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Ligand assisted hydrogenation of levulinic acid on
Pt(111) from first principles calculationst

Lars Gell@® and Karoliina Honkala @ *

In this study, we investigate the hydrogenation reaction of levulinic acid to 4-hydroxypentanoic acid on
ligand-modified Pt(111) using DFT. Modifying nanoparticle surfaces with ligands can have beneficial effects
on the desired reaction such as improved selectivity or lower activation energies. The N N3-dimethyl-N2-
(quinolin-2-yl)propane-1,2-diamine (AQ) ligand was selected to modify the surface, since it combines good
surface adsorption properties with functional groups that can influence the reaction. The adsorption
geometry of the AQ ligand was studied as well as the co-adsorption of a second AQ ligand for the
possibility of self-assembly. We found that dissociated hydrogen from the Pt(111) surface can protonate the
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AQ ligand and discuss the role this plays on the mechanism of the hydrogenation reaction of levulinic acid
(LA). By comparing the ligand-modified Pt(111) surface to the bare Pt(111) surface we show that the reaction
changes from a step-wise to a concerted mechanism due to the influence of the ligand molecule. This

demonstrates the effect that ligand-modified surfaces can have on catalyzing reactions and shows that

rsc.li/catalysis

1 Introduction

Enantiopure compounds, ranging from fundamental
synthetic building blocks like amino acids or epoxides to
commercial end products such as drugs and food additives,"*
are extensively used in the chemical and pharmaceutical
This creates a large scale
enantioselective ~ production  processes.  Traditionally,
enantioselective syntheses are carried out using asymmetric
homogeneous catalysts made of chiral transition metal

industries. demand for

complexes.” These molecular catalysts mostly feature one
central metal atom bonding with multiple, often different,
ligands. The ligand molecules’ influence on the overall
properties of a transition metal complex is significant, and
therefore their role in the activity and selectivity in
asymmetric homogeneous catalysis as well as in the stability
of the catalyst has been extensively studied.*”” Metal complex-
based catalysis, however, suffers from limitations such as low
operation temperatures and difficulties in separating the
products from the catalysts.”® Metal nanoparticles can
circumvent these shortcomings.”** Due to their unique
properties, such as high surface-to-volume ratio and a large
number of low coordinated sites, metal nanoparticles provide
high stability combined with the possibility of high
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desired reactions can be achieved by tuning the reaction environment.

reactivity.'>'® Unfortunately, this often comes at the expense

of high enantioselectivity due to the multiple reaction sites
which can lead to different reaction mechanisms and,
consequently, the formation of different products.
Introducing ligands on metal nanoparticles is one way to
improve the enantioselectivity.'”'® Adsorbed ligands can be
used to block certain reaction sites or mechanisms, tune the
steric and electronic interactions with a reactant molecule,
and modify the chemical properties of the surface, such as
hydrophilicity, acidity, and chirality."*" Ultimately, this will
lead to highly specific reaction environments, similar to those
of enzymes, that are tailored towards the desired product.
Ligand design is crucial in creating self-assembled
enzyme-like reactant environments to control reaction
mechanisms and achieve optimal enantioselectivity. A large
variety of ligand molecules such as N-heterocyclic
carbenes,”*?** secondary phosphine-oxides,** thiols,>> amino
acids,?® and aminidates®” can be used to decorate metal
nanoparticles.'>*® Many ligand-modified late transition metal
nanoparticles have shown catalytic activity’® towards
reactions such as the hydrogenation of organic acids, ketones
and alcohols,? the reduction of CO,,*° and the oxidation of
C-C-double bonds.** For hydrogenation reactions on Pt,
cinchona alkaloid ligands have shown promising
experimental results™'"**7** such as high enantioselectivity in
multiple ketone reduction reactions.>® According to density
functional theory (DFT) calculations, quinoline-type ligands
show strong binding energies on Pt(111) surfaces, especially

This journal is © The Royal Society of Chemistry 2022
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when they are co-adsorbed with hydrogen or oxygen, making
them stable under moderate reaction conditions.*®

One key application of asymmetric catalysis is the
transformation of biomass into value added products
through hydrogenation reactions like the reduction of
levulinic acid (LA) to y-valerolactone (GVL).*” LA is a versatile
platform chemical that can be obtained on an industrial
scale from biomass which is often a byproduct of agricultural
production, e.g., wheat straw.*®*° GVL is another important
platform  chemical for fuel and fine chemical
production.’”***" Several experimental and computational
studies have shown that the hydrogenation of LA can occur
via homogeneous as well as heterogeneous catalysis.*>™*” The
homogeneously catalyzed reduction of LA to GVL can be
achieved using various transition metal complexes.***®*®
Previous DFT studies have shown low activation energies
(<0.3 eV) for this transition.***® Heterogeneous reduction of
LA has been addressed on bare metals,*” metal alloys*' and
metal oxides.*” Ru-Catalyzed LA reduction can follow two
different mechanisms: the alkoxy mechanism and the
hydroxy mechanism. In the alkoxy mechanism, hydrogen
initially forms a bond with the carbonyl carbon atom
followed by a second hydrogen bonding with the carbonyl
oxygen atom. The hydrogen addition steps are reversed in the
hydroxy mechanism."” The transformation to 4-hydroxypenta-
noic acid (4-HPA) is endothermic by 0.81 eV, and that to GVL
is exothermic by 0.05 eV.** In general, for the transformation
to GVL, the alkoxy mechanism is favoured with an activation
barrier of 0.5 eV whereas the hydroxy mechanism shows an
activation barrier of more than 1 eV.*> Previous calculations
have shown that solvents affect the hydrogenation of LA.
Solvents with higher polarity than methanol, such as water,
create a more favourable reaction environment, thereby
lowering the rate determining barrier by 0.1 eV.*” Lower
reaction rates for the reduction of LA have been
experimentally observed on Pt surfaces*® compared to
those of other transition metals (e.g., Ru and Pd), suggesting
higher selectivity.>">>

In the present study, we address the reduction of LA on a
ligand-modified Pt(111) surface. We choose a 2-amino-
quinoline derivative to modify the surface because it binds
sufficiently strongly to Pt(111) and allows intermolecular
hydrogen bonding as well as ligand-reactant interaction. The
self-assembly of these ligands and the influence of their
structure on the reduction of LA are discussed. Furthermore,
we demonstrate how the introduction of an amino-quinoline
derivative can modify the reaction mechanism, thereby
opening the possibility for higher enantioselectivity.

2 Computational details
2.1 DFT

We used density-functional theory (DFT) with a projector
augmented wave method (PAW)>® as implemented in the
real-space grid code-package GPAW.**™° In the finite
difference (FD) mode, the PAW setup was defined for the
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atomic valence of Pt(5p°6s'5d°), O(2s’2p*) N(2s’2p%),
C(2s*2p”), and H(1s"), with scalar-relativistic effects included
for Pt. Total energy calculations and structure optimizations
were done using the BEEF-vdW®’ exchange correlation
functional together with a geometry convergence criterion of
0.05 eV A for the residual forces acting on atoms. The
convergence criteria for each SCF cycle are: maximum change
in energy = 0.0005 eV per valence electron, maximum change
in density (integrated absolute value of density change) = 1.0
x 107" electrons per valence electron and maximum changes
to the eigenstates = 4.0 x 10™° eV” per valence electron. The
Pt(111) surface was modelled as a 4-layer thick 7 x 7 2D slab
cut from Pt bulk with a lattice constant of 4.02 A. We used a
19.9 x 19.9 x 25.0 A® unit cell with 96 x 96 x 128 grid points
and periodic boundary conditions in the surface plane. The
two topmost layers were relaxed, and the remaining bottom
layers were fixed into their bulk positions. The calculations
were carried out with a single 7-point. The adsorption
geometries of AQ were screened using the localized atomic
orbitals (LCAO)*® method with single zeta basis sets on all
the atoms. Transition states were identified using the
climbing image NEB method®** and confirmed through
vibrational frequency analysis along the reaction coordinate
using the Frederiksen method.®" The imaginary frequencies
for transition states are given in Table S1.f The calculations
were performed on a 3-layer thick slab to reduce the
computational costs. The Bader method® was employed to
evaluate individual atomic partial charges. The adsorption
energies were calculated according to the equation

Eadsorb = Eads - (Esurf + Egas) [1)

where E,qq is the energy of the surface and the adsorbed
molecule, Egyace is the energy for the bare surface, and Egy
represents the energy of the molecule in the gas phase.

2.2 Structural details

N?,N*-Dimethyl-N>-(quinolin-2-yl)propane-1,2-diamine  (AQ)
(Fig. 1) was selected as a ligand to modify the Pt(111) surface.
With this ligand selection, we aim to achieve three key
elements: 1) strong binding to Pt(111) in order to ensure
catalyst stability under reaction conditions. Based on the
binding properties of cinchona alkaloids, we choose a
quinoline double ring as the anchoring unit to ensure a

4 6
| \j\ 3 \5 7
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N~ N2 N/10 8
N3 1 T 9
H n
Fig. 1 The structure of the AQ ligand molecule, N*,N*-dimethyl-N?-
(quinolin-2-yl)propane-1,2-diamine, is shown, where the blue letters

and numbers indicate the notation of individual atoms that will be
referenced later.
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strong ligand-surface interaction. 2) This ligand offers the
possibility for attractive ligand-ligand and ligand-reactant
interactions through intermolecular hydrogen bonds. These
interactions have the possibility of creating self-assembled
enzyme-like reaction environments. 3) A ligand may have a
beneficial influence on the enantioselectivity of the desired
reaction. Potential strategies to achieve this are the limitation
of adsorption configurations for the reactant (lock and key
principle), the modification of the reaction mechanism, and
the kinetic discrimination of unwanted configurations. In the
case of a single AQ ligand, more than 50 different adsorbed
structures were screened at the LCAO level of theory, and 20
of them were further optimized using the FD method, while
in the case of two co-adsorbed AQ ligands the number of
structures was reduced to 20 and 11, respectively. On the bare
Pt(111) surface, the reaction pathways were calculated for
both levulinic acids with (LA1) and without (LA2) an internal
hydrogen bond. Due to the higher computational costs, we
focused on the reduction of LA2 in the case of the ligand
modified surface.

3 Results and discussion
3.1 Binding of AQ onto Pt(111)

AQ configurations on the Pt(111) surface were divided into 3
classes according to certain structural features. Class A shows
the N* atom at a greater distance from the surface than its
neighbouring carbon atoms and the C2'-C3’ bond parallel to
the surface. Class B is characterized by having the C3' and
the N° atoms closer to the surface than their neighbouring
carbon atoms. In class C, the tertiary amine moiety is close
to the surface as in class B, while the C2'-C3’ bond points
away from the surface. The most energetically favoured
configuration in each class is shown in Fig. 2. All classes
bind to the Pt(111) surface through the quinoline moiety.
Three energetically most favourable configurations from each
class were selected and then relaxed at the FD level, as
described above. The adsorption energy depends on the
conformation of the AQ ligand, particularly the position of
the quinoline moiety, as well as the adsorption site on
Pt(111). In general, orientations in which the quinoline
double ring system is not parallel to the Pt surface are

Fig. 2 The most energetically favoured structures from each class are
shown. The corresponding relative energies are a) 0.00 eV for class A,
b) 0.17 eV for class B, and c) 0.44 eV for class C, and the absolute
energies and interatomic distances can be found in Table 1.
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Table 1 Adsorption energies and selected distances for the AQ
structures shown in Fig. 2

Eadsorb (€V) N°-Pt dist. (A) Ring-Pt dist. (A)

a) -1.22 3.78 2.71
b) -1.06 3.84 3.10
c) -0.79 3.10 2.40

energetically very unfavourable. In the most energetically
favoured geometries, the quinoline rings are sitting over a
rhomboid Pt, unit with ring-surface distances varying
between 2.2 A and 3.5 A. These short distances, together with
an exothermic adsorption energy of -1.22 eV per molecule,
are a clear indication of chemisorption. The adsorption
energy for AQ on Pt(111) is significantly more exothermic
than that for cinchonidine (about -0.4 eV per
molecule).’**%* Short distances between the quinoline
group and the surface are energetically favoured, while short
distances between the N® nitrogen and the surface are
energetically unfavoured (see Table 1, as well as Fig. S27).

3.2 AQ co-adsorption

The co-adsorption of ligands is an important step towards a
self-assembled layer which creates an enantioselective
reaction environment. We therefore also explore the
energetics and structural features of two co-adsorbed AQ
molecules. In order to reduce the computation expense, only
the three best conformers shown in Fig. 2 were considered
and combined to investigate the different orientations of the
two co-adsorbed AQ ligands (2AQ). The initial structures were
generated by introducing the second AQ ligand into the unit
cell and then translating and rotating it with respect to the
initial AQ ligand while keeping similar AQ-surface distances
as reported in Table 1. The three selected configurations
shown in Fig. 3 highlight the effect of the alignment of class
A ligands with respect to each other and the distance
between them. As expected, given the higher adsorption
energies for class B and class C molecules, combinations of
these conformations are also less energetically favourable. In

Fig. 3 The adsorption geometries of the three selected co-adsorption
structures are shown. The corresponding energies are a) 0.00 eV (anti-
parallel), b) 0.07 eV (separated), and c) 0.17 eV (parallel).

This journal is © The Royal Society of Chemistry 2022
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the lowest energy configuration, the AQ ligands are
antiparallel to each other. This leads to the formation of two
intermolecular hydrogen bonds between the secondary amine
on one ligand and the quinoline nitrogen atom on the other
ligand. As a result, the distance between the quinoline
nitrogen and the Pt(111) surface increases slightly from 2.8 A
observed for the single AQ ligand to 3.2 A.

The adsorption energy of a second AQ ligand in the
most energetically favoured orientation is -1.34 eV. The
attractive interaction of the 2AQ system lowers the energy
by 0.12 eV compared to two infinitely separated AQ
ligands. Ligand-ligand interactions are much weaker than
the dominant ligand-surface interactions. Attractive
interactions are due to the two intermolecular hydrogen
bonds while repulsive interactions are attributed to
unfavourable positioning on the surface as well as steric
repulsion. The structure shown in Fig. 3b shows the 2 AQ
ligands in a similar orientation to that shown in Fig. 3a
but separated by approximately 6 A. Although the
structural properties of each ligand are similar to those of
a single adsorbed AQ ligand shown in row a of Table 1,
the separated co-adsorbed AQ ligands are slightly less
energetically favoured than the co-adsorbed AQ ligands
shown in Fig. 3a. The parallel configuration shown in
Fig. 3c eliminates the possibility of forming intermolecular
hydrogen bonds. In fact, this configuration shows
repulsive ligand-ligand interactions and, as a result, its
energy is 0.17 eV higher than that of the antiparallel
configuration. Shorter ligand-ligand distances and the
orientation of ligands with respect to each other are

therefore crucial in forming attractive ligand-ligand
interactions, such as hydrogen bonding. Strategies to
increase the attractive interaction between adsorbed

ligands include strengthening hydrogen bonds by using
chlorinated or fluorinated compounds, increasing the
number of possible hydrogen bonds and linking more
complex ligands by covalent bonds.

e
I

]
)4

Fig. 4 The geometries of the three selected structures with zero, one
and two hydrogens transferred to the ligand are shown. The
corresponding energies are a) 0.00 eV, b) -0.38 eV, and c) -0.80 eV.
Dissociated hydrogen atoms adsorbed on the Pt(111) surface are
shown in light blue, and those transferred to the AQ ligand are shown
in red.
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3.3 Ligand protonation

The dissociative adsorption of molecular hydrogen is known to
occur without any kinetic or thermodynamic barrier on
Pt(111).°* It is therefore possible for the AQ ligand (see Fig. 3a)
to be protonated from readily available hydrogen atoms on the
Pt(111) surface when the surface is exposed to H, gas. The
adsorption energy of hydrogen on 2AQ-covered Pt(111) is —0.18
eV, which is slightly less exothermic than the experimental
value (-0.3 eV) on bare Pt.°® Both N*> and N* atoms of the AQ
ligand were considered for protonation. Both of these
nitrogens are Lewis bases and, therefore, the most likely
candidates for protonation. Our calculations show that
protonating the N* atom, thus forming AQH as seen in Fig.
S3a,t is thermodynamically favoured over protonating the N*
atoms by 0.92 eV and the N* atom by 0.24 eV. The N* atom can
adopt a tetrahedral configuration more easily because the
methyl groups around it are a lesser steric hindrance compared
to the quinoline moiety bonded to the N* atom.

The hydrogen transfer to the N° atom from the Pt(111)
surface is exothermic by 0.38 eV and does not show any
kinetic barrier (see Fig. 4). The N*-Pt(111) distance decreases
significantly from 3.8 A to 3.2 A as the N’ atom adopts a
tetrahedral configuration upon protonation. Protonating the
second AQ ligand is exothermic by an additional 0.42 eV and
results in both ligands having similar structural properties
(see Fig. 4).

We employ the Bader charge method®® to determine if a
protonic hydrogen has been truly transferred to the ligand.
On Pt(111), H atoms are approximately neutral with a partial
charge of 0.1 e. After the transfer, the partial charge of the
hydrogen atom is +0.4 e with an N-H distance of 1.07 A,
indicating the clear protonic nature, while the charge of the
remaining surface hydrogen is still -0.1 e due to the
interaction with the conducting metal surface. The outcome
of this hydrogen transfer process is an asymmetrically
charged hydrogen pair resembling the products of a
heterolytic hydrogen dissociation. This result is significant
because asymmetrically charged hydrogen pairs can influence
the mechanism and energetics of reduction reactions.®®

3.4 Levulinic acid reduction to 4-HPA on Pt(111)

In order to evaluate the effectiveness of the ligand-
modified surface, we study the first step in the
hydrogenation of LA, that is, the conversion of LA to
4-HPA. This reduction reaction can serve as a model for
the hydrogenation of polyfunctional molecules and can
help determine the effect of a ligand-modified Pt(111)
surface on the reaction mechanism and energetics
compared to that of a bare Pt(111) surface. Two different
adsorption configurations for LA are considered: the first,
LA1, has one internal hydrogen bond, while the second,
LA2, does not (see Fig. S41). Our calculations agree with a
previous study”® showing that gas-phase LA1 and LA2 are
almost isoenergetic. LA1 is 0.05 eV less stable than LA2
(see I, and I, in Fig. 7 and Table 2) due to two
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Intermediates and transition states and their corresponding energies from the potential energy surface (Fig. 7). H** indicates the reacting

hydrogen while * and (g) refer to adsorbed and gas-phase species. The figure column gives the reference to the figure that shows the atomic structure

Symbol Intermediate structure/transition state Energy (eV) Fig.
L LA1(g) + Pt(111) + H3 0.05 NA
I LA2(g) + Pt(111) + H} 0.00 NA
I LA1* + Pt(111) + H} -0.59 Sdaf
I LA2* + Pt(111) + H} -0.78 S4bt
Is Hydroxy LATH* + Pt(111) + H¥ 0.33 S5bt
Is Alkoxy LATH* + Pt(111) + H¥ 0.18 S6b and cf
I Alkoxy LA2H* + Pt(111) + Hf -0.03 S7bt
I Hydroxy LA2H* + Pt(111) + H¥ -0.09 5b
I 4-HPA* + Pt(111) -0.88 5¢
Lo LA2(g) + 2AQ* + Pt(111) + H} 0.00 4a
I, LA2(g) + 2AQH* + Pt(111) + HY -0.38 4b
L, LA2* + 2AQH* + Pt(111) + HY -1.42 6a
L Hydroxy LA2H* + 2AQ* + Pt(111) + H} -0.57 S9bt
La 4-HPA* + 2AQ* + Pt(111) -1.25 6¢
TS, Alkoxy LA1* + Hf* + Pt(111) + H¥ 0.62 Séaf
TS, Alkoxy LA2* + Hf* + Pt(111) + H¥ 0.56 S7at
TS; Hydroxy LATH* + Pt(111) + H* 0.50 S5ct
TS, Alkoxy LATH* + Pt(111) + H}* 0.36 sedt
TSs Alkoxy LA2H* + Pt(111) + HT* 0.18 S7ct
TSe Hydroxy LA2H* + Pt(111) + Hf* -0.03 5b
TS, Simultan LA2* + 2AQ* + Pt(111) + H}* -0.65 6b
TSg Hydroxy LA2H* + 2AQ*Pt(111) + Hf* -0.56 S9ct

competing effects. The formation of the internal hydrogen
bond stabilizes the molecule while the non-planarity of
the carbon skeleton destabilizes it. In contrast, whether in
the gas phase or on the Pt(111) surface, LA2 lacks the
internal hydrogen bond, but its carbon skeleton is nearly
planar, as can be seen from the minimum energy
structures in Fig. S4.f Nevertheless, both structures are
kept to investigate LA reduction since the internal
structure may influence the reaction mechanism.

The LA adsorption energies on a 2/9 ML H,-covered
Pt(111) surface are —0.59 eV for LA1 and —0.78 eV for LA2 (see
I; and I, in Fig. 7 and Table 2). These adsorption energies are
significantly less exothermic than the adsorption energy of
-1.33 eV for LA on bare Ru(0001), which is also active for LA
reduction.”” Both LA conformers favour the parallel
adsorption geometry on Pt(111) lying on average about 3.70 A
above the surface. For LA1, the carboxylic oxygen are located
above Pt bridge sides, whereas for LA2, they are above hollow
sites, as can be seen in Fig. 5a and S5a.f Similar to that of
LA2 on Pt(111), the structure of LA adsorbed on Ru(0001) also
lacks an internal hydrogen bond, but all of the oxygen atoms
bind to surface bridge sites resulting in shorter distances
between LA and the Ru(0001) surface.”> We also considered
the adsorption configurations with smaller LA-Pt distances
similar to those identified on the Ru surface. Our
calculations demonstrate, however, that these structures are
unstable on Pt(111). During structural optimization, LA
returns to a flat conformation with a larger LA-surface
distance, similar to that shown in Fig. 5a.

1854 | Catal Sci. Technol.,, 2022, 12, 1850-1858

Three possible reaction mechanisms are considered for
the reduction of LA to 4-HPA: the hydroxy mechanism, the
alkoxy mechanism, and the concerted mechanism. In the
hydroxy mechanism, the H-O bond is initially formed,
followed by C-H bond formation (light blue (LA1) and purple
(LA2) paths in Fig. 7). These reaction steps are reversed in
the alkoxy mechanism (green (LA1) and red (LA2) paths) and
proceed simultaneously in the concerted mechanism.
Although the concerted mechanism was considered, we were
unable to locate a transition state as our NEB calculations
always converted the concerted mechanism to either the
hydroxy or the alkoxy mechanism. Fig. 7 and Table 2 display
the relative potential energy surface for all stationary points
along the examined reaction paths. The O-H bond formation
in the hydroxy mechanism leads to metastable intermediates
I5 at +0.33 eV and I at —0.09 eV for LA1 and LA2, respectively
(see Fig. 7 and Table 2). Both intermediate structures
resemble their respective initial adsorbed LA conformers.
While no kinetic barriers are observed for the O-H bond
formation, the thermodynamic barriers are +0.92 eV (LA1)
and +0.69 eV (LA2) with respect to their initial states, I3 and
I,. The C-H bond formation producing 4-HPA (I, in Fig. 7) is
exothermic by 1.21 eV (LA1) and 0.79 eV (LA2) but has a
small kinetic barrier of 0.17 eV and 0.06 eV, respectively. The
hydrogen atom involved in the second hydrogenation step is
relatively close to the surface with H-C distances of 2.03 A for
TS; (LA1) and 1.94 A for TS, (LA2), as shown in Fig. S5f and
5. The overall reaction barrier, defined as the energy
difference between the reactants and the highest energy

This journal is © The Royal Society of Chemistry 2022
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structure along the reaction path, is 1.09 eV for LA1 and 0.75
eV for LA2. The reaction energy for the hydrogenation of LA
to 4-HPA adsorbed on Pt(111) is exothermic by —0.22 eV for
LA1 and -0.10 eV for LA2. In comparison, the reduction of
LA with no internal hydrogen bond on Ru(0001) must
overcome a kinetic barrier of 1.36 eV to produce a hydroxy
intermediate that is 0.88 eV higher in energy than the
adsorbed LA reactant. The second hydrogenation on
Ru(0001) is slightly exothermic (0.05 eV) with a kinetic barrier
of 0.67 eV. The overall reaction barrier on Ru(0001) is 1.64 eV
and the corresponding reaction energy for the hydrogenation
to 4-HPA is endothermic by 0.82 eV.*?

For the alkoxy mechanism, the key reaction steps are
displayed in Fig. S6 (LA1) and S7t (LA2). The formation of
intermediates /s for LA1 and I for LA2 via hydrogen transfer
to carbon is endothermic by 0.77 eV and 0.75 eV relative to
their corresponding adsorbed LA configurations, I; and Iy,
respectively (see Fig. 7). The energies for the transition states
involved in this hydrogen transfer, TS; (LA1) and TS, (LA2),
are 1.21 eV and 1.34 eV, respectively. The C-H distance is
1.45 A for TS, and 1.44 A for TS, as can be seen from Table
S1.f The second hydrogen transfer is exothermic by 1.06 eV
(LA1) and 0.85 eV (LA2) and has a small kinetic barrier of
0.18 eV and 0.21 eV corresponding to TS; and TSs,
respectively. The O-H distance is 1.55 A for TS, and 1.47 A
for TSs. On Ru (0001), a comparable alkoxy intermediate
without an internal hydrogen bond is almost isoenergetic
with its initial state, presenting activation energies of 0.67 eV
and 1.29 eV for the first and the second hydrogenation,
respectively.*?

We observe that the hydrogenation of LA to 4-HPA follows
different mechanisms on bare Pt(111) and on Ru(0001). The
hydroxy mechanism is heavily preferred on Pt(111) while the
alkoxy mechanism is favoured on Ru(0001). On Pt(111), the
activation energy of the hydroxy mechanism is 0.59 eV lower
than that of the alkoxy mechanism. In the case of Ru(0001),
the activation energy for the alkoxy mechanism is 1.35 eV,
while the activation energy for the hydroxy mechanism is

Fig. 5 Stationary points along the hydroxy mechanism for LA2 as
referenced in Fig. 7 and Table 2: a) adsorbed reactants, /4, b),
intermediate g, c) transition state TSe, and d) adsorbed 4-HPA, Io.
The hydrogen atoms involved in the reaction are circled for better
visibility.
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1.64 eV relative to the adsorbed reactants. Furthermore, the
overall reaction is exothermic by —0.10 eV on Pt(111), while it
is endothermic by 0.82 eV on Ru(0001). Previous
experimental studies on the conversion of LA have suggested
that 4-HPA is an intermediate, which loses a water molecule
to form GVL.*>*” We found that the 4-HPA conversion to GVL
on Pt(111) is exothermic by -0.15 eV. No barriers have been
computed, however, since the focus in the present work is to
explore the effect of a ligand’s presence compared to the bare
surface rather than the full reaction network to GVL.
Interestingly, previous DFT calculations suggest that GVL
formation on Ru(0001) occurs via an alternative mechanism
that does not involve 4-HPA.*?

3.5 Levulinic acid reduction on 2AQH-modified Pt(111)

Lastly, we consider the effect of adsorbed AQ on LA
hydrogenation, particularly in its protonated form, AQH. The
adsorption energy of LA2 on 2AQH/Pt(111) (Fig. 4b) is -1.04
eV, slightly more exothermic than the adsorption on the bare
Pt(111) surface (-0.78 eV). This indicates that the 2AQH
ligands stabilize LA2, most likely due to hydrogen bonding
between the N*H and the LA2 oxygen (see Fig. S9at). The
average LA2-Pt(111) distance in the presence of 2AQH is
3.85 A, which is 0.15 A larger than that on the bare surface,
again, most likely due to the interaction with the N°H
group.

The three possible mechanisms were also explored for
the hydrogenation reaction of LA2 on ligand-modified
Pt(111) (Fig. 6a). The major difference with the reduction
of LA on the bare Pt(111) surface is that, as a result of
the barrier-less exothermic AQ protonation, we consider a
proton transfer from the AQ ligand to LA2. Our DFT
results show that the concerted mechanism on 2AQH/
Pt(111) is slightly endothermic by 0.17 eV and involves a
transition state (TS;) with an activation energy of 0.77 eV
above the initial state, I;,, consisting of adsorbed LA2 and
2AQH (for a closer view of the transition state, see Fig.
S8t). For the TS, structure, the O-H bond length is 1.40
A, while the C-H bond length is 1.31 A. This indicates
the slightly asymmetric nature of the transition state
because the O-H bond is only 69% formed while the C-H
bond is already 84% formed. Our findings suggest that

Fig. 6 Structures of the stationary states referenced in Fig. 7 for the
concerted hydrogenation reaction of levulinic acid on a Pt(111) surface
in the presence of 2AQH: a) adsorbed LA2 in the presence of 2AQ, (/1),
b) transition state (TS;), and c) adsorbed 4-HPA (/14).
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Fig. 7 Reaction network of LA to 4-HPA on the bare and 2AQ covered
Pt(111) surfaces. The corresponding energies can be found in Table 2.

the proton at the N® atom is crucial for the concerted
mechanism, as we were unable to locate the transition
state for the simultaneous hydrogen transfer on the bare
Pt(111) surface. In the hydroxy mechanism, the first
hydrogen transfer, going from I, to I3, is endothermic
by 0.85 eV (see Fig. 7 and S9f) with no additional kinetic
barrier. The C-H bond formation in the hydroxy
mechanism is exothermic by 0.69 eV. For this step, a
transition state, TSg, is observed; however, it is
thermoneutral (+0.01 eV). The transition state C-H
distance is 1.72 A. This mechanism is very similar to the
hydroxy mechanism observed on the bare surface except
for a small barrier for the second hydrogen addition of
0.06 eV. The overall barrier for the hydroxy mechanism in
the presence of 2AQ is 0.11 eV higher than that on the
bare surface. We were unable to locate any transition
states for the alkoxy mechanism; however, a
thermodynamic barrier of 0.78 eV was determined by
constraining the C-H distance to 1.08 A, which is a
typical distance for the computational method used. This
intermediate is highly unstable and will revert back to its
initial structure during the NEB calculation once the
constraints are removed.

The hydroxy mechanism and the concerted mechanism
are quite similar energetically, with an activation barrier
relative to the I, structure of 0.77 eV for the concerted
mechanism and 0.85 eV for the hydroxy mechanism. The
presence of 2AQ ligands on the Pt(111) surface changed the
preferred reaction mechanism from the hydroxy mechanism
to the concerted mechanism. The second AQ ligand could
improve the enantioselectivity by sterically blocking the
reaction sites. We note that under realistic reaction
conditions many factors may influence levulinic acid
hydrogenation and AQ ligand interaction with a metal
catalyst including temperature, pressure, surface coverage,
solvent effects, and surface structure, to just name but a few.
By further improving the ligand design we believe it will be
possible to positively influence the reactivity as well as
enantioselectivity of this reaction.
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4 Conclusions

We investigated the adsorption of AQ ligands on Pt(111), the
interaction between adsorbed AQ ligands, AQ protonation,
and the hydrogenation of LA to 4-HPA on the bare and AQ-
modified Pt(111) surfaces using DFT. The exothermic
adsorption of a single AQ ligand occurs when the quinoline
ring aligns parallel over a Pt, rhombus. Two AQ ligands
aligned antiparallel to each other form the most stable co-
adsorption structure due to the weak ligand-ligand
attraction from two intermolecular hydrogen bonds. In the
presence of ligands, the transfer of dissociated hydrogen to
the N° atom of the AQ ligand is a thermodynamically
preferred non-activated process. Both LA configurations,
with and without internal hydrogen bonding, bind
exothermically to the Pt(111) surface. The AQ ligands also
enhance LA binding to the Pt(111) surface. Three reaction
mechanisms were considered for LA hydrogenation to 4-HPA
on the bare Pt(111) and ligand-modified Pt(111) surfaces. On
the bare Pt(111) surface, the hydroxy mechanism is
energetically favoured over the alkoxy mechanism. The
concerted mechanism is converted to either the hydroxy or
alkoxy mechanisms on the bare Pt(111) surface. Our work
demonstrates that adsorbed AQ can actively participate in
catalytic reactions. By introducing AQ ligands onto the
Pt(111) surface, the hydrogenation process changes
dramatically. The protonated N° atom in AQ provides the
protonic hydrogen to the ketone oxygen in LA, while the
surface provides the other hydrogen atom to the carbonyl
carbon thus forming 4-HPA. The concerted mechanism is
favoured over the hydroxy mechanism by 0.1 eV. Overall,
both bare and AQ-modified surfaces are equally active
towards the conversion of LA to 4-HPA. Based on our
computational findings, we believe that, with careful ligand
design, it is possible to improve the activity as well as the
selectivity of ligand-modified Pt catalysts for hydrogenation
of polyfunctional molecules. These improved ligands could
feature multiple sites that interact with the reactant to
ensure selective positioning before and during the reaction
as well as stronger ligand-ligand interactions. DFT
calculations are a valuable tool in a systematic exploration
of different ligand structures to establish trends for
desirable ligand properties.
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