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ABSTRACT: This contribution targets the first comprehensive understanding of the
next-generation catalyst for nitroarene hydrogenation, featuring ligand-capped 2 nm
platinum nanoparticles (Pt-HHDMA, HHDMA: hexadecyl(2-hydroxyethyl)-
dimethylammonium dihydrogen phosphate) deposited on carbon. Fundamental questions
related to the structure, properties, and mechanistic fingerprints of the metal—organic
interphase of the hybrid system were addressed through a battery of advanced
characterization methods and theoretical calculations. Catalytic tests conducted in a flow
reactor at variable temperature and pressure revealed the superior activity of Pt-tHHDMA
in comparison with the archetypal and industrially relevant Lindlar-type Pt—Pb/CaCO;,
with outstanding chemoselectivity and leaching resistance. The analysis of the reaction
mechanism by Density Functional Theory, which was never addressed systematically,
showed that the benefits of the ligand-modified catalyst arise from the facilitated H,
activation and weak nitroarene adsorption on the HHDMA-modified surface. At the same
time, the ligand isolates the platinum ensemble, reducing the possibility of unselective

routes by controlling the adsorption geometry and extent of the reactant and product intermediates. These results substantially
enrich the mechanistic understanding of HHDMA-modified Pt catalyst and are of fundamental relevance for future
improvements of this hybrid catalyst and for extrapolating this technology to other challenging reactions.

KEYWORDS: nitroarene hydrogenation, aromatic amines, ligand-stabilized nanoparticles, platinum, Lindlar catalyst,

colloidal synthesis, flow chemistry, Density Functional Theory

1. INTRODUCTION

Highly dispersed metal nanoparticles supported on inorganic or
organic carriers form the basis for many heterogeneous catalysts
in the chemical industry." Due to remarkable achievements in
the field of colloidal chemistry,”” the past decade has witnessed
the development of new methods for synthesizing metal
nanoparticles with tailored size and shape and controlled
interaction with their surroundings. These factors, in fact,
determine the selectivity of the materials when used as
catalysts.* The samples are typically prepared from a colloidal
suspension of the metal salt, using inorganic reducing agents
such as hydrazine or LiBH,, and organic ligands that limit metal
aggregation, such as poly(N-vinyl-2-pyrrolidone), N-hetero-
cyclic carbene, or triphenylphosphine.” Despite the growing
number of publications in this area, the exploitation of colloidal
methods at the industrial scale is often hampered by the use of
expensive and toxic reagents and solvents.® In an attempt to
reduce the use of stoichiometric compounds, BASF has
invented the NanoSelect technology, comprising surfactant-
stabilized Pt, Pd, and Pt—Pd nanocatalysts prepared in aqueous
medium, using the nontoxic hexadecyl(2-hydroxyethyl)-
dimethylammonium dihydrogen phosphate (HHDMA) ionic
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liquid as a reducing and stabilized agent.”” These materials,
which are marketed as lead-free alternatives to Lindlar-type
catalysts, have been successfully applied in the selective
hydrogenation of a variety of compounds.”’

We have recently investigated the performance of Nano-
Select-Pd in the continuous semihydrogenation of function-
alized alkynes, deriving structure—performance relationships.*®
Despite the 10-fold lower Pd content in the colloidal system,
these materials match or even exceed the stereo- and
chemoselectivity of the Lindlar-type Pd—Pb/CaCOj; catalyst.
Notably, distinctions in the catalytic performance were
correlated with the relative accessibility of the organic substrate
to the active site, as well as with the adsorption configuration
and strength, depending on the ensemble size and surface
potentials.” Nonetheless, relevant structural aspects including
the preferential adsorption of the surfactant on planar or
stepped surfaces of the metal and the extent of the HHDMA
anchored to the support have not yet been addressed, although
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they would enable a more comprehensive understanding of the
structure and reactivity of these materials.

The hydrogenation of functionalized nitroaromatics to
aniline derivatives is relevant for the production of key building
blocks in the synthesis of pharmaceuticals, polymers, herbicides,
and dyestuffs.”'® This type of reaction is currently conducted in
(semi)batch slurry reactors,'’ using Pt nanoparticles modified
with the addition of lead, bismuth, phosphoric acid, or
vanadium.'> Despite the good reactivity and significant degree
of selectivity exhibited by these materials at mild reaction
conditions, new restrictions in the use of harmful modifiers call
for sustainable catalytic formulations. Besides, the advantage of
a batch reactor is the versatility of the equipment, which is
flexible to accommodate miscellaneous types of reactions
during different industrial campaigns. However, it has been
recently demonstrated that 50% of the reactions performed in
the pharmaceutical and fine chemical industries (including the
chemoselective hydrogenation of nitroaromatics) would benefit
from a continuous operation, due to the improved mass and
heat transfer and shorter reaction times, leading to a high space-
time yield, energy saving, and safety.">”"> The mechanism of
nitroarene hydrogenation was proposed by Haber in the late
1890s for the equivalent electrochemical reaction and entails
two competing pathways (Scheme 1).'® In one case, it involves
the reduction of the nitro to a nitroso group, the rapid addition
of a second equivalent of hydrogen resulting in the formation of

Scheme 1. Haber Mechanism Describing the Hydrogenation
of Nitrobenzene to Aniline, Showing the Direct Reduction
(Blue) and the Condensation (Red) Routes”
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hydroxylamine, and the production of aniline by hydrogenation
of hydroxylamine. In the other case, two nitroaromatic
intermediates interact leading to dimers (azo, azoxy, and
hydrazo species). To the best of our knowledge, this
mechanism was never corroborated on theoretical grounds
and many hypotheses regarding the adsorption and reactivity of
the reducible nitroaromatic on platinum require clarifica-
tion." "’

In this work, we have studied the hydrogenation of
functionalized nitroaromatics over the poison-free Nano-
Select-Pt catalyst (Pt-HHDMA/C). The combination of
advanced characterization methods, systematic kinetic tests in
a three-phase continuous microreactor, Density Functional
Theory (DFT), and classical and first-principles Molecular
Dynamics (MD) enabled a better understanding of the
structure of this hybrid catalyst and its superior catalytic
performance with respect to the benchmark Pt—Pb/CaCO;
(Figure 1). Besides, we provide the first validation by DFT of
the Haber mechanism for nitroarene hydrogenation.

2. EXPERIMENTAL SECTION

2.1. Catalysts. The ligand-modified Pt-HHDMA/C catalyst
(0.8 wt % Pt; NanoSelect Pt-100, Strem Chemicals, ref: 78-
1630) was used as received. As detailed elsewhere,” the catalyst
was prepared by dissolving H,PtCls in an acidic solution
containing water and HHDMA. A slurry of carbon powder in
water was added to the mixture, and the suspension was stirred
at 353 K for 2 h. The catalyst was finally filtered off and
extensively washed. The organic capping layer on the surface of
the Pt nanoparticles could be eventually removed by applying
an UV-ozone treatment, using a Bulbtronics 16 W low-pressure
mercury lamp emitting at 185—257 nm and positioned at a
distance of S mm from the sample. The Lindlar-type Pt—Pb/
CaCO; (S wt % Pt + 1 wt % Pb) catalyst was prepared by
following a published recipe.'” Briefly, potassium tetrachlor-
oplatinate (0.17 g, Alfa Aesar, 99.999%) was dissolved at room
temperature in aqueous HCI (0.5 M, 3 cm?), followed by
dropwise addition of aqueous NaOH (3 M), until reaching a
pH of 4.5. The calcium carbonate carrier (1.5 g, Fluka, >99.5%)
was added to the solution, and the resulting suspension was
stirred for 30 min at 353 K. Aqueous sodium formate (0.7 M, 1
cm®, Fluka, >98%) was supplied as reducing agent, and the
brown slurry was magnetically stirred for 30 min until turning
black, indicating the reduction of the platinum cations into Pt’.
The solid was filtered off and extensively washed with deionized
water. Afterward, the moist catalyst paste was poured into
aqueous lead acetate trihydrate (0.04 M, 1 cm®, ABCR-
Chemicals, 99%), and the slurry was stirred for 1 h at 353 K.
The solid was separated by filtration, washed with deionized
water, and dried overnight at 338 K.

2.2. Characterization Methods. The platinum and lead
content was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) using a Horiba Ultra 2
instrument equipped with a photomultiplier tube. The H, C, N,
O, P, and Cl content was determined by elemental analysis in a
LECO CHN 900 combustion furnace. Scanning transmission
electron microscopy (STEM) was undertaken in a FEI Tecnai
F30 FEG operated at 300 kV. Secondary electron micrographs
of the uncoated samples were acquired using a Zeiss Gemini
1530 FEG SEM operated at 1 kV. The materials were dispersed
as dry powders on holey carbon-coated copper grids. Pulse
chemisorption of carbon monoxide was conducted in a Thermo
TPDRO 1100 analyzer. The sample (S0 mg) was pretreated in
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Figure 1. Illustration of the flow hydrogenation of a representative nitroaromatic compound (bottom) and structures of the Pt HHDMA and Pt—Pb
nanoparticles with an inset on the metal surface (top). Color codes: H (white), C (light gray), N (purple), O (red), P (orange), Pb (dark gray), and

Pt (dark blue).
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Figure 2. High-throughput flow chemistry technology consisting of six microreactors, enabling accelerated catalyst testing and quantitative kinetic
studies of three-phase reactions in continuous operation. The picture on the right is a schematic representation of the catalyst particles during three-
phase hydrogenation and was created with the help of Blender, an open-source 3D computer graphics software.

He (20 cm® min™!) at 393 K for 1 h and reduced in S vol %
H,/He (20 cm® min™") at 348 K for 30 min. Thereafter, 0.344
cm?® of 1 vol % CO/He was pulsed into the catalyst bed at 308
K every 4 min. The platinum dispersion was calculated from the
amount of chemisorbed CO, considering an atomic surface
density of 1.47 X 10" atoms m™ and an adsorption
stoichiometry of Pt/CO 1.'"® Nitrogen isotherms were
measured at 77 K in a Micromeritics 3Flex instrument after
sample evacuation at 393 K for 6 h. X-ray diffraction (XRD)
was measured on a PANalytical X’Pert PRO-MPD diffrac-
tometer (see Section 1 in the Supporting Information). Data
were recorded in the 10—70° 26 range with an angular step size
of 0.02° and a counting time of 0.26 s per step. X-ray
photoelectron spectroscopy (XPS) was performed on a VG
Microtech Multilab 3000 spectrometer featuring a hemispheric
electron analyzer with 9 channeltrons and nonmonochromat-
ized Al Ka radiation at 1486.6 eV. The catalysts were pretreated
in He (20 cm® min™") at 393 K for 1 h. The spectra were
collected under ultrahigh vacuum conditions (residual pressure
= 5 X 107® Pa) at a pass energy of S0 eV. In order to
compensate for charging effects, all binding energies were
referenced to the C 1s level at 284.6 eV. Thermogravimetric
analysis (TGA) was performed in a Mettler Toledo TGA/DSC
1 Star microbalance connected to a Pfeiffer Vacuum Thermo-
Star GSD 320 T1 mass spectrometer, after pretreatment of the
samples in N, (40 cm® min™") at 393 K for 1 h. The analysis
was performed in air (40 cm® min™"), ramping the temperature
from 298 to 1173 at 10 K min~". Fourier transform infrared
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(FTIR) spectroscopy was performed in a Bruker Optics Vertex
70 spectrometer equipped with high temperature cell, ZnSe
windows, and a mercury—cadmium-telluride detector. The cell
was filled with powdered catalyst and carefully leveled to
minimize reflection from the sample surface. The spectra were
recorded in He (20 cm® min™') at 473 K. Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS) was performed
on a ION-ToF GmbH ToF.SIMS.S reflectron-based mass
spectrometer equipped with a Biy** primary ion gun operated at
50 kV and an electron flood gun for charge compensation. Prior
to data collection, the reference HHDMA surfactant was
diluted in ethanol and a few droplets of the solution were
deposited on a silicon wafer and dried in ambient air for 2 h. A
thin layer of powdered catalyst was deposited on an aluminum
foil. The analysis was conducted by recording the secondary ion
mass spectra in the atomic mass unit range of 1—600, using a
probing area of 200 X 200 ym® In the positive mass mode, the
calibration of the mass spectra was based on CH;* (m/e
15.025), C,H* (m/e 29.04), C;H,* (m/e 43.05), and C,H,*
(m/e 57.07). In the negative mass mode, the calibration was
based on CH™ (m/e 13.01), C,H™ (m/e 25.01), CsH™ (m/e
37.01), and C,H™ (m/e 49.01). The normalized intensities were
obtained by dividing each peak of the spectra by the total
measured intensity. *>'P magic-angle spinning nuclear magnetic
resonance (MAS NMR) spectra were recorded at a spinning
speed of 10 kHz on a Bruker AVANCE 700 NMR
spectrometer equipped with a 4 mm probe head and 2.5 mm
ZrO, rotors at 104.3 MHz.
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Table 1. Composition, Porosity, and Metal Dispersion of the Catalysts

Pt* Pb” (o H” o’

catalyst (wt %) (wt %) (wt %)  (wt %) (wt %)
Pt-HHDMA/C 0.8 0.0 88.9 2.6 6.3
Pt—Pb/CaCO, 5.1 1.0 0.0 0.0

Nb Pb SgETC Vpored Dcog DTEMf
(Wt %) (wt%) CI°(wt%) (m'g") (m'g") (%) (%)

0.7 0.2 0.5 (0,0l)g 234 0.32 47 49

0.0 0.0 0.0 4 0.01 7 8

“ICP-OES. “Elemental analysis. “BET method. Wolume at p/po = 0.98. °CO chemisorption. JTEM. 8XPS.

2.3. Catalytic Evaluation. The hydrogenation of nitro-
aromatic compounds was carried out in the fully automated
ThalesNano H-Cube Pro setup. As described elsewhere,® the
system is equipped with an electrolytic cell for in situ H,
generation using Millipore water, an HPLC pump for the
feeding of the reactants, an autosampler, and a CatChanger.
The latter, in particular, consists of six parallel isothermal
microreactors (Figure 2), which enable high-throughput data
acquisition and fast kinetic studies. The gaseous hydrogen and
the liquid mixture containing both the nitroaromatic substrate
and the solvent flow concurrently upward through a stainless-
steel cartridge of ca. 3.5 mm internal diameter placed into the
CatChanger. This contains a fixed bed of particles, comprising
the catalyst (0.1 g) and silica (ca. 0.07 g), both with a particle
size of 02—0.4 mm. This configuration is referred to as
“flooded-bed reactor” and, compared to the standard down-
flow “trickle-bed reactor”, is particularly advantageous for
studying three-phase hydrogenation reactions due to the much
higher mass and heat transfer coefficients between the gas and
the liquid phases.'” The nitroaromatic substrates included
nitrobenzene (Sigma-Aldrich, 99%), 1-chloro-4-nitrobenzene
(Sigma-Aldrich, 99%), 4-nitrostyrene (TCI Deutschland
GmbH, 95%), 4-nitrotoluene (Sigma-Aldrich, 99%), 1,4-
dinitrobenzene (Alfa-Aesar, >98%), S-methyl-2-nitroaniline
(Sigma-Aldrich, 95%), and 4-nitrobenzamide (ABCR-Chem-
icals, 98%). Unless specified otherwise, the inlet solutions
contained S vol % of the nitroaromatic substrate and
tetrahydrofuran (THF, Sigma-Aldrich, 99.9%) as the solvent.
The kinetic tests were performed at various temperatures
(303—363 K), pressures (1—60 bar), and liquid (0.3—3 cm?®
min~') and H, (3—60 cm® min™') flow rates. The reaction
products were collected after reaching (in only 10 min) steady-
state operation, and analyzed offline in a HP-6890 gas
chromatograph equipped with a HP-S capillary column and a
flame ionization detector. The conversion of the nitroaromatic
compound (Xy,) and the selectivity to product i (S;) were
calculated as

Xna(%) = 100 X (Cin,NA - Cout,NA)/Cin,NA

Si(%) = 100 X (Cout,i)/(cin,NA - Cout,NA)

where ¢, na and c,cna are, respectively, the inlet and outlet
concentration of the target nitroaromatic compound, and c,,; is
the outlet concentration of the product i.

out,i

3. COMPUTATIONAL DETAILS

Periodic DFT calculations were performed with the VASP
code,”””! using the generalized gradient approximation (GGA)
in the form of the revised Perdew—Burke—Ernzerhof (RPBE)**
exchange—correlation functional. In order to include the
dispersion contributions in the functional, the DFT-D2
approach was used,”””* employing for Pt and Pb the
parameters refined in our previous work.”> The projected
augmented wave (PAW) method was used to describe the
interaction between valence and core electrons.”® The number
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of plane waves was determined by a kinetic cutoff energy of 450
eV and the number of k-points was adapted to achieve a similar
sampling density in the reciprocal space. The structure of
HHDMA was reoptimized on the basis of the previous work on
supported Pd-HHDMA.® This ligand features a quaternary
ammonium polar group attached to an aliphatic chain that
interacts with the dihydrogen phosphate anion by electrostatic
forces; on the other hand, the hydrocarbon tail is able to self-
organize linearly by van der Waals interactions.

To model the Pt-HHDMA catalyst, we have considered low-
index Pt(111) and Pt(311) faces containing surface platinum
atoms with coordination numbers of 9 and 6, respectively. In
particular, we have performed supercell p(2 X 2) periodic
calculations of slabs with thicknesses of five atomic layers and
vacuum gap of ca. 20 A. The two atomic layers at the top were
allowed to relax, whereas the three bottom layers were fixed at
their bulk positions. We have adsorbed one HHDMA molecule
per surface simulation cell; the energy of adsorption on the Pt
surfaces was calculated as E,4, = Egeopmoma — Eswf — Exmona
where Eg ¢nnpma 1S the energy of the surface with the
adsorbed HHDMA species, E, ¢ is the energy of the simulation
cell containing only the surface, and Eyppys is the energy of
the HHDMA crystal structure per formula unit. It has been
recently proposed that the interface between Pt and the
surfactant might contain residual chlorine anions from the
preparation process.”” We have analyzed the possible
interaction of these ions with HHDMA and Pt, and the results
of the calculation are included in the Supporting Information
(Section 2). To model the Pt-Lindlar catalyst, single platinum
atoms in the first layer of Pt(111) were substituted with lead
with a 0.25 ML coverage, similarly to the Pd-Lindlar
structure.””” Notice that Lindlar-type Pt—Pb catalysts have
been prepared in the past using different supports (ie.,
carbonates, sulfates, and oxides).17 However, no effect on the
activity and selectivity was noted. Besides, the average diameter
of the Pt—Pb nanoparticles in this system is approximately 8
nm. If the sites at the interface between the metal particles and
the support were relevant for the reaction, smaller nanoparticles
would be more active. The fact that this is not experimentally
encountered indirectly discards any role played by the support
in the reaction, justifying the fact that we neglected to model
the CaCOj carrier.

The propensity of the catalysts to hydrogenate nitroaromatic
compounds was assessed by considering the adsorption energy
of specific reactants and products (specifically, C;H(NO,,
CHNH,, CIC{H,NO,, and CICJH,NH,) on a p(4 X 4)
supercell. The climbing image nudged elastic band (CI-NEB)
algorithm®® was employed to calculate the transition states of
the elementary steps involved in the hydrogenation of
CIC(H,NO, on Pt—Pb and Pt-HHDMA, using at least four
images along the reaction coordinate. The transition states were
confirmed by having only one imaginary frequency.

Additional calculations to assess the convergence of
adsorption energies of the reactants were performed on a
nanoparticle with a diameter of 1.7 nm and capped with
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Figure 3. SEM (left) and HAADF-STEM (middle) micrographs, and respective particle size distributions (right) of Pt-HHDMA/C (a) and Pt—Pb/

CaCo; (b).

H,PO,” and N*(CHj;),(CH,)OH. A 260-atom Pt nanoparticle
was built in a cuboctahedron with a number of HHDMA
molecules in agreement with the experiments. This structure
was equilibrated through first-principles Molecular Dynamics
(for a more detailed discussion, see Section 3 in the Supporting
Information). The test shows that convergence was achieved
and thus due to the large computational effort that the 1.7 nm
nanoparticle implies we have employed the slab model instead.

4. RESULTS AND DISCUSSION

4.1. Catalyst Characterization. Main Differences be-
tween Pt—Pb and Pt-HHDMA. The PtHHDMA/C catalyst
contains 0.8 wt % Pt. Comparatively, Pt—Pb/CaCO; has
approximately S wt % Pt and, in addition, 1 wt % Pb (Table 1).
Transmission electron microscopy confirms that the spherical
Pt-HHDMA nanoparticles are well distributed over the carbon
carrier of the hybrid catalyst (Figure 3), displaying an average
diameter of ca. 2 nm, which corresponds to a degree of metal
dispersion of 49%. However, the degree of Pt dispersion
calculated from the micrographs (49%, Table 1) is slightly
higher than that determined by CO chemisorption (47%),
indicating that some of the platinum atoms over Pt-HHDMA/
C are inaccessible. The Pt—Pb particles decorating the
carbonate phase of the Lindlar-type catalyst exhibit a much
broader size distribution centered at around 8 nm (Figure 3).
This corresponds to a degree of metal dispersion of 7%, in line
with the results from CO chemisorption (Table 1), suggesting
that all surface atoms are accessible to the reactants. XRD
(Figure S1) further verifies the presence of typical Pt reflections
in the case of Pt—Pb/CaCO;.

The total surface area of the hybrid Pt-HHDMA material is
relatively high (Sggr = 234 m® g!) and the porous nature of
the support (me = 0.32 cm® g7') is confirmed by scanning
electron microscopy (Figure 3). The Pb-poisoned material, in
contrast, has a total surface area of only 4 m* g and a pore
volume of 0.01 cm® g™'; this is expected considering that the
basic CaCOj support is composed of large, nonporous particles

3771

(Vporecacoz = 0.03 em® g™'). XPS (Figure 4) evidence a single
Pt 4f,, core level peak at 71.9—72.0 eV for Pt-HHDMA/C,

Pt-HHDMA/C

Intensity / a.u.

Pt-Pb/CaCO,

T T

80 76 72 68

BE/eV

Figure 4. Pt 4f core level XPS spectra of the catalysts.

which is shifted ca. 0.9 eV with respect to the peak
corresponding to a Pt single crystal.”’ This peak has been
assigned in the past to Pt’ and attributed to quantum effects
observed over extremely small (<2 nm) Pt nanoparticles.*”
However, we cannot exclude a minor contribution of oxidic Pt
species.”” The XPS analysis of the Pt—Pb catalyst, on the other
hand, shows broad peaks with characteristic shoulders, in
agreement with the literature,'”"” which are assigned to Pt’ and
Pt species. The atomic surface Pt/Pb ratio, also determined
by XPS, is ca. 2.5.

Structure of Pt-HHDMA. Thermogravimetric analysis
confirms the presence of HHDMA molecules adsorbed on
the surface of the colloidally prepared Pt catalyst (Figure S).
The profile exhibits a first weight loss at $70—580 K, assigned
to the decomposition of the ligand, and a second weight loss at
ca. 800 K, associated with the oxidation of the carbon support.
At the high temperatures where the organic ligand decomposes,
the Pt nanoparticles are expected to agglomerate.” Thus, only
the simultaneous action of ozone and ultraviolet light, which
oxidize the carbon-containing ligand into carbon dioxide and
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Figure S. TGA profile in air of Pt-HHDMA/C. In the inset, DRIFT
spectra at different temperatures (1—3) of the same catalyst.

water, can selectively remove the HHDMA shell without
altering the Pt particle size.” The presence of HHDMA on the
Pt surface is further confirmed by the observation of
characteristic bands between 3000 and 2800 cm™ and between
1100 and 1200 cm™ in the infrared spectra of the Pt-HHDMA
sample (inset in Figure S and Table S1). The formers are
assigned to the C—H stretching vibration of the organic tail of
the surfactant, while the latters are due to the phosphate group
of HHDMA.* The intensity of these bands starts to decrease at
ca. 550 K, in line with the TGA analysis.

The total content of H, C, N, O, P, and Cl determined by
elemental analysis are ca. 2.6, 88.9, 0.7, 6.3, 0.2, and 0.5 wt %,
respectively (Table 1). XPS, however, suggests that the Cl
species are almost absent from the surface (surface concen-
tration of Cl = 0.02 wt %), in line with published works.””**
The content of C cannot be taken into account for an accurate
estimation of the quantity of HHDMA on the material,
considering that the catalyst contains activated carbon as
carrier. Contrarily, based on the content of P and considering
the HHDMA stoichiometry (C,0H,NOsP), we can approx-
imately estimate the number of HHDMA molecules containing
a phosphate group (3 X 10*'"), which is 1 order of magnitude
lower than that determined by considering the results for H, N,
and O (3 X 10*). This discrepancy can be explained by taking
into consideration that the surfactant adsorbs on both the Pt
nanoparticles and the carbon support. In the former, the
adsorption features a phosphate group connected with an N-
containing organic tail; in the latter, the adsorption occurs at
the interphase between the N-containing tail of HHDMA and
the hydroxyl groups on the support, with the orthophosphate
anion being eliminated as H3PO,.*” Thus, measuring the
content of P appears to be the most accurate way to estimate
the amount of ligand directly on the Pt nanoparticles. From the
ratio between the concentration of HHDMA on Pt and that on
the catalyst, it is possible to estimate that approximately 10% of
the total HHDMA is deposited on the nanoparticles, and the
remaining 90% is on the carrier. Notably, the concentration of
organics does not change upon hydrogenation, pointing to the
absence of HHDMA leaching.

In an attempt to understand the coordination of the ligand
on the surface of Pt, we have conducted ToF-SIMS analyses.
This very sensitive surface technique, in fact, can be employed
to examine the chemistry of strongly adsorbed molecules on
catalysts.”® The SIMS spectrum obtained for Pt-HHDMA/C
(Figure 6a) after reference subtraction evidence a series of
cluster ions at 210 and 246 m/e, assigned to PtO™ and PtOP",
respectively, indicating direct interaction of the anionic
phosphate head with the metal surface. NMR (Figure 6b),
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Figure 6. ToF SIMS (a), P MAS NMR (b), and P 2p core level XPS
(c) of Pt-HHDMA/C. The inset in (b) highlights the interaction of
the ligand with the Pt surface via an orthophosphate group. Color
codes as specified in the caption of Figure 1

which has been employed in the past to determine the structure
of organic materials, including ligand molecules on nano-
particles,”” confirms a single chemical shift for the anion part
belonging to an orthophosphate group. XPS (Figure 6¢) further
verifies the presence of a P 2p;,, core level peak at 134 eV,
attributed to PO,*”, proving that only the anionic part of the
ligand interact with the platinum surface through an oxygen
atom.

Dispersion-corrected DFT calculations not only confirm the
experimental results but also provide new insights on the
structure and energy landscape of the hybrid nanomaterial. The
most favorable adsorption mode of HHDMA on the lowest
energy surface, Pt(111), is through the oxygen atoms of the
dihydrogen phosphate anion (Tables S2 and S3 and Figure
$2a), in agreement with the preferential adsorption of anionic
species.”® The quaternary ammonium head comprising the
HHDMA tail remains in close proximity of the H,PO,™ anion,
interacting through electrostatic forces and an hydrogen bond
between the CH,OH side tail and the H,PO,” group. This
process is highly favorable, considering that the interaction
energy of Pt(111)-HHDMA with respect to the surfactant
crystal reference is exothermic by 3.90 eV. Despite the presence
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Figure 7. Conversion at different temperatures and pressures during the hydrogenation of nitrobenzene (a), chloronitrobenzene (b), and
nitrostyrene (c) over Pt-HHDMA/C and Pt—Pb/CaCO;. Conditions: F(H,) = 18 cm® min™", F; (nitroarene + THF) = 3 cm® min™". The contour
maps were created by spline interpolation of 25 experimental points. At all conditions, both catalysts are fully selective to the aniline products.

of low-coordination sites on the surface of a 2 nm Pt
nanoparticle, the stabilization gained at these faces is quite
similar, suggesting that Pt(111) provides a reasonable
representation of a typical active surface. In fact, the computed
adsorption energy over Pt(311) is only 0.28 eV more stable
than that over Pt(111) and the main difference between both
surfaces relates to the distance between the metal and oxygen
atoms. On Pt(311), the ligand prefers to adsorb at the step
position of the surface and two oxygen atoms coordinate with
the Pt surface at around 2.11 A (Figure S2b). On Pt(111), the
average distance is 2.77 A and three oxygen atoms interact with
the surface. Besides, the distance between the cationic head of
the tail and the surface is 7.17 A over Pt(311) and 7.77 A over
Pt(111).

We have finally investigated which type of anion is more
likely to be present at the interface of the hybrid catalyst, taking
into account the presence of residual Cl~ species (Tables S2
and S3, Figures S2c and S3). The models suggest that the
H,PO,” anion can thermodynamically displace CI™ from the
surface. The energy difference between both structures,
obtained with respect to the surfactant crystal references, is
0.86 €V in favor of the H,PO,” anion (for a more detailed
discussion, see Section 2 in the Supporting Information).
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4.2. Catalytic Performance. The contour maps in Figure 7
depict the activity of Pt-HHDMA/C and Pt—Pb/CaCO; at
different temperatures and pressures, in the continuous-flow
three-phase hydrogenation of nitrobenzene, chloronitroben-
zene, and nitrostyrene. At the conditions investigated, the
conversion of nitrobenzene (Figure 7a) ranges between 20 and
100% over Pt-HHDMA/C and between 10 and 100% over Pt—
Pb/CaCOj;. The former catalyst, in particular, appears to be
more active, reaching full nitrobenzene conversion at much
lower operating conditions (323 K and 10 bar) compared to
Pt—Pb (363 K and 40 bar). To compare the selectivity of the
catalyst to the aniline product, the nitrobenzene conversion was
fixed at 40% by changing the temperature (Table 2). In fact,
longer contact time can adjust the conversion of the nitro
compound. However, due to the limitations of the liquid and
gas dosing systems in our reactor setup, we are not able to
attain contact times lower than 0.1 s. For this reason, the data
in Table 2 are collected at 303 K over Pt-HHDMA and at 363
K over Pt—Pb. This comparison, however, is meaningful,
considering that the samples are fully selective at all
temperatures and pressures investigated (see the caption of
Figure 7). In particular, the aniline selectivity is 100% over Pt-
HHDMA and 98% over Pt—Pb (Table 2). Hydroxylamine is
the only byproduct over Pt—Pb/CaCOj, in line with the
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Table 2. Product Selectivity (in %) at 40% Conversion in the Hydrogenation of Various Nitroaromatic Compounds over the
Catalysts”

Entry Reactant Product Pt-HHDMA/C* Pt-Pb/CaCO3”
NO, NH,
1 © 100 98
nitrobenzene aniline
NO, NH,
2 <> © 98 96
Cl Cl
4-chloronitrobenzene 4-chloroaniline
NO, NH,
3 100 100
= =
4-nitrostyrene 4-ethenylaniline
NO, NH,
4 E; © 100 100
4-nitrotoluene 4-methylaniline
NO, NH,
5 <> © 95 96
NO, NO,
1,4-dinitrobenzene 4-nitroaniline
NO, NH,
H,N H,N
6 99 100
5-methyl-2-nitroaniline  5-methyl-1,2-dianiline
NO, NH,
7 inactive 82
e} NH, o NH,
4-nitrobenzamide 4-aminobenzamide

2T = 303 K. ®T = 363 K. Other conditions: P = 1 bar, F5(H,) = 18 cm® min~, F, (nitroarene+THF) = 3 cm® min~.

literature reporting that the hydrogenation of simple aromatic nitroarene, with the colloidally prepared material being more
nitroarenes poses few selectivity problems.”'”'” In order to active than Pt—Pb/CaCO;. On the other hand, both catalysts
assess whether other catalysts can reach the same hydro- reach the same level of selectivity at comparable degree of
genation performance, we have tested Pd—Pb/CaCO;, Pd- conversion (Table 2, Entries 1—3). In the past, Pt—Pb/CaCO,
HHDMA/C, Au/TiO,, and Ag/SiO, in the hydrogenation of proved to be one of the few systems that were able to
nitrobenzene. All these catalysts yield incomplete conversions, selectively hydrogenate nitroarenes containing (multiple)
which suggests that platinum is a suitable material for the unsaturations. The newly developed Pt-HHDMA catalyst
sustainable manufacture of aniline derivatives in flow mode. matches the same level of aniline selectivity of Pt—Pb, with
The Pt—Pb/CaCO; and Pt-HHDMA/C-catalyzed hydrogena- much lower Pt content and no Pb.
tion of chloronitrobenzene and nitrostyrene in Figure 7b,c The hydrogenation of 4-nitrotoluene (Entry 4) yields 45%
follows a similar pattern as in the hydrogenation of the simplest conversion and 100% product selectivity over both catalysts.
3774 DOI: 10.1021/acscatal.5b00885
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Figure 8. Adsorption energies of nitrobenzene (red), aniline (blue), 4-chloronitrobenzene (orange), and 4-chloroaniline (light blue) on Pt(111),
Pt;Pb(111), and Pt(111)-HHDMA (a). DFT-calculated configuration for the adsorption of 4-chloronitrobenzene (b) and 4-chloroaniline (c) on
Pt(111)-HHDMA. Adsorption of 4-chloronitrobenzene on a ligand-coated 1.7 nm Pt model nanoparticle equilibrated with first-principles Molecular
Dynamics (details in the Supporting Information) (d), providing a —0.03 eV adsorption energy. Color codes: H (white), C (light gray), N (purple),

O (red), Cl (green), P (orange), and Pt (dark blue).

Applied in the partial hydrogenation of 1,4-dinitrobenzene and
2-5-methyl-2-nitroaniline (Entries S and 6), the Pt- HHDMA/C
catalyst is highly selective to the corresponding aniline (95—
99%) at 40% conversion. This result is similar to that of Pt—Pb
(96—100% selectivity at ca. 40% conversion). As expected, the
Pb-poisoned catalyst shows an excellent degree of activity and
selectivity in the hydrogenation of 4-nitrobenzamide (nearly
100%), owing to the presence of lead, which strategically
isolates the platinum sites. Comparatively, the ligand-modified
catalyst is inactive in the reaction, likely due to the constraints
created by the HHDMA ligand. Upon UV-ozone treatment of
Pt-HHDMA for S min, it is possible to partially remove part of
the organic capping layer, without altering the platinum size,
restoring the activity of the material at mild conditions (21%
conversion and 100% selectivity). However, much lower
selectivities (87%) were detected in the hydrogenation of 4-
nitrobenzamide over a fully cleaned Pt-based catalyst, pointing
to the role of the ligand in orienting the reactants toward the Pt
surface and preventing unselective reaction pathways. Notably,
the outstanding degree of selectivity of the ligand-modified
catalyst has been further confirmed in the solvent-free
hydrogenation of nitrobenzene at T = 303 K, P = 1 bar,
Fs(H,) = 18 cm® min~’, and F;(nitroarene + THF) = 3 cm’
min~', obtaining 100% aniline selectivity at 32% nitrobenzene
conversion. Leaching of the active platinum species from the
catalyst could also be excluded during hydrogenation. In fact,
the liquid at the reactor outlet, containing the nitrobenzene,
aniline, and tetrahydrofuran was fed to the reactor inlet (at T =
293 K, P = 20 bar, Fg(H,) = 18 cm® min™, F; (substrate +
solvent) = 0.3 cm® min~") using a cartridge filled only with
silica, and no additional (homogeneous) hydrogenation
occurred, evidencing no loss of the active phase.

4.3. Hydrogenation Mechanism. Thermodynamic Se-
lectivity and Nitroarene Adsorption. The “thermodynamic
selectivity” concept is the simplest descriptor that can be used
to rationalize activity—selectivity patterns of challenging
reactions such as the hydrogenation of functionalized nitro-
aromatics on platinum. This refers to the energy difference
between the adsorption of the reactants and that of the
products.””™*" A high thermodynamic selectivity demands that
the reactants are much more strongly adsorbed than the
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products, which in turn desorb easily, without reduction of the
remaining functionalities. The calculated adsorption energies of
C¢HsNO,, CIC(H,NO,, C;HNH,, and CIC;H,NH,, and the
relative optimized structures of the adsorbates on Pt(111),
Pt;Pb(111), and Pt(111)-HHDMA are displayed in Figures 8a
and S4. The target nitrobenzene and 4-chloronitrobenze
molecules and the corresponding aniline species adsorb in a
parallel configuration on the Pt(111) surface with a highly
activated benzene ring sticking out of the surface. In particular,
the products (C;HsNH, and CIC;H,NH,) adsorb stronger
than the reactants (E,4, = —1.0 eV for nitroaromatics and ca.
—1.6 eV for anilines). Therefore, the aniline derivatives can be
overhydrogenated on Pt(111), resulting in a decreased product
selectivity, or can remain on the surface, blocking part of the
active sites. The high activation of the benzene ring and the
strong chemisorption of the aniline species are behind the poor
selectivity of clean Pt in the reduction of functionalized
nitrocompounds.

On the Pt;Pb stoichiometric surface representing the Pb-
poisoned catalyst, the target molecules adsorb in an almost flat
configuration. The adsorption of C¢H;NO, and CIC4H,NO, is
moderately exothermic (E,4 = —0.25 eV) and the interaction
leading to the adsorption process is between the oxygen of the
-NO, group and the lead atoms of the surface. The reactants
(C¢HsNO, and CIC(H,NO,) are more strongly bonded to the
surface than the products (CqH;NH, and CICGH,NH,),
although the benzene ring appears to be less activated than
in the case of pure Pt, in line with the higher selectivity found in
the reduction of substituted nitroaromatics over Pt—Pb
catalysts (Table 2).

Much more complex is the adsorption of reactants on the Pt-
HHDMA model surface. Our computed (111) facet presents a
resting state that is very dense in HHDMA. Thus, the target
molecules cannot be computationally fitted into the channels
created by the ligands. In comparison, real nanoparticles are
slightly less dense in surfactants (that is, there is a weaker
packing energy of the tails), due to the concave effect of the
curvature of the surface. Because of the very small size of Pt-
HHDMA nanoparticles (ca. 2 nm), there is a significant
difference between the interface radius and the radius generated
by the tail of the surfactant chain. Therefore, to keep the model
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Figure 9. Energy profile for the hydrogenation of 4-chloronitrobenzene over Pt(111)-HHDMA (blue) and Pt;Pb(111) (red). The insets show the
different states after addition of hydrogen to the nitroso compound over the Pt—Pb (top) and PttHHDMA (bottom) surfaces. Color codes as

specified in the caption of Figure 8.

simple but meaningful, we have employed a Pt-HHDMA
surface where an HHDMA-H,PO, unit has been displaced. The
energy cost for this step is about 0.15 eV. The adsorption of the
target nitroaromatics occurs at this defect site on the surface. A
vertical adsorption configuration with the benzene ring
perpendicular to the surface and the -NO, functionality
pointing to the Pt is the preferred configuration. In particular,
the distance between the O of the —NO, group of 4-
chloronitrobenzene and the surface is 2.55 A (Figure 8b). This
directionality is induced by the high coverage of the organic
colloidal interphase and by the stabilizing interactions between
the chains and the benzene rings. Although the adsorption
strength of the reactants is weak (—0.01 and +0.06 eV for
nitrobenzene and 4-chloronitrobenzene, respectively), it does
correspond to a bound state. Thus, the process certainly occurs,
in agreement with the hydrogenation activity, due to the
hydrogen splitting ability of platinum and to the proximity of
the —NO, reducible group to the surface. Such perpendicular
adsorption mode was reported in the past by Corma and co-
workers to induce enhanced activity and selectivity in para-
substituted nitrobenzenes on Au/TiO,(110) model catalysts.*”
As for the products, the interaction of aniline and 4-
chloroaniline on Pt-HHDMA is —0.22 and —0.58 eV,
respectively, and the distance between the H of the -NH,
group of 4-chloronitrobenzene and the surface is around 3.13 A
(Figure 8c). This larger distance between the aniline species
and the surface compared to the value computed for the
respective nitro compound and the higher (less exothermic)
adsorption energy of the products are in agreement with the
high product selectivity of HHDMA-modified Pt-based
catalysts.

An alternative adsorption mode with the —Cl functionality of
the reactants and products in close proximity to the metal can
also be inspected. In this case, the adsorption energy of
CIC(H,NO, and CIC(H,NH, are —0.53 and —0.50 eV,
respectively. However, this configuration is not reactive because
of the distance between the metal surface and the reducible
—NO, group (9.8 A for 4-chloronitrobenzene and 9.7 A the 4-
chloroaniline).

Finally, in order to address the role of other model surfaces
on the computed adsorption energies, we have modeled the
adsorption of 4-chloronitrobenze on a Pt nanoparticle
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containing 260 atoms and coated with a ligand having
phosphate and methylammonium groups (Figures 8d and
SS). The retrieved adsorption energy obtained for the coated
nanoparticle differs by 0.1 eV from that obtained on the (111)
slab model employed in our calculations. This is below the
accuracy of Density Functional Theory, strengthening our
results, and is line with the convergence tests performed in the
past by Noerskov and co-workers,” showing stable adsorption
energies for nanoparticles larger than 1.6 nm.

Nitroarene Hydrogenation. The mechanism of hydro-
genation of CIC;H,NO, on Pb- and HHDMA-modified Pt
has been studied by DFT. The reaction network below is based
on the intermediates identified by Haber for the reduction of
nitrobenzene in an electrochemical environment'® and takes
into aigount the dissociative nature of H, adsorption on Ni, Pd,
or Pt:

CIC(H,NO, + * = CICH,NO,* (R1)
H, + 2* = 2H* (R2)
CIC{H,NO,* + H* = CIC(H,NOOH* + * (R3)
CIC{H,NOOH* + H* = CIC(H,NO* + H,0*  (R4)
CIC(H,NO* + H* = CIC.H,NHO* + * (RS)
CIC(H,NO* + H* = CIC,H,NOH* + * (RS')
CIC4H,NHO* + H* = CIC,H,NH,0* + * (R6)
CIC(H,NOH* + H* = CIC;H,NHOH* + * (R6')
CIC{H,NH,O* + H* = CIC(H,NH,OH* + * (R7)
CIC¢H,NHOH* + H* = CICH,NH,* + OH*  (r7)
CIC4H,NH,OH* + H* = CIC,H,NH,* + H,0* (Rs)
OH* + H* = H,0* + * (R8")
CIC4H,NH,* = CIC;H,NH, + * (R9)
H,0* = H,0 + * (R10)
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Considering the complexity of the reaction network
involving several alternative steps (see Section 4 in the
Supporting Information), it is not surprising that, in the last
century, no other work has investigated the hydrogenation of
nitroaromatic compounds with such a mechanistic depth.
Figure 9 depicts the energy profiles for the hydrogenation of
CIC4H,NO, on representative surfaces of both catalysts, while
all thermodynamic, kinetic, and geometric parameters as well as
potential alternative steps are presented in the Supporting
Information (Section 4) to enable readers reproduce the
calculations. Over the Pb-poisoned model system, H,
dissociates with a barrier of about 0.56 eV with respect to the
gas-phase reference, and the final state is exothermic by 0.57 eV
per H, molecule (R2). Simultaneously, the chloronitrobenzene
weakly adsorbs nearby. The first hydrogen addition to the nitro
group forms an R—NOOH group; this process is endothermic
by 0.49 eV (R3). The second hydrogen can reduce the formed
intermediate in two potential positions: the R—NO and the R—
NOH fragment. This second possibility leads to the formation
of a water molecule and is thermodynamic and kinetically
preferred (R4). Similarly, the resulting nitrosobenzene can be
hydrogenated in two different positions, N and O. The
hydrogenation of the O position is more likely to occur, leading
to the R—-NOH intermediates (RS’). The subsequent hydro-
genation yields phenylhydroxylamine (R6’), see the inset in the
top part of Figure 9, which is quite stable on the surface (ca. 0.8
eV) with respect to the previous intermediate, in agreement
with the mechanistic proposal by Haber.' A barrier of 0.55 eV
is found for the final hydrogenation step (R7’), which consists
in the hydrogenation of the N center and induces a N—OH
bond splitting (R8’) resulting in the aniline. Aniline desorption
is endotermic by 0.23 eV (R9). Water formation and
desorption close the cycle and occur through low-energy
steps. Overall, the catalyst appears to be selective but less active
due to the large inhibiting nature of H, dissociation and
nitroarene adsorption on the Pb-poisoned surface. Notice that
the low adsorption energy of the nitro group would prevent the
accumulation of large quantities of nitroarenes on the surface,
reducing the possibility of the condensation path (Scheme 1)
suggested by Haber.'

The major structural feature in the hydrogenation of 4-
chloronitrobenzene over the Pt-HHDMA model surface is the
orientation of the nitrocompound, which adsorbs perpendicu-
larly and with the —NO, group directed toward the surface.
Therefore, to describe the complex Pt-HHDMA system and
investigate the consequences of the orientation change in the
overall reactivity, we have considered a clean Pt surface where
nitrobenzene adsorption occurs with this peculiar orientation.
The ligand, in fact, acts as a spacer preventing bimolecular
paths due to site isolation. The transfer of the first hydrogen
species to R—NO, is endothermic by 0.49 eV (R3). The
resulting R~NOOH intermediate can be hydrogenated to form
a nitroso and a water molecule (R4); this process is exothermic
and hindered by a small barrier (0.24 eV). Differently from the
Pt—Pb catalyst, the subsequent H is transferred to the N atom,
leading to an R—HNO species; this process is thermoneutral
and involves a barrier of only 0.30 eV (RS). The hydrogenation
of R—HNO yields the formation of R—-NH,O (R6), see the
inset in the bottom part of Figure 9. The reduction of R—
NH,O is the most energy demanding step and form R-—
NH,OH (R7). This species is then reduced to obtain the
aniline product and water, with an energy barrier of only 0.15
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eV (R8). Product desorption is endothermic for both water and
4-chloroaniline.

The isolation of the active site created by the modifier
(HHDMA or Pb) explains the high selectivity observed over
Pt-HHDMA and Pt—Pb but not the much higher reactivity of
the former. In the reaction profiles shown in Figure 9, all
intermediates are below the zero reference and reactant or
product removal from the surface is relatively easy. This is
confirmed by classical Molecular Dynamics, showing that even
for the capped Pt-HHDMA model, the diffusion of reactants
and products along the HHDMA shell occurs in the range of
picoseconds (see Figure S6 in the Supporting Information).
Thus, the adsorption of molecular hydrogen appears to be a
crucial step. On the Lindlar-type Pt—Pb catalyst, H,
dissociation is rate-limiting, showing a remarkable energy
barrier (0.56 eV) due to ensemble effects (i.e., Pt is mainly
surrounded by Pb atoms) on top of the entropic constraints
related to the direct adsorption.”” Removing this bottleneck
from the catalyst surface would ensure a higher reactivity. To
evaluate the role of the ligand, H, dissociation on a Pt-
HHDMA-type model consisting of a platinum surface with the
orthophosphate and capping N*(CH,);(CH,)OH moiety was
investigated. On this system, H, adsorption is weakly affected
by the presence of the surfactant, since the DFT-calculated
energy of adsorption (—0.65 eV) is very close to that of
Pt(111) (—0.77 eV). Besides, this step is enthalpically
barrierless on the Pt-HHDMA model, as in the case of Pt.
This nicely explains the higher activity of Pt-HHDMA in
comparison with Pt—Pb (Table 2 and Figure 7).

5. CONCLUSIONS

We have employed a battery of complementary methods to
characterize the materials, performed catalytic evaluations in
continuous mode, and conducted pioneering computational
studies to advance the understanding of the state-of-the-art
ligand-modified Pt-based catalyst for nitroarene hydrogenation,
whose activity largely surpasses those of all catalytic systems
reported in the last two decades. Our research program
targeted fundamental questions about the nature and reactivity
of the inorganic—organic interface in the hybrid system, in
comparison to the industrially relevant Pt—Pb catalyst. In
particular, it was possible to trace back the activity and
selectivity of these catalytic materials to geometric and
electronic contributions derived from the experimental and
theoretical work. Differently from the Pt—Pb sample, in which
lead strategically substitutes the Pt species on the nanoparticle
surface, the colloidally prepared Pt-HHDMA catalyst presents a
three-dimensional architecture where the hydrogen phosphate
anions of the ligand preferentially adsorb on the Pt surface with
the cationic surfactant heads bridging different positions. As
depicted by the classical MD simulations, the reactants pass
across the ligand shell to reach the active sites. Kinetic tests
conducted in a flow microreactor have demonstrated the
superior activity of Pt-HHDMA/C with respect to the
benchmark Pt—Pb/CaCO; for a wide array of nitroaromatics
containing halogen, carbonyl, olefinic, and nitrile functionalities.
The high selectivity of both materials has been ascribed to
geometric effects (i.e., to the perpendicular adsorption mode of
the reactants), which prevents unselective reaction pathways
such by inducing site isolation. As for the activity, the organic
ligand in Pt-HHDMA prevents the electronic poisoning of the
Pt sites (present in Pt—Pb) and alleviates the energy penalty
required for the activation of molecular hydrogen. Additionally,
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we have presented the first complete computational analysis of
the century-old Haber mechanism for nitroarene reduction.
These findings substantially enrich the structural and
mechanistic understanding of HHDMA-modified catalysts,
offering a wide perspective for the advanced design of hybrid
nanocatalysts for challenging reactions.
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