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The hydrogenation of alkynes is an important reaction in the synthesis of both fine and bulk chemicals.
Palladium-based catalysts are widely used and therefore size-selected Pd nanoclusters may provide
enhanced performance. An investigation of the adsorption and desorption of the molecules involved in
the reaction can shed light on the activity and selectivity of the catalysts. We employ ab initio
calculations to investigate the binding energies of all the molecules related to the hydrogenation of 1-
pentyne (1-pentyne, 1-pentene, cis-2-pentene, trans-2-pentene and pentane) on a comprehensive set
of possible binding sites of two Pdi47 and Pdse; cuboctahedral nanoclusters. We extract the site and size
dependence of these binding energies. We find that the adsorption of 1-pentyne occurs preferably on
the (100) facets of the nanoclusters, followed by their (111) facets, their edges and their vertices. The
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molecule binds more strongly on the larger nanoclusters, which are therefore expected to display higher
activity. The binding energies of the pentenes are found to be lower on the smaller nanoclusters.
Therefore, these molecules are expected to desorb more easily and the small clusters should display
better selectivity, i.e., partial hydrogenation to 1-pentene, compared with large clusters. Our results
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Introduction

The selective hydrogenation of alkynes is extremely important
in both the fine and bulk chemicals sectors. Therefore, efficient
and selective heterogenous catalysts are highly needed to
improve the productivity of these industrial reactions. The
interplay between activity (yield) and selectivity, specifically,
partial hydrogenation to alkenes, depends on the atomic and
chemical structure of the catalyst, which is often based on Pd,
as the Lindlar catalyst," which served as the industry standard
for the selective hydrogenation of alkynes for several decades.
Due to its inherent disadvantages, there has been an effort
during the past decade for developing new more economic,
active and selective catalysts for the production of alkenes.” The
availability of size-selected metal nanoclusters provides cataly-
sis research with a new toolbox. In model studies, such nanos-
tructured catalysts can outperform conventional catalysts in
terms of activity, selectivity and overall efficiency.®* Recent
advances in nanofabrication provide many options for the
production of novel, selective nanocatalysts for the partial
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provide guidelines for the optimal design of Pd nanocatalysts.

hydrogenation of alkynes.”” The synthesis of nanocatalysts
by deposition of nanoparticles from a cluster beam source,
can offer unparalleled size control and shows promise for
various applications® and routes to scale-up of this technique
are now being explored.’*"?

In the case of alkyne hydrogenations, specifically that of
1-pentyne, 3-8 nm Pd nanoparticles (NPs) and nanoalloys
synthesised in the gas phase and deposited on conventional
metal-oxide support powders, such as alpha alumina, gamma
alumina and titania, resulted in Pd materials that performed as
well as those made by the typical catalyst manufacturing
methods of impregnation and deposition'® and alloy materials
that outperformed them.'* Small Pd nanoparticles (55-400
atoms) deposited on graphite powders also performed well
for the same reaction.'”> Importantly, they showed very good
stability against sintering, important due to the suppression of
the melting point at the nanoscale and the elevated tempera-
tures at which the hydrogenation reactions take place, and a
size-dependent activity and selectivity, which no doubt relates
to probable active sites for the reaction. A size-dependent
activity for nanocluster catalysts has also been reported for
the selective hydrogenation of 1-hexyne on large (6-14 nm) NPs,
where a 15-fold turnover frequency increase was observed when
the size of the NP increased from 11 to 14 nm."®

These experimental works on the hydrogenation of 1-alkyne
on metal nanocluster catalysts call for theoretical support. Such
a study was recently performed for the hydrogenation of
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1-pentyne on small Cu,, model nanoclusters,'” where the active
sites, formation barriers and reaction paths were determined.
Ab initio works are important in the study of catalysis, since
they can provide an understanding of the interactions between
the reactants and the catalysts, reveal the mechanisms behind
the catalytic reaction and reveal variations between different
catalysts."®" In this work, we report an ab initio computa-
tional study of the hydrogenation of 1-pentyne on free Pdy,;
and Pdse; cuboctahedral NPs. We perform a detailed examina-
tion of the binding energies of the stable molecules involved in
the hydrogenation and extract the dependencies of these bind-
ing energies on the binding area and size of the NP. We
conclude with critical considerations for the design of efficient
Pd nanocatalysts for the hydrogenation of 1-pentyne.

Theoretical methods

The Density Functional Theory (DFT) calculations were per-
formed using the Vienna Ab initio Simulation Package
(VASP)**?! under the Perdew-Burke-Ernzerhof derivation of
the Generalized Gradient Approximation (GGA-PBE),>*> with
Projector Augmented-Wave (PAW) pseudopotentials.’>** The
energy cut-off of the plane-wave basis set was 400 eV. The
Brillouin zone was sampled at the I' point and the break
condition for the electronic self-consistent loop was 1 meV.
The width of the vacuum surrounding the nanoclusters was
more than 15 A in all directions, which ensured that there was
no interaction between the nanoclusters and their nearest
image. van der Waals interactions were taken into account
through the DFT-D3 method>® with Becke-Jonson damping.?®

We built models of 147-atom and 561-atom cuboctahedral
Pd NPs on which the hydrocarbon molecules were deposited.
The choice of the cuboctahedral structural motif was based on
the presence of both (100) and (111) facets: cuboctahedral NPs
comprise six (100) facets and eight (111) facets. This facilitated
the comparison between different binding sites. It has also
been shown to be the dominant shape of large, 923- and 2057-
atom, Pd NPs before and after the vapor-phase 1-pentyne
hydrogenation treatment.”” The Pd clusters were fully relaxed
before the placement of the hydrocarbon molecules. The hydro-
carbon molecules were then placed on the binding spots under
examination and the models were fully relaxed again to obtain
the true lowest energy configurations.

(a) b i (d)
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The binding energies Epinging of the hydrocarbon molecules
were calculated according to:

Ebinding = Eparticle+molecule - Eparticle - Emolecule

where Eparticley Emolecule and Eparticle+molecule are the total ener-
gies after relaxation of the free NP, the free hydrocarbon
molecule and the NP-molecule combination, respectively.

The charge density difference Ap was calculated according
to:

Ap = Pcluster+molecule — Pcluster Pmolecule

where Pcluster+molecules Pcluster and Pmolecule ATC the electron
charge densities obtained from static runs of the relaxed
models of the NP-molecule combination, the free NP and the
free molecule, respectively. The imaging of the results was
performed with the VESTA visualization program.>®

Results and discussion

The surface of a cuboctahedral NP presents (100) facets, (111)
facets, edges and vertices. These NP facets present structural
differences compared to the respective bulk surfaces, especially
in the smaller NPs. For example, the atoms of the (100) facets of
a Pdyy; NP are 2-3% closer compared to bulk (100) surfaces
(1-3% for the Pdse; NP). The shells are generally closer by 1-2%
compared to the bulk.

A comprehensive set of molecule binding sites and orienta-
tions on these different areas was examined for all the mole-
cules related to the hydrogenation of 1-pentyne (1-pentyne,
1-pentene, cis-2-pentene, trans-2-pentene and pentane). The
examined configurations are shown in Fig. 1. For the facets
we placed the unsaturated bonds of the molecules between two
Pd atoms or a Pd triangle in the case of the (111) facet and a
quadruplet of Pd atoms in the (100) facet (Fig. 1(a-d)). For the
edges we performed relaxations with each molecule’s unsatu-
rated bond parallel and perpendicular to the edge and always
between two Pd atoms (Fig. 1(e and f)). For the vertex we placed
the molecules directly on top of the Pd atom (Fig. 1(g)). The
resulting binding energies for the Pd,4; and Pdss; NPs, as well
as the respective binding energies on bulk Pd(100) and (111)
surfaces, are given in Table 1.

We find a clear preference for 1-pentyne to bind on the (100)
facets, with the 1-pentyne triple bond exactly between a

(edge) (vertex)

@ F (g

Fig. 1 The different orientations of the molecules on the four possible binding areas of the Pd NPs. From left to right: top-down views of the 1-pentyne
molecule’s triple bond on (a and b) the (100) facet; (c and d) the (111) facet; (e and f) the edge between the two facets; and (g) side view of the molecule on
the NP vertex. Grey circles represent Pd atoms and black circles represent C atoms.
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Table 1 The binding energies in eV of the molecules involved in the hydrogenation of 1-pentyne on the four surface regions of a Pdy47 cuboctahedral

NP, a Pdse; cuboctahedral NP and the (100) and (111) Pd surface slabs

Pd,,; Pds6, Pd

(100) (111) Edge Vertex (100) (111) Edge Vertex (100) (111)
1-Pentyne —3.25 —2.27 —-1.95 —-1.27 —3.44 —2.63 —2.00 —1.38 —3.28 —2.45
1-Pentene —-1.41 -1.19 —1.46 —1.28 —-1.61 —1.44 —-1.53 —1.32 —-1.57 —-1.50
cis-2-Pentene -1.35 —-1.19 —1.48 —-1.41 —1.49 —1.44 —1.52 —-1.37 —1.55 —1.44
trans-2-Pentene —1.40 —-1.17 —1.42 —1.38 —1.58 —1.40 —-1.50 —-1.12 —1.58 —1.23
Pentane —0.47 —0.45 —0.47 —0.36 —0.55 —0.50 —0.50 —0.33 —0.58 —0.62

quadruplet of Pd atoms, as shown in Fig. 1(a). The binding
energies on the (100) facet are 0.98 (0.81) eV larger for the Pd,,,
(Pdse1) NPs compared with the next preferable sites on the (111)
facet between a triplet of Pd atoms. The binding energies on the
NP edge are of the same scale as these of the (111) facet, but
somewhat smaller. For the edges, there is a small preference for
the configuration of Fig. 1(f) compared with Fig. 1(e), equal to
0.02 (0.07) eV for the Pd,4; (Pdse;) NPs. The two C atoms of the
unsaturated bond interact with two Pd atoms in both cases. The
binding energy of the molecule on the NP vertex is much
smaller, lower than half of the binding energy on the (100)
facets for both NPs. The relaxed models for the lowest energy
sites on each of the four surface regions are shown in Fig. 2.
1-Pentene and the 2-pentenes preferably orient themselves
with their double bond on top of two Pd atoms (Fig. 1(b)). In
order to find how easily a 1-pentene molecule transitions
between the two sites of Fig. 1(a and b), we calculated the

Fig. 2 The energetically preferable configurations of the 1-pentyne
molecule on the four possible binding areas of a Pdse; NP. Side views of
the 1-pentyne molecule (a) on a (100) facet, (b) on a (111) facet, (c) on the
edge between the two facets and (d) on the NP vertex.

This journal is © the Owner Societies 2022

related transition barrier, for which the results are shown in the
ESL.f We found that even if one starts from a 1-pentene
molecule centered between the quadruplet of Pd atoms (as it
might come from the hydrogenation of a 1-pentyne molecule
on this exact site) it will slide laterally towards a lower energy
site on top of a pair of two Pd atoms, and the barrier for this
translation is either 0 or a minimal 0.05 eV. The differences
between the two movements are attributed to the asymmetrical
shape of the 1-pentene molecule. Again, on the (111) facets,
while 1-pentyne will prefer the configuration of Fig. 1(c), being
associated with three Pd atoms, 1-pentene will prefer the
configuration of Fig. 1(d) being on top of two Pd atoms.

The binding energies reported for pentane in Table 1 refer to
the molecule on top of two Pd atoms, in a configuration similar
to Fig. 1(b), assuming the pentene results from the hydrogena-
tion of 1-pentene. Pentane would otherwise preferably lie in the
center of the quadruplet, like 1-pentyne, showing a binding
energy of 0.54 (0.61) eV for the Pd,,; (Pdse;) NPs. On the (111)
facet, there is virtually no difference in energy between the
orientations of Fig. 1(c and d).

Regarding the dependence upon the NP size, 1-pentyne
always binds more strongly to the larger NP, a trend retained
for all the other molecules. In general, the binding energies of
the molecules on the Pds¢; NP will be up to 30-40 meVs higher
than the binding energies on the Pd;,; NPs. These results are
consistent with previous experimental results showing an
increased 1-pentyne hydrogenation activity of Pd nanoclusters
with cluster size,"® since (a) 1-pentyne will bind more strongly
on large NPs and (b) the area of the (100) facets increases at an
exponential rate with the size of the nanoclusters, whereas the
length of edges increases linearly and the number of vertices
remains the same.

For 1-pentyne, the four C-Pd bonds have a length of 2.02-
2.05 A. Similarly, the two bonds of 1-pentene have a length of
2.09-2.11 A. Pentane is further removed from the facet; the
respective bond length is 2.89-3.01 A. The nature of the bond-
ing of the molecules on the Pd nanoparticles is visualized by
the charge density differences in Fig. 3. The charge densities
illustrate the formation of chemical bonds between the hydro-
carbon molecule and four Pd atoms in 1-pentyne, two Pd atoms
in 1-pentene and a very weak bonding with two Pd atoms in
pentane.

A Bader charge analysis illustrates the charge exchange
between the hydrocarbon molecules and the NP. For 1-
pentyne, we observe a charge transfer of 0.2 e from each C
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Fig. 3 The charge density difference of (a) 1-pentyne, (b) 1-pentene, and
(c) pentane on a Pdi4; nanocluster. Blue and yellow colours represent
charge depletion and accumulation, respectively.

atom towards the 4 Pd atoms beneath it. In 1-pentene, 0.1 e
from each C atom is transferred to the 2 Pd atoms under the
molecule. Lastly, for pentane, the charge transfer is negligible.
These charge exchanges are marginally higher (~0.01 e) for
Pd,,; compared to Pdse;.

Structural changes occur to all the molecules when bound
on the Pd NP facets and the scale of these changes depends on
the molecule and on the binding site. The triple bond is
stretched to 1.42 A from 1.21 A in the free 1-pentyne molecule
(+17%) when it binds on the (100) facet of the Pdse; nanoclus-
ter. The C atoms participating in the bond and the third C atom
are at an angle of 120°, although almost collinear in the free
molecule (177°). Importantly, we observe a preference for a
pentane-like configuration of the last three C atoms of the
molecule (Fig. 1(a)). This particular configuration is 0.16 eV
(0.19) eV lower in energy for the (100) facets of the Pdy4; (Pdse:)
NPs compared with the original configuration. It persists for
the (111) facets (Fig. 2(b)), whereas for the edge and vertex cases
the original configuration of the 1-pentyne molecule becomes
preferable again (Fig. 1(c and d)).

The 1-pentyne triple bond length change correlates with the
binding strength of the molecule to a specific site. We obtain a

3234 | Phys. Chem. Chem. Phys., 2022, 24, 3231-3237

View Article Online

PCCP

distance of 1.39 A for the (111) facet, 1.31-1.32 A for the edges
and 1.27 A for the vertex of a Pdss; NP. In the last case, the
1-pentyne molecule is almost structurally unchanged. In the
three pentenes (1-, trans-2- and cis-2-), the double bonds are
stretched from 1.34 A in the free molecules to 1.44, 1.45 and
1.46 A, respectively, for the chemisorbed molecules (+7-9%),
while the angles of the C triplets containing the double bonds
change by 2-8°. Pentane is very weakly bonded to the NP,
independent of the binding site, and this fact is reflected in
its structure: the length of the single bond between the two first
C atoms only stretches to 1.52-1.53 A from 1.50 A depending on
the orientation, and the angles between the C triplets of the
molecule change by only ~1°.

The first H atom to bind to the 1-pentyne molecule can
either connect to the 1st C atom of 1-pentyne resulting in a
H2C---C---CH2-R semi-hydrogenated intermediate (IM1) or
the 2nd C atom resulting in a HC-.--CH:--CH2-R semi-
hydrogenated intermediate (IM2). Of these two, IM1 is lower
in energy by 0.21 eV (0.15 eV) on the Pd,,; (Pdse;) NP. Two
possibilities arise from this point: (i) the IM1 and IM2 inter-
mediates accept one more H atom which binds with their 2nd
or 1st C atoms, respectively, to form H2C—CH-CH2-R
(1-pentene), or (ii) IM1 undergoes an isomerization to
H2C---CH---CH-R (IM3), where a H atom moves from the
3rd C atom to the 2nd.

IM3 is more stable than IM1. It is lower in energy by 0.11 eV
(0.25 eV) on the Pd,4; (Pdse;) NP. IM3 will hydrogenate to a
pentene depending on where the next H atom binds: 1-pentene
if it binds to the 2nd C atom or 2-pentene to the 1st C atom.
Alternatively, 1-pentene may isomerise to 2-pentene.

Summarising the above, the simplest reaction path for the
formation of 1-pentene is:

1-pentyne A, IM1/IM2 A, 1-pentene

and the alternative paths for the formation of 2-pentene are:

isomer.

1-pentyne RALRY |V § AL Y ¢ il N -pentene

and
I-pentyne ALY |V § [aiN 1-pentene somer,, 2-pentene

Both transitions from IM1 to IM3 and from 1-pentene to 2-
pentene are favoured since the resulting molecules are more
stable. trans-Like IM3 is lower in energy by 0.09 eV (0.15 eV) on
Pdy4; (Pdse;) compared to cis-like IM3. Likewise, trans-2-
pentene is lower in energy by 0.07 eV (0.11 eV) compared to
cis-2-pentene on Pd,,; (Pdse;) NP. These results are in accor-
dance with the experiments showing an amount of trans-2-
pentene comparable with that of 1-pentene, and a smaller but
still significant amount of cis-2-pentene."?

The binding energies of the molecules dictate the rate at
which a specific molecule adsorbs and desorbs and, therefore,
play a significant role in predicting the selectivity of the Pd
catalysts. The tailoring of the catalyst’s properties can be
achieved through the manipulation of these binding energies.
For partial hydrogenation, the pentyne molecule must strongly

This journal is © the Owner Societies 2022
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Table 2 The desorption rate constants in st site™* for v = 10%° for 1-
pentene on the (100) and (111) facets of a Pd;47 and a Pdsg; cuboctahedral
NP at 450 K

(100) (111)
Pd, 4, 1.6 x 10°° 4.7 x 1074
Pds, 9.3 x 107° 7.5 x 1077

bind to the surface in order to be hydrogenated to pentene and
then must easily desorb instead of further hydrogenating
to pentane. Ideally, one would want to control the size and
shape of the nanoclusters, to show high binding energies for
1-pentyne and low binding energies for 1-pentene and 2-pentene.
The desorption rates of the molecules can be estimated using a
harmonic approximation to transition state theory, with the rate
constant expressed as:

—Ep/ksT
= ve
where v is a pre-exponential factor, E}, is the binding energy, kg
is the Boltzmann constant, and T is the temperature.”® The v
factor is taken to be 10" s™* site ™!, but may be scaled down by
1-4 orders of magnitude due to the fact that the molecules will
not be always present at all active sites. This scale down
changes the calculated rates only minimally, and is equivalent
to a 0.1 eV change in the binding energies.

The exponential nature of the rate constants means that very
small changes in the binding energies translate to big effects on
the rate constants. A comparison of the desorption rate con-
stants based on our calculated binding energies of 1-pentene
on the (100) and (111) facets of the two NPs is given in Table 2.
The rate increases 290- to 80-fold in favour of the (111) facets,
with the change being smaller in the bigger NP. Most impor-
tantly, depending on the binding site, the smaller NP shows a
170- to 630-fold increase in the desorption rate constant
compared with the larger NP.

Of course, to better evaluate the parameters for desorption
one would also have to take into account the number of active
sites, since the real desorption rate at a reactive site on the
surface are the rate constant times the probability a molecule is
present at such a site. This number is of course dependent on
the structure and size of the NP. For example, a cuboctahedral
Pdss; NP has 2.74 times more surface atoms than a Pd,,; NP
(252 compared to 92). However, even if we assume this many
more binding sites for the bigger NP, the desorption rate of the
Pd,,; NP will still be at least a hundred times higher than the
desorption rate of the Pds;e;NP. Lastly, we should also mention
that, in general, the semi-hydrogenated intermediates show
very high binding energies (~3-4 eV). Therefore, it is very
unlikely for a molecule to desorb at these points.

Conclusions

To explore the partial hydrogenation of 1-pentyne on Pd
nanoclusters, we have investigated the adsorption of 1-
pentyne, 1-pentene, cis-2-pentene, trans-2-pentene and pentane
on Pd,,; and Pdse; nanoclusters via ab initio calculations. The

This journal is © the Owner Societies 2022

View Article Online

Paper

energetically preferable sites for the adsorption of all the
molecules are the (100) facets of the nanoclusters, followed
by their (111) facets, the edges and the vertices. All molecules
bind more strongly on larger nanoclusters, which are therefore
expected to display higher activity. The binding energies of the
pentenes are found to be lower on the smaller nanoclusters.
These small clusters should be more selective to 1-pentene:
enhanced desorption reduces the chance of over hydrogenation
to pentane or isomerisation to cis- and trans-2-pentene.

Our results provide guidelines for the fabrication of Pd
nanocluster catalysts with control of their activity and
selectivity:

(i) very active nanocatalysts must comprise large NPs with
(100) facets. Big, crystalline, cubic NPs are ideal.

(ii) very selective catalysts must comprise small NPs with
(111) facets. These may be either crystalline (octahedral) or non-
crystalline (icosahedral).

To control the shape of the NPs one can take advantage of
the fact that different NP size regimes may be dominated by
different energetically preferable shapes, a hot topic for theo-

3032 Cluster beam

retical studies during the past 15 years.
sources provide promise of such manipulation since they offer
unparalleled size control. Indeed, shape control of noble metal
NPs has been achieved via shape control®® or control of gas-
phase formation parameters®® in conventional cluster beam
sources.

The Sabatier principle states that the best catalysts should
interact with molecules strongly enough so that the reactants
bind to its surface, but weakly enough so that the products are
able to desorb.*® We believe that a future look into sizes and
shapes of NPs, which will compare between NPs comprising
only (100) facets and only (111) facets over a range of sizes, will
identify the system that would fulfils these conditions.
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