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ABSTRACT: The catalytic partial hydrogenation of a,f-unsatu-
rated aldehydes is an ideal reaction to understand the selectivity
between two different functional groups Here the two functional
groups are C—=C and C=O0, and the hydrogenation of C=0 is
preferentially desired due to the importance of the issuing
products, unsaturated alcohols, in fine-chemical industries. Using
density functional theory calculations, we investigate the catalytic
competency toward this reaction of a Au nanocluster in the
presence of protecting ligands that offer higher stability and the
possibility for the uniform distribution of size-selected clusters in
the catalytic system. meta-Mercaptobenzoic-acid-protected-pro-
tected Au clusters exhibit special (bidentate) ligand—metal
interactions: two weak interactions, O=C—OH:--Au and Ph-
(7)-+-Au, in addition to the strong S—Au covalent bonds. We find
that Ph()-Au interactions break (or open) to expose unprotected, low-coordinated Au sites on the cluster, which have a high
propensity for trapping incoming reactant molecules. We study the partial hydrogenation of acrolein at these sites and find that the
unsaturated alcohol, 1-propenol, is selectively favored over possible products. The opening of the 7---Au interaction and the trapping
of reactant molecules at Au sites are similar to a Venus flytrap mechanism where the flowers in the plant exhibit motion to actively
trap its prey.

KEYWORDS: monolayer-protected clusters, acrolein reduction, catalysis, gold, nanoclusters, density functional theory

Bl INTRODUCTION Scheme 1. Partial Hydrogenation of Acrolein to Give Three

Studies in the field of catalysis are driven by the search for new or Possible Products: Propanal, 1-Propenol, and 2-Propenol

improved catalytic materials that are cheaper or offer higher _CHH_ O

-1: . . . . .- /  Propanal
stability, lower activation barriers, and/or higher selectivity to HHC CH 2
the desired products in a catalytic process, as compared with PH 0 SCHy_ OH

. HoC \CH/ + H = ¢ \CH 1-Propenol
presently used catalysts. Even a small percentage improvement Z
in any of these qualities translates to a more efficient and Acrolein Hydrogen CH ~poH AC—
) H:C CHH 2

economical use of energy and natural resources. :

Several of the biomass-derived molecules that are important
in chemical industries have multiple functional groups. It is
crucial to gain a coherent sense of how one can selectively react
upon one type of functional group over another. As an example,
the selective hydrogenation of a,f-unsaturated aldehydes is a
model reaction to understand the selectivity between C=C and
C=O0 groups. The selective hydrogenation of the C=0 bond
leads to the formation of an unsaturated (allyl) alcohol. This is
an intermediary reaction that is important in industries that deal
with fine chemicals such as perfumes, flavoring agents, and Received:  October S, 2021
pharmaceuticals, and hence it is desired over the hydrogenation Revised:  January 20, 2022
of the C=C bond."”

In this study, we investigate the partial hydrogenation of
acrolein, which is the smallest molecule with both C=C and
C=0 bonds. Scheme 1 shows the competing reaction pathways

to form three different products: propanal (H atoms added to
C3 and C2), 1-propenol (H atoms added to O and C3), and 2-
propenol (H atoms added to O and C1). (The C atoms in the
acrolein molecule are numbered 1—3 starting from the O-end to
the C-end of the molecule.) The saturated aldehyde, propanal, is
the thermodynamically favored product, and 1-propenol
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tautomerizes to propanal over time. As a consequence, to
achieve the target product, that is, 2-propenol, one requires
control over the thermodynamics of the reaction intermediates
or the kinetics of the competing processes offered by the
appropriate catalyst.

Different metal surfaces and bimetallic systems have been
shown, using experimental methods and density functional
theory (DFT) calculations, to have specific selectivities to
unsaturated alcohols based on effects due to the size, the
electron density, the steric hindrance, the presence of promoter
or inhibitor atoms, or the nature of the solvent.'™ The
hydrogenation of the C=0 bond in acrolein has been shown to
be highly active and selective on Pd(111) surfaces when they are
covered with ligand-like oxopropyl spectator species. This leads
to a ligand-assisted promotion of the desired reaction path-
way,'~"? suggesting that ligand-covered metal surfaces can also
perform as excellent catalysts for this reaction. Nanometer-sized
Au particles (without ligands) have also been shown to be
catalytically active and selective toward the formation of
unsaturated alcohols; the dependence of the activity and the
selectivity on the size of the particle and the nature of the oxide
support has been studied."*~"

With the knowledge that catalytic properties are highly
sensitive to the size of a nanocluster and that the addition or
removal of a single atom could lead to loss of its catalytic
properties, efforts are now focused on the study of atomically
precise nanoclusters. There are, however, challenges to be met
pertaining to the instability of these clusters due to their
tendency to aggregate into larger particles and having precise
control over a uniform size distribution of clusters to be used in
applications. Toward this purpose, several methods have been
suggested: (i) confining clusters in crystalline zeolite-type
cages,”’ (ii) sorting monodisperse metal clusters by mass
spectrometry and then soft-landing them onto supports,” =
and (iii) stabilizing/capping clusters using a monolayer of
organic ligands and removing these ligands by treatments after
the clusters are anchored to the supports.”*~*’ The supported
clusters generated by methods (ii) and (iii) may still be prone,
however, to sintering and form larger sized clusters under
reaction conditions.

In this study, we focus on monolayer-protected atomically
precise clusters and investigate their catalytic competency
without the removal of ligands and in the absence of a support.
Recent reports with combined theoretical and experimental data
have shown that these clusters can catalyze reactions in solution
such as the cycloisomerization of alkynyl amine, the hydration of
alkynes, and C—N bond formation in aniline carbon-
ylation.**** Experimental electrospray ionization—mass and
nuclear magnetic resonance spectra before and after the catalytic
reactions confirm that the clusters retain their ligands after the
reaction; that is, the reaction mechanism involves no removal of
ligands. Ligands are chemically bonded to the metal cluster, and
hence they undoubtedly affect the catalytic properties.”> For
example, increasing the chain length and reducing the packing
density of thiolated polyethylene glycol ligands on Au clusters
have been shown to improve the catalytic activity of the clusters
toward the reduction of 4-nitrophenol.”* The chemoselectivity
toward the hydrogenation of cinnamaldehyde by FePt bimetallic
nanoparticles stabilized with carboxylate ligands was signifi-
cantly altered upon changing the chain length or the electron-
withdrawing capability of the ligands.” In addition, ligands can
also determine the solubility of the cluster in its environment®®
and affect the optical properties by imposing chirality that may
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bring about possibilities for stereoselective catalysis.””*® Where-
as most of the studies showing the catalytic activity of these
clusters are experimental in nature, there is very little clarity on
the atomistic picture of the catalytic mechanisms and the role of
the ligands in the process. Some examples of computational
research in this area include the report on the mechanism of the
electrocatalytic reduction of CO, on Cuj,H,0L;, (L =
dithiophosphate ligand) clusters that was determined using a
combination of experiments and DFT calculations.” In a
previous work done by us, we reported a single-site mechanism
for the reduction of ketones to alcohols on CuysH,(L;5 (L =
SPhCl,), which was confirmed by experiments.”” Au clusters
protected by secondary phosphine oxides were also shown to
exhibit a cooperative effect at the metal—ligand interface that
enabled the heterolytic dissociation of H, and the selective
hydrogenation of aldehydes and ketones to corresponding
alcohols.*"**

The catalyst in this study is a meta-mercaptobenzoic acid (m-
MBA)-protected Augg cluster. It is a water-soluble cluster that
has been used to design cluster-marker hybrids for tracking
proteins in live cells due to their high reactivity toward
biomolecules.*>** The structure of the m-MBA-protected Augg
cluster was determined (in 2014) using low-dose electron
microscopy techniques and 3D image reconstruction.*’

The distinct chemistry in the ligand layer of Augg(m-MBA);,
was revealed in 2017 by a combination of experimental and
computational techniques.*”*” The presence of the m-MBA
ligands brings about three unique interactions not observed in
similar sized clusters or even the closely related p-MBA-
protected clusters:*”** (i) COOH--~COOH hydrogen bonding
between two neighboring ligands as well as two new interactions
at the ligand—gold interface, (ii) hydrogen-bond-like O=C—
OH:--Au and (iii) Ph(x)---Au when the ligand lies “flat” on the
gold core. These interactions help to explain the lower ligand
density and the higher reactivity toward thiol-modified DNA
observed in the m-MBA clusters when compared with other
clusters of similar sizes.*® On the basis of this observed reactivity,
it was suggested”” that these clusters could potentially act as
catalysts. The weak interactions at the metal—ligand interface
could be sacrificed, exposing unprotected Au atoms that could
then favorably bind incoming reactant molecules.

In 2020, we reported extensive molecular dynamics (MD)
simulations*” performed on these systems. We studied in detail
the dynamic nature of these m-MBA ligands at 300 and 500 K
and determined the thermodynamics and kinetics involved in
the formation and breaking of the weak interactions at the
ligand—metal interface. Between the two weak ligand—gold
interactions, it is the z---Au interaction that is of particular
interest in this study. Here we look into a scenario where the 7---
Au interaction is broken and the ligand is in an open position,
leaving the Au atom unprotected. We show that this Au atom is
highly under-coordinated, is mobile, and shows a propensity for
binding reactant molecules such as hydrogen and acrolein. The
ligands open to trap reactant molecules, similar to a Venus
flytrap, where the flower can open and close its petals to trap its
prey. We report the reaction pathways and barriers that lead to
the formation of the three possible products of the partial
hydrogenation of acrolein: propanal, 1-propenol, and 2-
propenol. We find that the formation of the OH bond is
selectively favored over the formation of the CH (C3—H) bond,
and the most favored product is 1-propenol.

https://doi.org/10.1021/acscatal.1c04585
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B COMPUTATIONAL METHODS AND MODEL

We performed density functional theory (DFT) calculations as
implemented in the GPAW package.’’ The wave functions were
expanded on a real-space grid using the finite difference method
with a grid spacing of ~0.2 A. The generalized gradient
approximation using the PBE (Perdew—Burke—Ernzerhof)
formulation was used as the exchange-correlation functional.”!
Test calculations on other ligand-protected Au clusters have
shown that including van der Waals corrections stabilizes the
system by ~0.5 eV.”” Detailed comparisons of the results of
acrolein hydrogenation on surfaces with and without van der
Waals corrections have shown that including these interactions
does not alter the predicted reaction mechanism or the
chemoselectivity of the catalyst.” We also provide our results
from test calculations using the van der Waals correction
proposed by Tkatchenko and Scheffler.”® (See Table S2 of the
Supporting Information.) Our results show that whereas the
energies of the systems considered are lowered by 0.4 to 0.6 eV,
the observed trends in adsorption energies at different sites and
activation barriers for different steps in the reaction remain
unaffected.

PBE functionals have been shown to exhibit quantitative
discrepancies from experimental values of adsorption energies
for noble gases and organic molecules on transition-metal
surfaces.”*~>° However, they are highly successful in predicting
trends in the stability, adsorption energies, and catalytic activity
of different metal and metal oxide surfaces, as has been shown
extensively by previous authors.”’ " More importantly, these
functionals have been shown to reliably describe the structural
changes and interfacial chemistry brought about by the addition
of thiolate ligands to the gold surface.’ They have helped
successfully verify the observed experimental crystal structures
in several cases,®>~%’ predict correct structures of the metallic
core and the gold—thiolate interface, and describe structural
transformations in these clusters involving isomerization and
chiral inversion.***’

A nonperiodic cubic cell large enough to include a ~6 A
vacuum in all six directions around the cluster was used in all
calculations. For the study of the reactivity of the clusters at the
site of the interest, where the 7---Au interaction was broken to
expose the low-coordinated Au atom, only this highly reactive
Au atom, six nearest-neighbor Au atoms, and adsorbate atoms
were allowed to be free during the structural optimization until
the forces on the atoms were <0.05 eV/A. A Fermi—Dirac
smearing of width 0.05 eV was used to improve the convergence.

The barriers for the different reaction steps and pathways in
the reduction of acrolein on the cluster were determined using a
combination of the climbing-image nudged elastic band
method”® and constrained minimization techniques.”’ Our
estimates for the transition states obtained by constrained
minimization methods were validated against those previously
reported for the same reaction on different Au clusters to have
similar bond lengths and geometries."”

Augg(m-MBA)j;, is an asymmetric cluster with a metallic core
of 68 Au atoms, ~1.4 nm in diameter, and 32 m-MBA thiolate
ligands, making the total diameter of the cluster ~2.7 nm. The
structure of the metal core was determined to atomic resolution
using aberration-corrected transmission electron microscopy,
performed with the use of a minimal electron dose and 3D image
reconstruction.*>*° This provided the coordinates for Au atoms
in our DFT study. Because the structure for the ligand layer
cannot be determined experimentally, the initial guess was
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created using an in-house algorithm. It suggested several
potential structural models taking into account both the
sulfur—gold bonding at the ligand—metal interface and the
steric constraints in the ligand layer."””> The model structure
thus generated was initialized using classical force-field
simulations,”” and validated using DFT and extensive (DFT-
based) MD simulations.”” We note that the ligand layers and
surface Au atoms are highly dynamic, and the energy-
configuration space of the system is marked with a multitude
of local minima in energy. The computational expense of these
calculations is brought about by the complexity of the system
and reaction in addition to the large system size of ~560 atoms
with ~2500 electrons. For high accuracy of the calculations, the
wave functions are expanded in a cubic box of volume 38.4° A3
over a dense grid with spacing of 0.2 A that accounts for 192 X
192 X 192 points in real space.

Figure la shows the energetically optimized structure of the
cluster. We highlight an example of the 7---Au interaction

Figure 1. Ligands and surface Au atoms are highly dynamic. (a,b)
Configurations of the system when a 7---Au interaction is closed and
open, respectively. (b,c) Ligand in the open position, with two different
positions for the Au atom (orange) marked. The relative energies of the
structures in panels a—c are —0.22, 0.16, and 0.00 eV, respectively. Only
one ligand is highlighted to show the site of interest, whereas the rest of
the 32 ligands are shown as a (transparent) gray surface and are fixed in
all calculations. The atoms S, C, O, and H in the highlighted ligand are
shown in yellow, gray, red, and white, respectively. All Au atoms in the
cluster are shown in gold, except for the one protected/unprotected
mobile Au atom colored orange. The colors of the boxes, magenta and
green, refer to this Au atom in positions P1 and P2, respectively.

between the phenyl ring of one ligand and a Au atom colored
orange. The distance between the Au atom and the center of the
phenyl ring is 3.06 A. When this ligand moves away from the Au
atom, it optimizes to the structure in Figure 1b, which is 0.38 eV
higher in energy than the structure in Figure la. In our previous
work, we had computed the barrier to break this interaction to
be 1.10 eV.*

We calculated the gas-phase reaction energies for the three
pathways shown in Scheme 1. The hydrogenation of C=C,
forming propanal, and that of C=0, forming allyl alcohol, have
reaction energies of —1.64 and —0.95 eV, respectively. The
formation of 1-propenol, by the addition of H atoms to the O-
and C-ends of the acrolein, has a reaction energy of —1.29 eV. In
an isolated acrolein molecule, the bond distances along the
backbone are d(O—C1) = 1.22 A, d(C1-C2) = 1.48 A, and
d(C2—C3) = 1.34 A

The adsorption energies, E., for H, and the acrolein
molecule on the cluster are calculated using the equation

Eads = EX/cluster - EX(g) - Ecluster

(1)

where the three terms on the right-hand side are the total
energies from DFT for the following systems: (i) the molecule X
adsorbed on the cluster, (ii) the isolated X molecule in the gas

https://doi.org/10.1021/acscatal.1c04585
ACS Catal. 2022, 12, 2365—2374
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(a) Molecular H2

(b) Molecular H2

(d) Two H atoms

(f) Acrolein

Figure 2. Optimized geometries of adsorbed (a,b) molecular H,, (c,d) dissociated H,, and (e,f) molecular acrolein. The reactive Au atom (orange) is in
the P1 position in panels a, ¢, and e and in the P2 position in panels b, d, and f. The rest of the Au atoms are gold. H atoms from H, are blue, and those
from acrolein are white. S, C, and O atoms are yellow (transparent), gray, and red, respectively. Only S atoms of the ligands are shown for clarity.

Table 1. Adsorption Energies (E,4,) and Bond Distances for the Reactants, Intermediates, and Products Adsorbed on the Cluster
Augg(m-MBA);, When the Low-Coordinated Au Atom Was in Position 1 (P1) and Position 2 (P2)

E4 (eV) d(0-C1) (A) d(C1-C2) (A) d(C2—C3) (A)

adsorbate P1 P2 P1 P2 P1 P2 P1 P2
H, molecule 0.15 -0.03
2 H atoms 0.46 0.18
acrolein 0.07 —0.11 122 1.22 1.49 1.50 1.39 1.40
CH intermediate — 0.44 - 0.78 1.23 122 1.48 1.49 1.51 1.51
OH intermediate -0.93 1.34 1.37 1.44
propanal - 155 - 176 121 1.22 1.50 1.50 1.52 1.52
1-propenol - 1.73 —2.06 1.36 1.34 135 1.40 1.50 1.51
2-propenol - 1.69 142 1.52 1.39

phase (X = H,/acrolein (CH,=CH—-CH=O0)), and (iii) the
bare cluster in Figure lc (to be discussed further below),
respectively. Similarly, the adsorption energies for the
intermediates and products are calculated using the equation

Eads = EY/cluster - EHz(g) - Eacrolein(g) - Ecluster (2)
where the four terms on the right-hand side are the total energies
from DFT for the following systems: (i) the intermediate or
product Y adsorbed on the cluster, (ii) the H, molecule, (iii) the
acrolein molecule, and (iv) the cluster in Figure lc.

B RESULTS AND DISCUSSION

We present the results in four sections to discuss (i) the dynamic
nature of the ligands and the surface Au atoms, (ii) the
adsorption of reactant molecules and the dissociation of
hydrogen, (iii) the formation of intermediates, and (iv) the
formation of the three products.

2368

Dynamic Ligands and Surface Au Atoms. We consider
the scenario where the 7---Au is being formed and broken, as
shown in Figure 1a,b. When the weak interaction is broken, we
see that the Au (orange) atom that is left unprotected is highly
mobile, and it finds another suitable position on the surface of
the cluster, as shown in Figure 1c. Upon comparing the energies
of the structures in Figure 1b and c, we find that the latter is
lower in energy by 0.16 eV. We use this cluster as the reference
for the bare cluster in this study henceforth. In the Supporting
Information, we provide a movie to show the ligand density
around the cluster, the opening of the 7---Au interaction, and the
motion of the unprotected Au atom from position P1 to P2.

We also wish to bring to the attention of the reader the color
of the boxes in Figure 1. We will be using the color magenta to
indicate the position of the orange Au atom to be in the initially
preferred location stabilized by the 7-+-Au interaction (P1) and
the color green to indicate the new position of the orange Au
atom (P2).

https://doi.org/10.1021/acscatal.1c04585
ACS Catal. 2022, 12, 2365—2374
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Figure 3. Energy pathways for the (a) dissociation of H,, (b) formation of CH intermediate, and (c) formation of OH intermediate. The zero of energy

is defined as E

‘cluster

+Ey +E

acrolein

= 0. The states marked in magenta and green refer to those with Au in positions P1 and P2, respectively, and the

states marked in brown refer to the transition states. The colors used to represent the atoms in the insets are the same as those in Figure 2.

Adsorption of Hydrogen and Acrolein. Several initial
geometries were considered for the adsorption of the reactant
molecules, hydrogen and acrolein, on various sites of the cluster.
However, in most cases, the molecules do not bind at all and
move away from the cluster surface. In Figure 2, we show only
the lowest energy geometries obtained for the adsorption of an
H, molecule, two (dissociated) H atoms, and an acrolein
molecule on the cluster at the unprotected Au (orange) atom
when it is in the P1 and P2 positions. The values of E, 4 for the
adsorption geometries are listed in Table 1. We see that binding
is more favorable with Au in the P2 position than the originally
preferred 7---Au-interaction-stabilized P1 position. H, and
acrolein molecules bind weakly to the cluster when the Au
atom is in the P2 position, whereas the other configurations
listed show endothermic binding. Previous authors (using
Perdew—Wang PW91 functionals) have found the binding of
acrolein to a Auy, cluster (without ligands) to be exothermically
favorable with E,4 = —0.46 eV."” The difference may be
attributed to the presence of the ligands in our system.

In Figure 2a, the H, molecule is adsorbed horizontally on the
reactive Au atom with d(H—H) = 0.76 A and d(H—Au) = 2.64
and 2.91 A. In Figure 2b, on the contrary, the H, is adsorbed (at
an angle) atop the reactive Au atom with d(H—H) = 0.75 A and
d(H—Au) = 2.92 A. The barrier for H, dissociation was
estimated to be 0.40 and 0.50 eV for the two positions, P1 and
P2, respectively. The same barrier on the Au(111) surface was
found to be 1.45 eV'®, whereas on a naked Augg and a ligand-
protected Aug(Ph,PO),, cluster, it was found to be 0.78 and
0.54 eV, respectively.”” (The authors in ref 42 used PBE
functionals with Grimme corrections for dispersion D2 terms,
whereas in ref 73, they used revised PBE functionals with a
modified version for the D2 terms.)
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In Figure 2¢,d, the dissociated H atoms are both bonded to
the same Au atom with d(H—H) = 1.98 and 1.95 A, respectively.
The d(H—Au) distances range between 1.58 and 1.69 A. The
homolytic dissociation of H, is endothermic by 0.31 and 0.21 eV
at positions P1 and P2, respectively. This can be compared with
values of 0.69 eV on the Au(111) surface’” and 0.10 and 0.64 €V
on a naked Aug and a protected Augs(Ph,PO),, cluster,
respectively.”” The energy pathways for the dissociation of H, at
P1 (magenta) and P2 (green) sites are shown in Figure 3a.

In Figure 2e,f, the acrolein molecule binds to the Au atom via
the C=C z-bond, that is, the C3 and C2 atoms of the molecule.
In Figure 2e, d(C3—Au) = 2.27 A and d(C2—Au) = 2.32 A,
whereas in Figure 2f, d(C3—Au) = 2.22 A and d(C2—Au) = 2.25
A.

Formation of Intermediates. Hydrogen is first adsorbed as
amolecule on the reactive Au atom on the cluster and dissociates
to two H atoms, as discussed in the previous section. Acrolein is
then introduced to the system. Several initial geometries with
different orientations of the molecule around the dissociated H
atoms on Au atom at the P1 and P2 sites were considered. Two
possible interactions between acrolein and the H atoms were
investigated: The molecule could pick up one of the H atoms
with the C-end of the molecule, forming the CH intermediate, or
with the O-end of the molecule, forming the OH intermediate.
The intermediate formed would then subsequently bind at the
unprotected Au atom.

Figure 3b,c shows the energetics for the reaction pathways
that lead to the formation of these intermediates. The energy
barriers involved to pick up a dissociated H atom (break the H—
Aubond) and form the CH bond are 0.19 and 0.45 eV when the
Au atoms are at the P1 and P2 sites, respectively. The barriers to
pick a H atom and form the OH bond, on the other hand, are
0.09 and 0.12 eV at the P1 and P2 sites, respectively. The two
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(b) CH intermediate (d) Propanal (f) 1-Propenol (h) 2-Propenol

Figure 4. Optimized geometries of adsorbed (a,b) CH intermediate, (c,d) propanal, (e,f) 1-propenol, (g) OH intermediate, and (h) 2-propenol. The

reactive Au atom (colored orange) is in the P1 position in panels a, ¢, and e and in the P2 position in panels b, d, and f—h. The colors used for the atoms
are the same as those in Figure 2.

" (a) Propanal from CH intermediate " [ (b) 1-Propenol from CH intermediate
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Figure 5. Energy pathways for the formation of (a) propanal and (b) 1-propenol, both from the CH intermediate, and (c) 2-propenol and (d) 1-

propenol, both from the OH intermediate. The zero of energy is defined as By, + E, glein + Ectuster = 0- The states marked in magenta and green refer

to those with the Au in positions P1 and P2, respectively. The transition states and their relative energies are marked in brown. The colors used to
represent the atoms in the insets are the same as those in Figure 2.

intermediates then bind exothermically at the Au atom on the
cluster, forming C—Au bonds. We see that the energy of the

system is highly sensitive to the orientation of the molecule with approaches the cluster surface via the O-end or the C-end.

respect to the ligand layer and also to whether the molecule
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Figure 4 shows the lowest energy geometries obtained for the
two possible intermediate structures: the CH intermediate (see
Figure 4a,b) and the OH intermediate (see Figure 4g). We see
that the formation of the CH intermediate is possible at both
sites P1 and P2. The binding at the P2 site is stronger than that at
the P1 site (— 0.78 vs —0.44 eV). After the formation of the CH
bond, the C=C 7-bond is now between the C2 and C1 atoms of
the molecule; therefore, the intermediate binds to the Au atom
via these two atoms. At P1, d(C2—Au) = 2.26 A and d(C1—Au)
=2.94 A, whereas at P2, d(C2—Au) = 2.17 A and d(C1—Au) =
2.87 A.

The formation of the OH intermediate, interestingly, is
possible only at the P2 site. When the molecule approaches the
Au atom at P1, the Au atom spontaneously (no energy barrier
involved) moves to the P2 site to enable the adsorption of the
OH intermediate with a binding strength of —0.93 eV. The
formation of the OH intermediate does not affect the initial C=
C n-bond between the C3 and C2 atoms of the molecule;
therefore, it binds to the Au atom with d(C3—Au) = 2.20 A and
d(C2—Au) = 3.07 A. Our results suggest that there is a clear
thermodynamic driving force favoring the formation of the OH
bond over the CH bond. The differences in the kinetic barriers
involved are, however, quite small.

Formation of Products. Now, starting from these
intermediates, we investigate four pathways leading to the
three products. Consider the CH intermediate bound to the Au
site. The second H atom bonded to the same Au can now move
to either C2, forming propanal (see Figure 4c,d), or to O,
forming 1-propenol (see Figure 4e,f). The product propanal
does not bind to the Au atom any more due to the loss of the
C=C () bond and lifts up from the cluster surface. 1-Propenol,
however, weakly binds to the Au atom via C2=C1---Au.

The energy pathways for the formation of propanal and 1-
propenol, respectively, from the CH intermediate are shown in
Figure Sa,)b. We see that the relative energies and barriers for the
formation of propanal are lower (0.17 eV at P1 and 0.34 €V at
P2) than those for the formation of 1-propenol (0.57 eV at P1
and 0.44 eV at P2), suggesting that propanal is the favored
product once the CH intermediate is formed.

Similarly, now let us consider the OH intermediate bound to
the orange Au atom. The second H atom can move either to C1
forming 2-propenol (see Figure 4h) or to C3 forming 1-
propenol (see Figure 4f). Both unsaturated alcohols bind to the
Au atom via the C=C #-bond. In the case of 2-propenol, the
C=C is between C3 and C2 (d(C3—Au) = 2.22 A and d(C2—
Au) =2.27 A), whereas for 1-propenol, it is between the C2 and
C1 atoms of the molecule (d(C2—Au) =2.21 A and d(C1—Au)
=242 A).

Figure 5c,d shows the energy pathways for the formation of 2-
propenol and 1-propenol, respectively, from the OH inter-
mediate. This intermediate was found to be stable only with the
Au at position P2. In Figure Sc, we see two initial states marked
in green at —0.93 and —0.82 eV. The most stable configuration
of the OH intermediate corresponds to the state with energy of
—0.93 eV; however, we find that to facilitate the reaction, the
system goes to a slightly higher energy (—0.82 eV) where the
OH bond in the intermediate is oriented differently.

For the formation of products from the OH intermediate, on
the basis of the energies of the structures and barriers involved
(0.78 eV for 2-propenol vs 0.29 eV for 1-propenol), we see that
1-propenol is the thermodynamically and kinetically favored
product. However, it is known that 1-propenol would eventually
tautomerize to form propanal. This suggests that the Augg(m-

MBA);, cluster is indeed a catalyst with low barriers for the
reduction of acrolein; however, it may not exhibit a high
selectivity for the formation of the desired allyl alcohol.

The details of each reaction step, including the reaction
coordinates used and the bond distances between atoms at the
initial, transition, and final states, are given in the Supporting
Information. (See Table S1 and Figures S1 and S2.)

Most theoretical studies on the hydrogenation of acrolein do
not consider the formation of 1-propenol.'”**’*”> They
consider only the routes where H atoms are added to (i) C3
and C2 and (ii) O and C1. The 1-propenol, however, is formed
by the addition of H atoms to C3 and O of the acrolein molecule.
If we were to follow the same pattern as previous authors, then
our results would suggest that the selectivity for the hydro-
genation of the C=0 bond would be higher than that of C=C.
This is because we find that the OH intermediate is
thermodynamically and kinetically more favorable than the
CH intermediate. However, if we consider the formation of the
1-propenol by consecutively adding H atoms to C3 and O in
either order, then we find that this is most favorable, which
would eventually lead to the formation of propanal.

B CONCLUSIONS

We have studied the catalytic activity of a Au nanocluster
stabilized by m-MBA ligands using DFT calculations. On the
basis of our results, we suggest that these clusters are highly
stable and perform as a selective, mild-temperature (low-barrier)
catalyst for the reduction of acrolein to an unsaturated alcohol
(1-propenol) without the removal of any ligands. The ligands
display a continuous motion, forming and breaking weak
interactions between the ligand and the Au atoms on the cluster
surface, which causes Au atoms on the cluster to be protected or
unprotected. The cluster offers a unique reaction pathway for
the catalytic mechanism. Understanding possible reaction
mechanisms involved in such monolayer-protected clusters
paves the path forward to designing better and more stable
catalysts with chiral ligands that cause chiral selectivity for
reactions with polyfunctional molecules. In addition, it brings
about possibilities for recreating similar ligand—metal interfaces
where ligands exhibit strong and weak interactions; the strong
interactions provide stability to the cluster, whereas the weak
interactions can be sacrificed to expose catalytically active sites
on the surface.
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