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We study the alkyne semi-hydrogenation selectivity over Pd and
Lindlar catalyst with liquid phase adsorption. The results indicate
that there are strongly-adsorbing alkyne and alkene sites; alkenes
react non-selectively over the alkene adsorption sites. DFT studies
indicate that the non-selective sites are low-coordination Pd atoms
in the nanoparticles.

Introduction

Selectivity is a cornerstone problem of chemistry, a determining
factor for economic and environmental performance. Selective
processes generate few by-products, require no separation, and
use natural resources sustainably; yet fully selective processes
are exceedingly rare. Semi-hydrogenation (a reaction where
several hydrogenations are possible and only one is desired)
exemplifies a reaction where selectivity could be improved 4.
Alkyne semi-hydrogenation is used in both polymer and fine
chemical industries. Gas-phase semi-hydrogenation removes
ethyne from ethene to prevent poisoning of the Ziegler-Natta
polymerisation catalysts °. Liquid-phase semi-hydrogenation of
alkyne to alkene is the key step in the synthesis of vitamins A
and E 16,

Commercial catalysts for alkyne semi-hydrogenation are based
on Pd. Gas-phase ethyne semi-hydrogenation is carried out
industrially using a Pd-Ag alloy catalyst >7-8. Liquid-phase semi-
hydrogenation is performed using a Lindlar catalyst, Pd
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poisoned with Pb and often nitrogen-containing heterocycles
such as quinoline *®, There is a debate, though, on the
mechanistic origins of selectivity and on how the catalysts can
be improved.

The common explanations of the selectivity of these catalysts
both
“Thermodynamic” factors describe selectivity via preferential

focus on “thermodynamic” and “kinetic” factors.
adsorption of alkynes on the catalyst surface. The catalyst
surface occupied with alkyne molecules does not adsorb
alkenes. Hence, only alkynes undergo hydrogenation (into
the

selectivity towards the intermediate alkene (Sa kene) is described

alkene) resulting in high selectivity. Quantitatively,

in equation 1 °:

karkeneK akeneC arkene

ey

S = 1 - .
ALKENE karkyNEK aLkynEC aLkyne’

where k and K are the corresponding apparent rate and
adsorption constants, C — concentrations. This equation shows
that if the apparent reaction rate constants are comparable,
strong alkyne adsorption determines the high process
selectivity. Such “thermodynamic” factors assume that the
catalyst surface contains active sites with similar adsorption and
reaction properties.

“Kinetic” factors, in contrast, focus on the dependence of rate
constants on the catalyst surface morphology. In this model, the
catalyst contains several types of notably different active sites.
Poor selectivity comes from the presence of “non-selective”
sites prone to indiscriminate hydrogenation of both alkynes and
alkenes, or some direct alkyne to alkane over-hydrogenation 1°.
Gas-phase semi-hydrogenation reactions are well studied,
facilitated by the simplicity of the chemistry involved and the
available catalyst characterisation methods. The behaviour of
ethyne and ethene are often studied using surface science
techniques, direct adsorption measurements, and
computational methods. The reviews Borodziriski and Bond 57,
Armbruster et al. 11, and Zaera 12 discuss the selectivity and
mechanisms of gas-phase hydrogenation. The consensus is that
both “thermodynamic” and “kinetic” factors contribute to the
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high selectivity of Pd catalysts in ethyne semi-hydrogenation.
The adsorption of ethyne is considerably stronger compared to
ethene over Pd 1315, Ethene, however, can be hydrogenated in
the presence of ethyne over non-selective sites 131617, The
addition of a second metal, such as Ag dilutes the Pd catalyst
and improves “thermodynamic” factors (rate and adsorption
constants, Equation 1), compared to Pd catalysts 819, This
picture becomes more complicated with the dissociative
adsorption of ethyne leading to the formation of sub-surface
carbide — a vital factor that determines the effect of the hydride
phase and significantly influences selectivity 812.20-22,
Liquid-phase, compared to the gas-phase, semi-hydrogenation
reactions are far less studied. One reason might be that
experimental methods for the liquid phase studies are fewer —
some of the surface science tools operating under high vacuum
are impossible in the liquid phase. Another reason is the
apparent similarity of the liquid-phase hydrogenation to the
gas-phase counterpart. But this similarity is only superficial: the
liquid-phase reactions are notably different from the gas-phase
counterpart 23. Firstly, the molecules hydrogenated in the
liquid-phase are substantially larger and more complex, which
may lead to different adsorption and hydrogenation behaviour.
Secondly, the solvent in liquid-phase reactions decreases
hydrogen availability (by limited solubility) and plays a critical
role in the reaction kinetics as shown by strong solvent effects
24-26_ One of the strongest adsorbates, carbon monoxide, may
show dramatically different adsorption behaviour in liquid and
gas phases ?7.

In the current work, we investigate the origin of high selectivity
in liquid-phase alkyne semi-hydrogenation focusing on
adsorption. We also examine the origins of the improved
selectivity of the Lindlar catalyst, including the effect of Pb
poisoning of Pd as well as addition of nitrogen bases on the
adsorption properties of the catalyst.

Methodology
Experimental

Detailed experimental procedures are provided in the
Electronic Supplementary Information (ESI), SI1. Briefly, the
Pd/CaCO; catalyst was prepared by wet impregnation followed
by calcination, reduction, and passivation in 1 vol% O,. One part
of the catalyst was poisoned with Pb from an aqueous nitrate
solution. Elemental analysis by X-ray fluorescence showed that
the Pd catalyst contained 2.1 wt% Pd; the Pd-Pb catalyst
contained 1.8 wt% Pd and 3.7 wt% Pb. Transmission electron
microscopy studies were attempted but Pd showed insufficient
contrast over the large CaCOs particles making only large and
near-edge particles visible — not representative of the whole
sample. Chemisorption?® that accesses all Pd particles showed
the CO capacity for the Pd/CaCOs; catalyst was 4.62+0.12 umol
glrand 2.56£0.10 umol g1, for the Pd-Pb/CaCOs catalyst. The
number of Pd surface sites is twice higher 2°. The BET specific
surface area of the CaCO; support was an order of 5 m2 g1,

Hydrogenation experiments were carried out in a Parr
autoclave using 50 mg catalyst, 90 mL hexane, nonane (internal

2| J. Name., 2012, 00, 1-3

standard), and 2-methyl-3-butyn-2-ol substratg,, 2ll.after
degassing. The liquid samples withdrawn We&ré0dRaRy5ed y0gas
chromatography. Experiments with various stirring rates and
Weisz-Prater number calculations showed the kinetic regime of
the reaction.

The liquid-phase adsorption studies were performed using an
automated system controlled by OpenFlowChem software 39;
the system injected liquids into vials with the pre-reduced
catalyst according to a pre-defined sequence. After adsorption,
the substrate concentration was analysed using gas
chromatography comparing the catalyst materials, only support
and empty vials. The analysis was for the detection limit of
below 0.1 uM.

Computational

We used the Vienna Ab Initio Simulation Package (VASP) to
perform spin-polarised periodic density functional theory (DFT)
- based quantum chemical calculations using the projector
augmented wave (PAW) method 31734, The ideal Pd surfaces
were modelled by 4x4 cell with 5 atomic layers of which, the top
two layers were allowed to relax and bottom three layers were
fixed to mimic the bulk of the system. The calculated Pd lattice
constant of 3.904 A agreed with the experimental value of 3.891
A 35, The spurious dipole moments, due to the adsorption of
MBY and MBE molecules on one of the two exposed surfaces of
Pd surfaces, were taken into account according to the
procedures by Makov et al. and Neugebauer et al. as in VASP
3637 All the calculations were performed using Perdew-Burke-
Ernzerhof (PBE) exchange and correlation functional with
Grimme's dispersion correction 3%3%, Qur previous studies on
the interaction of organic molecules such as furfural on Pd
surfaces have shown that the use of a K-point grid of 3x3x1 was
sufficient 4°. The adsorption energy was calculated as the
difference in the total energy of the molecule on the surface and
the energies of isolated molecule and the pristine surface.

Results and Discussion

We selected semi-hydrogenation of 2-methyl-3-butyn-2-ol
(MBY, an alkyne alcohol) as a model molecule for liquid-phase
semi-hydrogenation. This molecule is widely studied, being an
important intermediate in vitamin synthesis and a molecule
that is representative of many industrial substrates ©41745,
Importantly, MBY is more representative of fine chemicals
having branching and a polar hydroxyl group.

Figure 1 shows the main reactions observed such as MBY semi-
hydrogenation to alkene (MBE), MBE over-hydrogenation to
alkane (MBA) along with the possibility of the direct MBY to
MBA reaction and oligomer formation. These are not
elementary processes but combinations of multiple steps.

P
MBE

K, Hoo)

/

k
2+ o)
MBA

HO—=

l MBY

. k3
dimers C10

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 12


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cy01016f

Page 3 of 12

Open Access Article. Published on 16 July 2021. Downloaded on 7/22/2021 9:20:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Figure 1. Scheme of MBY hydrogenation and main side-reactions.

Kinetic modelling of alkyne semi-hydrogenation

Aiming to study adsorption over the Pd catalyst, we started with
conventional kinetic modelling. Metal-catalysed hydrogenation
reactions are described with the Langmuir-Hinshelwood model.
There are four major types as a combination of the following
answers: (i) competitive or non-competitive adsorption in
organic and hydrogen species, and (ii) the reaction order to
hydrogen 1 or 0.5.

The competitive or non-competitive behaviour could be verified
at high substrate or hydrogen concertation. In the case of
competitive adsorption and high concentration, we expect the
reaction to slow down due to blockage of the reaction sites with
one kind (hydrogen or organic) of molecules. Such behaviour
was not observed for organic solutions from mM to solvent-free
(¥10 M) concentration range #*8, Hence, we used the non-
competitive model.

The reaction order to hydrogen in similar hydrogenation
reactions is often either 0.5 or 1.0. In modelling terms, it is
described by dissociative or non-dissociative hydrogen
adsorption but both mechanisms could correspond to either
kinetics; yet the particular hydrogen dissociation mechanism is
outside of the scope of this paper — adsorption of organic
species and the catalyst effect on selectivity is. Our and
overwhelming literature data for the MBY hydrogenation over
the Pd catalysts confirms that the reaction order is 1 °.
Equation 2 presents a typical rate equation for MBY semi-
hydrogenation step with the full Langmuir-Hinshelwood model
scheme presented in SI2.

k1CumpyPu2
T 1+ KupyCupy + KupeCupe + KupaCupa® @

1

where k; is the apparent rate constant, and Cy is the
concentration of the reacting species X with the adsorption
constant of Ky. Similar models are widely used for the
description of catalytic reactions 494,

Table 1 shows the results along with the 90% confidence
intervals based on the Monte-Carlo statistical analysis 23°>, The
analysis generates a set of data with normally-distributed
random errors (standard deviations from the experimental
value); the regression is performed many times; the resulting
parameters are analysed statistically. The MBY adsorption
constant obtained with the model ranges between 1.9-10% L
mol?! and 1.4-10* L moll, while other values are even less
defined. The poorly defined values, however, “agree” with
earlier studies that report the MBY adsorption constant of 1.9
52,2:105, and >3 9:10° >4 (all in L mol*) over a Pd/ZnO catalyst.
Such variation is typical for numerous research areas: from
empirical heat transfer correlations °® to adsorption 23. In fact,
ki values differing by more than a factor of 3 can be obtained
fitting the same experimental data with high accuracy (SI, Figure
S3). The underlying problem (discussed in SI2.2) lies with
Equation 2 — the equation is inadequate for our modelling.
This problem can be circumvented either fixing one constant >*
or using relative adsorption constants >7 with the rate equation
shown in Equation 3:

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Comparison of the parameters (and 90% confidence intervals) of Langmuir-
Hinshelwood kinetic models based on Equations 2 and 3 and described in SI2.

Model — absolute Model - relative

adsorption adsorption

constants constants

ks (L molpg s1) 6.5+5.2:107 7.6+0.5-106

ks (L molpg s1) 2.142.1:10° 1.0£0.8-103

ks (L molpg® s1) 4.1+3.1-106 4.5+3.7-10°

Kway (L mol?) 8.4+6.8-10° -
Kwmge (L mol™?) or Quge (-) 5.945.9-10! 2.3+2.0-10°3
Kwmga (L mol™) or Quga (-) 3.1+3.1-10! 3.4+3.2:10°3
k1CupyPn2

= Cupy + QueeCupr + QupaCupa® ®)

where Quge and Quiga are the relative adsorption constants (the
ratios between the corresponding adsorption constants to
Kusy). Fitting the experimental data this model also provides
excellent agreement with narrow confidence intervals (Table 1).
The relative adsorption constant Qyge shows that MBY adsorbs
a factor of 200-3,000 stronger compared to MBE, in agreement
with thermodynamic factors in explaining high selectivity
observed over the Pd catalyst. These data also agree with
previous DFT calculations for the gas-phase adsorption showing
stronger adsorption of alkynes compared to alkenes 131416,
Yet, any regression analysis does not prove that adsorption is
responsible for high semi-hydrogenation selectivity of Pd — it
only confirms that such an explanation does not contradict to
the experiment. Hence, an independent adsorption study is
essential.

Direct adsorption measurements of Pd and Pb-poisoned Pd
catalysts

To do such an independent validation, we studied adsorption
experimentally in liquid phase. Figure 2 shows the adsorption
isotherms of MBY and MBE species (separately) over the Pd and
the Pb-poisoned catalysts in hexane. All isotherms show good
agreement with the Langmuir adsorption model. It is worth
noting that, however, good fit of the experimental data does
not confirm that all model assumptions are valid 23°6:58,
Adsorption capacities for MBY and MBE are different for both
catalysts. The MBE capacity is almost an order of magnitude
lower compared to that of MBY. The adsorption constants, on
the contrary, are comparable. In both cases, full catalyst
coverage is reached at the equilibrium substrate concentration
below 100 uM. Therefore, both alkyne and alkene species
adsorb strongly (high adsorption constant) on the Pd surface
regardless of poisoning with Pb.

Despite similarities between the Pd and Pb-poisoned catalysts,
there are significant quantitative differences (Table 2). Firstly,
the alkyne adsorption capacity decreases by about 20% on
poisoning with Pb — the value agrees with the decrease in the
hydrogenation reaction rates on Pb-poisoning of 24%

J. Name., 2013, 00, 1-3 | 3
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(discussed further in section 0). Secondly, Pb-poisoning of the
Pd catalyst decreases the MBE capacity by a factor of 5.

"o 3.5_*
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©
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Figure 2. Adsorption isotherms of individual species, MBY and MBE, over the (A) 2 wt%
Pd/CaCO; and (B) Pb-poisoned 2 wt% Pd/CaCO; catalysts.

The data show that alkynes and alkenes adsorb with
comparable adsorption constants. Notably different adsorption
capacities, however, are unexpected. The apparent rates of
MBY to MBE and subsequent MBE to MBA hydrogenation over
the Pd and Pb-poisoned Pd catalysts are comparable. If we
assume that alkenes cannot adsorb (and react) on the alkyne
adsorption sites, the specific rate of alkene hydrogenation
should be an order of magnitude higher than for alkyne. That
assumption leads to a conclusion that poisoning Pd catalysts
with Pb results not only in a significant decrease in the number
of active sites, but in an unlikely corresponding increase in
specific reaction rates.

The comparable alkyne and alkene hydrogenation rates,
however, can be explained if we assume that alkenes can
adsorb on the alkyne sites as well. The observed low alkene
adsorption capacity could be explained by much lower alkene
adsorption constant over the alkyne sites rendering
undetectable in the adsorption studies performed. This
assumption is in line with gas-phase adsorption studies which
showed that ethylene has a much lower adsorption capacity
over the Pd surface at room temperature but can cover the
whole surface at a lower temperature °°.

Therefore, the data show that high selectivity to alkene in
alkyne hydrogenation cannot be explained by purely
thermodynamic factors because there is a significant number of

4| J. Name., 2012, 00, 1-3

sites over the Pd catalysts which strongly adsorh.the,alkene
molecules. The expected MBE selectivity 841 b 1@stHtedasoa
ratio of the adsorption capacities of these sites (Table 2). Such
a simplistic model predicts the MBE selectivity over the Pd

Table 2. Langmuir adsorption parameters obtained from liquid-phase adsorption
experiments of MBY or MBE molecules over the Pd and Pb-poisoned Pd catalysts. 90%
confidence intervals obtained via Monte-Carlo method %°.

Catalyst  Compound k (L mol?) N,gs (WMol geart) Swmee (%)?
Pd MBY 5.22+2.19-10* 2.71+0.04
MBE 4.30%3.37-10* 0.3210.16 88.816.3
Pd-Pb MBY 2.35+0.93-10* 2.23+0.15
MBE 1.66+1.14-10° 0.057+0.025 97.4+1.2

@ The ratio of adsorption capacities of MBE to a sum of MBE and MBY as an
indication for MBE selectivity at low conversion.

catalyst of about 90%, while over the Pb-poisoned catalyst — 97
%. These values are in line both with the literature 4%696% and
the experimental data (section 0).

Another basis of the typical Langmuir-Hinshelwood
hydrogenation model is based on a thermodynamic explanation
of selectivity — displacement of alkene species with alkyne. The
experiments in SI3 with the MBY and MBE mixtures indicate
that MBY does not displace pre-adsorbed MBE and MBE does
not displace MBY.

Therefore, it can be concluded that there are two sites over the
Pd catalysts: (i) alkyne sites that strongly adsorb alkyne
molecules and weakly alkene molecules, (ii) alkene sites that
strongly adsorb only alkenes. An alkyne excess does do not
displace adsorbed alkene from alkene sites creating a pathway
for non-selective reaction. Poisoning the Pd catalyst with Pb
significantly decreases the number of alkene adsorption sites —
the relative decrease in the alkene sites agrees with the
corresponding alkyne semi-hydrogenation selectivity.

Alkyne and alkene adsorption in the presence of quinoline

Addition of nitrogen-containing heterocycles onto the Pd-based
catalysts (and Pb-poisoned catalysts in particular) increases
alkene selectivity but decreases the reaction rates. The
poisoned catalysts are often detrimental for industrial
application because of complexities in poison-product
separation as well as potential side reactions; for complex
molecules, however, the addition of poisons is often justified by
enhanced selectivity. The heterocycles are reversibly adsorbed
rendering the quinolone-poisoned catalysts reusable3°. Yet,
there is only fragmentary knowledge of their mechanistic effect
on selectivity.

One of the best glimpses into the problem is provided by Garcia-
Mota et al. 62 who showed that quinoline strongly adsorbs on
the surface of the Pd catalyst. In combination with Pb, only a
few available adsorption sites remain available for
hydrogenation — hence, the decreasing reaction rates. The sites
become spatially separated preventing reaction between the
neighbouring alkyne molecules — decreased oligomerization.
The addition of quinoline affects thermodynamic factors
decreasing the adsorption energy of alkene molecules resulting

in a higher semi-hydrogenation selectivity. A closer

This journal is © The Royal Society of Chemistry 20xx
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examination, however, raises some questions. For example,
decreasing oligomerisation does not seem vital in liquid-phase
semi-hydrogenation where oligomer selectivity is well below
1% compared to an order of 10% in gas-phase reaction 41.61,63,64,

"o 3.5
g 3 Pd + Quinoline
325 .
c 2 o "o
S Pd + Quinoline 0103
= 1.5 £
3 1 0.08 =
o c
® 05 0.06 8
& o
= 0.04 ‘Oo;
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Equilibrium concentration (umol L)

Figure 3. Adsorption of MBY or MBE over the Pd catalyst and MBE over Pd-Pb, all
with pre-adsorbed quinoline at an equilibrium concentration of 8 umol L.

We performed direct adsorption of MBY and MBE over the Pd
and Pd-Pb catalysts with pre-adsorbed quinoline. (Data for
quinoline alone are provided in Sl, SI4). Figure 3 shows that the
alkyne adsorption capacity of the Pd catalyst decreased by 10%
in the presence of quinoline. Therefore, quinoline blocks the
active sites for MBY adsorption which explains the decreasing
reaction rates.

Quinoline had a significant effect on the MBE adsorption
decreasing the alkene adsorption capacity by over 50%. Such a
dramatic decrease in the MBE adsorption capacity is in excellent
agreement with an increased MBE selectivity observed over the
quinoline-poisoned catalyst 30:43,51,65,66

Adding quinolone to the Pb-poisoned Pd catalysts decreases the
MBE adsorption capacity a factor of 5 further compared to the
Pd catalyst without Pb. These data agree with the possibility of
obtaining an MBE yield above 98% over the Pd-Pb catalyst in the
presence of nitrogen bases 1.

Kinetic modelling

This study shows that there are two types of adsorption sites in
the Pd catalysts: alkyne and alkene sites. When the Pd catalysts
are poisoned with Pb, quinolone, or both, the relative amount
of alkene sites dramatically decreases indicating that MBE may
be over-hydrogenated over the alkene adsorption sites.

Yet, could this picture describe the observed hydrogenation
data?

We performed kinetic modelling to study to test our model and
if alkene sites could be responsible for alkene over-
hydrogenation. It is worth pointing out that we intentionally
selected the simplest model with the fewest adjustable
parameters. If we could describe an experiment with a complex
model, the conclusions are limited. After all, describing N
experimental points with perfect accuracy is always possible
with the (N-1) order polynom; yet such a description is not
insightful. A correct description of a complex data set with a
model containing few parameters, on the other hand, shows at
the very least that the model does not contradict the
experiment.

This journal is © The Royal Society of Chemistry 20xx
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The model developed is described in SI5 consideys, 3, reacetion
stages: (i) MBY to MBE hydrogenation oveP&he @lIdpAEStES] @red
MBE to MBA hydrogenation over the (ii) alkene, and (iii) alkyne
sites. There are only 3 adjustable parameters, the
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Figure 4. Concentration profile of MBY semi-hydrogenation over (A) the original
and (B) Pb-poisoned 2 wt% Pd/CaCO; catalyst with the lines corresponding to the
model fit.

corresponding apparent constants k;, k», ks, while the numbers
of active sites are taken as the corresponding adsorption
capacities are determined experimentally.

Figure 4 shows the experimental hydrogenation data and the
model fitted with an excellent description of the experiment.
in the regression
parameters does not confirm that the model is correct 235658

Good fitting with narrow confidence

but they show that the proposed mechanism can explain the

observed reaction kinetics.

Table 3 shows the apparent rate constants obtained. The

confidence intervals of the parameters are narrow and the

little
for

sensitivity analysis performed in SI5 shows intra-
parameter The MBY
hydrogenation over the alkyne sites (k;) was virtually the same
for the initial Pd and Pb-poisoned catalysts. MBE hydrogenation
constant over the alkyne sites (k,), however, was considerably
higher over the Pd catalyst as well as the rate constant for MBE
hydrogenation over the alkene sites (k3).

The conventional “thermodynamic” explanation could be
discussed in terms of the kwge Kvee / (Kmsy Kmsy) ratio from

Equation 1. The ratio must be applied for the same prevalent,

correlation. rate constant

alkyne, sites; the ratio would correspond to the catalyst
selectivity in the absence of non-selective alkene sites. The
constants in the ratio are the following: kyge=ks, kmey=k1 (from

J. Name., 2013, 00, 1-3 | 5
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Table 3), Kugy is the experimentally determined adsorption
constant (Table 2), while Kyge is not defined because the
experimental value of the MBE adsorption constant (Figure 2)
corresponds to strong adsorption over non-selective alkene
sites. The MBE adsorption over the alkyne sites could not be

Table 3. 90% confidence intervals for the apparent rate constants for (k;) MBY to MBE
hydrogenation over the alkyne sites, and MBE to MBA hydrogenation over the (k;)
alkene, and (ks) alkyne sites with the experimentally determined site densities and
adsorption constants.

Pd Pd-Pb
k1 (s-1) 4.09£0.05-104 4.33+0.05-104
k2 (s-1) 1.57+0.07-105 4.73+0.34-104
k3 (s-1) 2.49+0.28-102 1.22+0.18-102

experimentally determined. Assuming that Kyge/Kwmay is at most
0.01, the ratio could be estimated as an order of 6:10° for the
Pd catalyst and 2-10° for the Pd-Pb catalyst. This demonstrates
that selectivity of the Pd catalyst in the absence of the non-
selective sites shall be overwhelming. Even in the 100:1 MBE to
MBY mixture, the MBE selectivity shall be above 99.4%, while
the MBE selectivity in a reaction starting from MBY shall be well
above 99.9%.

Hence, the “thermodynamic” reasoning of looking only at the
adsorption constants results in unrealistically high expected
MBE selectivity, which should decrease(!) for the Pd-Pb catalyst.
Therefore, it is the presence of the non-selective sites that limits
selectivity. Poisoning with Pb affects not only the number of
active sites, but decreases the over-hydrogenation rates
probably affecting the adsorption geometry and the energy of
the hydrogenation transition state.

Therefore, we can conclude that there are two sites over the Pd
catalysts: (i) alkyne sites that strongly adsorb alkyne molecules
and weakly alkene molecules and (ii) alkene sites that strongly
adsorb only alkenes providing a pathway for non-selective
reaction of alkene over-hydrogenation. This conclusion
seemingly agrees with gas-phase data that showed existence of
non-selective over-hydrogenation sites. Al Ammar and Webb
[13,16,17] performed detailed radiochemical studies into
acetylene hydrogenation and identified selective and non-
selective sites on the Pd catalysts. The amount of non-selective
sites, however, was found insufficient to describe the
experiments. The low selectivity in gas phase comes from direct
hydrogenation of acetylene to ethane; in liquid phase, it comes
from alkene to alkane hydrogenation over non-selective sites.
Adsorption geometry and the nature of non-selective sites

The first step in elucidating the nature of the alkyne and alkene
sites was to examine the surface stoichiometry and compare
the liquid-phase adsorption capacities with the total number of
Pd sites from CO chemisorption. Table 4 shows that an MBY
molecule occupies more than 3 Pd sites over the initial Pd
catalyst and around 2 sites over the Pb-poisoned catalyst. The
possibility for larger molecules to occupy 9-20 Pt and Pd active
sites was demonstrated for respectively ethyl benzoylformate
and hydroxymatairesinol 67.68, The 3:1 stoichiometry for MBY is
easy to understand considering that MBY is a rigid linear
molecule and the tertiary carbon atom can block an additional
adsorption site (discussed further below). Additional repulsive

6 | J. Name., 2012, 00, 1-3

interactions, steric effects of the methyl group qr.unfilled.Pd
sites in between the randomly packed MBY#hdletuiadén therd
surface may explain the observed MBY:Pd stoichiometry higher
than 3. Steric considerations also explain why the Pd-Pb catalyst
shows a lower adsorption stoichiometry of around 2. Probably,
the tertiary group of MBY can be placed above the non-reactive
(Pb-poisoned) sites blocking only 2 Pd surface sites.

MBE surface stoichiometry, however, is notably higher than
that of MBY and neither steric nor repulsive interactions can
explain it. Such a low MBE coverage, however, could be
explained considering that only strongly-adsorbing MBE sites
were detected but not the weaker adsorption of MBE over the
previously discussed alkyne sites. Hence, the alkene sites must
have either unusual structural or electronic properties which
differentiate them from the majority of the Pd surface sites.
Similarly, the alkene sites should be differentiated significantly
for preferential poisoning with Pb and quinoline.

An indication of the nature of the alkene sites may be inferred
from the fraction of alkene sites in the Pd surface of 3.5-7.0%
(considering adsorption stoichiometry of 1-2) of Pd surface.
With the average diameter of the Pd nanoparticles in the
studied Pd/CaCOj; catalyst estimated as 14.6 nm ©°, surface
statistics 7° show that the low-coordination (coordination
number < 7) edge and kink sites account for about 2.3% of the
surface in an ideal cuboctahedron. Considering the presence of
defects in Pd crystals, the low-coordination sites will be in the
expected range.

The possibility that the low-coordination Pd sites are
substantially less selective in alkyne hydrogenation reactions is
strongly supported by the literature. Ulan et al. showed that the
9-coordinated (111) Pd plane shows a maximum cis-hexenol
selectivity of 87%, while the 7-coordinated (110) plane — only
37% 7. The authors explain the deviation from the ideal 100 /
0% behaviour by defects on the studied surfaces. Crespo-
Quesada et al. have obtained unsupported Pd nanoparticles of
various sizes and shapes to show that the smaller particles (with
a higher proportion of low-coordinated sites) show a lower MBE
selectivity °°. An additional, albeit, indirect confirmation of the
low selectivity of the low-coordination edge and kink sites
comes from the known increase in MBE selectivity over the Bi-
poisoned Pd catalyst — the catalysts experimentally and
theoretically demonstrated with preferential poisoning of the
low-coordination sites 41436572,

Several independent computational studies investigated
poisoning of Pd particles by Pb. On Pb poisoning, there is a
strong tendency for Pb segregation — Pb atoms tend to disperse
in the Pd particles; preferably on the catalyst surface rather
than penetrating into the bulk metal 6272, Moreover, there are
both experimental and computational confirmation that Pb
surface atoms are more stable on the step sites 2. A strong
interaction

This journal is © The Royal Society of Chemistry 20xx
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Table 4. Surface stoichiometry of alkyne (MBY) and alkene (MBE) adsorption over
Pd and Pb-poisoned Pd catalysts.

Pd Pd-Pb
Spa® (umol geart) 9.2 5.1
Nusy® 3.4 2.3
Nuee® 29 90
St (% surface) 3.5 1.1

a Total surface area from the gas-phase CO chemisorption; ® The average
number of surface Pd sites occupied by a single adsorbate molecule in liquid
phase; ¢ Fraction of the surface occupied by MBE molecules considering 1:1
stoichiometry

(a)

(b)

(E,q = -0.904 eV

(d)

(E,q = -1.536 V)

(E,q = -1.663 eV)

COMMUNICATION

surface in an ideal cuboctahedron. Considering the presepeepf
defects in Pd crystals, the low-coordinatiBR/sites0wAIPHe R itvé
expected range.

The possibility that the low-coordination Pd sites are
substantially less selective in alkyne hydrogenation reactions is
strongly supported by the literature. Ulan et al. showed that the
9-coordinated (111) Pd plane shows a maximum cis-hexenol
selectivity of 87%, while the 7-coordinated (110) plane — only
37% 7. The authors explain the deviation from the ideal 100 /
0% behaviour by defects on the studied surfaces. Crespo-
Quesada et al. have obtained unsupported Pd nanoparticles of

© .

(Eq = -1.403 eV)

Figure 5. Most stable structures of MBY adsorbed (a) via H atom, (b) over the O atom, (c) via CH group, and MBE adsorption (d) via H atom, (e) via OH group, (f) via
CHj3 group, The top layer of Pd(111) surface along with the adsorbed molecule shown in ball and stick representation for clarity.

of Pb with Pd and its segregation indicates that Pb atoms block
the surface sites of Pd with a preference to the less selective in
alkyne semi-hydrogenation step sites. MBE surface
stoichiometry, however, is notably higher than that of MBY and
neither steric nor repulsive interactions can explain it. Such a
low MBE coverage, however, could be explained considering
that only strongly-adsorbing MBE sites were detected but not
the weaker adsorption of MBE over the previously discussed
alkyne sites. Hence, the alkene sites must have either unusual
structural or electronic properties which differentiate them
from the majority of the Pd surface sites. Similarly, the alkene
sites should be differentiated significantly for preferential
poisoning with Pb and quinoline.

An indication of the nature of the alkene sites may be inferred
from the fraction of alkene sites in the Pd surface of 3.5-7.0%
(considering adsorption stoichiometry of 1-2) of Pd surface.
With the average diameter of the Pd nanoparticles in the
studied Pd/CaCO; catalyst estimated as 14.6 nm ©9, surface
statistics 70 show that the low-coordination (coordination
number < 7) edge and kink sites account for about 2.3% of the

This journal is © The Royal Society of Chemistry 20xx

various sizes and shapes to show that the smaller particles (with
a higher proportion of low-coordinated sites) show a lower MBE
selectivity °°. An additional, albeit, indirect confirmation of the
low selectivity of the low-coordination edge and kink sites
comes from the known increase in MBE selectivity over the Bi-
poisoned Pd catalyst — the catalysts experimentally and
theoretically demonstrated with preferential poisoning of the
low-coordination sites 41436572,

Several independent computational investigated
poisoning of Pd particles by Pb. On Pb poisoning, there is a
strong tendency for Pb segregation — Pb atoms tend to disperse
in the Pd particles; preferably on the catalyst surface rather
than penetrating into the bulk metal 6272, Moreover, there are
both experimental and computational confirmation that Pb
surface atoms are more stable on the step sites 2. A strong
interaction of Pb with Pd and its segregation indicates that Pb
atoms block the surface sites of Pd with a preference to the less
selective in alkyne semi-hydrogenation step sites.
Computational insights into the reaction sites

studies
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Figure 6. Partial density of states for (a) MBY and (b) MBE molecules in gas phase, and (c) MBY and (d) MBE molecules adsorbed on the Pd (111) surface. The

Fermi energy (E¢) is a dotted line at 0 eV.

A DFT study had been performed into the origin of non-selective
sites, comparing the adsorption properties of MBY and MBE
molecules over the Pd(111), Pd(110) and Pd(210) surfaces.
Firstly, the MBY and MBE molecules could adsorb on the Pd
catalyst surface through different sites: via the methyl group,
oxygen or hydrogen atoms of the hydroxyl group and or the
terminal CH group. The adsorption could occur on top of a Pd
atom, in between two Pd atoms, and on the hollow sites. The
figures illustrating the possible adsorption sites and optimised
structures are shown in SI6.

The most stable structures of MBY and MBE over Pd(111)
surfaces are presented in Figure 5. The calculated adsorption
energies show that the MBY adsorbed through the oxygen atom
of the OH group on the Pd(111) has the lowest energy with E 4
= -2.800 eV and therefore, it is the most stable adsorption
configuration. After relaxation, a rearrangement occurs forming
chemical bonds via the triple C-C bond. For MBE, adsorption via
the H atom of the OH group was the most stable with an
adsorption energy of -1.663 eV, which is significantly (1.138 eV)
more positive than the adoption of MBY in the same
configuration.

To study the probable reasons for the higher stability of MBY as
compared to MBE on the Pd(111) surface, we first consider the
fully relaxed geometries of these molecules on the Pd(111)
surface. For both molecules, two C atoms are close to the
Pd(111) surface. For MBY over the Pd(111), those two C atoms

8 | J. Name., 2012, 00, 1-3

are close to three surface Pd atoms (Figure 5b), while only to
one Pd atom for MBE (Figure 5e) indicating stronger
chemisorption in the former. The observed 3:1 ratio of surface
Pd atom to MBY molecule is in excellent agreement with our
experimental adsorption stoichiometry (Table 4).

We further analysed the atom projected partial density of states
(PDOS) for MBY and MBE adsorbed over the Pd(111) surface to
elucidate the higher stability of MBY over MBE. First, the PDOS
for MBY and MBE molecule in the gas phase are analysed, which
show that the p-orbital signatures of the C-atoms in MBY has a
large peak of the C p-orbital signature just below the Fermi
energy (Ef) followed by the smaller peaks (Figure 6a). In the
MBE molecule, the C p-orbital signatures are uniform at the
lower energy levels (Figure 6b). When these molecules are
adsorbed on the Pd(111) surface, the C p-orbital signatures
move towards the lower energy levels to cross and overlap with
the Pd d-orbital signatures to form chemical bonds. As indicated
with the dotted circles in Figure 6¢, d, the major overlapping and
crossing region is in between -6.573 eV to -4.864 eV for MBY
and in between -6.193 eV to -4.652 eV for MBE. The broader
region indicates stronger bonding for MBY compared to MBE
molecules on the Pd(111) surface. The area under the Pd d-
orbital signatures (calculated in SI6) was 0.615 number of states
for MBY, which is substantially higher than 0.111 number of
states for MBE indicating stronger chemical interaction and
adsorption.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Optimised structures of (a) MBY and (b) MBE molecules on Pd(111) surface doped with 1 Pb atom.

We considered adsorption over the Pd(110) and Pd(210)
surfaces to determine the effect of the nature of the Pd surface
on the adsorption properties of the MBY and MBE molecules.
The optimised structures of MBY and MBE models are shown in
S16. The calculated adsorption energies for the most stable MBY
and MBE structures on the Pd(110) surface are -2.536 eV and -
2.011 eV respectively. On the Pd(210) surface, the most stable
MBY and MBE structures have the adsorption energies of -2.986
eV and -2.077 eV respectively. From these calculations, we find
that the difference in the adsorption energies between the MBY
and MBE molecules significantly decreases as compared to the
Pd(111) surface indicating that MBY and MBE molecules display
much closer adsorption energy on the edges of nanoparticles.
These data agree with previous studies on the preferential
hydrogenation of alkene species over the low-coordination sites
and indicate that the alkene adsorption sites identified in these
studies are of such low-coordination Pd sites >°.

Finally, we investigated how poisoning of the Pd catalyst by Pb
affects the adsorption energies of the MBY and MBE molecules.
For these calculations, we considered the most stable
structures of the MBY and MBE molecules on the Pd(111)
surface (Figure 5b, e) and substituted one of the Pd atoms with
a Pb-atom close to the adsorption site. The overall geometry of
the adsorbed species did not change significantly. In the case of
MBY, however, the molecule moved away from the Pb site and
retained its geometry close to that over pristine Pd(111)
surface, which is achieved by adsorbing to the next nearest Pd
atom. The shortest interatomic distance between Pd and C
atoms was 3.60 A while on the pristine Pd surface it was 2.21 A.
Poisoning the Pd surface with Pb notably changes the
adsorption energies for the species that become -0.909 eV for
MBE and -2.501 eV for MBY. Both energies became more
positive (weaker adsorption) compared to the pristine Pd
surface. The change was about 0.30 eV (or 10%) for MBY and by
0.75 eV (or 45%) for MBE. Hence, the dramatically weaker
adsorption of MBE over the Pb-poisoned surface demonstrates
that Pb could decrease the MBE adsorption over the Pd surface.
In the case of the alkyne adsorption sites, poisoning with Pb only
decreases the number of active sites but has minor effect on the
adsorption rates. The alkene selectivity over the alkyne sites will

This journal is © The Royal Society of Chemistry 20xx

be unaffected because alkene adsorption over such sites is
already negligible. In the case of alkene adsorption sites, the
presence of Pb atom nearby could dramatically decrease the
alkene adsorption, block it, and in effect, preventing the over-
hydrogenation reaction.

Therefore, the rational design of the selective catalysts required
paying significant attention to the removal (poisoning) or
eliminating non-selective sites such as low-coordinated Pd sites.
These could be combined with enhanced electronic effects and
diffusion to improve catalyst activity.”?

Conclusions

The adsorption studies of alkyne and alkene molecules
performed in the liquid phase show that there are two notably
different adsorption sites: the sites that strongly adsorb either
alkyne or alkene molecules. The number of the alkene sites is
an order of magnitude lower compared to that of the alkyne
sites. There is no alkene displacement by alkynes creating a path
for non-selective hydrogenation.

In the Lindlar catalyst (Pd poisoned with Pb), the number of
both alkyne and alkene sites decreases compared to the
unpoisoned Pd catalyst. In relative terms, however, the number
of alkene sites notably decreases corresponding with the lower
over-hydrogenation over the Pb-poisoned Pd catalysts. The
addition of quinoline decreases the number of both sites further
but the alkene sites almost disappear in line with high catalyst
selectivity.

The alkyne reaction pathway can be summarised in the
following way. During the initial stages of alkyne hydrogenation,
alkyne reacts over the alkyne adsorption sites forming alkene.
Specificity and strong alkene adsorption over the alkene sites
create a pathway for non-selective alkene hydrogenation even
in alkyne excess. When alkyne is exhausted, however, we
surmise that alkene hydrogenation takes place even on the
alkyne sites, which was not possible before due to much lower
adsorption constant of alkenes compared to alkynes. The
kinetic model built on these assumptions provides a good
description of the hydrogenation kinetics.

J. Name., 2013, 00, 1-3 | 9
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DFT studies and the literature selectivity data agree indicating
that the non-selective alkene sites are low-coordinated atoms
at kink and edge sites of the Pd nanoparticles (Figure 8).

The work provides a different viewpoint on the question of the
kinetic and thermodynamic factors of selectivity. Contrary to
many previous studies, we suggest that poisoning of the Pd
catalysts with Pb or quinoline is not related to an improvement
in the thermodynamic factors. The adsorption constants are
high so minor changes in the adsorption constants make a little

oY O maY

Figure 8. Scheme of the selective (terrace) and non-selective (low-coordination) sites in
the Pd catalysts for alkyne semihydrogenation.

effect on selectivity. Thermodynamic factors explain why the
alkene selectivity over the Pd catalyst is above 90% - because
of strong adsorption of alkynes (compared to alkenes) over the
alkyne adsorption sites. Kinetic factors, on the other hand,
limit the alkene selectivity to only 93-98% (depending on the
catalyst modification) creating a non-selective bypass
hydrogenation pathway — the pathway significantly hindered
by poisoning of Pd catalysts.
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