and

charge transfer” is given

Support Adsorption mode Eoqs (kcal mol™) Charge transfer (e")
Rhys P o -24 +0.01

-64 +0.40
Rhy3Hy0 -9 -0.01

-25 —-0.10
Ceo~Rh13-Ceo =25 -0.09

=59 +0.24
Ceo~Rh13H20-Ceo -26 -0.14

=33 +0.03

“ Positive charge transfer means that the substrate receives electronic density from the support.

°C, 80 °C and 100 °C, respectively. The catalytic activity was
also sensitive to the solvent, and the conversion of quinoline
increased, following the order toluene < THF < isopropanol,
which is in agreement with previous studies where highly
polar solvents are more efficient in hydrogenation reactions
with regard to low-polarity ones.”*>® The reactions
performed at 100 °C reached full conversion at 3 h of
reaction when using isopropanol or THF as a solvent and 7 h
in the case of toluene, with high selectivity to 2, 97%, 97%
and 95%, respectively. Reactions carried out in isopropanol
and toluene were allowed to react for longer times in order to
produce the fully hydrogenated product. Nevertheless, after
24 h of reaction, the composition of the reaction mixture was
very similar; for toluene, the selectivity towards 2 at 7 h (full

6890 | Catal. Sci. Technol., 2019, 9, 6884-6898

conversion) and 24 h was the same (97%), while for
isopropanol, a slight increase of the selectivity to fully
hydrogenated compound 4 was observed, from 1% at 3 h to
5% at 24 h. Time-concentration curves for the quinoline
hydrogenation with Rh-Cg, 10/1 in toluene and isopropanol
are shown in Fig. S9 and S10,f respectively. The high
selectivity of Rh-Cg, towards 2 is independent of the solvent
used, which is in contrast with some reported systems in
which the selectivity is sensitive to the solvent.>*”’
Additionally, the hydrogenation of 2 and 5,6,7,8-
tetrahydroquinoline (3) were evaluated in independent
catalytic tests using Rh-Cg, 10/1 as the catalyst in
isopropanol. The hydrogenation of 2 was very slow (TOF = 4.8
h™), reaching a conversion of 11% at 5 h, which remained
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Table 6 DFT results of 1,2,3,4-tetrahydroquinoline adsorption on various supports; comparisons between adsorption modes (N vs. aromatic ring) are

highlighted and charge transfer® is given

Support Adsorption mode E.gs (kcal mol™) Charge transfer (e’)
Rhy3 -27 -0.08

-54 +0.10
Rhy;3H,0 -17 -0.19

-18 -0.13
Ceo~Rh13-Ceo -64 -0.08
Ceo~Rh13H0-Ceo =20 -0.23

“ Positive charge transfer means that the substrate receives electronic density from the support.

almost unchanged at 24 h of reaction (13% conversion). On
the other hand, the hydrogenation of 3 was slightly more
efficient (TOF = 23.1 h™), displaying 15% conversion at 5 h
and 26% conversion at 24 h of reaction.

The Rh-Cg, series was tested as catalysts in the
hydrogenation of quinoline under the optimized conditions,
i.e. using isopropanol as the solvent at 100 °C under 20 bar
of H, pressure (Table 4). The time-concentration curves for
the quinoline hydrogenation with the Rh-Cq, series are
shown in Fig. S11.f In all cases, except for Rh-Cgo 1/1, full
conversion of quinoline was achieved within an hour, with
high selectivity towards 2 (92-98%). The TOFs were very
similar among them, indicating that the concentration of
rhodium has no effect on both activity and selectivity. This
result is in line with Raman analyses, in which similar charge
transfer was evidenced for samples 5/1 to 20/1. In contrast,
the Rh-Cq, 1/1 catalyst displayed the lowest activity in the
series, and it is probably because only a few nanoparticles
are available on the surface of the nanospheres as
ascertained by HRTEM analyses. The TEM analyses of the
catalysts after the hydrogenation reaction showed that the
nanospheres remained almost unchanged except for Rh-Cgq
1/1 where two populations of sizes centred at 75.0 + 23.6 and

This journal is © The Royal Society of Chemistry 2019

364.2 + 27.8 nm (Fig. S13t) were observed (the mean size
distribution of the as-synthesised compound was 158.2 + 27.5
nm), indicating that these molecular species can evolve
under the catalytic reaction conditions. Also, the Rh NP mean
size distribution for Rh-Csy 5/1 and Rh-Cg 10/1 changed,
displaying a monomodal distribution but is very polydisperse
(Fig. S1371). In addition, a few isolated NPs were observed in
the TEM grid on the Rh-Cg, 10/1 sample, indicating that the
Rh NPs are not stable on the nanosphere surface during
catalysis.

At first sight, no remarkable effect of the thermal
treatment (TT), performed to remove adsorbed DCB, was
noticed for sample Rh-C4, 5/1 vs. Rh-Cg, 5/1 TT (Table 4,
entry 3 vs. entry 5), although it is difficult to compare as the
reaction was complete within one hour. The catalytic
performances of both catalysts, Rh—Cg, 5/1 and Rh-Cgo 5/1
TT, were compared at a lower temperature, 80 °C, using
smaller time intervals to analyze the reaction mixtures. Under
these conditions, Rh-Cg, 5/1 TT showed a higher TOF at 15
minutes of reaction, 302.2 h™, than Rh-Cg, 5/1, 253.8 h™%.
Quinoline was completely consumed within 1 h and 1.5 h,
respectively. When the reaction was performed at 100 °C
using Rh-Cg, 5/1 TT as the catalyst, the quinoline conversion
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was 94% at 15 min, reaching full conversion within 30 min
(98% selectivity towards 2), thus the calculated TOF at 15
min is 488.0 h™, which is as high as those of some other
representative heterogeneous catalysts (Table
831.)‘17,22724,27729,58

The recycling of the catalysts was investigated using Rh-
Ceo 5/1 and Rh-Cgy 5/1 TT due to their higher activity and
selectivity when compared to the rest of the series (Fig. 5).
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Fig. 5 Conversion and selectivity after the recycling tests using Rh-Cgq 5/1
histograms of Rh-Cgo 5/1 TT after the recycling test (scale bar from left to ri
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Rh-Cg, 5/1 could be reused three times without a loss of
catalytic activity; nevertheless, at the fourth recycling, the
conversion dropped to 70%. On the other hand, Rh-Cg, 5/1
TT was revealed to be more robust and was recycled five
times without a loss of catalytic activity. Also, TEM analyses
of the Rh-Cg, TT 5/1 catalyst after the recycling test showed
no appreciable change in the nanosphere size while the Rh
NP mean size increased to 2.7 + 0.7 nm.
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and Rh-Cgo 5/1 TT together with the TEM images and size distribution
ght: 100 nm and 50 nm).
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A DFT study has been performed in order to explore the
coordination thermodynamics of quinoline (1) and 1,2,3,4-
tetrahydroquinoline (2) on several Rh,; molecular models
(Tables 5 and 6). The four molecular models, denoted as
supports in the tables, included a bare Rh,; cluster, a hydride
covered Rhy; cluster (Rh;3H,,), and the analogous systems
with two coordinated fullerene Cg, onto the Rh surface (Cgo-
Rh,;3-Cgy and Cgo-Rhy3H,;-Cg). A coverage value of 1.7 H
atom per surface Rh atom was slightly higher than the value
previously used by us for Ru systems (1.5 H in Ru;;H,g),*"%?
since one can assume that extra hydrides with small
adsorption energies are probably involved in the
hydrogenation reactions. Hydrogenated Rh NP models
simulate the surface of the NPs under hydrogenation
conditions.”® The use of two fullerene Cg, was chosen by
analogy to our previous DFT calculations on Ru-Cg,
systems.>"*> The adsorption energies and charge transfer of
compounds 1 and 2 on those models are given after carefully
checking the nature of the most stable geometries. The
presence of the surface hydrides highly influences the
coordination mode and the adsorption energy in both
compounds. The bare Rh;; cluster very efficiently coordinates
quinoline through n-coordination of the N-bearing aryl ring
(-64 kcal mol™ Rhy;-1, Table 5), while Rh;;H,, prefers to
coordinate through the N atom (-25 kcal mol™ Rh;3H,4-1,
Table 5) and m-coordination is calculated to be very
unfavourable, but possible (-9 kcal mol™ Rhy;H,y-1, Table 5).
Similarly, the coordination mode of 2 over Rh,; and Rh;3H,,
is largely influenced by the surface hydrides. While the bare
Rh;; cluster accommodates compound 2 in a very stable way
through n-coordination of the aryl ring (-54 keal mol™" Rhys-
2, Table 6) after the addition of hydrides onto the Rh surface,
this coordination is not possible leading to coordination
through the N atom (-18 kcal mol™ Rh,;H,,-2, Table 6) or
through the coordination of two C atoms of the aryl ring in
the n? position with Rh—C distances of 2.27 and 2.42 A, which
is very close in adsorption energy (-17 kcal mol™" Rh;3H,(-2,
Table 6).

Likewise, this phenomenon is also observed in the
adsorption of compound 2 on Rh,; clusters bearing fullerene
Ceo On their surface (mn-coordination on Cgy-Rh;3-Ceo (-64
keal mol™ Cgo-Rh;3-Cgp-2, Table 6) vs. N-coordination on
Cso~Rhy3H,0-Cgo (—20 keal mol ™" Cgo~Rh,3H,5~Ceo-2, Table 6)).
The coordination of quinoline 1 on Cgy—Rh;3H,¢-Ce, followed
a slightly different trend. Even if similar, n-coordination is
not possible over the hydrogenated cluster in contrast with
the highly stable m-coordination observed on Cgy—Rh;3-Cso
(-59 keal mol™ Cgo-Rh;3-Ceq-1, Table 5) and N-coordination
of 1 is favourable over Cgy—Rh;3H,¢-Cso (—26 kcal mol ™ Cgo-
Rh;3H,0-Cep-1, Table 5); the coordination of two carbon
atoms of the N-aryl ring to one rhodium atom displays a
more stable adsorption energy (-33 kcal mol™ Cgy~Rhy3H,0~
Ceo-1, Table 5). As a general trend for these calculations, the
hydride coverage changes the coordination mode stability.
Highly stable n-coordination is observed on bare Rh,; clusters,
whereas at high coverage (Rh,3;H,,), N-coordination prevails.
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The effect of the hydride coverage could be attributed to two
factors, first, they pull electronic densities from Rh atoms and
their presence on the surface impedes the n-coordination
through steric effects. This effect has been already observed
by us in previous studies dealing with Ru NPs.*"**

The hydride coverage governs the coordination mode of
the substrate and the partially hydrogenated product to the
Rh surface; nevertheless, whether fullerene Cg, on the surface
is present or not, it also modulates the stability of the
adsorbed species. In general, the addition of fullerene Cg
decreased the charge transfer, as experimentally observed.
Quinoline prefers to coordinate to the surface through a
n-coordination mode of the N-bearing aryl ring in bare Rh;
and Cgp—Rh;3-Cgo, With a slight decrease of the adsorption
energy and a change in the charge transfer (Table 5, —-64 kcal
mol™ +0.40 e  vs. -59 kecal mol™ +0.24 e, respectively).
Likewise, the coordination of compound 2 on bare Rh;; and
Ceo—Rhy3-Cso displayed a similar trend, but the
n-coordination on Cg,—-Rh;3;-Cg, was found to be more stable
(Table 6, -54 kcal mol™ +0.10 e~ (Rhy;) vs. —64 kcal mol™
-0.08 e (Cgo—Rh;13-Cgp)). The comparison of the effect of the
fullerene Cg, coordination on hydrogenated clusters supports
the trends observed experimentally, i.e. the enhanced activity
observed with the presence of fullerene Cg, on the surface
compared to other reported systems. Quinoline coordinates
to the surface of Rhy3H,, and Cgo—Rhy3H,0—Cso through the
N-atom displaying similar adsorption energies (-25 kecal
mol™ vs. —26 kcal mol™, Table 5), but the presence of
fullerene Cg, allowed the coordination of quinoline through
the two carbon atoms of the N-aryl ring in a more stable way
(-33 kecal mol™, Table 5), which could explain the higher
activity of Rh-Cq, compared to those of other reported
systems (see Table S3f). Also, Cgy~Rhi3Hy0~Ceo
accommodates compound 2 through the N-atom in a more
stable manner compared to Rh;3H,,, which could explain
that the Rh-Cqo system is highly selective. This is also
supported by the fact that the coordination through the
aromatic ring was found to be not possible in contrast with
Rh;;H,,. It is also noteworthy to point out that the product 2
did not poison the system for the hydrogenation of quinoline,
as quinoline is coordinated more efficiently than 2 to
hydrogenated rhodium surfaces (=33 kcal mol ™ Cgp-Rhy3Hy0-
Cgo-1, Table 5, vs. 20 keal mol™ Cgo-Rhy3H,0-Cgo-2, Table 6).

Conclusions

A series of Rh-Cg, catalysts were produced via a H, assisted
solution synthesis route. Rh atomically dispersed or Rh NPs
were prepared by tuning the molar ratio of the Rh precursor
and fullerene Cgo. A significant interaction between Rh and
Ceo was evidenced by XPS and Raman analyses, which
consisted of charge transfer from the metal to fullerene Cg,.
These electron-deficient Rh species are excellent catalysts for
the selective reduction of quinoline to the partially
hydrogenated product with a selectivity of up to 98%.
Thermal annealing of the catalyst was highly beneficial to
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improve the stability of these species, as seen in the recycling
test, and also activity (TOF 488.0 h™'), which is in between
the most remarkable heterogeneous catalysts for this
reaction. In addition, DFT calculations allowed the
determination of the origin of the intrinsic selectivity of Rh
NP-based systems when applied as catalysts in the
hydrogenation of quinoline. The hydride coverage in Rh-Cgq
systems plays a pivotal role and explains the origin of the
high selectivity of fullerene modified Rh NP systems when
applied as a catalyst in the hydrogenation of quinoline.

Experimental section
General methods

All operations were carried out under an argon atmosphere
using standard Schlenk techniques or in a MBraun glove box.
Solvents were purified by standard methods or by an MBraun
SPS-800 solvent purification system. [Rh(n*-C;H;);] was
purchased from Nanomeps Toulouse, fullerene Cgo from
Bucky USA, and H, from Air Liquide. All these reactants were
used as received.

Synthesis of Rh-Csg,

In a typical synthesis, the [Rh(n’-C;H;);] complex and
fullerene C4, were placed in a Fisher-Porter bottle in a glove
box and dissolved in 1,2-dichlorobenzene (DCB). The
resulting purple solution was stirred for 30 min at room
temperature, pressurized with 3 bar of H, and then placed in
a 50 °C oil bath. The solution turned black in a few minutes
and was maintained at this temperature under stirring
overnight. After cooling down to room temperature, pentane
was added to the reaction mixture to precipitate Rh-Cg,
which was cleaned twice with pentane. The Rh nanoparticles
were obtained as a black solid powder after drying under
vacuum overnight. For each ratio studied, the quantities of
reactants are detailed hereafter:

Rh-Cg 1/1: 50 mg (0.22 mmol) of [Rh(n*-C;H;);], 160 mg
(0.22 mmol) of fullerene Cg, and 100 mL of DCB. Yield: 160
mg. Rh content: 9.2%.

Rh-Cg 5/1: 25 mg (0.11 mmol) of [Rh(n*-C3H;);], 16 mg
(0.02 mmol) of fullerene Cg, and 10 mL of DCB. Yield: 20
mg. Rh content: 23.3%.

Rh-Cgo 10/1: 100 mg (0.44 mmol) of [Rh(n*-CsHs);], 32 mg
(0.04 mmol) of fullerene Cg4, and 20 mL of DCB. Yield: 100
mg. Rh content: 35.9%.

Rh-Cgo 20/1: 200 mg (0.86 mmol) of [Rh(n*-CsHs);], 32 mg
(0.04 mmol) of fullerene Cg, and 20 mL of DCB. Yield: 75
mg. Rh content: 46.2%.

Growth mechanism

The reaction was performed at —20 °C following the standard
procedure: 50 mg (0.22 mmol) of [Rh(n*-C;Hs);], 16 mg (0.02
mmol) of fullerene Cg, and 10 mL of DCB. The reaction was
followed by sampling the mixture over time.
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General procedure for the hydrogenation of quinoline

The hydrogenation of quinoline was performed in a 40 ml
stainless steel high-pressure batch BR-25 Berghof reactor.
Typically, a mixture of Rh-Cg, catalysts (0.02 mmol Rh),
dodecane (75 mg; 0.44 mmol) and quinoline (404 mg, 3.12
mmol) in 25 ml of the desired solvent was loaded into the
autoclave in the glove box. The autoclave was purged three
times with H, to remove the inert atmosphere, heated to 100
°C and charged with 20 bar of H,. The stirring rate was fixed
at 1500 rpm. Samples of the reaction mixture were taken at
different time intervals and analysed by gas chromatography.
Quantitative analyses of the reaction mixtures were
performed via GC using calibration solutions of commercially
available products.

Catalytic recycling tests

A mixture of quinoline (404 mg, 3.10 mmol), dodecane (75
mg, 0.41 mmol), Rh-Cg, 5/1 catalysts (0.02 mmol Rh) and 25
ml of isopropanol was prepared in the glove box and
introduced into the autoclave. The autoclave was purged three
times with H,, heated to 100 °C and pressurized with 20 bar
of H, during 1 h keeping the stirring rate at 1500 rpm. After
the reaction, the catalyst was recovered into a Schlenk tube by
filtering with a cannula and washing several times with EtOH
under argon, and then dried under vacuum. The catalyst was
reused in another five cycles of the hydrogenation reaction
following the procedure described above.

TEM analyses

TEM and HRTEM analyses were performed at the “Centre de
microcaracterisation Raimond Castaing, UMS 3623,
Toulouse” by using a JEOL JEM 1011 CXT electron
microscope operating at 100 kv with a point resolution of 4.5
A. The high resolution analyses were conducted using a JEOL
JEM 2100F equipped with a field emission gun (FEG)
operating at 200 kv with a point resolution of 2.3 A and a
JEOL JEM-ARM200F Cold FEG operating at 200 kv with a
point resolution of >1.9 A. The approximation of the particle
mean size was established through a manual analysis of
enlarged micrographs by measuring at least 200 particles on
a given grid. Other TEM micrographs were acquired with a
JEOL 2100F S/TEM microscope equipped with a FEG
operating at 200 kV, a spherical aberration probe corrector
and a GATAN Tridiem energy filter. The resolutions attained
are 2 A and 1.1 A under parallel TEM and scanning STEM
modes, respectively. For STEM-HAADF analyses, the spot size
was 0.13 nm, the current density was 140 pA, and the camera
focal length was 10 cm, corresponding to the inner and outer
detection angles of the annular detector of about 60 mrad
and 160 mrad.

WAXS analyses

Wide angle X-ray scattering measurements were performed at
CEMES on a diffractometer dedicated to pair distribution
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function (PDF)  analysis:  graphite-monochromatized
molybdenum radiation (0.07169 nm), solid-state detection
and low background setup. Samples were sealed in
Lindemann glass capillaries (diameter of 1 mm) to avoid any
oxidation after filling in a glove box. For all samples, data
were collected on an extended angular range (129 degrees in
2 theta) with counting times of typically 150 s for each of the
457 data points, thus allowing PDF analysis. Classic
corrections (polarization and absorption in cylindrical
geometry) were applied before reduction and Fourier
transform.

ICP analyses

The rhodium content was established by inductively coupled
plasma optical emission spectroscopy (ICP-OES) performed at
the LCC on a Thermo Scientific ICAP 6300 instrument after
acid mineralization of the samples.

Raman analyses

Raman measurements were carried out with a Horiba
XPLORA-MV2000 spectrometer. For the measurements, an
excitation wavelength of 532 nm and a laser power of 0.084
mW were used. The samples were kept under vacuum and
exposed to atmospheric air shortly before measurements.

XPS analyses

XPS measurements were performed on a Thermo Ko
spectrometer working at a base pressure of 5 x 10~° mbar
and equipped with a monochromatic Al Ko X-ray source
(1486.7 eV). The spectra presented here were recorded with a
pass energy of 20 eV. The data were processed with CasaXPS
using Gaussian-Lorentzian combinations and a Shirley
background. Scofield photoionization  cross-sections®
corrected for the transmission function of the analyzer and
the analysis depth were used for quantifications.

ATR-IR

ATR-IR spectra were recorded on a Perkin-Elmer GX2000
spectrometer available in a glove box in the range of 4000-
400 cm™.

SSNMR

Solid state NMR (MAS-NMR) with and without '"H-"*C cross
polarization (CP) were performed at the LCC on a Bruker
Avance 400WB instrument equipped with a 4 mm probe with
the sample rotation frequency being set at 12 kHz unless
otherwise indicated. Measurements were carried out in a 4
mm ZrO, rotor.

TGA

Thermal analysis under air was performed on a
thermobalance Perkin Elmer Diamond TG.
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GC analyses

GC analyses were performed on a PerkinElmer Autosystem
GC equipped with an Elite-5MS capillary column (30 m x 0.25
mm x 0.25 pm). Split (20:1); carrier gas flow: He, 20 ml
min~'; injector temperature: 250 ©°C; detector (FID)
temperature: 250 °C; oven program: 110 °C (hold 12 min) to
230 °C at 20 °C min™" (hold 3 min) for a total run time of 21
min; retention time: dodecane, 5.3 min; 1, 7.0 min; 2, 11.3
min; 3, 6.5 min; 4, 4.4 min.

Computational details

DFT calculations were performed using the Vienna ab initio
simulation package VASP,*'"® based on the full-potential
projector augmented wave framework.®>®® Exchange-
correlation effects have been approximated using the spin-
polarized version of the PBE functional.” A kinetic-energy
cutoff of 400 eV was found to be sufficient to achieve a total-
energy convergence within several meV, considering the
k-point sampling in Gamma-point only calculations for
isolated molecules and complexes, in conjunction with
Gaussian smearing with a width of 0.05 eV. During geometry
optimization runs, all the atoms were fully relaxed until
forces on individual atoms were smaller than 0.01 eV A™.
Calculation cells for isolated molecules and complexes were (25
x 26 x 27) A® to avoid spurious interactions between periodic
images. Figures of the different geometries were produced
thanks to the 3D visualization program VESTA.®® Bader charge
analyses were performed using Henkelman's group code.®® The
optimal geometries upon H, adsorption were constructed,
following the results of ref. 70, i.e. all available p; sites were
occupied and then the top sites and, if needed, some bridge
sites were used to build the starting geometries.
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