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ABSTRACT

The interactions between unsaturated hydrocarbons and late transition metals are of funda-
mental importance for many catalytic processes. To deepen our understanding of the underlying
phenomena, different model systems have been investigated under UHV conditions. The influ-
ence of the hydrocarbon structure and its degree of unsaturation on hydrogenation selectivity
was tested on metal single crystals, supported nanoparticles, and subnanometer, size-selected
clusters.

It is shown that the available (de)-hydrogenation chemistry can be tuned by the precise
number of metal atoms. As the performance of supported catalysts is decisively controlled
by their charge state, a model based on the local work function of the support is proposed to
describe charge-transfer. This model is successfully applied to Pt clusters and Pd nanoparticles.
Manipulation of the local work function can be used to influence coke formation, the nature of
the dehydrogenated overlayer, and the stability of the latter. These parameters are found to
control selectivity for (de)-hydrogenation reactions and the results obtained provide a foundation
for future studies on the rational design of selective hydrogenation catalysts.

ZUSAMMENFASSUNG

Die Wechselwirkungen zwischen ungesittigten Kohlenwasserstoffen und spéten Ubergangsmet-
allen bilden die Grundlage fiir viele katalytische Prozesse. Um diese genauer zu verstehen,
wurden unterschiedliche Modellsysteme unter UHV Bedingungen untersucht. Hierbei wurde
der Einfluss der molekularen Struktur und des Sattigungscharakters des Kohlenwasserstoffs
auf die Hydrieraktivitit von metallischen Einkristallen, getréigerten Nanopartikeln und Groflen-
selektierten Clustern getestet.

Hierbei lassen sich die méglichen (De)-Hydrierpfade durch die genaue Anzahl an Metall-
atomen kontrollieren. Da die Aktivitat getragerter Katalysatoren durch deren Ladungsdichte
bestimmt ist, wurde ein Modell entwickelt, welches den Ladungstransfer zwischen Triagermate-
rial und Aktivkomponente beschreibt. Dieses basiert auf der lokalen Austrittsarbeit des Trigers
und wird erfolgreich verwendet, um die Hydrieraktivitat von Pt Clustern und Pd Nanopartikeln
zu beschreiben. Durch eine Manipulation der lokalen Austrittsarbeit ist es moglich, sowohl
ungewiinschte Kohlenstoffablagerungen zu unterbinden als auch die Struktur und Stabilitat
dehydrierter Oberflachenspezies zu beeinflussen, welche ausschlaggebend fiir die Selektivitét
der Metallkomponente sind. Die gewonnenen Erkenntnisse bilden die Grundlage fiir zukiinftige
Forschung auf dem Gebiet der Selektivhydrierungen.
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CHAPTER

INTRODUCTION

1.1 The Impact of Catalysis

oday, the usage of catalysts and the basic underlying principles are widely known and

applied on an industrial and laboratory scale. In fact, the fundamental definition itself

as described by W. Ostwald in 1901 remains unchanged to this day[1]: "A catalyst is
a substance that accelerates a chemical reaction without being observed in the final reaction
product." ! As of 2018, this definition is often expanded emphasizing two important aspects:
first, the catalyst itself remains unchanged after completion of the reaction cycle and second,
the final position of the thermodynamic equilibrium of the reaction stays the same highlighting
the kinetic nature of the phenomenon catalysis.

Nowadays approximately 80-90 % of chemical industry products are made by catalytic
processes and most of the technical and cultural revolution would not have been possible in
the last century without significant improvements of our understanding about catalysis [2—4].
The prime example of the benefits gained by catalysis in the last century is the Haber-Bosch
process, enabling the production of ammonia on an industrial scale crucial for the feeding of the
ever-growing population of humans on earth. Given this significant importance, it is obligatory
at this point to mention two Nobel prizes awarded to W. Ostwald in 1909 and to G. Ertl in
2007 for their contributions in the field of catalysis. In light of the steadily growing demand of
mankind on energy and resources, catalysis can be identified to be one of the key technologies
to ensure and maintain the standard of living and wealth under sustainable conditions[5].

In 2013, a "Technology Roadmap: Energy and GHG (green house gases) Reductions in the
Chemical Industry via Catalytic Processes" was published by a joint collaboration of Interna-
tional Energy Agency (IEA), DECHEMA Gesellschaft fiir Chemische Technik und Biotechnologie
e. V., and the International Council of Chemical Associations (ICCA)[6]. The authors concluded

LThis definition is translated, since the original publication in Physikalische Zeitschrift was written in German.
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by a combination of scenarios, that in 2050 approximately 13 EJ (Eta=1018) per year could be
saved by improvements of catalysts and related processes. Since this energy is hardly imagin-
able, it is convinient to compare this finding to current state-of-the-art technology. The energy
production of a medium-sized nuclear power plant can be assumed to be 11 GkWh (Giga=107)
per year, which is equivalent to 3.96-10'%J per year. Division of both numbers leads to a
total of 328 nuclear power plants, which could be spared by significant upgrades of catalysis
related processes. This number is comparable to the total number of plants currently used
worldwide. The use of renewable energy resources, e.g. wind, leads to another scenario. The
energy production of a wind turbine is approximately 6 GWh per year (= 2.16- 102 J per year).
A total of ~ 602,000 wind turbines would be required to ensure this demand. Supposing the
average space requirement to be 4000 m? for one wind wheel to run effectively, the space needed
to build these plants would be ~ 24074 km?2. That is one third of the size of the Free State
of Bavaria (~ 70,000 km?). In light of this huge amount of energy, which could be saved by
increased effectiveness of catalytic processes, and the goal being clearly defined, the question
arises what circumstances prevent us from implementing these better technologies today?

The answer to this question is, that these technologies are currently under development and
don’t exist yet [7]. Here, the major problem is grounded in the complexity of the faced challenges
and, although the ultimate goal can be clearly assigned, the road can be long and windy, if one
doesn’t know the exact route. An inter-disciplinary approach is necessary in order to tackle this
endeavor as the intricacy of catalytic progress lies within the multi-level dimensionality of the
process itself, ranging from reactor design in thousands of m? to molecular events on the atomic
scale below one nanometer (1nm=10"2 m)[8].

It is this small size regime of matter, which is the major topic of this work. Investigations of
interactions on the atomic scale under applied reaction conditions are often hampered by the
presence of undesired species, e.g. gases, and physical limitations of spectroscopic methods. One
approach to minimize those effects is the use of ultra-high vacuum (UHV, < 10~7 mbar), under
which the real world catalyst can be mimicked and the pure interactions between reactant
and catalysts can be examined. The research performed under these conditions is referred to
as model catalysis, as it is the aim to gain insights into catalytic processes under idealized
conditions. It was the aim of this work to elucidate the interactions between unsaturated hydro-
carbons and late transition metals in general and in particular with regard to hydrogenation
reactions, an important reaction class within industry [2]. Before the performed research and
the used experimental approach are presented, a brief introduction of the surface chemistry of

unsaturated hydrocarbons on late transition metals is given in the next section.

1.2 Hydrogenation Reactions on Late Transition Metals

Late transition metals were recognized to be efficient hydrogenation catalysts already in the

Oth

early stages of heterogeneous catalysis at the start of the 20*" century. Consequently, it is not

too surprising that a vast amount of literature exists covering all aspects of these systems.

2



1.2. HYDROGENATION REACTIONS ON LATE TRANSITION METALS

These aspects span from macroscopic reactor design and microscopic transport phenomena to
nanoscopic molecular investigations. It seems impossible to give an entire overview over the
existing literature without neglecting certain point of views worth being mentioned. Rather
than trying this unfeasible endeavor, the literature overview in this work puts emphasis on
selected topics about the molecular surface chemistry of unsaturated hydrocarbons on late
transition metals, in particular Pd and Pt. It is the aim to demonstrate trends of general validity,
but also the difficulties encountered when investigating these systems. Detailed discussions

about specific literature can be found along with the results presented in each chapter.
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Figure 1.1: Excerpt of the periodic table showing general properties of palladium and platinum:
Both belong to the group 10 metals (along with nickel) of the periodic table, also referred to as
nickel group.

An excerpt of the periodic table showing the metals of interest (Pd and Pt) in this work is
presented in figure 1.1. Although nickel (Ni) is also known for hydrogenation reactions (notably
as Raney nickel), its surface chemistry is omitted here and the reader is referred to the litera-
ture [9-12]. To explain the high activity of Pd and Pt for hydrogenation reactions of unsaturated
hydrocarbons, it is necessary to understand the reaction mechanisms on a molecular level.
The most basic reaction scheme for hydrogenations of double and triple CC bonds is given in
figure 1.2. Here, an alkyne is adsorbed on the metal surface. Half-hydrogenation of the alkyne
via atomic hydrogen leads to a vinyl-intermediate, which can be further hydrogenated to an
alkene. The alkene in turn can either desorb or be further stepwise hydrogenated to the ac-
cording alkane[13]. This stepwise addition of hydrogen to the hydrocarbon, which is commonly
assumed during mechanistic discussions, is referred to as Horiuti-Polanyi mechanism [14]. It
should be noted, that for both metals, Pd and Pt, normal Eley—Rideal mechanisms based on
addition of molecular hydrogen (gas) to the olefin or addition from the olefin (gas) to atomic hy-
drogen (reversed) have been discussed [15-19]. All of these studies concluded, that Eley-Rideal
mechanisms only play a negligible role under most reaction conditions and therefore these are

neglected in the ongoing section.
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HC=CH(Gas phase) H,C=CH, H,C—CH,

H(|:=|CH+—H> H2C=c|;Hi> HZC—CH2+—H> H3C—CH2+—H> H,C—CH,
| |
* *

sk & * *

* Adsorption site

Figure 1.2: Simplified hydrogenation reaction scheme of unsaturated hydrocarbons: Adsorbed
alkynes and alkenes are hydrogenated by stepwise addition of atomic hydrogen. Additional
reaction channels like dehydrogenation are omitted.

From the basic description of hydrogenation in figure 1.2 already two important aspects
can be derived: the catalyst needs to dissociatively adsorb hydrogen and activate the according
unsaturated hydrocarbon. Here, the formed hydrogen atoms on the metal surface have a hydride
character [4]. The special case of subsurface hydride species on Pd based systems is dealt with
in chapter 6 and disregarded for the moment. The interaction and activation of the hydrocarbon
can be described by the Dewar-Chatt-Duncanson model and combination of molecular orbitals
with the according states of the metal in analogy to organometallic chemistry[12, 20-22].
In short, the hydrocarbon donates electron density from its highest occupied orbital to the
metal, which in return increases itself the electron density at the lowest unoccupied orbital of
the hydrocarbon by back-donation. Obviously, the extent of donation/back-donation not only
depends on the molecular orbitals of the hydrocarbon, but also on the density of states of the
metal with respect to the Fermi energy (Ey) and the position of the latter in reference to the
vacuum level. One example of these interactions can be given for ethylene adsorbed on platinum,
where significant rehybridization from sp, to spy 5 3, is observed upon adsorption for ethylene,
experimentally and theoretically [23, 24]. This rehybridization results in an activated, elongated
CC bond and movement of the hydrogen atoms out of the molecular plane. The same effect is
observed for the well-known Zeise’s salt K[PtCl,;(C,H,)]-H,O in organometallic chemistry [25].

1.2.1 The Nature of the Active Site

Having established the basic requirements of a late transition metal based hydrogenation
catalyst for unsaturated hydrocarbons, the question arises, what does the adsorption site given
in figure 1.2 look like. Indeed, the description and identification of the nature of the active site,
which can be regarded as being equivalent to the adsorption site for the present, remains one of
the holy grails in catalysis research since the basic concept was introduced by Taylor in 1925 [26]
and is still debated today[27, 28]. For metal-catalyzed transformations of hydrocarbons, the
definition of singular active centers becomes increasingly complex and it is the opinion of the

author that our current understanding can be considered incomplete.

To illustrate the aforementioned difficulty, we shall first consider the adsorption of alkynes

4



1.2. HYDROGENATION REACTIONS ON LATE TRANSITION METALS

and alkenes on clean transition metals under UHV conditions, as it is a neccesity for activation.
Most of the times, the adsorption results in chemisorbed species, which are coordinated to
a different amount of metal surface atoms. In the case of alkynes, the species observed are
denoted as di-o/di-n or di-o/m, in which the alkyne interacts either with three or four surface
atoms. As stated by G. Bond, there is little evident chemical logic, which surfaces show which
structure [29]. For alkenes, mainly two modes of interactions are identified being a strongly-
bound di-o and a weakly bound 7 species. In summary, even the adsorption site and mode of

one particular hydrocarbon needs to be evaluated carefully.

To make matters worse, it was shown by the pioneering work of Cremer and Somorjai,
that the hydrogenation of ethylene can proceed via both adsorption modes on Pt(111)[30, 311].
However, the di-o mode can also lead to the formation of ethylidyne, which effectively blocks
the surface and prevents further di-o adsorption. Consequently, this adsorption mode is only of
minor importance during hydrogenation, as it also leads to dehydrogenation, which is discussed
in more detail in the next subsection. The different reactivities of these two adsorption modes
are by no means unique to ethylene hydrogenation on Pt(111), but have also been discussed
for alkynes on Pt and Pd[32, 33]. It seems like the first hydrogenation step for alkynes and
alkenes in figure 1.2 is facilitated by weak 7 adsorption modes, whereas strong chemisorption

results either in dehydrogenation or blockade of the metal surface.

Having gained a basic understanding of the bonding behaviour of unsaturated hydrocarbons
on transition metals, the next step is to define the active site required for hydrogenation. Let us
suppose that such sites are the minimum ensemble of metal atoms capable of hydrogenation,
how many atoms are actually needed for this definition? In our recent work, we have shown
that the hydrogenation of ethylene catalyzed by size-selected Pt clusters supported on MgO
is structure-sensitive [34]. More interestingly in this context, density functional theory (DFT)
calculations revealed that the local electron density on single Pt atoms within the cluster
determine the activity towards hydrogenation. Here, the local electron density is not only
influenced by direct undercoordinated neighbouring atoms, but also by atoms located several
Angstroms away. For instance, the tenth atom in a Pt,, cluster can be regarded as an ad-atom
of Pty and electron sink, leading to higher hydrogenation activity of the residual atoms within
the cluster. This atom is not directly involved in bond making or breaking during ethylene
hydrogenation, yet it has a major impact on other, classically defined "active sites" and needs
to be accounted for understanding the results obtained. This definition problem is not only
observed for clusters in the sub-nm size regime, but also for other systems, e.g.the surface
chemistry of unsaturated hydrocarbons on Pt(111) in comparison to Pt;Sn and Pt,Sn alloys [35—
37]. Although small ensembles of Pt still exist on the surface of these alloys, the chemistry
available on these surfaces is significantly altered in the presence of Sn, which is believed to
be caused by an electronic effect. Again, no bond is formed between the hydrocarbons and Sn
atoms, yet the latter decisively control the Pt atoms. These two examples amplify the problem

of defining one catalytic active site for hydrogenation reactions.

5
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1.2.2 Coke Sensitivity and the Organometallic Zoo

The definition of an active site for hydrogenation reactions is not only hampered by the influence
of catalyst atoms not directly involved in bond making or breaking, but also by the surface
chemistry of unsaturated hydrocarbons themselves, especially under UHV conditions. Already
the first works on hydrocarbons on metal single crystals (see for instance references [38—41])
demonstrated, that the thermal chemistry of these molecules on initially clean metals leads to
dehydrogenation rather than hydrogenation. Here, the formation of ethylidyne on Pt(111) from
ethylene at room temperature represents the most investigated system [42]. The identification
and characterization of this species by the most respected researchers in the field took several
years and a historical overview of this exciting discussion can be found within the work of my
great predecessor Crampton [43]%.

The theoretical, basic mechanism of dehydrogenation is schematically shown in figure 1.3
for acetylene and ethylene on Pt(111) and Pd(111) at room temperature. Three different re-
actions have to be taken into account in general for transformation of adsorbed, unsaturated
hydrocarbons: dehydrogenation under removal of hydrogen, hydrogenation under addition of
an external hydrogen atom, and intramolecular hydrogen shifts. The calculated main reaction
pathway of ethylene to ethylidyne on these metal surfaces is currently believed to follow a
three step mechanism, where adsorbed ethylene first dehydrogenates to a vinyl species, which
is subsequently hydrogenated to ethylidene. In the last step, ethylidene is dehydrogenated to
ethylidyne [44]. However, conversion of vinyl to ethylidyne might also proceed via vinylidene as
proposed by the same authors later on [45]. Our own calculations on supported, size-selected
Pt clusters started with a half-hydrogenated ethyl species, which dehydrogenates to ethylidyne
via ethylidene[34, 46]. The derived activation barriers were in reasonable agreement with
temperature-induced activity changes and red-shifts in CO IRRA spectra observed experimen-
tally. Acetylene is believed to be first hydrogenated to vinyl, which follows then the pathways
proposed for ethylene. The formation of an ethynyl species on platinum is unfavorable due to a
high energy barrier [47]. Besides hydrocarbon coverage dependent effects, the favored reaction
pathway can obviously also be steered by the effective hydrogen coverage as can be seen in
figure 1.3. This is also the first time, that an analogy between acetylene and ethylene is observed
in their surface chemistry on late transition metals.

Although ethylidyne is the most prominent example for a dehydrogenated species at room
temperature, it is not at all unmated as it belongs to the group of alkylidynes, which are
observed for almost all unsaturated hydrocarbons on metal surfaces. They include propylidyne,
butylidyne up to hexylidyne [48-50]. As a rule of thumb, dehydrogenated species including
alkylidynes prefer adsorption sites, where the missing valencies of carbon atoms are replaced
by single o bonds between carbon and metal atoms. Dehydrogenated species formed between
200 and 400 K have one common fate, as all of them are further dehydrogenated to amorphous

or graphitic carbon at higher temperatures.

2The choice of words here was inspired by Garry Kasparov’s My great predecessors.
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Figure 1.3: Mechanism of spectator formation on platinum and palladium. The ethylene path
follows the three step model proposed by Rosch [45], whereas the acetylene path has been added
according to Lu et al. [47]. Black arrows to the left are dehydrogenation steps, whereas grey
arrows to the right are hydrogenation reactions. 1,2 Hydrogen shifts are presented by vertical,
dotted lines. Missing valencies of carbon atoms are used for carbon metal bonds, which are
omitted for the sake of simplicity.

Now, as we know that a carbonaceous overlayer is formed on the metals of interest, we
shall ask, what is the role of this adlayer during catalysis? As a matter of fact, this is one of
the key questions unanswered even for the best investigated olefin hydrogenations[51]. The
common belief is that the by far most important role of dehydrogenated species is to block
the active metal surface. They are often considered to be spectator species, as they are not
directly involved in the hydrogenation mechanism, e.g. the rate of ethylidyne hydrogenation on
Pt(111) is significantly lower than the ones of general olefin hydrogenation, prohibiting direct
participation in the reaction [52]. However, they might be responsible for the creation of small,
uncovered metal islands, where the actual reaction takes place. This idea was enforced for
acetylene hydrogenation on Pd based catalysts by Borodzinski and Bond [33, 53]. The size of the
small metal islands leads to different active sites for acetylene and ethylene on Pd, which has
also been observed in one of the first systematic semi-hydrogenation studies [54]. The influence
of dehydrogenated species on the creation of small metal sites is another example of the difficult

definition of active sites.

In addition, the role of the dehydrogenated species might exhibit more hidden subtleties and
only the most important concepts are introduced here. One idea is, that these species prevent
intimate contact between the unsaturated olefin and the metal leading to di-o adsorption
and favor weak 7 adsorption, which was shown to be beneficial for hydrogenation activity[31,
52]. The dehydrogenated overlayer may also act as a hydrogen reservoir/source. Due to the

experimental challenge, the scientific approval of this hypothesis has yet to be performed and is
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currently under debate [51].

It can be concluded, that the dehydrogenated overlayer has a major impact on catalytic
performance of hydrogenation catalysts. In light of the outlined surface chemistry, it borders
to irony that hydrogenation reactions should be considered as coke-insensitive according to
Menon [55] 3. Similar to Boudart’s classification of structure-insensitive/ facile and structure-
sensitive/ demanding reactions [56], the author proposed that catalytic reactions can be classi-
fied into coke-insensitive and sensitive reactions. "Coke-insensitive reactions are met, when
there is hydrogen under pressure or a strong hydrogenation catalyst in the system, because
the carbonaceous species can then be considered to be intermediates, whereas coke-sensitive
are encountered in the absence of these two parameters, since the formed coke then remains
on the active component" [55]. It should be noted, that the classification of coke-insensitivity
makes no statement about the influence of the coke on catalytic activity. As stated by the author
for coke-insensitive reactions,"it (coke, author’s note) can also be termed ’beneficial’ when it
enhances selectivity or serves as a reactive carbonaceous overlayer on the catalayst surface, or
may be the actual catalytic site itself on the surface" [55]. Most surface scientists working on

unsaturated hydrocarbons would agree with this statement.

1.2.3 The Selectivity Criterion

One of the most important aspects in hydrogenation catalysis is the control over selectivity,
which describes the yields of different reaction products. A model developed by the group of
Zaera is useful to understand the underlying physical properties, which determine overall
selectivity [61, 52, 57]. Despite its simplicity and limitations, this model nicely describes key
aspects of selectivity.

The model, which is given in figure 1.4, describes the parallel reaction pathways of a
reactant molecule on a one-dimensional potential energy surface, which can either react to
product 1 or 2. The event of the reactant forming product 1 or 2 can be considered to follow
Arrhenius behavior, where the pre-exponential factor is the same for both pathways. The two
reaction channels only differ by their activation barriers AG? and AG; The reaction rate is now
determined by the absolute height of the according barriers, whereas the selectivity between
product 1 and 2 is determined by the difference of both barriers, AG"E - AG;. We can define
the selectivity S of product1 as S1 = S1/(S7ote1) = S1/(S1+S2) and assume AG; =0.8eV at
300 K (typical value for the hydrogenation of acetylene[33]). Variation of AG% - AG; and its
influence on the selectivity S is given in figure 1.4. Uniform activation barriers (AGji - AG;; =0)
obviously lead to a equal product distribution. A decrease of 0.05eV in AGjlz leads to a selectivity
increase in S1 of ~90% and an increase of 0.05eV to ~ 10 %. In other words, a change in
activation barrier of 0.1 eV enables a selectivity switch from ~ 90 to ~ 10 %.

The benefit of this simple model is that it allows us to estimate the necessary changes in

relative barrier heights in order to steer chemical selectivity. Furthermore it can be successfully

3The author would like to clarify, that it’s not his intention to criticize the idea, but rather the diction.
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Figure 1.4: The dependence of selectivity between different reaction products on relative heights
of activation barriers is given for a one-dimensional potential energy surface: The reactant
can either react to product 1 or 2 depending on the relative barrier heights of AG% and AG;,

respectively (left). Keeping AG;; constant, variation of barrier height AG? determines the overall
selectivity S for product 1 (right). The calculation was performed for 300 K and AG; =0.8eV.

expanded to consecutive reactions by replacing one product to the gas phase value. The absolute
reaction activation barrier height is then given by the desorption energy. As the energy of a
product in the gas phase is fixed, two ways emerge in order to steer selectivity of consecutive
reactions: either the desorption energy is manipulated by the reactant or the reaction barrier
of the alternative pathway is altered. One example, where this model can be applied, is the
high selectivity of small Au nanoparticles for triple over double bond hydrogenation [58—61].
In contrast to alkynes, the heat of adsorption of olefins is believed to be very small, which
results in low desorption activation energies (assuming that the according adsorption activation
energy is negligible). The alkenes formed by hydrogenation of alkynes simply desorb before
overhydrogenation to the alkane can occur resulting in remarkable high selectivities.

Also the hydrogenation process itself can be thought of as a consecutive reaction via a half-
hydrogenated species as shown in figure 1.2. Identification of the rate-determining step (RDS) for
alkyne or alkene hydrogenation has attracted much attention, but the results vary depending on
metal and reaction conditions (e.g. UHV vs applied). In general, both hydrogenation steps exhibit
similar activation barriers, which makes an absolute answer unfeasible. Changes as small as
0.1eV of one barrier might change the RDS as predicted by the selectivity model, although both
steps contribute to the reaction rate. In this case, it is better to use more sophisticated methods
like the degree of rate control proposed by Campbell in order to evaluate the contribution of

single steps to the total reaction rate [62—64].

1.2.4 Concepts of Cluster Catalysis

As atoms are put together to form metallic embryos, nuclei, and crystallites, how

does the catalytic activity of the particles vary with their size?

M. Boudart



CHAPTER 1. INTRODUCTION

This question was written by M. Boudart in 1966 [65]. Although using different terminology,
he formulated a question leading to a new research area, which still occupies researchers all
over the world today: the cluster size regime. Here, a cluster of atoms is classically defined
as being comprised of two to approximately one hundred atoms and therefore this small size
regime of matter is settled between single atoms and nanoparticles; the latter consisting of
literally thousands of atoms. In this transition regime, physical and chemical properties can no
longer be extrapolated from the bulk material nor from the single atom. Even the addition or
removal of single atoms from one cluster can dramatically change its properties leading to a
third dimension of the periodic table, where each atom counts [66].

When the nature of small clusters is governed by the exact number of atoms, it requires
ultimate control over size in order to reveal any effects truly caused by atomicity. Indeed, early
catalytic studies on small clusters under UHV conditions were hampered by a lack of control over
size, since evaporated metal atoms were intentionally sintered at high temperatures and the
resulting average size was only determined afterwards[67]. This led some catalysis researchers
to believe, that it is virtually impossible to prepare a collection of metallic particles that is truly
monodisperse [68]. However, experimental physicists, who were originally interested in the
material transition between atoms and bulk matter, succored the catalysis community with
significant experimental improvements enabling the production of monodisperse, size-selected
metal clusters. An excellent review of the experimental possibilities and the gained knowledge
about metal clusters at that time was given by de Herr in 1993 [69].

The implementation of experimental novelties, e.g. sputter and laser ablation sources,
allowed the investigation of monodisperse cluster materials for catalytic applications under
UHYV conditions for the first time[70, 71]. The produced clusters were conventionally soft-
landed * onto the support material of interest and tested for their catalytic properties by means
of temperature-programmed desorption and reaction. Since these early studies, an emerging
field of research has developed around the catalysis of size-selected metal clusters. Although
recent work on size-selected clusters was also performed under ambient conditions in order
to overcome the limitations of the pressure gap, the following passages focus on results and
concepts gained under UHV conditions. The reader interested in ambient results is referred to
the literature for photocatalysis[72, 73], electrochemistry [74, 75], and thermal catalysis [76].

The standard model system used nowadays under UHV conditions consists of a metal-oxide
support material, on which the size-selected metal clusters are deposited. In most of the cases,
this support material is grown on metal single crystals. Overall, three key parameters can
be identified experimentally for the results of a given reaction: the underlying single crystal,
the support material, and the size-selected clusters themselves. All of these parameters are
inter-correlated and have to be taken into account when interpreting results.

The influence of the underlying metal single crystal, which might not be too obvious
for somebody outside the thin film subject area, is in most cases of electronic nature. The

crystal serves as a template for the growth of thin metal-oxide films, the actual support

4The definition of soft-landing is given in the experimental section.
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material. Therefore, the underlying metals are not in direct contact with the catalytically active
component. However, due to the finite size of the thin films, the underlying metal perturbs the
electronic structure of the support material. For thick support materials (above 10 monolayers),
the influence of the crystal can be neglected, whereas for thinner films (below 3 monolayers),
this perturbation can have significant implications on the cluster material. The CO oxidation
catalyzed by supported Au,, depends remarkably on the thickness of the MgO(100) film [77].
Here, charge-transfer from the molybdenum to the gold cluster can be achieved by thin MgO
films, which leads to wetting of the gold clusters. On thick films, where this charge-transfer
is suppressed by the film thickness, the Au,, prefer 3-D structures, which leads to marked
differences in catalytic activity for the same cluster size. The transition between 2-D and 3-D
morphologies of gold particles in dependence on the film thickness and general charge transfer
have also been predicted and observed by other researchers[78, 79]. A more thorough analysis

of finite films is given in chapter 5.

The effect of the support material on size-selected metal clusters can be understood in
analogy to applied catalysis manifold. It provides the footprint for any adsorbed metal particle,
and as such decisively controls the physical state of the latter. This statement is especially
true for clusters in the sub-nm size regime, where basically all cluster atoms are in intimate
contact to the support. If the support exhibits unique defect sites, clusters can be anchored and
activated by charge transfer [80]. For instance, the frequency of CO adsorbed on Pd atoms shifts
in dependence of the defect sites on MgO(100) [81]. Not only the defect sites are responsible for
charge transfer, but also the support stoichiometry. In particular, we have shown in our previous
work, that the stoichiometry of amorphous SiO, can be used to (de)-charge Pt,4 clusters. In
fact, the decharging depends linearly on the number of Pt-O and Pt-Si bonds [82], which in turn
can be used to enforce hydrogenation activity. However, simple charging arguments based on
general acidity and basicity of support materials fail to predict catalytic activity of clusters,
where each cluster size has to be considered seperately [83]. At the moment, there is no physical
quantity available to describe charge-transfer between support and active component a priori,
an issue, which will be addressed in chapter 5. Furthermore, the support might not only provide
unique adsorption sites, but also be directly involved during catalysis by the creation of a

capture zone as evidenced by CO oxidation of Pd  clusters supported on MgO(100)[84].

The last missing piece is the size-selected cluster itself. It was already mentioned, that the
exact number of atoms within the cluster determines its physical and chemical properties. At
the moment, two major concepts are used to describe the catalytic activity of metal clusters
besides charging: fluxionality and local electron density. The term fluxionality (which is also
referred to as flexibility) is used to describe several phenomena [85—87]. On the one hand, one
cluster size possesses several isomers having low energy structures [88]. Not only one isomer is
thermally accessible at a given temperature, but several, which all contribute to the catalytic
activity [89]. This puts severe challenges to the computational description of such systems,
as the time needed for calculations scales at least linearly with the amount of isomers. On

the other hand, dynamic fluxionality is also used to describe the response of one cluster to
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the presence of adsorbates and its behavior during reaction [90]. The concept of local electron
density is used to describe the fundamental interactions between an adsorbate and the metal
atoms of the clusters[34, 46]. It was recognized that the environment within the cluster can
lead to charge-redistributions, which lead to accumulation or deficiency of electron density on
single atoms. This charging within the cluster can be used to steer the reaction pathways of

interest at single active sites on the cluster.

1.2.5 Industrial Challenges During Selective Hydrogenation

Having established a rudimentary understanding of hydrogenation reactions from a surface
chemistry point of view, it is finally time to introduce a reaction of great industrial importance:
the selective hydrogenation of acetylene, which is dealt with in chapter 7 in combination with
chapter 6 of this thesis.

Ethylene as one of the most important, organic base chemicals, is produced by steam
cracking of hydrocarbons. However, the common way of production also leads to hydrocarbons
with higher molecular mass and multiple unsaturated molecules such as acetylene, which
acts as a poison in the downstream processes. Consequently, the alkyne has to be removed
from the feedstock for further processing. As the acetylene market is rather small compared
to the one of ethylene, seperation based on physical properties is in most cases too expensive
and uneconomic. For this reason, acetylene is chemically removed by partial hydrogenation
to ethylene thereby increasing the value of the ethylene feedstock. Here, the main aim is to
achieve high selectivity towards ethylene and simultaneously keeping overhydrogenation of
either acetylene or ethylene, which is present in large excess, as small as possible.

The two basic industrial configurations are shown in figure 1.6 for a) front-end and b) tail-
end named after their position relative to the cold box, where hydrogen and partially methane
are removed [91]. As can be seen in this figure, the two layouts not only differ by their position
within the process layout, but also on the feedstocks they have to process. In the front-end design,
excess hydrogen is present, which makes high selectivities harder to achieve for obvious reasons.
In addition, varying concentrations of CO, which acts as a beneficial modifier of the catalyst,
lead to challenging reactor handling. In contrast to the front-end design, the feedstock of the

tail-end layout contains only C,,__ hydrocarbons with varying degree of unsaturation. Molecular

24X
hydrogen and CO can be added intentionally making handling of the reactor easier. Both setups
have in common, that Pd is in most instances the metal of choice for selective hydrogenation and
therefore a short overview over the history of the applied systems is beneficial to understand
current scientific discussions.

A historical overview of Pd based selective hydrogenation catalysts is shown in figure 1.5.
In 1952, Lindlar described a class of catalysts, which are now named after him [92]. He used Pd
nanoparticles supported on CaCO, for the selective hydrogenation of triple bonds during the
synthesis of vitamin A. The catalyst was additionally poisoned by lead and quinoline, which is

believed to suppress oligomerization [93]. In the seventies, the first generation of industrially
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relevant catalysts consisted of Pd supported on a suitable carrier. The next generation in the
90’s introduced Ag as a promoter. The new catalysts are therefore alloys, which fascinated

scientists ever since their discovery. These alloys were further stabilized in the third generation.

1952 1990
Lindlar-type catalyst 2" generation
Pd on‘CaCO3 Pd on carrier
Pb poison Ag promoted
1970 2000
1¢t generation 3 generation
Pd on carrier Pd on carrier
non-promoted promoted and stabilized

Figure 1.5: The historical evolution of Pd based selective hydrogenation catalysts is shown since
1952 until the 3™ generation.

Given the long history of selective hydrogenation catalysts on Pd basis, it is not too surprising
that a vast literature exists, dealing with all aspects of these catalysts. As the chemistry of
pure Pd is subject of chapter6 and 7, it is convenient to mention an alternative academic
approach to achieve higher selectivities at this point. The (sub)-surface chemistry of unsaturated
hydrocarbons on Pd is characterized by dehydrogenation. Since the formed dehydrogenated
species are believed to be located at small ensembles of Pd atoms, an idea is to minimize
the latter to one single atom in order to avoid undesired coke deposition and disentangle
the subsurface chemistry[94]. A class of materials, which satisfy the single surface atom
criterion, are intermetallic compounds of Ga and Pd. Indeed, Pd,Ga and Pd;Ga, have been
experimentally and theoretically proven to be efficient semi-hydrogenation catalysts [95-99].
Whether these catalysts can replace the current ones used in industry has to be awaited.

Considering the advanced understanding, synthesis, and characterization of novel catalytic
systems, one might expect, that the chemistry of the Pd metal itself is settled. A short, scientific
anecdote is helpful to illustrate the difficulties encountered even when investigating these
rather ’simple’ systems. In 2013, a theoretical work of Yang et al. compared the Pd(111) and
Pd(100) surface for the hydrogenation of acetylene. The authors concluded, that the Pd(111)
surface should exhibit higher activity and selectivity than the Pd(100) surface [100]. Shortly
after, an experimental work was published in the same journal about shape controlled Pd
nanoparticles [101]. Here, the Pd(100) surface showed higher activity and selectivity than the
Pd(111) surface, in contrast to the previous theoretical study. This discrepancy between the two
studies was finally resolved in 2016, when theoretical calculations of the same authors confirmed
the higher activity/selectivity of Pd(100) in comparison to Pd(111) under the assumption of
a carbide phase[102]. Without judgment of either work, this story nicely illustrates a key
point made by Geoffrey Bond about the selective hydrogenation of acetylene on Pd, which

is simultaneously a worthy end of this introduction about hydrogenations on late transition
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Figure 1.6: The two basic setups of selective acetylene hydrogenation plants are given: a) Front-
end and b) tail-end. The configurations are primarily differentiated by the position relative to
the cold box [91].
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metals:

It is simplistic to try to assign a particular observation to a single cause, as it is
more probable that a number of factors are simultaneously at work. ...
Interpretation of results is therefore a minefield through which we must walk

delicately,

Geoffrey C. Bond
in Metal-Catalysed Reactions of Hydrocarbons
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1.3 Thesis Outline and Roadmap

A graphical overview of the chapters in this thesis is given in figure 1.7. Plotting a physical
or chemical quantity of a metal-based material in dependence of the number of involved
atoms leads typically to the occurence of three distinct size regimes. The first one, having an
approximately infinite amount of atoms, is called bulk material having known macroscopic
properties. Decreasing number of atoms leads to the intermediate size regime nanoparticles,
where properties start to deviate from bulk materials. This non-scalable regime differs from the
scalable size regime defining cluster-based materials by turning band structures into rather
molecular orbitals being influenced by quantum size effects. This fluent transition between

nanoparticles and clusters occurs between 100 and 20 atoms.
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Figure 1.7: Thesis road-map: An arbitrary physical/ chemical property (e.g. electron affinity) is
shown as a function of metal atoms. For each regime (clusters, nanoparticles and bulk metal)
the chapters dealing with each topic are given.

Each topic shown in figure 1.7 is covered by seperate chapters in this thesis. The first
scientific chapter 3 deals with the pure surface chemistry of 3- and 1-hexyne on Pt(111) as a
bulk material. This chapter provides fundamental understanding of 3-hexyne chemistry on
size-selected Pt clusters given in chapter 4. Chapter 5 concerns metal-support interactions
between Pt clusters and thin silica films on both, experimental and theoretical basis, and how
they can be used to steer catalytic activity for ethylene hydrogenation. These insights into
metal-support interactions are expanded to small palladium nanoparticles in chapter 6 and 7.
The main focus of chapter 6 is placed on support-dictated hydrogen adsorption and ethylene
hydrogenation, whereas chapter 7 is dedicated to acetylene hydrogenation. Here, not only the
influence of support is probed, but also the intentional creation of poisoned particles and their
impact on adsorption sites of acetylene.

Based on these results a short summary and conclusion is presented in the last chapter of

this work being completed by an outlook with respect to future research and challenges.
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CHAPTER

EXPERIMENTAL

his chapter is dedicated to the ultra-high vacuum (UHV) setup and the experimental
procedures used in this work. In the first section, the general setup is described along
with a short introduction to each applied method. Special focus is put onto film synthesis
and characterization, since metal-support interactions represent a major topic of this disserta-
tion. In the second section, the cluster source used to produce size-selected metal clusters and
nanoparticles with a narrow size distribution is presented. Specific experimental details for

each chapter are presented in the third section.

2.1 Ultra High Vacuum Chamber

All experiments have been performed in a bakeable, stainless steel UHV chamber having a
base pressure of < 2-1071% mbar[71]. The setup, which is schematically shown in figure 2.1, is
referred to as ’old nanocat’ lab, since the new rebuilt one in the Catalysis Research Center (CRC)
was accompanied by significant experimental modifications. As can be seen in figure 2.1, the
apparatus can be divided into two major parts: the analysis chamber used for experiments under
UHV conditions and the cluster source, which is described in more detail in section 2.2. The
additional transfer chamber attached to the cluster source is omitted for the sake of simplicity
as no ambient cluster results are discussed in this thesis. The analysis chamber includes several
spectroscopic techniques and capabilities to synthesize different support materials, which are
briefly introduced in the following.

The performed experiments were conducted using single crystals, either as object of inves-
tigation themselves (e.g. Pt(111) as in chapter 3) or as starting material for synthesis of thin
metal-oxide films. The latter represent support materials for metal particles. These single crys-
tals were attached by tungsten wires to a threefold sample holder mounted to a xyz-manipulator
capable of rotation by 360°. The samples could be cooled by liquid nitrogen (LN,) to 100K
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Figure 2.1: Schematic of the experimental setup used for this dissertation including analysis
chamber (right) and cluster source (left). Further details about applied techniques and cluster
production can be found in this chapter.

and resistively heated to = 1300 K. In case of higher required temperatures, a home-built

electron-gun could be used for heating the samples to 2000 K.

2.1.1 Infrared Reflection Absorption Spectroscopy

Vibrational spectroscopy has been performed by use of infrared reflection absorption spec-
troscopy (IRRAS, also referred to as IRAS and RAIRS). The basic instrument (Nicolet FT-6700,
Thermo Electron Corp.) and setup is shown in figure 2.2. In short, the IR beam emitted by the
globar of the spectrometer, which is purged by N,(g), is focused by a set of mirrors and guided
into the UHV chamber. The focusing chamber is evacuated by a rotary pump to 1072 mbar. The

IR beam impinges the single crystal in the main chamber (base pressure 10719

mbar) at grazing
angle and is reflected towards an external focusing lense and a mercury-cadmium-telluride
detector (MCTA-TRS, Thermo Electron Corp., cooled by LN,). To minimize the influence of stray
light, an aperture is set between the focusing window and detector. The measurements were
performed in single reflection mode without s-p polarization of the IR beam.

A detailed theoretical and instrumental review of this well-established method was given

by Hoffmann in 1983 [103] and the application of IRRAS for the investigation of model catalytic
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Figure 2.2: Experimental setup for infrared reflection absorption spectroscopy (IRRAS): The
focused IR beam emitted by the spectrometer is reflected by the single crystal at glazing angle
(= 85° with respect to the surface normal) and detected by an external MCT detector.

systems focusing on nanoparticles was summarized by Wilson and Brown [104]. Two important
points should be mentioned for understanding the results presented in the following chap-
ters[103, 105]: The incident light should be reflected at the metal surface at grazing incidence,
which is caused by the reflectivity of the surface. Only p polarized (parallel to the plane of
incidence) light can excite vibrations with a dipole moment perpendicular to the surface. The
latter is known as the surface selection rule of IRRAS and can give important information
about adsorption geometries by presence of characteristic vibrations or the absence thereof.
For instance, the C=C vibration of asymmetric, terminal alkynes! can be observed at 2260
to 2100 cm™. If this band is observed in an IRRA spectrum, the molecule must adsorb in a
geometry, in which the C=C bond is partly perpendicular to the surface plane. This allows
detailed investigations of surface species, their adsorption geometries, coverage effects and
temperature stabilities [50, 106—-109].

2.1.2 Electron Emission Spectroscopies

Three spectroscopic techniques based on the emission of electrons have been used in this thesis,
including Auger electron spectroscopy (AES), ultraviolet photoelectron spectroscopy (UPS) and
metastable impact electron spectroscopy (MIES). All three methods have in common that
the electrons being emitted are detected according to their kinetic energy Ey, , whereas the
excitation source, underlying physical processes and surface sensitivities vary. Each method is
shortly introduced and experimental details are given.

As already indicated by the name, AES is based on the Auger effect, which is induced after
creation of a (inner) core hole of the sample atom. Here, the hole can be created either by
photons (soft X-rays) or electrons between 1 to 10 keV. In this work, an electron gun (Eg. =3 keV)
was used to induce these holes, which destabilize the corresponding atom. During the Auger
process, the de-excitation to the ground state proceeds via filling of the hole by an outer shell

electron 2, where the released energy is transferred in a radiation-less process to a second

LThe according vibrations of symmetric alkynes are hardly detectable due to symmetry leading to small dipole
moments.
2An alternative relaxation mechanism based on the emission of photons is not considered here.
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electron, which is emitted from the surface. The kinetic energy of these electrons is measured
by a hemispherical analyzer (HSA, VSW HAC 150). Since three distinct energetic levels are
involved in this process, the kinetic energy of the Auger electron is characteristic for an element
and can be used for qualitative and quantitative analysis (under the assumption of a structure
model as performed for hexynes on Pt(111) in this thesis). As the signals caused by Auger
electrons are superimposed by a background of secondary electrons, it is convenient to use a
lock-in technique for better visibility. As a result of this technique, the Auger spectra are shown
in the derivative form dN/dE.

In contrast to AES, UPS is based on the photoelectric effect, in which interaction between
photons and matter leads to ejection of photoelectrons. The photons employed are typically in
the range of 20 to 40 eV (in this work Hela, 21.2 eV) and consequently the valence structure of
the solid and/or adsorbates is probed. Here, the emitted electrons must satisfy both, conserva-
tion of energy and of momentum, and give information about the joint density of states (JDOS),
which represents a convolution of densities of unoccupied and occupied states, respectively.
The real band structure is only available by angular resolved ulraviolet photoelectron spec-
troscopy (ARUPS) or by change of excitation energy. None of these two experiments have been
performed in this thesis and therefore the interested reader is referred to references[110-112].
Emission of photoelectrons is commonly described by a three step model, the details of which
can be found elsewhere[113]. The surface sensitivity of AES and UPS are both determined
by the mean free path of electrons in the solid, which is described by the universal curve as a
function of kinetic energy. Since the mean free path is in both cases longer than the thickness
of an atomic monolayer, the resulting spectra of UPS and AES contain information not only

about the outermost surface, but also the layers below.

MIES applies metastable, electronically excited He atoms, which have low thermal kinetic
energy and interact with the solid surface using their excitation energy to eject electrons from
the surface. Since the He atoms do not penetrate into the bulk material, the electron emission
takes place at the outermost surface selectively, in contrast to averaging techniques such as
UPS and AES. Further information about electron spectroscopy using metastable atoms and

de-excitation mechanisms can be found elsewhere [114].

The MIE/UP spectra in this work were recorded simultaneously using the setup described in
previous publications and originally designed by Kempter [115-117]. A two-stage He-discharge
source generates UV photons and excited, metastable He atoms. Using a time-of flight separa-
tion, a chopper is applied to seperate photons from metastable atoms and thereby generating
two signals, which originate from the two different processes resulting in photoelectrons be-
ing emitted from the surface. The determined binding energies are transformed to ionization
potentials (IPs) by adding the work-function determined for the clean Pt(111) crystal in the
case of hexynes[116, 118]. The peaks in the resulting spectra are fitted using a convolution
of Lorentzian and Gaussian line shape (Voigt functions). Detailed information about data

treatment can be found elsewhere[116].
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2.1.3 Temperature-Programmed Desorption and Reaction

Temperature-programmed desorption and reaction (TPD/R) are common surface science meth-
ods. Applied under UHV conditions, different molecules are adsorbed on the surface of interest
at cryogenic temperatures and a constant heating ramp is applied, during which desorbing
species are identified by e.g. mass specrometry. The differentiation between TPD and TPR is
fluent, as only the most simple desorption experiments can be classified as real TPD experi-
ments. In most cases additional reaction pathways exist besides desorption even for initially
pure adsorbates. This is especially true for hydrocarbons on transition metals, which exhibit
pathways like isomerization, dehydrogenation, and self-hydrogenation as will be shown in

chapter 3. The relative rate of desorption r can be given by:3

do

- 2.1

r =

E
:kdes.enzv(e).en.exp(_w)

R-T

with 6 coverage, kg.; reaction rate constant for desorption, v pre-exponential factor, n
order of desorption, Ep,.s desorption energy, R gas constant and T temperature. % is propor-
tional to change in temperature, since a linear heating ramp is applied. Further details about
experimental details and analysis can be found in the literature [119-121].

In this work, a QMS (Balzers QMA 430, Liechtenstein) was used to monitor desorbing
species during TPR/D and a constant heating rate between 2 and 2.5 K/s was applied by
resistive heating. The single crystals were placed approximately 5 mm in front of the skimmer
leading to the differentially pumped QMS stage. One final remark concerns the difficulty
to obtain kinetic data by means of TPR data as the experiments are not performed under
steady-state conditions: the absence of one particular product characteristic for a single reaction
pathway, e.g. hydrogenation of alkynes as shown in chapter 4, does not exclude the possibility
for this pathway to occur under isothermal, steady-state conditions, since the experiments scan
available reaction pathways according to their activation energy. If for example the activation
energy for desorption Ep., is smaller than the one for hydrogenation Ef;,4, no hydrogenation

products are detected due to previous desorption.

2.1.4 Pulsed Molecular Beam Reactive Scattering

In order to overcome the limitations of TPR/TPD experiments, pulsed molecular beam reactive
scattering (p-MBRS) experiments can be used to extract valuable kinetic information. As was
recently stated by Zaera in his review, to date, the use of molecular beams remains one of very
few approaches available to surface scientists for the measurement of the kinetics of reactions on
surfaces in a systematic way [122]. During these experiments, the surfaces are kept at constant
temperature (isothermal) and precise amounts of gases are pulsed periodically onto the surface.
The desorbing species/products are monitored mass spectroscopically using the setup described

for TPD/R experiments[123, 124]. Partial pressures of different products can be determined

3Under the assumption of infinite pumping speed of the QMS in order to avoid re-adsorption.
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within the quasi steady-state region after calibration. Knowing the coverage of nanoparticles or
clusters allows turn-over frequencies (TOF's) to be calculated after normalization. The pulsed
valve apparatus is of in-house design and described elsewhere[125]. Two types of p-MBRS
experiments have been performed for this work: ethylene and acetylene hydrogenation. The
ethylene hydrogenation was performed as described in detail by Crampton [43]. Due to the
presence of several reaction pathways, the acetylene hydrogenation presented in chapter 7
required additional calibration and a reaction model, which are both described in the specific

experimental section.

2.1.5 QMS Calibration

Two factors have to be taken into account in order to calibrate the QMS for different gases: the
sensitivity factor of the ion gauge and of the QMS. The sensitivity factor of the ion gauge (S;,n)
is used for measuring the pressure inside the UHV chamber. This factor depends on gas
composition and on the original calibration, which is usually carried out using a defined
background of certain gases. Most of the sensitivity factors S;,, used in this work are taken
from the users manual. The correlation between the real pressure (p,.q;) and the measured

pressure (p,,.,.) is given by:

Preal = Pmeas/Sion (2.2)

Two steps are necessary in order to correlate a measured ion current to a certain number
of molecules. The first one is the measurement of a known number of molecules desorbing
from a surface during a TPD experiment. In this case the Pt(111) surface covered by CO was
used. The single crystal (1.15-10'? surface atoms per cm?, 0.785 cm? area of single crystal)
is covered by 8-10'* CO molecules, which give rise to an area of 2.35-1077 A-s during TPD
measurement [43].# The second step is to install identical fluxes through the skimmer of the
QMS for different gases of interest and to measure the QMS response. The flux F in collisions

per cm? through the aperture can be calculated using:

22 Preal
F=264-10 \/ﬁ (2.3)
where M is the molar mass in g/mol and T the temperature in K. The reference flux is
the background corrected QMS response for CO at a pressure pg.; of 5-10~8 mbar, so the real
pressure is preq; = 4.76-10 8 mbar using S;,,. Using the sensitivity factors reported in the
users manual, the QMS response is measured for different gases after installing the same flux.
The ratio of the QMS current measured for CO and the gas of interest can now be calculated
and is called the sensitivity factor of the QMS, Sgus.

4The unit A-s is linearly correlated to A-K, since a linear heating ramp was used.
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Gas SQMS Gas SQMS

1-hexyne 2.94 | 3-hexene 5.05
3-hexyne 3.50 hexane 1.21
1-hexene 6.55 | benzene 0.45

Table 2.1: Sensitivity factors of Cz-molecules determined by QMS calibration. The cis and trans
isomers of 3-hexene have an identical cracking pattern and consequently sensitivity factors.

I(CO)
Ic(x)

Squms = (2.4)

The factor Sgus is independent of the ion gauge and can be used to convert a measured
TPD area for any calibrated gas in reference to CO and to a defined amount of molecules. A
summary of Cg sensitivity factors determined in this work is given in table 2.1. The advantage of
these sensitivity factors over importation of cracking patterns from databases, e.g. NIST, is that
the transmission function of the QMS does not have to be known and the pressure dependence
is usually small. Furthermore it is directly correlated to the used instrument including specific
parameters, e.g. ionization voltage (90 eV).

If Sgms > 1, as it is the case for most gases used in this work, a higher current/area of
CO would be measured in comparison to the gas of interest for the same flux of molecules. In
other words, a higher Sq s factor results in the loss of sensitivity caused e.g. by fragmentation
patterns of hydrocarbons. The opposite holds true if Sgass < 1 as observed for benzene, since this
molecule hardly fragments during ionization. The area of an arbitrary gas A(x) measured during
TPD can now be converted to an absolute amount of molecules AN based on the calibration of
CO:

= A(X) X 14.
N=coy 8 10" Squs (2.5)

2.1.6 Film Synthesis and Characterization

Two thin amorphous silica films (abbreviated a—SiO,) and a MgO(100) film have been synthe-
sized as support material for Pd nanoparticles and size-selected Pt  clusters. Experimental

synthesis and characterization are described in the following for each film.

2.1.6.1 a-SiO, on Pt(111)

The Pt(111) crystal (MaTeck, Germany) was cleaned by repeated cycles of Ar* sputtering (T=900 K,
p(Ar)=5-10"% mbar, U=1keV, I=10 uA), followed by oxidation (T=650 K, p(0y)=5- 10~7 mbar)
and annealing in vacuo (T=1300 K). The a—-SiO, film was prepared by electron-beam evapor-
ization (Tectra, Germany) of a silicon rod (99.999% purity, Alfa-Aesar, Germany) in an oxygen

background pressure (T=400K, p(O,)=2- 10~® mbar) and subsequent annealing (T=1200 K,
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p(0y)=2- 10% mbar). Detailed mechanistic considerations about the film growth can be found in

reference [126].

2.1.6.2 a-Si0, on Mo(211)

The a-Si0,/Mo(211) system was synthesized according to a modified route of Goodman
et al.[127]. The same procedure as described for Pt(111) was used during silicon evapor-
ization, after cleaning the single crystal by electron bombardement (T=1860 K) and oxida-
tion (T=900 K, p(O,)=4- 10~ 7 mbar). After deposition of silicon, the film was annealed in oxygen
to 1050 K (p(Oy)=2- 107% mbar) in order to retain the amorphous character of the film and to

avoid sublimation of SiO, species at higher annealing temperatures [128].

2.1.6.3 MgO on Mo(100)

The MgO(100) film was grown on a Mo(100) single crystal. Prior to film preparation the
molybdenum crystal was cleaned by electron bombardment (2000 K, 30 s) and oxidation (900 K,
p(Oy)=4- 10~" mbar, 10 min). Film preparation was conducted by evaporization of a magnesium
ribbon (99.5% purity, Merck Germany) in an oxygen background (p(O,)=5- 10~" mbar) at 600 K.
Afterwards the sample was annealed to 800 K for 10 min in order to minimize defect sites by
reordering the film. The resulting support had a thickness of 8 — 10 ML (monolayers) and deter-
mined defect-poor. The cleaniness of the single crystal and the synthesized film was controlled
via Auger electron spectroscopy. Further details about film preparation and characterization
can be found in references[116, 129, 130].

2.1.6.4 Comparison between a—Si0O, on Pt(111) and Mo(211)

The spectroscopic characterization of the two thin films is presented in figure 2.3. The amor-
phous character of both a—SiO, thin films is shown with IRRAS measurements, which exhibit
vibrational bands at 1238 and 1252 cm™ and a broad shoulder down to 1100 cm™ associated
with asymmetric longitudinal phonon vibrations. Additionally, the a—SiO,/Mo(211) exhibits a
band at 1051 cm™! caused by Mo-O-Si vibrations, which in turn means, that in contrast to the
platinum system, a chemical bond is formed between oxygen and the underlying molybdenum.
As can be seen in the Auger spectra of figure 2.3 b), no oxidation state other than (IV) is found
for silicon and both films are stoichiometric. Based on these spectra, an average thickness of
approximately 8 + 4 A was determined, where the large uncertainty is caused by the amorphous
character of the films and the unknown mean free path of the photoelectrons (approximately
10 A in the case of a—Si0, [131]). The UP/MIE spectra of the two films are shown in figure 2.3 c).
Here, the absence of emission just below Er in the MIE spectra demonstrated negligible
amounts of defect sites.

To further characterize the surface of the synthesized films, TPD experiments of probe
molecules were performed. The results are shown in figure 2.4 for a) NHg, b) D,O and ¢) CO. The

routinely performed D,-TPDs for both supports are not shown, since they do not exhibit any
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Figure 2.3: Spectroscopic characterization of a—SiO, supported on Pt(111) and Mo(211). The
IRRAS data in a) show the amorphous character of both systems, whereas an additional band at
1051 cm™ is characteristic for Mo-O-Si bonds. In subfigure b) Auger spectra of the clean single
crystals and after film growth are presented. The MIE (dotted) and UP (solid) spectra after
annealing are shown inc).
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features. Desorption of physisorbed ammonia is observed below 150 K for a—SiO,/Pt(111). On
a—Si0,/Mo(211), the desorption maximum shifts to 180 K. A single sharp desorption signal is
detected for D,O on a—SiO,/Pt(111) in contrast to a—SiO,/Mo(211), where no desorption occurs.
The CO-TPDs of both supports show only physisorbed species below 150 K. A more detailed
discussion about the films and their influence on supported clusters can be found in chapter 5,

which also includes theoretical calculations.

2.2 Cluster and Nanoparticle Synthesis

A laser ablation source was used to synthesize size-selected Pt clusters and Pd nanoparticles [71].
In short, the second harmonic of a Nd:YAG (100 Hz, 532 nm, Innolas Spitlight DPSS, Germany)
is focused onto a rotating metal target (99.95%, Alfa-Aesar for Pt, 99.95%, ESG Edelmetalle for
Pd) producing a metal plasma, which is subsequently cooled by a delayed He-pulse (6.0 purity,
Westfalen, Germany) and supersonic expansion into vacuum. The resulting cluster ions are
guided by ion optics and an octupole ion guide to a quadrupole bender, where only positively
charged clusters are transmitted into the analysis chamber (see figure 2.1). Negatively charged
clusters are guided into the opposite direction, whereas the direction of neutral clusters remains
unchanged. Consequently, both, neutral and negatively charged, clusters can be neglected and
the settings of the bender unit can be used to preselect a mass range.

The cations are guided by Einzel lenses to an additional QMF (quadrupole mass filter,
16.000 amu, Extrel, USA), where mass-selection down to a single cluster size is achieved. A
mass scan of size-selected Pt * cations during optimization is shown in figure 2.5 a). It should
be noted, that the m/z ratios of the clusters contain a certain offset, since the QMF is not
calibrated. In order to achieve atomic resolution, the U/V ratio of the QMF has to be adjusted
to ensure baseline-separation.

The size-selected clusters are further transmitted by Einzel lenses into the main chamber of
the UHV setup. Here, they are deposited onto the support material of choice under soft-landing
conditions (kinetic energy < 1eV per cluster atom). These conditions ensure that the clusters
remain intact upon deposition and fragmentation can be excluded. The kinetic energy of the
clusters can be measured by retarding field analysis (RFA), which is shown in figure 2.5b) for
Pt,5". Here, the cluster current is recorded as a function of the applied voltage on the sample
holder. The negative derivative leads to the kinetic energy distribution of the clusters, which is
approximately 3 eV as can be seen in figure 2.5b). The neutralization current on the sample is
recorded via a picoammeter (Keithley Intstruments) assuming unit charge per cluster and can
be used to calculate coverages.

In the case of Pd nanoparticles used in chapters 6 and 7, the QMF was operated in the R.F.
only mode, which led to the QMF functioning as a high-pass mass filter. For a detailed discussion
about the working principle of the R.F. only mode the reader is referred to reference[110]. The
influence of cluster source settings on the obtained size distribution is shown in figure 2.6 a) for

two mass ranges. With the settings of the cluster source used in those chapters, the resulting
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Figure 2.4: TPD of probe molecules on a—SiO,, supported on Pt(111) and Mo(211): The amount
of dosed molecules are given per surface atom (SA). For NH;-TPD m/z=17 was monitored, for
D, 0 m/2=20 and for CO m/2=28.
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particle distribution can be fitted by a log-normal function as evidenced by TEM studies[132,
133]:

2
y=yo+A-exp —{ln(x/x())} ] (2.6)

width

The results of this fit are presented in figure 2.6 b). The minimum particle size, which can
pass the QMS, was set to be Pd,,, and the maximum of the size distribution was found for Pd,.

The Pd nanoparticles are consequently in the size regime of 0.9 to 1.4 nm.

2.3 Specific Experimental Procedures

2.3.1 Surface Chemistry of Hexynes on Pt(111)

The Pt(111) crystal was cleaned as described previously.Due to the formation of dehydrogenated
carbonaceous species at high temperatures the single crystal was repeatedly cleaned after each
single measurement.

All chemicals (Sigma-Aldrich, Germany, > 99.8% purity) were checked towards the absence
of benzene and hexenes by GC-MS measurements and only additional stabilizers were found.
The chemicals were further purified by repeated freeze-pump cycles prior to use and the
cleanliness was monitored in situ with mass spectrometry. Dosage of chemicals was performed at
110K using a calibrated molecular beam-doser originally designed by Yates et al. assuming unity
sticking probability [134, 135]. The coverage is reported as adsorbed molecule per Pt surface
atom (SA). The number of platinum surface atoms is presumed to be = 1.15-10'5/cm? [136].

A linear heating ramp of 2.5K/s was used for TPD measurements. The cracking patterns
of 1/3-hexyne, 1/3-(cis/trans)-hexene, hexane, benzene and hydrogen were determined in situ
by backfilling the chamber and are in good agreement with the NIST database (below 5%
deviation). Due to the high ionization voltage of the QMS (~ 90V) the following m/z ratios were
used for identification rather than the molecular m/z ratios: 2 for hydrogen, 57 for hexane, 69
for hexene and 78 for benzene. Simultaneous recording, e.g. of 69 and 84 for hexene, confirmed
the applied characteristic m/z ratios. Desorption of hexynes was monitored using m/z = 67,81
and 82 in order to disentangle the possible formation of hexadienes and cyclohexene because of
similar cracking behavior. After TPD to 800K an Auger spectrum was recorded to determine
the total amount of carbonaceous species on the single crystal [137].

The IRRAS experiment was performed by dosing 1.6L (1L = 1.33-10"®mbar - s) of 1-hexyne
at 100K and averaging 1024 scans at 4cm ™! resolution. The ion gauge sensitivity, which is a

factor of 6.2, is taken into account for dosage. The resulting spectra are base-line corrected.

2.3.2 3-Hexyne on Size-Selected Pt Clusters

The cluster coverage was varied from 0.8 % ML (Pt;) to 0.3 % ML (Pt, ;) for better comparability

of the metal loading on the support. After deposition the temperature of the samples was shortly
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Figure 2.5: Mass scan of size-selected Pt, " clusters (a) and retarding field analysis for Pt,3* (b).
Further details are given in the main text.
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a) Tuning of the cluster source
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Figure 2.6: The influence of cluster source settings on size distribution are shown for Pd
clusters and nanoparticles in a). In subfigure b), the size distribution of Pd nanoparticles used
in chapter 6 and 7 is fitted by a log-normal function and marked in grey.
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increased to 300 K. In order to compare activities, the same experiments were also performed
on a clean Pt(111) single crystal.

A heating ramp of 2 K/s was used for TPR measurements after dosage of gases. The reported
dosages are given per surface atom (SA) of the MgO support assuming 2.25-10'% atoms/cm?. For
all experiments 0.4/SA D,, was dosed first followed by 0.22/SA 3-hexyne. The areas determined
by TPR experiments were corrected using QMS sensitivity factors determined for each molecule.
The following m/z ratios were used for identification: 86 for d,-hexene, 90 for d,-hexane, 78
for benzene and 69 for Hy-hexene (correlating to the ion CH30HZCH=CHCH2+). The benzene
trace has been baseline-corrected for the overlapping cracking pattern of physisorbed 3-hexyne
at low temperatures. The presented error bars were determined from multiple measurements

on a single cluster size.

2.3.3 Ethylene Hydrogenation on Size-Selected Pt Clusters

All experimental details required to understand the results are presented in the respective

chapter 5. Further information about film preparation can be found in subsection 2.1.6.

2.3.4 Ethylene Hydrogenation on Pd Nanoparticles

012

The coverage of 4.5-10'2 particles per 0.785 cm? single crystal (unless otherwise stated) was

used for all experiments. After deposition, the samples were flashed to 300 K.

For D,-TPD, a total of 9- 1012 Pd particles were used and varying amounts of D, were dosed
at 100 K. A linear heating ramp of 2.5 K/s was then applied and the ion signal of 4 m/z was
recorded.

The p-MBRS experiments were performed at 300 K using a piezo-driven valve of in-house
design, which is used to pulse ethylene (C,H,, 3.5 purity, Westfalen Germany) in a highly
reproducible, well-defined manner (f= 0.1 Hz, 0.6 ms pulse width) in a background pressure
of 2-10~% mbar D, within the UHV chamber[34, 123, 138]. The partial pressure of C,H, was
determined to be 5-10~7 mbar within the pulse and consequently all experiments are performed
in excess deuterium. In order to disentangle the formation of stoichiometric product C,H,D,
and ethane, which additionally underwent HD-exchange (e.g. CyH3D;), the m/z ratios of 31 and
33 were recorded. The different cracking patterns of these two molecules and the contribution
of 13C was used to determine their relative abundance [139]. In general, 4.5-10'2 particles were
used for activity measurements, except for the determination of m/z = 31 for Pd nanoparticles
supported on a—SiO,/Pt(111) due to the detection limit of the oscilloscope. For this reason,

012 particles. Since the particles deactivate over

the coverage was stepwise decreased to 0.3-1
the course of the experiment, a linear correlation was found between the number of deposited
particles and the formed product at the end of the p-MBRS experiments. Consequently the
TOF's reported here, which were normalized to the number of particles, are unaffected by the

overall coverage.
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For post-mortem TPR, the samples were cooled to 100 K and additional D, was dosed (1.6 per
surface atom). The same procedure as described for pure D,-TPD was then applied monitoring
m/z=2,3 and 4. In a second step, the reaction was performed at 300 K on 9-10'2 particles using
H, instead of D,. Only afterwards, D, was dosed at 100 K and the same procedure applied.

In order to gain further insights into catalyst deactivation, IRRAS with CO as a probe
molecule was performed. This method has often been applied to investigate the presence of
carbon deposits on Pd and Pt[140, 141]. Spectra of Pd particles as deposited and after catalytic
measurement described previously were collected at 100K after dosing 10 L CO in single

reflection mode (256 scans, 4 cm™! resolution). The resulting spectra were base-line corrected.

2.3.5 Acetylene Hydrogenation on Pd Nanoparticles

A coverage of 4.5-10'2 nanoparticles on the 0.785 cm? single crystals was used for all experi-
ments.

A background pressure of 2-107% mbar D, was established in the UHV chamber during
p-MBRS experiments. A piezo driven valve (600 us pulse width, 0.1 Hz) was used to pulse
well-defined amounts of acetylene onto the sample. The local pressure during the measured
quasi steady-state region for one pulse was determined to be 3-10~7 mbar for acetylene (free
of acetone, Linde AG, Germany) at 250 K. Consequently, all catalytic measurements were
performed in excess of deuterium.

To investigate the effect of dehydrogenated C,H, species on the nanoparticles on catalytic
activity, all experiments were performed twice, once with clean particles and once with C,H
precovered particles. Hydrogenation of ethylene was performed at 300 K prior to acetylene
hydrogenation as described previously [138]. This reaction leads to formation of C,H_ species
on the particle surface (most likely ethylidyne, ethylidene and others) and possibly of a carbide.

Several m/z ratios were monitored in order to disentangle the formation of different reaction
products. Due to the limited quasi steady-state region within one pulse (= 20 ms, see figure 2.7)
and detection by quadrupole mass spectrometry, each m/z ratio had to be measured individually
requiring highly reproducible film preparation and particle synthesis, enabled by the use of the
cluster ablation source. Six different m/z ratios were measured: 30, 31, 33, 34, 54 and 78. The
latter m/z ratio is the molecular mass of benzene formed by cyclotrimerization of acetylene. The
m/z=54 ratio was used to monitor the desorption of C,-molecules with 1,3-butadiene being the
most abundant molecule. Due to the low amounts of benzene and C,-molecules being formed
during reaction, their contribution to lower m/z ratios by overlapping cracking patterns can
be neglected. It should be noted, that due to the high exchange rate between hydrogen and
deuterium, the given yield of benzene and C,-molecules is rather qualitative than quantitative.

The m/z ratios of 30, 31, 33 and 34 have been used to discriminate between ethylene and
ethane, which additionally underwent HD-exchange besides the stoichiometric reaction. It
was recently shown that during the hydrogenation of ethylene on Pt(111) using D, not only

the stoichiometric product ethane, C,H,D,, is formed, but rather a statistical distribution of
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deuterium content within the ethane molecule [16]. This statistical distribution of deuterium
content within the product during ethylene hydrogenation implies the possible presence of over
16 different deuterated ethylenes and ethanes during the hydrogenation of ethyne [142]. Since
the measurable mass to charge ratios are limited for this reaction, the whole system of possible
desorbing species is classically under-defined in this case. However, careful data analysis allows
at least general trends to be established.

Measurement of four m/z ratios allows four molecules to be included in the reaction network.
Unfortunately, other m/z ratios like 32 (oxygen) and 28 (CO), which would be beneficial to
data evaluation, could not be measured due to background noise. Two of these four molecules
are attributed to the stoichiometric reaction products, ethylene-D, (cis) and ethane-D,, which
are the most abundant reaction products. The cracking ratios of stereoisomers (e.g.cis and
trans of CHDCHD) are typically in the range of few percent and the error made by excluding
these isomers is small compared to the uncertainty of the experiment[143]. The same line of
reasoning allows to neglect contribution of *C. Further molecules included are ethylene-D,
and ethane-D;, which additionally exchanged H by D. The cracking patterns of these molecules
are transferred from references[139, 143] and the validation of this approach was additionally
checked in situ by ethylene-H,, ethylene-D, and ethane-Hg (below 5% deviation).

The contribution of each molecule to one particular m/z ratio can be solved analytically.
The recorded voltage, which is now corrected for different molecules, can be correlated to a
partial pressure within the quasi steady-state region. Normalization to the amount of used
nanoparticles allows to determine TOF's and the errors presented in the following are based
on multiple measurements of each particular m/z ratio. The data evaluation is summarized in
figure 2.7.

For post-mortem TPR, the samples were cooled to 100 K after acetylene hydrogenation
at 250K and 40L of D, were dosed. The same experimental setup described for p-MBRS
measurements was used, with a linear heating ramp of 2.5 K/s. For Pd nanoparticles supported
on a—Si0,/Pt(111), this experiment was also conducted for ethylene hydrogenation at 300 K
followed by acetylene hydrogenation at 250 K.

The Pd nanoparticles were further characterized by IRRAS using CO as a probe molecule
after reaction. After background measurement at 100 K, 10 L. CO were dosed and a spectrum
recorded (256 scans, 4 cm™! resolution). The base-line corrected spectra after reaction were

either recorded directly after the 250 K reaction step or after five additional pulses at 300 K.
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Figure 2.7: Experimental data acquisition and evaluation: A pulsed molecular beam reactive
scattering technique is used to measure a quasi steady-state region for different m/z ratios
during acetylene hydrogenation (a): average m/z ratios of 30 pulses are shown for a typical
experiment, where the acetylene pulse starts at 0 s indicated by the dotted line. The contribu-
tion of individual molecules to one m/z ratio can be calculated by cracking pattern analysis.
Normalization to the number of particles allows to determine TOFs as a function of pulse
number (b). The inset exhibits a magnification of benzene formation.
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CHAPTER

SURFACE CHEMISTRY OF HEXYNES ON PT1(111)

The following chapter was published in the Journal of Physical Chemistry C. Reprinted with
permission from J. Phys. Chem. C 122, 8, 2018, 4428-4436. Copyright 2018 American Chemical
Society.

espite their industrial use in selective hydrogenation reactions, the surface chem-

istry of long-chained alkynes on transition metals is not well understood. To this

end the two Cgz-alkynes 1- and 3-hexyne were studied on Pt(111) using temperature
programmed desorption (TPD), electron emission spectroscopies (MIES/UPS) and infrared
reflection-absorption spectroscopy (IRRAS). Besides the formation of graphitic carbon residues,
both molecules mainly undergo desorption, self-hydrogenation and dehydrocyclization to form
benzene during temperature programmed desorption similar to the analogous alkenes. The
dehydrocyclization to benzene is shown to be ubiquitous to unsaturated hydrocarbons on Pt(111)
regardless of the degree of unsaturation and its position within the molecule. A reaction mech-
anism for dehydrocyclization is proposed based on dehydrogenation followed by ring-closure.
This work extends the understanding of alkyne chemistry on Pt based catalysts and may aid to

identify additional reaction mechanisms leading to undesired coke formation.

3.1 Introduction

The chemistry of hydrocarbons on transition metals is of major importance for many industrial
relevant processes. Naphtha reforming is a prime example of such processes, which is used
to increase the octane number of fuels by dehydrogenation, isomerization, aromatization and
hydrocracking of alkanes containing six to ten carbon atoms [29]. Consequently, significant
efforts have been put into understanding the underlying phenomena, which determine the

overall chemistry. From a surface science point of view the chemistry of C; hydrocarbons on
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different metal single crystals has been extensively studied under both, UHV conditions and
under increased pressure conditions with a variety of different techniques such as temperature-
programmed desorption (TPD) [37, 144-147], Auger electron spectroscopy (AES) [137, 148],
infrared reflection absorption spectroscopy (IRRAS) [107, 149] and sum frequency genera-
tion (SFG) [150, 151].

This work is dedicated to study the chemistry of unsaturated, linear C4-hydrocarbons on
Pt(111), while previous studies were mainly performed on cyclic-C;-membered hydrocarbons due
to their possible role in dehydrogenation reactions [37, 148, 149, 152—-154]. When a monolayer
of hexane is adsorbed on Pt(111) at cryogenic temperatures under UHV conditions, its C—C
bonds align parallel to the surface in a trans-trans-trans conformation characterized by two
major bands at 2904 and 2929cm ™! in an IR spectrum [155]. Increasing the temperature leads
to molecular desorption at 240K with a desorption energy of = 14.8kJ/mol and, due to the weak
interaction between adsorbate and surface, no thermal decomposition can be observed [156].
In contrast to these UHV studies, adsorption of hexane on Pt(111) at 296 K under increased
pressure conditions (1.5Torr) leads to the formation of a m-allyl c—Cz;H, species, which can
be further dehydrogenated to form benzene at higher temperatures [150]. In the presence of
excess hydrogen (15Torr) the formation of this allyl-species is suppressed and heating up to
453 K results in various surface species including metallacyclobutane, metallacyclohexane and
hexylidyne.

Hexylidyne is also identified by IRRAS under UHV conditions, when 1-hexene is adsorbed
on Pt(111) at 240K [157]. Heating above 333K results in the formation of the metallocycle
Pt;=C—(CH,);—Pt, which can be further dehydrogenated to Pt;=C—-(CH,),—C=Pt; above 373 K.
The nature and amount of the desorbing species of 1-hexene on Pt(111) is not fully understood.
During TPD a significant amount of 1-hexene (between 70 and 98 %) undergoes dehydrogenation
resulting in release of hydrogen and in formation of cabonaceous deposits on the Pt(111) surface,
which is consistent with the formation of hexylidyne as a dominating surface species [137, 144].
Molecular desorption of 1-hexene is observed between 259 and 284K and in one study also the
desorption of benzene and hexane caused by dehydrocyclization and self-hydrogenation was
observed in small quantities [137]. To the best of the authors knowledge the chemistry of the
structural isomers 2- and 3-hexene on Pt(111) has not been investigated so far.

Little is also known about the surface chemistry of hexynes on Pt(111) under UHV conditions.
IRRAS investigations were performed on Ru(0001) with an identical surface arrangement to
Pt(111) [107]. Briefly, 1-hexyne readily forms a hexylidyne species even at 120K on Ru(0001)
analogously to 1-hexene on both surfaces [158]. Hexylidyne was not observed for 2- and 3-hexyne,
which were found to be di—o/n-bonded at low temperatures and underwent decomposition upon
heating including scission of C—C bonds [159, 160].

Apart from these works, the chemistry of long-chained alkynes, in particular of hexynes,
on metal surfaces under UHV conditions has received little attention, despite the industrial
application of the very same metals in selective hydrogenation reactions [29]. Consequently

this study aims at elucidating the surface chemistry of 1- and 3-hexyne on Pt(111) under UHV
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conditions.

3.2 Results

3.2.1 TPD Studies of 1- and 3-Hexyne

TPD spectra of 1- and 3-hexyne on Pt(111) as a function of coverage are displayed in figure 3.1
and 3.2. For the lowest investigated coverage of 0.11/SA molecular desorption of chemisorbed
3-hexyne measured at m/z = 67 is observed in a single desorption peak centered around 333K
(figure 3.1 a). This signal appears asymmetric at lower temperature due to an overlap with the
cracking pattern of hexene, which is subtracted for quantitative analysis (background corrected
traces can be found in the appendix). Increasing coverage leads to desorption of a physisorbed
species at 120K. Almost no molecular desorption is measured for 1-hexyne at low coverages.
From a coverage of 0.22/SA on, two molecular desorption peaks are identified, one sharp signal
at 120K characteristic of physisorbed hexyne and one broad signal between 310 and 390K of
chemisorbed 1-hexyne.

In figure 3.1 b) the desorption of alkenes during TPD is shown tracing m/z = 69. The alkenes
are self-hydrogenation products caused by hydrogen released during the dehydrogenation of
the alkynes. The main desorption peak of 3-hexene is located at 315K independent of coverage
and for coverages higher 0.22/SA a shoulder at 250K starts to emerge. No information about
the stereochemistry of the produced 3-hexene can be given, since cis and trans isomers possess
almost identical cracking patterns in the QMS. The desorption of 1-hexene is observed at 330K
at low coverages and shifts to lower temperatures for higher coverages. Additionally a second
desorption peak located at 240K appears for higher coverages (0.33/SA and above).

The hydrogen release connected to dehydrogenation is displayed in figure 3.2 a). The lowest
3-hexyne coverage of 0.11/SA shows an onset of hydrogen production at 280K and two sharp,
overlapping dehydrogenation signals at 330 and 361K, respectively. These two sharp signals
are followed by a broad hydrogen signal ranging from 400 to 730K. Increasing the coverage
of 3-hexyne, the low temperature signal at 280K vanishes, while simultanously increasing
the yield of self-hydrogenated hexene as shown in figure 3.1 b). For higher coverages (above
0.44/SA) an increased background is observed below 200K, which is caused by physisorbed
3-hexyne. For comparison, the hydrogen production of the two hexenes, cis- and trans-3-hexene,
at a coverage of 0.22/SA are additionally shown. Both molecules display two signals at 240 and
350K followed by a broad, high temperature dehydrogenation signal up to 700K.

The hydrogen release of 0.11/SA 1-hexyne starts at 270K, which is lower than the temper-
ature observed for the same coverage of 3-hexyne, and a maximum of hydrogen production
is observed at 383K. Above 500K a broad signal is observed similar to the ones of 3-hexyne
and the 3-hexenes. With increasing coverage the low temperature signal disappears and the
second hydrogen signal shifts to higher temperatures (413 K). In contrast to 1-hexyne, 1-hexene
(0.22/SA) exhibits two sharp hydrogen signals at 243 and 364 K.
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Figure 3.1: TPD studies of 3- and 1-hexyne on a Pt(111) surface as a function of alkyne coverage
given in molecules/SA: trace m/z = 67 (alkyne desorption, a) and m/z = 69 (hexene desorption
caused by self-hydrogenation, b). The signal of m/z = 69 at 120K is caused by the cracking
pattern of the alkyne. Adapted with permission from J. Phys. Chem.C 122, 8, 2018, 4428-4436.
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Figure 3.2: TPD studies of 3- and 1-hexyne on a Pt(111) surface depicting m/z = 2 (hydrogen
desorption, a) and m/z = 78 (benzene formation, b). Additionally the same traces are shown for
the according alkenes for comparison. The increased background at temperatures below 200K
originates from the contribution of physisorbed alkynes. Adapted with permission from J. Phys.
Chem.C 122, 8, 2018, 4428-4436. Copyright 2018 American Chemical Society.
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Figure 3.3: Coverage dependent UP (a) and MIE (b) spectra of 3- and 1-hexyne adsorbed on
Pt(111) at 100K. The spectra are fitted by four peaks. Adapted with permission from J. Phys.
Chem.C 122, 8, 2018, 4428-4436. Copyright 2018 American Chemical Society.

The dehydrocyclization leading to the formation of benzene (m/z = 78) is shown in fig-
ure 3.2 b). For a coverage of 0.11/SA 3-hexyne, the evolution of benzene peaks at a temperature
of 388 K. This temperature remains almost constant while the peak area grows with increasing
coverage. The corresponding 3-hexenes also show the production of benzene at 383 and 384K
for cis and trans isomers at a coverage of 0.22/SA, respectively. In contrast to 3-hexyne, the

desorption temperature of benzene formation is 413K for 1-hexyne and 395K for 1-hexene.

3.2.2 MIES/UPS of 1- and 3-Hexyne

Figure 3.3 shows the MIE/UP spectra of the coverages used for the TPD experiments described
previously. For higher coverages all spectra, MIES and UPS, contain at least four signals. The
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signal around 20eV can be assigned to secondary electrons emitted from the surface, which
allows for extraction of the work function value (based on the binding energy). The remaining
three signals can be interpretated assuming four peaks based on results obtained by UP spectra
of 3- and 1-hexyne in the gas phase [161, 162]. Peak 1 at lowest IP can be assigned to emission
from a molecular n-orbital, whereas peak 2, 3 and 4 are caused by emission of p- and s-orbitals
or of ocyg and occ orbitals depending on nomenclature [162]. This interpretation is further
supported by theoretical calculations, which can be found in the appendix. The envelope of
the four fitted peaks is additionally shown. In the UP spectra of 3-hexyne it can be seen, that
the first peak located at 10eV is well seperated from the remaining three peaks and can be
observed even for the lowest coverage of 0.11/SA. In contrast to 3-hexyne, the first peak of
1-hexyne around 10.8eV appears as a shoulder of the second peak. The according MIE spectra
of the alkynes adsorbed on Pt(111) can be seen in figure 3.2 b). The same four signals as in the
UP spectra are observed confirming the adsorbed alkynes as the origin of these signals due to
strict surface sensitivity of the technique. Again the first signal of 3-hexyne is well seperated
whereas it appears as a shoulder for 1-hexyne. The signals of the MIE spectra are at lower IP
than for UPS for 3-hexyne. This shift has been shown to be caused by a change in the excitation

energy of the He atom as a function of the surface composition [163].

The coverage dependent work function of the two alkynes extracted from the UP spectra of
figure 3.3 a) is given in figure 3.4 a). For the clean Pt(111) the work function is determined to
be ~ 6.1eV, which is in reasonable agreement with the literature value of 5.9eV [164]. Upon
increasing coverage of alkynes the work function is continuously decreased. For the highest
coverage a maximum decrease of = 1.5eV is observed for both alkynes. The results of the fitting
procedure are summarized in figure 3.4 b) for UPS and ¢) for MIES. The changes of the peak
positions are given relative to the coverage of 0.44/SA, a coverage at which all peaks can be
fitted well. All peaks within one coverage show the same shift with regard to the reference
point regardless of UPS and MIES. Furthermore there is a strong correlation between the peak
position determined by MIES and UPS for both hexynes.

3.2.3 IRRAS of 1-Hexyne

The IRRAS spectrum of multilayer 1-hexyne (1.6 L) adsorbed on Pt(111) at 100K is shown in
figure 3.5. The observed vibrational bands and mode assignments are summarized in table 3.1,
which also contains vibrational modes for 1-hexyne on Ru(0001) and hexylidyne on Pt(111)
adopted from references [157, 165]. All vibrational modes observed for a multilayer of 1-hexyne
on Ru(0001) [165] are also present on Pt(111). Two additional bands at 2858 and 1460cm™!
are present for 1-hexyne on Pt(111), which may be assigned to v;CH, and §,;CH,, respectively.
The origin of these bands is explained in the discussion section and further IRRA spectra at

higher temperatures can be found in the appendix.
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Figure 3.4: The change of work function as a function of alkyne coverage a). The relative change
of ionization potential (IP) for the four signals extracted from figure 3.3 for UPS b) and MIES c).
The peak positions determined for a coverage of 0.44/SA are used as a reference and peak 1
can be assigned to emission from a molecular z-orbital, whereas peak 2,3 and 4 belong to ocg
and occ orbitals, respectively. Adapted with permission from J. Phys. Chem.C 122, 8, 2018,
4428-4436. Copyright 2018 American Chemical Society.
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Figure 3.5: IRRA spectrum of 1.6 1-hexyne adsorbed on Pt(111) at 100K. Adapted with
permission from J. Phys. Chem.C 122, 8, 2018, 4428-4436. Copyright 2018 American Chemical

Society.

Table 3.1: Vibrational band assignments for a multilayer of 1-hexyne adsorbed on Pt(111) at
100K in comparison to Ru(0001).

1-hexyne multilayer on Pt(111) on Ru(0001)[165] Hexylidyne on Pt(111) [157]

Band assignment (v/em™) (v/em™1) (v/em™!) Band assignment
v=CH 3280 3277
vasCHg 2960 2959 2961 vasCHy (gtt)
VasCH,y 2935 2936 2936 vqsCH,, (gtt)
vsCHg 2875 2872 28717 vasCHj (ttt)
2858 2857 vqasCH,, (gtt)
64sCH4 1469 1468
1460 1460 04sCHy
6,CH, 1429 1429
0sCHg 1381 1379 1381 6sCH, (ttt)
wCH,4 1325 1327
pCH, 1109 1109

3.3 Discussion

3.3.1 Dehydrogenation and Thermal Hydrogen Evolution

First we turn to the dehydrogenation and hydrogen release since thermal treatment of unsatu-

rated hydrocarbons on clean transition metals primarily leads to formation of dehydrogenated

carbonaceous deposits on the surface [29]. The TPD spectra of 1- and 3-hexyne demonstrate this,

as evidenced by the release of molecular hydrogen upon heating, which can be used to identify

main dehydrogenation characteristics. Figure 3.6 depicts the reaction selectivity of the TPD

spectra in figure 3.1 and 3.2, with respect to the desorption of the alkyne, self-hydrogenated

alkene, dehydrocyclization to benzene or the formation of coke on the basis of integrating the

TPD signals.

During TPD approximately 69 and 87 % of the adsorbed 3- and 1-hexyne molecules, res-
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Figure 3.6: Percental product distribution of 0.11/SA 1- and 3-hexyne on clean Pt(111) during
TPD. Adapted with permission from J. Phys. Chem.C 122, 8, 2018, 4428-4436. Copyright 2018
American Chemical Society.

pectively, decompose for the lowest coverage investigated in this work as evidenced by AES
(detailed information about the Auger spectra can be found in the SI). The yield of dehydro-
genated products is comparable to other alkynes such as acetylene (90 to 99% [166, 167])
and propylene (76% [168]). Similar results are found for 1-hexene (65 to 98%) and 1,5-
hexadiene (100% [137, 144]) on Pt(111).

The hydrogen formation from hexynes can be divided into two regions. The high temperature
region above 450K is typically associated with the final and complete dehydrogenation of
residual hydrocarbons on the surface leading to C_ H(ads) and graphitic carbon. The formation
of these species seems to be almost independent of functional group and chain length of the
initial hydrocarbon since these features have also been observed for alkenes, e.g. ethylene,
propylene and 1-hexene, and alkynes such as acetylene and methylacetylene [49, 137, 168, 169].
The second region between 300 and 450K constitutes the main dehydrogenation signals of 1-
and 3-hexyne as can be seen in figure 3.2. In comparison to the corresponding alkenes, the
hexynes do not exhibit a low temperature desorption signal below 300 K. These low temperature
signals of alkenes have been ascribed to the removal of hydrogen directly located at the double
bond of the hydrocarbon. In the case of terminal alkenes the initial removal of hydrogen leads to
the formation of alkylidyne species at low temperatures and in the case of 1-hexene the H,-TPD
spectra correlates with the formation of hexylidyne evidenced by IRRAS[144, 157].

The desorption of molecular hydrogen on Pt(111) is observed at 350 K below monolayer
coverage and shows second order kinetics due to recombination of atomic hydrogen [170]. Only
at coverages close to one monolayer a second desorption feature is observed at temperatures
below 250 K, which is attributed to repulsive lateral interactions between adsorbed molecules.
The hydrogen release of hexynes is characterized by higher desorption temperatures, which
clearly indicates that these signals are either reaction-rate limited or surface diffusion is
hindered by the presence of coadsorbed dehydrogenated hydrocarbons.

The removal of hydrogen directly attached to the functional group is effectively suppressed
for hexynes at low temperature. This effect has also been observed for the dehydrogenation
of ethylene compared to acetylene on Pt(111) [169]. It should be noted, that the removal of
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hydrogen from a terminal alkyne, e.g. acetylene and 1-hexyne, and consequent desorption
requires higher temperatures compared to alkenes. This indicates that initial bond breaking
takes place at CH-bonds directly located at the alkene functional group rather than at aliphatic
substituents and terminal alkynes.

Interestingly 1-hexyne shows lower hydrogen yield than 3-hexyne for low coverage, as
can be seen in figure 3.1. Simultaneously the amount of carbonaceous species after TPD is
substantially higher as evidenced by Auger spectroscopy. This already indicates that for 1-
hexyne an additional reaction pathway has to be taken into account. One reaction pathway,
which could be accessible for 1-hexyne in contrast to 3-hexyne, is the formation of a hexylidyne
species at low temperatures as observed for 1-hexyne on Ru(0001) [165].

An additional argument, which supports partial hexylidyne formation besides increased
carbon residuals and lower hydrogen yield, can be found in the IRRA spectrum. Two additional
bands are identified in the IRRA spectrum at 2858cm ™! and 1460cm ™!, which are not observed
for a multilayer of 1-hexyne adsorbed on Ru(0001). These vibrational modes can be attributed
to vq4sCH, (gtt) and 65CHj (ttt) of different conformer hexylidyne species respectively, whereas

the remaining vibrational modes overlap with the multilayer [157].

3.3.2 Desorption of C; Molecules

Two primary, non-dissociative chemisorption modes of alkynes have been identified depending
on the interaction of the 7 orbitals with the metal surface being a di-o/di-7 complex involving
four metal atoms and a di-o/7 complex involving three metal atoms [29].

The first signal observed in the MIE/UP spectra occurs at 10eV for 3-hexyne and at 10.8eV
for 1-hexyne. These signals can be attributed to emission from m-orbitals. Emission from the
highest occupied orbital of 3-hexyne is measured at 9.3eV during UPS in the gas phase [161].
However, direct correlation between IP and adsorption mode is not straightforward, since
the measured quantity might contain contributions of both, physisorption and chemisorption
resulting in shifts of opposite direction [112, 116]. Surface screening typically lowers the IP of
adsorbed molecules by = 1eV[112]. Since the difference in IP between gas phase and adsorbed
on Pt(111) is found to be smaller for the m-orbital, it is likely, that this orbital takes part in
a chemical bond to the surface, which would be in line with a di-o/7 adsorption. In contrast,
the first peak of adsorbed 1-hexyne is observed at 11eV at high coverages, whereas emission
of the m-orbital is observed at 10eV in the gas phase [162]. Therefore these orbitals are not
chemically bond to the surface and are characteristic of a physisorbed multilayer as evidenced
by TPD. The remaining three signals, which were fitted in figure 3.3, can be assigned to ocyg
and occ orbitals [162]. Several molecular orbitals with similar energies contribute to these
signals, which leads to broad peaks in the spectra.

The simultaneous contribution of ¢ and 7 orbitals of alkynes when bonding on a surface
lead to high adsorption energies, which are typically in the range of = 2eV [171]. Consequently

chemisorbed alkynes tend to dehydrogenate rather than desorb. For example, almost no thermal
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molecular desorption is observed during an acetylene TPD on Pt(111) [169]. For both hexynes
molecular desorption on Pt(111) can be observed in a broad temperature window around 300K,
which would result in a desorption energy of ~ 1eV using a simple Redhead analysis [120].
This desorption energy is significantly lower than expected based on adsorption properties.
Two reasons seem to be plausible to explain this behavior. First, the coverages investigated in
this work are close or even higher than the monolayer coverage. This leads to non-negligible
intermolecular interactions between adsorbed alkynes effectively weakening adsorption. Addi-
tionally geometric effects might lead to occupation of non-favorable adsorption sites, where the
number of interacting metal surface atoms is not maximal. Secondly the Redhead approach
might be inappropiate to describe the investigated system since it was shown for the desorption
of n-alkanes from both, metal surfaces and metal oxides, that additional entropy effects upon
desorption, e.g. rotational and translation entropy gain, have to be taken into account [172, 173].
This leads to higher kinetic prefactors by several orders of magnitude. Although the desorption
of alkynes should be dominated by the functional group, the alkyl substituents could have an
additional impact on the kinetic prefactor.

The desorption of hexenes produced by self-hydrogenation are mainly observed above 310K
in contrast to the desorption of the pure 1-hexene molecules on the clean Pt(111) surface below
280K [137, 144]. Consequently the formation of self-hydrogenated species can be assigned to be
rate-limited. This assumption is further supported by the hydrogen release observed for the
hexynes. The main dehydrogenation pathway, which is observed above 300K, forms atomic
hydrogen on the surface, which in turn can hydrogenate alkynes. The temperature of the main
dehydrogenation channel is significantly above the desorption temperature of the hexene, which
also explains, why no significant amount of hexane is observed as this would entail another
hydrogenation step requiring two hydrogen atoms before hexene simply desorbs. Although the
percentage of the self-hydrogenated product seems to be low (see figure 3.6), the actual coverage
of hexenes on the surface tends to be higher since a certain threshold of coverage has to be
overcome in order to observe molecular desorption [137].

The same holds true for the desorption of benzene. Below monolayer coverage only 45% of
the adsorbed molecules desorb intact upon heating during TPD whereas 55% dehydrogenate
and dissociate at the surface according to Campbell et al. [174]. In other words the actual yield
of formed benzene on the surface might be twice as high as actually observed during desorption
in the TPD experiments. Interestingly the intramolecular dehydrocyclization of hexynes to
form benzene has not been reported so far and the same reaction, which has occassionally been
observed for hexenes [137, 175], is not very well understood on a mechanistic level.

In principle three reaction mechanisms can be proposed for dehydrocyclization of Cg hy-
drocarbons: formation of a cyclic C5-membered ring followed by ring enlargement, stepwise
dehydrogenation followed by ring-closure or vice versa. Ring enlargement of a C5-membered ring
has been observed in small quantities during TPD of 1-methyl-1-cyclopentene and methylene
cyclopentane on Pt(111) [176]. However, this mechanism would first require the formation of a

Cs-membered ring, which is reported to be stable up to 325K [176]. This species would have
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characteristic vibrational frequencies, e.g. §(ring) at 1215cm™!, and none of these frequencies
have been observed for linear hydrocarbons on Pt(111) using IRRAS [157] and SFG [150, 151]
making this mechanism rather unlikely.

Differentiation between the two remaining mechanisms based on TPD results alone is
rather difficult. The desorption temperature of benzene produced by dehydrocyclization of
either hexynes or hexenes on Pt(111) of this study is comparable to the desorption-limited
TPD of pure benzene on Pt(111) at low coverage [174]. This desorption is thought to be related
to a bridge site on the platinum surface [177] and the variations in desorption temperatures
observed in this study might be caused by spectator species, which were also postulated to
perturb adsorption sites of linear hydrocarbons on Pd(111) [175]. For the dehydrocyclization of
1-hexene on CuyPt(111) it was shown by NEXAFS measurements, that the rate-determing step
is the formation of a cyclic intermediate, whereas dehydrogenation takes place already at low
temperatures [145]. 1-Hexene is believed to dehydrogenate to form a 1,3-hexadiene via an allylic
intermediate, followed by 1,3,5-hexatriene, which finally forms benzene. Due to the detection of
hexenes caused by self-hydrogenation of 1- and 3-hexyne on Pt(111) at 300K it is obvious that
significant dehydrogenation takes place at temperatures below 300 K. Therefore cyclization
would have to take place below that temperature for a mechanism in which cyclization precedes
dehydrogenation. However no experimental evidence was found for ring-formation by IRRAS
e.g. for the surface chemistry of 1-hexene on Pt(111) [157].

Consequently a mechanism based on dehydrogenation followed by cyclization seems rather
likely. The presence of self-hydrogenated alkenes could be the starting point of a mechanism
analogous to the dehydrocyclization of 1- and 3-hexene on CusPt(111). For the alkynes, an
additional mechanistic route without the formation of an alkene species could lead to the
formation of an allylic intermediate, namely half-hydrogenation to a vinyl-intermediate followed
by a 1,2-hydrogen shift. These isomerizations caused by hydrogen shifts have been observed for
several hydrocarbons on Pt(111) including the inter-conversion between adsorbed acetylene
and vinylidene [42] and n>-allyl to propylidyne [178]. The formation of a hexadiene species is
followed by additional dehydrogenation steps leading to hexatriene, which finally forms benzene.

The proposed reaction mechanism is summarized in figure 3.7.

3.4 Conclusions

The studies presented in this work shed light onto the complex surface chemistry of hexynes
on Pt(111). Both molecules mainly undergo dehydrogenation to form highly dehydrogenated
carbonaceous species during TPD, ranging from 70 to 90 % of the initially adsorbed molecules.
As a direct consequence of the functional group, the corresponding hydrogen evolution is
characterized by higher desorption temperatures compared to the analogous alkenes. Three
major desorbing carbon species are detected: molecular desorption of chemisorbed hexyne,
hexenes produced by self-hydrogenation as well as benzene formed by dehydrocyclization.

Intramolecular dehydro-cyclization of linear C,; alkynes to form benzene takes place regardless
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Figure 3.7: Proposed reaction mechanism for benzene formation of hexynes and hexenes on
Pt(111). Dehydrogenation of an allylic intermediate, which is formed either by dehydrogenation
of hexenes or by half-hydrogenation followed by 1,2-hydrogen shift of alkynes, leads to hexadiene.
Further dehydrogenation leads to a hexatriene species, which cyclizes to form benzene. Adapted
with permission from J. Phys. Chem.C 122, 8, 2018, 4428-4436. Copyright 2018 American
Chemical Society.

of the position of the triple bond and is reported for the first time. Based on similarities
between alkynes and alkenes, and similar investigated systems, a reaction mechanism based
on dehydrogenation followed by ring-closure is proposed. Identification and characterization
of all available reaction pathways of alkynes including the dehydrocyclization are of pivotal
importance for understanding activities of metal catalysts, since the carbon residues were
shown to have a major impact on catalytic activity [48, 179]. This work provides a first step and

foundation for further investigations of long-chained alkynes on platinum catalysts.

3.5 Additional Insights

The preceding chapter dealt with the thermal surface chemistry of different hexynes on Pt(111)
and neglected thereby compulsary the chemistry of the according hexenes. It is the aim of this
section to highlight effects encountered during investigation of these molecules. The entire
TPD studies of alkenes on Pt(111) are summarized in figure 3.8 and additional IRRA spectra of
3-hexenes and 3-hexyne are shown in figure 3.9.

The assignment of different m/z ratios for the TPDs displayed in figure 3.8 follows mostly the
one of hexynes: 2 for hydrogen, 57 for hexane, 78 for benzene, and 69/67 for the corresponding
hexene as no hexynes are present in these experiments. The dehydrogenation leading to release

of molecular hydrogen and intramolecular dehydrocyclization were already discussed in the
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previous chapter. The self-hydrogenation leading to hexane can be monitored by the m/z ratio
of 57. For cis- and trans-3-hexene only negligible amounts of hexane can be detected. A sharp
signal of hexane desorption is observed at 236 K for 1-hexene, which is in qualitative agreement
with previous studies [137]. Here, the hexane desorption is coincident with the onset of hydrogen
release. The appearance of hexane during TPD of 1-hexene in contrast to the 3-hexenes reflects
the nucleophilic character of the atomic hydrogen during hydrogenation, which is suppressed

for electron-rich 3-hexenes.
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Figure 3.8: TPD studies of different hexenes on Pt(111). In each experiment, 0.22/SA of a) trans-
3-hexene, b) cis-3-hexene, and ¢) 1-hexene was dosed at 100 K.

The molecular desorption of hexenes is more complex. Regardless of the actual surface
chemistry, they all have in common, that hexene desorption takes place at temperatures signifi-
cantly below 300 K in contrast to hexene desorption caused by self-hydrogenation of alkynes
above 300 K. Consequently the desorption of self-hydrogenated hexenes described in the previ-
ous section can definitely be assigned to be rate-limited, which is consistent with the higher
temperatures required for dehydrogenation of hexynes. In the simple case of 1-hexene, only
one desorption signal at 222 K is observed. For trans-3-hexene, one major desorption signal is
detected at 215. Interestingly, cis-3-hexene exhibits two distinct features at 194 and 221 K. At
first glance the presence of two desorption signals might be attributed to pronounced differences
in adsorption sites. However, a similar behavior has been described for the thermal chemistry
of cis- and trans-2-butene on Pt(111)[180]. The cis-isomer desorbs at higher temperatures
compared to the trans-isomer indicating stronger bonding to the surface, which is in this respect
surprising as the trans-isomer is thermodynamically more stable. At the same time isomeriza-
tion of trans to cis takes place at lower temperature than vice versa. The relative stability of
the two alkenes on Pt(111) depends not only on the energies of molecular deformations and
alkene-surface interactions, but also on those associated with surface restructuring[181]. It
seems like this effect of surface restructuring can be expanded to internal hexenes, but more

mechanistic details are required to acquire a more complete picture.

One problem, which hinders more meaningful statements about the surface stability of
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hexenes, is associated with the identical cracking pattern of both molecules. This drawback
can be circumvented by means of IRRA spectroscopy, which is shown in figure 3.9. The most
prominent bands are summarized in table 3.2 and band assignment was performed using
different references[150, 158, 182]. Comparison between the spectra of cis- and ¢trans-isomers
in figure 3.9 leads to identification of characteristic frequencies for each molecule, for instance
2843 cm! of trans-3-hexene. These bands could be used to detect the presence/absence of
different isomers at the temperature of interest. Along with isotopic labeling of the initial
molecules, a combined IRRAS and TPR study could shed light on the puzzling surface chemistry

of hexenes in the future.
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Figure 3.9: IRRA spectra of 0.44/SA 3-hexenes and 3-hexyne adsorbed on Pt(111) at 100 K.

Table 3.2: Vibrational band assignments for 3-hexenes and 3-hexyne adsorbed on Pt(111) at
100K.

Band assignment cis-3-hexene {rans-3-hexene 3-hexyne

(7/em™) (#/em™b) (/em™b)

v=CH 3003 2983

VasCHg 2964 2964 2974
VasCH, 2933 2933/28 2937
VasCHy 2920
vsCHy4 2872 2872 2875
vsCH,, 2843 2846
0asCHy4 1460 1466 1463
0sCH,4 1367 1370 1379
wCH,4 1325
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3-HEXYNE ON SIZE-SELECTED PT CLUSTERS

ize-selected metal clusters supported on metal oxides have recently gained significant

scientific attention due to their potential to investigate hydrogenation reactions on a

fundamental level. To expand previous studies on ethylene hydrogenation we report
on the selective hydrogenation of 3-hexyne. The studies were carried out on the same model
systems of Pt clusters supported on MgO as for the ethylene hydrogenation and introduce the
additional parameter of reaction selectivity. Isotopically labelled temperature-programmed
reaction experiments show that the surface chemistry of 3-hexyne is dependent on cluster size
and characterized by desorption of several reaction products. The latter include formation of
molecules involving dehydrogenation as well as hydrogenation steps. By comparison between
hydrogenation of hexyne and ethylene an atomic window is found for Pty, where activation
barriers favor effectively triple over double bond hydrogenation leading to enhanced selectivity.
The favored hydrogenation of the triple bond is found not to be correlated to hydrogen dissocia-
tion, but rather to cluster morphology and adsorption sites available for the alkyne. This is the
first experimental evidence of the potential use of supported, size-selected metal clusters for

selective hydrogenation reactions.

4.1 Introduction

Cluster-based materials with control over atomic size have been intensively studied under
ultra-high vacuum (UHV) conditions due to their unique and unpredictable catalytic properties
evolving by addition of single atoms[80, 183, 184]. Typically, these investigations dealt either
with CO oxidation or acetylene cyclotrimerization catalyzed by late transition metals, in par-
ticular Au, Pd and Pt, supported on various metal oxides including MgO [87, 124, 185, 186],
Si0,/Si[70, 187, 188], Al,04[189, 190] and TiO, [191-197].

In recent years the focus of cluster research has shifted towards (de)-hydrogenation reac-
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tions of unsaturated hydrocarbons[34, 46, 89, 198, 199]. Our group has shown that supported
Pt clusters in the size regime of seven to twenty atoms show distinguishable catalytic activity
as a function of size for ethylene hydrogenation [34]. For instance, Pt supported on MgO(100)
shows higher hydrogenation activity stemming from increased intrinsic resistance towards
undesired dehydrogenation channels, leading to poisoning of the metal surface. This finding for
cluster-based materials results in structure sensitivity, which is not observed for larger nanopar-
ticles and bulk materials [200]. The proclivity of monodisperse clusters for (de)-hydrogenation
reactions was shown to be affected by local electron densities, defining unique catalytic active
sites. The local electron density was shown to be not only controlled by cluster size [34, 46], but
also by support material [83] and stoichiometry [82], offering additional possibilities to steer
chemical reactivity.

Having established an advanced understanding of ethylene hydrogenation on supported
Pt clusters on both, an experimental and theoretical basis, the question arises whether these
gained insights can be expanded to more complex systems involving other functional groups and
alkyl-substituents. Particularly the replacement of the double bond by a triple bond introduces
the supplemental parameter of selectivity in addition to overall hydrogenation activity. In
order to gain insights into these systems, the hydrogenation of 3-hexyne has been chosen
as a model system for long-chained alkynes, keeping cluster component (Pt , n between 3
and 13) and MgO(100) as support material constant. This approach allows direct comparison
between an unstudied reaction and well-characterized catalyst systems. The tendency to form
different reaction products defining cluster selectivity has been tested by isotopically labelled
temperature-programmed reaction (TPR) experiments and are compared to results of a Pt(111)

single crystal.

4.2 Results

TPR spectra of 3-hexyne and deuterium on supported, size-selected Pt clusters, bare MgO(100)
and Pt(111) are shown in figure 4.1 and 4.2. Figure 4.1 is devoted to hydrogenation products by
coadsorbed D,, whereas figure 4.2 contains species involving either direct or indirect dehydro-
genation steps.

The two possible reaction products of 3-hexyne and deuterium are deuterated hexene
and hexane, which can be distinguished using their molecular mass as shown in figure4.1.
No molecular desorption of dy-hexene at m/z = 86 is observed for cluster sizes containing
between three and seven atoms as well as the bare MgO(100) support within the sensitivity
of the experiment. A small onset of hexene desorption is detected for Ptg around 150 to 300 K.
Significant hexene desorption are found for Ptg, 10 and Pt; 5 having broad desorption features
and maxima around 250 K. For Pt(111), two major desorption signals around 150 and 250 K
can be seen in figure 4.1. No molecular desorption of d,-hexane at m/z = 90 is detected for all
cluster sizes and only minor desorption at 184 K for the platinum single crystal.

Besides the formation of deuterated products, additional reaction pathways including de-
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Figure 4.1: TPR results of 3-hexyne and D, on size-selected Pt clusters supported on MgO(100)
tracing m/z = 86 (deuterated hexene, a) and m/z = 90 (deuterated hexane, b). Desorption signals
are highlighted by grey background. The results obtained for the bare MgO(100) support and a
Pt(111) single crystal are shown for comparison.

hydrogenation steps have to be taken into account for the surface chemistry of 3-hexyne as
shown in figure 4.2. The m/z ratio of 69 was used to determine the amount of self-hydrogenation
leading to the formation of H,y-hexene. In contrast to deuteration, the hydrogen atoms stem
from dehydrogenation of 3-hexyne making atomic hydrogen available for intermolecular hydro-
genation of 3-hexyne. No self-hydrogenation is observed for cluster sizes below eight atoms. The
signal below 200 K is caused by physisorbed 3-hexyne and can be neglected. Cluster sizes be-
tween 8 and 13 atoms show broad signals ranging from 200 up to 400 K, and hexene desorption
occurs additionally below 200 K on Pt(111). At temperatures above 400 K, benzene desorption is

observed for all cluster sizes and Pt(111).

Integration and normalization of the TPR curves to the number of Pt atoms per sample are
shown in figure 4.3. Four desorbing species have been identified including (self-) hydrogenated
hexene, hexane and benzene. The only observable reaction pathway of 3-hexyne and deuterium
on Pt clusters containing between 3 and 7 atoms is the formation of benzene. Ptg is the
minimum cluster size where hexene desorption occurs in both forms, hydrogenation and self-
hydrogenation. Larger cluster sizes (9, 10 and 13) show higher activity than the Pt(111) surface

for all products.
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Figure 4.2: TPR results of 3-hexyne and D,, on size-selected Pt clusters and Pt(111) showing
m/z = 69 (Hy-hexene, a) and m/z = 78 (benzene formation, b). Desorption signals of Hy-hexene
(grey) are caused by self-hydrogenation and the feature below 160 K originates from the cracking
pattern of 3-hexyne physisorbed on the support. The desorption of benzene occurs above 400 K
for all cluster sizes.
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Figure 4.3: The integrated signals from the TPR curves in figure 4.1 and 4.2 normalized to the
number of Pt atoms are displayed as a function of cluster size.
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4.3 Discussion

The discussion is divided into two parts. First, reactions which do not necessarily require the
presence of deuterium are dealt with including formation of H,-hexene and benzene. In the
second part, reactions of 3-hexyne explicitly including deuterium and their impact on selective

hydrogenation reactions are discussed.

4.3.1 Dehydrogenation Pathways

The thermal chemistry of unsaturated hydrocarbons on clean transition metals under UHV
conditions is known to be characterized by dehydrogenation, leading to the formation of strongly
adsorbed carbonaceous species on the metal surface [29]. This process releases atomic hydrogen,
which in turn can either recombine to form molecular hydrogen or hydrogenate additional
molecules on the surface. The intermolecular hydrogenation was monitored in this work by
desorption of H,-hexene. As expected, no production of H,-hexene was observed for the blank
MgO(100) support, but also platinum metal clusters up to seven atoms showed no significant
intermolecular hydrogenation. This observation can be rationalized by the number of adsorption
sites available under the applied reaction conditions. Smaller clusters exhibit presumably only
one adsorption site of 3-hexyne effectively suppressing intermolecular interactions between
adsorbed hexynes. This can be illustrated on Pt clusters, which are assumed to have a trigonal
planar structure on the surface. Alkynes adsorb in a di-o/m configuration on platinum [201],
which requires three surface atoms, and consequently all cluster atoms are in direct contact with
one single hexyne molecule and not available for interactions with additional molecules. For
larger clusters, e.g. Pt;, additional effects have to be taken into account. The alkyl-substituents
of 3-hexyne might sterically hinder co-adsorption or even weaken co-adsorption due to inter-
molecular interactions, which in turn lead to desorption before dehydrogenation. Besides these
interactions, the transition between Pt; and Pty might be accompanied by significanct changes
in cluster morphology, which was proposed between these sizes on TiO,(110)[192, 194].

As soon as the cluster reaches a critical size, co-adsorption and self-hydrogenation takes
place. The broad desorption feature, exhibiting at least two maxima for Pty and Pt,,, reflects
the multi-step nature of the dehydrogenation. First, significant dehydrogenation takes place
below room temperature leading to hexene desorption below 300 K for larger clusters and the
metal surface. The desorption temperature of 1-hexene on Pt(111) is found between 275 to 284 K
depending on coverage [137, 144], which may be indicative of repulsive interactions between
co-adsorbed species of hexene and hexyne tested here. The occurance of hexene desorption above
room temperature is clearly reaction-rate limited by hydrogen release during dehydrogenation.

One reaction pathway of exclusive dehydrogenation is the formation of benzene shown in fig-
ure4.2b). Benzene desorption is observed even for cluster sizes below seven atoms. This reaction
occurs via intra-molecular dehydrocyclization, since no evidence for CC-bond scission was found
for both, cluster samples and single crystal. Our previous work has studied the thermal chem-

istry of 3- and 1-hexyne on Pt(111) in detail [202], concluding that cyclization follows several
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Figure 4.4: TPD of 0.44/SA 3-hexyne on single Pt atoms supported on MgO(100) (coverage of Pt
atoms 4.0 % ML).

dehydrogenation steps for both molecules similar to a copper platinum alloy [146]. Furthermore,
this dehydrocyclization is also available for the according hexenes regardless of the initial stere-
ochemistry. The dehydrogenation mechanism followed by ring-closure seems to be applicable to
platinum clusters, since dehydrogenation, as observed by H,-hexene desorption in figure 4.2,
has vanished below 400 K, which is significantly lower than benzene desorption. This desorption
of benzene was shown to emerge only at higher coverages for Pt(111), whereas low coverages
lead to complete coking of the surface without molecular desorption[174]. Consequently, the
amount of formed benzene in figure 4.3 could be underestimated due to limited desorption.
Three metal atoms within one cluster are sufficient for dehydrocyclization, which is explained by
the adsorption mode as described above. Further evidence for this adsorption induced reaction
behavior arises from dehydrogenation experiments of 3-hexyne on single Pt atoms, shown in
figure 4.4. Here, the signals below 200 K are caused by the cracking contribution of 3-hexyne
physisorbed on the inert support. No signals are observed for dehydrogenation (m/z = 2), self-
hydrogenation (m/z = 69,57), and dehydrocyclization (m/z = 78). It should be noted, that benzene
formation from 3-hexyne reported in this work has distinct differences to the well-established
cyclotrimerization of acetylene on Pd clusters, since the latter requires coadsorption of three

molecules and represents an intermolecular reaction.

4.3.2 Hydrogenation Pathways

Figure 4.1 demonstrates, that d,-hexane is only observed as a reaction product from Pt(111)
in a small peak at 190 K. This desorption temperature is slightly lower than observed for
hexane in submonolayer quantities on clean Pt(111)[173], indicating repulsive intermolecular

interactions. No hexane desorption is detected for all cluster sizes, which might be explained
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Figure 4.5: Comparison between TPR results obtained for 3-hexyne hydrogenation in this work
and ethylene hydrogenation taken from reference[34]. Clusters containing less than eight
atoms show no hydrogenation products for 3-hexyne indicative of unfavorable hydrogenation
reaction barriers, whereas Pt;, and Pt clusters show reactivity towards both reactions. Only
Pty exhibits high activity towards a triple bond and low activity for a double bond resulting in
increased selectivity.

either by intrinsic high selectivity or quantities below the detection limit. In order to gain
insight into cluster selectivity, it is convinient at this point to compare formation of d,-hexene
representative of triple bond hydrogenation to the one of a double bond, tested by ethylene
hydrogenation under the same experimental conditions.

This comparison between different unsaturated functional groups for identical cluster sizes
is shown in figure4.5. As determined by integration and normalization of the ion current
in figure 4.1, cluster sizes below eight atoms show no significant hydrogenation of 3-hexyne,
whereas an on-off effect is observed between Pty and Pt,, for ethane formation [34]. It should
be noted, that the absence of hydrogenation products in TPR experiments does not exclude the
clusters capability for hydrogenation under steady-state conditions, but general consistency
is found between TPR and pulsed, isothermal experiments[46]. For cluster sizes without
hydrogenation products in TPR experiments, the turn-over frequencies determined under
isothermal conditions typically do not exceed the one determined for the extended surface.

Cluster sizes with increased hydrogenation activity (Pty, Pt,, and Pt,5) compared to the
extended surface in figure 4.5 all show similar desorption temperatures below 300 K in figure 4.1.
This leads to the conclusion that activation barriers for hydrogenation as well as mechanistic
pathway leading to hydrogenation are quite similar for these cluster sizes. In contrast to the
platinum clusters, two distinct distinct signals are observed for the single crystal. We tentatively

attribute the low temperature signal at 180 K to hydrogenation of a weakly bound, physisorbed
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hexyne molecule, whereas the high temperature signals originates from hydrogenation of
hexyne chemisorbed on the metal surface. The interaction between metal and weakly bound
species is decreased by preadsorbed hydrogen acting as an isolation layer, an effect which has
also been observed for 1,3-butadiene adsorbed on hydrogen covered Pt(111)[203]. Given similar
activation energies, but different activities and selectivities, the question arises of the origin of
the latter.

A requirement for increased activity might stem from either more favorable hydrogen or
alkyne adsorption. In order to test hydrogen adsorption, we have performed HD scrambling
experiments on the clean cluster sizes showing increased reactivity towards hexyne. Here,
Pty showed limited activity towards HD-exchange in comparison to Pt;, and Pt,;[34, 46].
Assuming a three-dimensional prismatic structure for Pt, (lowest-energy structure found by
first-principles calculations), the limited adsorption and dissociation of hydrogen measured by
TPR experiments are caused by different interactions between hydrogen and Pt atoms of the
bottom layer and top layer, respectively. Hydrogen dissociatively adsorbs on Pt atoms of the
bottom layer in contrast to the top layer. However, co-adsorption of deuterium and 3-hexyne
on Pty investigated in this work here, demonstrates that Pty is among the most active cluster
sizes available for hexyne hydrogenation. Consequently the clusters capability to adsorb and
dissociate hydrogen as part of the reaction network can be ruled out to be a limiting factor for
both, activity and selectivity. On the contrary, co-adsorption of 3-hexyne on the D, precovered
Ptq clusters has to facilitate hydrogen activation by a synergistic effect in order to achieve high

hydrogenation activity as evidenced by the experiments of this work.

This adsorbate-adsorbate interaction is decisively controlled by the adsorption mode and
number of available sites of 3-hexyne on the metal clusters. However, these parameters are
influenced by several factors making direct correlation rather difficult. First, it was shown for
the activation of ethylene, that the arrangement and in particular the local electron density of
single metal atoms within the cluster define unique adsorption sites, leading to distinguishable
activities [34]. The local electron density governed by cluster morphology can not be regarded
as a constant, but rather changes over the course of the experiment due to fluxionality [85, 204].
This cluster relaxation is here mainly controlled by temperature and adsorption of 3-hexyne.
During TPR experiments inter-isomer structural conversion occurs with more isomers being
thermally accessible at higher temperatures. At the same time, the adsorption energy of an
alkyne is higher than the one found for alkenes and is typically around =~ 2eV[171], which
is comparable to the metal binding energies within the cluster [205]. Therefore adsorption
of 3-hexyne is expected to have a major influence on cluster morphology by reaction-induced
fluxionality. These interactions also include the activation of co-adsorbed deuterium, which is
not observed for Pty clusters without adsorbed alkynes. A complex interplay between these
factors leads to favorable hydrogenation conditions of 3-hexyne on Ptgy, Pt;, and Pt,5, whereas

only for Pty high selectivity can be achieved by suppressed alkene hydrogenation.

58



4.4. CONCLUSIONS

4.4 Conclusions

In this chapter the surface chemistry of 3-hexyne was addressed on size-selected Pt clusters
supported on MgO(100). The selectivity for different reaction channels was tested by isotopically
labelled TPR experiments with the conclusions that (i) all cluster sizes between 3 and 13 atoms
showed intramolecular dehydrocyclization of 3-hexyne to from benzene comparable to the
Pt(111) single crystal. This finding is correlated to the di-o/m adsorption mode only requiring
the presence of three metal atoms. (ii) Co-adsorption of several 3-hexyne molecules is hindered
for cluster sizes smaller than 7 atoms as evidenced by desorption of H,-hexene. This stems
from intermolecular, repulsive interactions caused by steric hindrance. (iii) Small cluster sizes
show no hydrogenation products, whereas Pty, Pt,, and Pt;; are more reactive than the single
crystal on a per atom basis. By comparison to ethylene hydrogenation, a small atomic window
is found for Pty, which shows high triple bond, but low double bond hydrogenation activity. The
resulting enhanced selectivity can be attributed to a change of cluster morphology induced by
the higher alkyne adsorption energy in comparison to ethylene. This fluxionality of the clusters
is also responsible for activation of hydrogen required for increased hydrogenation activity.
The results presented here demonstrate the potential usage of cluster-based materials for
selective hydrogenation reactions, but also the difficulties encountered when designing a catalyst
on an atom basis. Not only changes as a function of size are observed, but the investigations of
more complex molecules are also complicated by additional reaction pathways, which become
accessible as the size is changed. Identification and understanding these pathways constitute
a major challenge in the tuning of catalytic selectivity. This work provides the foundation for
further investigations of selective hydrogenation reactions of unsaturated hydrocarbons on

atomically controlled catalysts.
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CHAPTER

ETHYLENE HYDROGENATION ON SIZE-SELECTED PT CLUSTERS

5.1 Introduction

oday catalysis is one of the key technologies for establishing a sustainable society. For
this aim, the reproducible fabrication of catalytic materials on a large scale is crucial,
but remains one of the major challenges in industrial catalysis. Predicting metal-support
interactions is crucial for controlling catalytic performance. In this context, the charge transfer
caused by dopants of the support material is particularly important in the case of sub-nm sized
particles, but has been widely neglected. Although several approaches have been developed to
describe general metal-support interactions, there is no underlying physical principle that can

predict the charge transfer between the support and the catalytic particle.

Here it is demonstrated experimentally and theoretically that doping of the support material
can be used to steer catalytic activity and selectivity of size-selected platinum clusters by
manipulation of the local e -density. Although it is generally believed that chemical bonds
formed at the interface between support and metal particle determine the physical environment
responsible for general support effects, it is shown that an additional physical quantity, namely
the local work function of the support, is responsible for (de)-charging of metal particles.
To quantify this effect the doped support was modelled material by thin a-SiO, films on
Pt(111) and Mo(211) single crystalline surfaces with well-defined work functions and the
selectivity of the ethylene hydrogenation was investigated on supported, sub-nm sized Pt
clusters. Manipulation of the local work function not only opens up the possibility to steer

chemical activity, but also inhibits undesired coke formation on the active metal component.
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5.2 Results and Discussion

The hydrogenation of ethylene catalyzed by metals has long been a benchmark reaction for
more complex systems of unsaturated hydrocarbons. Although the reaction follows the Horiuti-
Polanyi mechanism [14], it was soon recognized that there is a complex interplay between
hydrogenation and dehydrogenation of the hydrocarbon on the metal surface. In general, a
large distance between the d-band center and E (Fermi energy) is favorable for hydrogenation
activity whereas decreasing distance between d-band center and Ep leads to dehydrogenation
and formation of carbonaceous species on the surface, e.g. ethylidyne. For platinum based
catalysts, these dehydrogenated deposits were made responsible to mask any effect of the
underlying metal on hydrogenation activity and consequently this reaction was believed to be

structure-insensitive.

Recent research has demonstrated that platinum clusters (Ptg_;5) supported on MgO(100)
show structure-sensitive behavior for this reaction as a function of the precise number of
atoms[34, 46]. Clusters in this non-scalable size regime have been recognized to possess
unique physical and chemical properties[80, 183, 195, 206—208] and the local e~ -density on
single atoms of nano-sized platinum instead of the d-band center can effectively suppress
the formation of ethylidyne leading to enhanced activity. This local charging of single atoms
within Pt, 5 clusters on a—SiO,/Pt(111) can for instance be controlled by varying the support
stoichiometry, leading to an enhanced/decreased number of Pt-O/-Si bonds [82]. Changing the
support material from MgO(100) to a—SiO,/Pt(111) for several cluster sizes demonstrated
the complex interplay between cluster size and support material, where acid-base arguments
typically applied to heterogeneous catalysts fail to predict catalytic activity [83]. This example
shows that more fundamental insights are required to develop a deeper understanding of

metal-support interactions.

To this end, two model support materials have been synthesized: a—SiO, supported either
on a Pt(111) or a Mo(211) single crystal. Hereby, the fabrication of a thin a—SiO,, overlayer
on Mo(211) (further denoted as a—SiO,/Mo(211)) followed a modified route of Goodman and
co-workers [127], whereas the system a—SiO,/Pt(111) was characterized in detail in our own
publication [126]. Besides experimental characterization (including photo-electron emission
spectroscopies, infrared reflection absorption spectroscopy and temperature-programmed des-
orption), the model systems have been theoretically calculated as summarized in figure 5.1.
The IRRA spectra exhibit vibrational bands at 1238 and 1252 cm™ and a broad shoulder down
to 1100 cm™ associated with asymmetric longitudinal phonon vibrations showing the amor-
phous character of the films (figure 5.1 a)). Additionally, the a—SiO,/Mo(211) exhibits a band
at 1051 cm™! caused by Mo-O-Si vibrations, which in turn means, that in contrast to the plat-
inum system, a chemical bond is formed between oxygen and the underlying molybdenum.
As determined by Auger electron emission spectroscopy, both films consist of SiO, only (no
other oxidation state than (IV) is found for silicon). An average thickness of approximately

8 +4 A has been determined by AES, whereas the large uncertainty is caused by the amorphous
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character of the films and the unknown mean free path of the photoelectrons. The detection
of the Mo-Si-O vibration indicates that this thickness is an upper limit. The small thickness
is further demonstrated by photoelectron emission just below E in the UP spectra shown in
figure 5.1 b), which is caused by the underlying metal d-band. Absence of photoelectrons just
below Ep during metastable impact emission spectra (MIES) confirmed that no defect sites
contributed to the UP spectra.

In order to calculate the model systems, slabs of Pt and Mo were prepared, exposing the
Pt(111) and Mo(211) surfaces. Each of these slabs contained three layers in the normal to the
surface (z) directions. The size of the slabs was repeated periodically in the (x, y) directions. The
bottom layer of the slab was held fixed and the slabs were relaxed to minimize the total energy
using density functional calculations (references to VASP). Subsequently amorphous silica
films (a—Si0O,) were prepared using the procedure described by us in detail in our previous
publication [82]. A thicker ("4-layer", 4L, about 10 A thick) and a thinner ("2-layer", 2L, about
5A thick) film have been prepared; in the following mainly the 2L is investigated. Views of
the a—Si0,/Mo(211) and the a—SiO,/Pt(111) films are shown in figure 5.1 ¢) (silicon atoms light
grey, oxygen in dark grey). Histograms of the distances d(O-Mo) (d(O-Pt)) between the oxygen
atoms of the Mo (Pt) atoms in the top layer of the Mo(211) (Pt(111)) substrates and the a—SiO,,
films grown on them are shown in figure 5.1 d). A significantly larger number of Mo-O bonds
then Pt-O ones is observed, with the a—SiO,, in closer contact with the Mo(211) surface. This
finding is in agreement with the experimental finding, and it affects in an important manner
the work function of the a—SiO,/Mo(211) system.

The work function of the bare Mo(211) and Pt(111) surfaces and those with the a—Si0, films
grown on them have been calculated as the difference between the effective local calculations
(including electrostatic, Hartree, and exchange correlation contributions) and the Fermi energy

(Ep) of the system, see figure 5.2. For both cases ®(z) was calculated

D(2) =< D(x,y,2) >=<V,rr(x,y,2) > -EFp 5.1

where < ..> denotes an average over the xy plane, and z in normal to the surface plane. In
figure 5.2 the variation of the above quantity starting from the position (taken as z = 0) of the
top layer atoms of the metal substrate is shown. < ®(z) > converges at some distance above the
surface to a constant, which is taken as the value of the vacuum level z,. The value at z, is
designated as the global work function ® =< ®(z,) >=<V,rr(2,) > ~EF. The work function for
the bare Mo surface is smaller than that of the Pt(111), and both increase when an a-SiO, is
adsorbed on them, with the a—Si0,/Mo(211) being less by about 2 eV compared to the platinum
system.

So far, the calculations are in accordance with previous studies on the "SiO,/metal (regarded
as a) dielectricum’ system [209, 210]. The dominating charge transfer of these systems can be
divided into two categories: the first being the spatial penetration of the metal wave functions

into the oxide creating new, metal-induced gap-states (MIGS) at the interface, the second being
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Figure 5.1: Experimental and theoretical characterization of the two support systems: a—SiO,
synthesized on Pt(111) and Mo(211). a) IRRA spectra after synthesis of the support materials.
The 3-D, amorphous character of both films is shown by vibrational bands at 1238 and 1252 cm™!,
respectively exhibiting a broad shoulder down to 1100 cm™ associated with asymmetric longitu-
dinal phonon vibrations. Additionally the Si0,/Mo(211) exhibits a band at 1051 em™ caused by
Mo-O-Si vibrations. b) UP/MIE spectra (solid/dotted) of both thin films. ¢) Views of the calculated
support systems including the underlying metal, silicon (light grey) and oxygen (dark grey).
d) Histograms of the distances d(O-Mo) (d(O-Pt)) between oxygen atoms in the top layer of the
Mo(211) (Pt(111)) substrates and the a—SiO,, films grown on them. The number of Mo-O bonds
is significantly larger than the number of Pt-O bonds, with the a—SiO,, in closer contact with
the Mo(211) surface.
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Figure 5.2: The calculated work function of the grown a—SiO,, films on Pt(111) and Mo(211).
The work function is determined by the difference between the effective local calculations and
the Fermi energy (Ep) of the system. The work function converges to a constant, which is taken
as the value of the vacuum level, z,, and the correlating global work function ®. The work
function for the bare Mo surface is smaller than that of the Pt(111), and both increase when
an a—Si0, is adsorbed on them, whereas the global work function of a—Si0,/Mo(211) is still
smaller by about 2 eV compared to the platinum system.

charge transfer by covalent bonds creating covalent metal-induced gap states (CMIGS). The
a—Si0,/Pt(111) system (P(a—SiO,4(2L)/Pt(111))= 7.26 eV) appears to be controlled by the first
category of charge transfer, since there is no experimental evidence of interfacial Pt-O covalent
bonds being formed. On the other hand, the a—Si0,/Mo(211) system (®(a—Si0,(2L)/ Mo(211))=
5.12 V) is influenced by charge transfer through covalent Mo-O bonds (see figure 5.1). Because
of the low work function of Mo, the newly created interfacial states are acceptor-like, bringing
about an increased electron density in the a—SiO,, film. The interfacial perturbation caused
by covalent Mo-O bonding (see figure 5.2) is expected to have a greater effect in the case of
thin silica films (e.g. 2-layer a—SiO,) than is the case of thicker films, where the interfacial
perturbation may get ’diluted’ by regions of the film located further away from the metal/oxide
interface.

To relate the charging propensity of a metal cluster adsorbed on the metal-adsorbed a—SiO,

film, the local work function has to be considered, which is calculated according to:

(Dloc(xi’yi’zi):Veff(xi)yi7zi)_EF (5-2)

where (x;,y;,2;) are the coordinates of the i-th Pt atom of the supported Pt,; cluster in
direct contact with the underlying a—SiO, surface; these atoms are taken as the 7 atoms of

the cluster lying closest to any of the Si or O atoms of the oxide film, with the geometry of the
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a—Si0y/metal surface taken as the one following total structural relaxation of the adsorption
system Pt,s/a—SiO,/metal (metal= Pt(111), Mo(112)). Pt,; clusters are chosen for calculations,
because they represent one of the most investigated cluster sizes [82]. The local work function

of the supported Pt cluster is determined as the average over the interfacial atoms (<.. >;)

<@ppe >=< Opoe(x4,¥i,2i) > —Ep =<Verr(x;,yi,2i) > —EF (5.3)

In order to sample the heterogeneous environment of the a—SiO, film surface, the surface
is divided into a grid containing ZZZ points, and the Pt,; is positioned at each of these points,
followed by subsequent total relaxation of the adsorption system, and evaluation of the local
work function for that cluster (as described above). The range of average distances < (x;, y;,2;) >;
for the ensemble of sampled adsorbed cluster configurations and the corresponding range of
< @y, > values are indicated in figure 5.2 by changed colored segments, with the corresponding
arrows on the horizontal (z) axis, indicating the corresponding mean of the distribution of
the distances of the bottom layer of the adsorbed Pt clusters from the topmost atoms of the
Mo(211) (Pt(111)) metal substrates.

In figure 5.3 the values obtained for < ®;,. > versus several characteristics of the system
are displayed: a) the excess (depletion) of the number of electrons on the particular sampled
cluster configuration, An.(Pt,3) (determined through Bader analysis), b), ¢) the number n(Pt-Si)
and n(Pt-O) of average bonds formed between the interfacial atoms of each of the sampled Pt
cluster configurations with the a—SiO, surface. Additionally, An.(Pt,;) plotted versus n(Pt-
Si) and n(Pt-O) for each of the sampled Pt4 clusters is displayed in d), e). From figure 5.3 a),
a clear correlation is observed between the values of < ®;,. > and An.(Pt;3), with the Pt ,
clusters adsorbed on the Pt(111) supported a—SiO,, film, having a higher local work function
and being positively charged (that is An.(Pt;5)< 0), whereas, the clusters adsorbed on the
Mo(211)-supported film being characterized by lower values of < ®;,, > that correlate with
excess electrons (An.(Pt;3)> 0) corresponding to negative charging of the clusters. The results in
figure 5.3 b), ¢) show that the high local work function of a—SiO,/Pt(111) system correlates with
a low number of Si-Pt bonds and a high number of O-Pt bonds between the atoms of the a—SiO,,
film and the bottom atoms of the sampled adsorbed Pt,4 clusters. The reverse correlation is
found for the a—Si0,/Mo(211) system, with the smaller values of n(O-Pt) reflecting the oxygen
depletion of the top of the a—SiO, film because of the aforementioned formation of Mo-O bonds
at the interface with the supporting metal, which draws oxygen atoms to the deeper interfacial
region and away from the top region of the film.

To evaluate the charging properties in dependence of the support system, low coverages
of size-selected Pt clusters (4.5- 102 particles per sample, 0.785 cm?) were deposited on the
support systems under soft-landing conditions (E;, < 1eV/atom). The Pt (n=10,13 and 14)
clusters are tested for their catalytic activity and deactivation during ethylene hydrogenation
using a pulsed molecular beam reactive scattering experiment (p-MBRS). The temperature of

the sample is kept at 300K and a background pressure of 2-107% mbar D, is applied in the
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Figure 5.3: The charging propensity of a metal cluster adsorbed on the metal-adsorbed a—SiO,
film in dependence of the local work function. The local work function of the supported Pt
cluster is determined as the average over the interfacial platinum atoms being in direct contact
with the underlying a—SiO,, surface. a) The excess/depletion of the number of electrons on
the particular sampled cluster configuration, An.(Pt,3). b), c) Average number of n(Pt-Si) and
n(Pt-O) of bonds formed between interfacial platinum cluster atoms and the a—SiO,, surface.
d), e) Correlation between An.(Pt,;) and n(Pt-Si/O) for each of the sampled Pt,; cluster. f) Views
of the calculated model systems including size-selected Pt;4 clusters on different a—SiO, thin
films.

chamber. A defined pulse of ethylene is dosed and the formed ethane (m/z = 31) is recorded
mass-spectrometrically within the quasi-steady-state region. In order to open dehydrogenation
channels, the temperature is raised to 400 K for five pulses and afterwards the activity at 300 K
is measured again. The turn-over frequency (TOF) at 300 K of clean Pt | clusters before and after
the induced deactivation at 400 K is shown in figure 5.4 a). An identical activity is found for Pt
clusters on each support system, whereas Pt,; clusters are more reactive on a—SiO,/Mo(211)
than on a—SiO,/Pt(111). The reverse is found for Pt,, clusters supported on a—SiO,/Pt(111)
having higher activity than those supported on a—SiO,/Mo(211). The activity for hydrogenation
not only depends on electronic factors, but also on additional effects, e.g. increased required
active site by co-adsorption in contrast to intramolecular dehydrogenation.

After the temperature step to 400K, Pt;, on a—SiO,/Pt(111) shows lower activity than be-
fore, but Pt,; and Pt,, retain their initial catalytic activity. In strong contrast to a—SiO,/Pt(111)
as support material, all cluster sizes on a—SiO,/Mo(211) show almost vanished reactivity after
400 K. This percent change in TOF induced by dehydrogenation is given in figure 5.4 b). All

cluster sizes on a—Si0,/Mo(211) showed deactivation between 100 and 80%, whereas the same
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Figure 5.4: Pulsed molecular beam reactive scattering of ethylene and deuterium on size-selected
Pt clusters supported on either a-Si02/Pt(111) or a-Si02/Mo(211) thin films: a) Measured ethane
TOF of Pty 1514 at 300K during quasi-steady-state region of a defined ethylene pulse and a

background pressure of p = 2-107% mbar D, along with additional deactivation (activity at 300 K
after temperature step to 400 K). b) Percent change in TOF between activity at 300 K and after
temperature increase to 400 K as a function of cluster size and support system.

cluster sizes on a—SiO,/Pt(111) showed a maximum decrease of 50% for Pt,, and 0% for Pt
and Pt,,.

This effect can be explained by charging effects caused by the local work functions of the
thin films. On the one hand, the a-SiO,, film on Mo(211) has an increased electron density
caused by the low work function of molybdenum and acceptor-like CMIGS created by covalent
Mo-O bonds formed at the interface. This excess electron density is transferred to adsorbed Pt
clusters, which become negatively charged. The accumulation of negative charges facilitates
the formation of dehydrogenated species at elevated temperatures. On the other hand, the
a—Si0, film on Pt(111) is characterized by the high work function of platinum and the absence
of CMIGS leading to electron-deficiency. As a consequence, the thin film withdraws e™-density

of adsorbed clusters leading to increased resistance towards poisoning.
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5.3 Conclusions

In conclusion, the ethylene hydrogenation catalyzed by size-selected Pt clusters supported on
two different a—SiO,/metal systems has been studied. The underlying single crystal not only de-
termines the geometrical arrangement of atoms within the silicate films, but also electronically
affects the films by penetration of the metal work function. Both effects lead to (de)charging of
the silicate thin films resulting in different local work functions. The local work function is cru-
cial in order to understand the local e™-density of supported metal clusters. It was shown, that
a high local work function as realized in the Pt,;/a—Si0,/Pt(111) model system leads to positive
charging of the cluster effectively preventing formation of carbonaceous species, whereas a low
local work function leads to partially negatively charged clusters favoring dehydrogenation
as evidenced by the Pt,;/a—Si0,/Mo(211) system. The local work function, which can also be
used in industrial practice by implementing dopants into the support material, represents an
additional, yet underestimated, parameter for controlling and steering of catalyzed reactions
besides more obvious parameters such as particle size. Although the experiments were per-
formed using sub-nm sized metal clusters, the finding is general and can also be applied for
perimeter activation of larger nanoparticles. The local work function might not only play a role
in optimizing catalysts, but is also essential in electronic applications as the system Pt/SiO, is
omnipresent. Consequently, the insights gained in this study might also be applicable when

building electronic devices in the sub-nm size regime.
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alladium based systems are extensively used in a wide range of catalytic hydrogenation

reactions. In this chapter, electronic modifications of two a-SiO, thin films are used to

influence the properties of supported Pd nanoparticles (~1 nm). Negative charging of
the metal particles leads to destabilization of both, surface and subsurface, hydrogen species,
whereas positive charging leads to stabilization of both hydrogen species as evidenced by TPD
measurements. The impact of this finding for general hydrogenation reactions is illustrated for
ethylene hydrogenation at 300 K using a pulsed molecular beam technique, where an increase
in TOF over one order of magnitude is observed for positively charged particles. The difference
in hydrogenation TOF can be rationalized by two reasons: (i) increased hydrogen coverage on
the metal surface due to stabilization and (ii) reduction in activation barrier for hydrogenation,
both caused by metal-support interactions. In addition, the active phase of the metal particles
during catalysis is proposed to be influenced by two mechanisms, formation of a carbide phase

and a dehydrogenated carbonaceous overlayer on the surface.

6.1 Introduction

Palladium based catalysts play an important role in hydrogenation reactions of unsaturated
hydrocarbons and have received ongoing scientific attention since Lindlar first described a class
of catalysts named after him in 1952 [92]. However, in the case of alkenes, the mechanistic basis
was paved already in 1934, when Horiuti and Polanyi proposed a reaction scheme, in which half-
hydrogenation of ethylene caused by dissociated hydrogen atoms leads to an alkyl-intermediate,
which is sequentially hydrogenated to give the final product ethane [14].

Ongoing research revealed, that the overall activity and selectivity of supported Pd catalysts
depends on several inter-correlated subtleties effectively leading to a much more complicated

picture on the molecular level than based on the Horiuti-Polanyi mechanism [48, 211-216].
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These factors can be generously divided into the actual surface chemistry and subsurface chem-
istry. Two modes of ethylene adsorption on the surface have been identified: a di-o or 7-bonded
species [217]. The former is thought to be responsible for the formation of ethylidyne, whereas
the latter can be effectively hydrogenated to ethane. Ethylidyne and other dehydrogenated
species on metal surfaces are mainly believed to be spectator species blocking adsorption
sites[140, 179, 218], although slow hydrogenation of these (compared to the overall hydrogena-
tion rate) has been observed experimentally on platinum [219, 220]. It has also been proposed,
that these carbonaceous species act as a hydrogen reservoir during catalysis [221, 222].

Besides the formation of dehydrogenated species on the metal surface, the chemistry in
the subsurface region is of paramount importance in the case of Pd nanoparticles, which are
often found to exhibit a carbide phase either formed during catalysis [223—-225] or intentionally
introduced a priori[226, 227]. Carbon atoms incorporated in the subsurface region of the metal
were found to control the availability of subsurface hydrogen species, which would otherwise
lead to formation of a hydride phase in the absence of the hydrocarbon [228]. The availablity of
hydrogen on and below the metal surface is thought to determine the activity and selectivity of
the catalyst during alkyne hydrogenation [229]. For Pd nanoparticles with a diameter between
1.3 and 4.8 nm supported on thin alumina films, the desorption temperature and the ratio
between subsurface to surface hydrogen were shown to be dependent on particle size [217]. To
the best of the authors knowledge no study has been reported so far concerning the question,
whether these properties of identical Pd nanoparticles can be tuned by the appropriate choice
of the support system under ultra-high vacuum conditions (UHV).

In the present work, the metal-support interaction between two modified a-SiO, supports
and Pd nanoparticles with a narrow size distribution of 0.9-1.4 nm was investigated under
UHV conditions. First, the influence of the support on the ability of Pd nanoparticles to form
(sub)hydrogen species is demonstrated by D,-temperature-programmed desorption (TPD). To
further illustrate the impact of support-dictated hydrogen species for catalytic reactions, the
hydrogenation of ethylene was carried out under isothermal conditions. Besides the characteriza-
tion of the involved hydrogen species, also the role of the hydrocarbon during reaction was tested
by isotopic scrambling. After reaction, the Pd nanoparticles were used for post-mortem TPR and

CO IRRAS in order to evaluate the active phase during catalysis.

6.2 Results and Discussion

As the same two model a—SiO,, systems have been applied as support material for Pd nanopar-
ticles, the results obtained experimentally and theoretically of chapter 5 are the foundation
for the interpretation and discussion of support effects on Pd nanoparticles during ethylene
and acetylene hydrogenation. The interested reader is referred to this chapter for a molecular,
microscopic description of the processes involved. In short, the (de)-charging of size-selected Pt
clusters on a—SiO, on Pt(111) and Mo(211) is decisively controlled by the local work function of

the supports and this leads to changes in the electronic structure of supported clusters.
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Figure 6.1: Schematic design of the two model systems: Two a—SiO, thin films as support mate-
rial for Pd nanoparticles were grown on Pt(111) and Mo(211). Usage of Pt(111) as underlying
metal leads to positively charged adsorbed particles, whereas Mo(211) results in accumulation
of negative charges on the particles, and the amount of charge transfer is governed by the
local work function of the support. The use of different underlying single crystals is compa-
rable to purposely support doping in industrial catalyis, which is shown in the middle of the
scheme [230].

For a rudimentary understanding, a macroscopic explanation based on general (de)-charging
of Pd nanoparticles is given here keeping in mind the local nature of electron densities and
the amorphous structure of the films. The films differ by the work function measured for the
single crystals (5.9 eV for Pt(111) and 4.4 eV for Mo(211)), which penetrate into the silicate
film due to the finite thickness of the latter [209]. The nature of the newly created metal
induced gap states (MIGS) is controlled by the work function of the bare metals. In addition,
the a—Si0,/Mo(211) support contains Si-O-Mo bonds at the interface between metal and metal
oxide, which leads to an increased number of Si atoms at the surface, which were shown to
negatively charge adsorbed metal particles [82]. These effects lead to a more negative charging of
the adsorbed active component supported on a—SiO,/Mo(211) in comparison to a—SiO,/Pt(111).
The charging, as an electronic effect, leads only to minor changes in particle morphology. A

schematic drawing of the investigated model systems is given in figure 6.1.

6.2.1 Hydrogen Chemisorption

The influence of the support material on the capacity of Pd particles to form different hydrogen
species was probed by D,-TPD summarized in figure 6.2. For the lowest investigated coverage,
a single high temperature signal @ at 310 K is observed for Pd supported on a—SiO,/Pt(111).
Upon increasing coverage, a second low temperature signal f; located at = 240K appears and
the high temperature signal shifts to lower temperature. The ; signal saturates with further
increased dosage of D,. The same general behavior is found for identical Pd particles supported
on a—Si0,/Mo(211), however the high temperature signal occurs already at 255 K and the low
temperature signal at =~ 180 K. This temperature shift indicates that the support material

dictates the characteristics of adsorbed hydrogen species on the metal particles.

The appearance of at least two distinguishable signals during hydrogen desorption of Pd
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nanoparticles is well documented in literature [226, 231, 232]. The high temperature signal «
can be assigned to the desorption of hydrogen species initially residuing on the metal surface.
Upon increasing coverage, this signal shifts to lower temperature caused by the second order
kinetics of the hydrogen recombination on the surface. In addition to the second order kinetics
of the a signal, the appearance of the low temperature f; at high coverages is characteristic for
the occupation of subsurface sites by hydrogen effectively weakening the adsorption strength
of surface-bound H species[217]. In the case of Pd nanoparticles, this weakened adsorption
strength by occupation of subsurface sites has been attributed theoretically by a shift of the Pd
4d states to lower energies with increasing hydrogen content reducing the number of states
at the Fermi level and inducing a partial occupation of antibonding H-Pd states just below
the Fermi level [233]. Following this line of argumentation, the temperature shift of ~ 50 K
as a function of support material reported in this work can be understood as an electronic
effect. Negative charging of Pd nanoparticles as realized in the a—SiO,/Mo(211) support system
might lead to partial occupation of antibonding states just below the Fermi level, leading
to destabilization of hydrogen species and accompanying lower desorption temperature. The
results presented here also highlight the importance of controlled support synthesis, since
electronic modifications of chemically identical supports can alter the behavior of supported

metal particles.

6.2.2 Ethylene Hydrogenation

Having established the influence of metal-support interaction on different hydrogen species, the
question arises, whether these characteristics can be used to steer catalytic activity. To answer
this question, ethylene hydrogenation was investigated under isothermal conditions (300 K)
using p-MBRS and the according results are summarized in figure 6.3.

Pd nanoparticles on a—SiO,/Pt(111) show an initial ethane TOF of 11 (particle-s)! and
deactivate with increasing number of ethylene pulses. After 20 pulses, the ethane TOF of
5 (particle-s)! decreased to 45% of the initial value. Ethane, which additionally underwent
HD-exchange, is shown in the subgraph of figure 6.3 and accounts to 4.3 + 1.2 % of the stoi-
chiometric product (averaged over twenty pulses). The starting ethane TOF of Pd supported
on a—Si0,/Mo(211) is 0.9 (particle's)'1 and consequently over one magnitude lower than the
one observed for a—SiO0,/Pt(111). A similar deactivation is observed and d;-ethane constitutes
2.4 +1.1% of the formed product.

By comparison of figure 6.3 and 6.2, the change between the reactivity of both systems
could be tentatively attributed to the difference in hydrogen adsorption strength, since the
isothermal experiments were conducted at 300 K, indicated by the dashed vertical lines in
figure 6.2. For Pd on a—SiO,/Pt(111), the high temperature signal caused by surface hydrogen
species is above 300K, whereas on a—SiO,/Mo(211), the signal occurs at 260 K, which is
significantly below the temperature used for isothermal experiments. Keeping in mind the

pulsed nature of the experiment (f= 0.1 Hz, 0.6 ms ethylene pulse width in 2-10~% mbar of D,
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Figure 6.2: D,-TPD spectra(m/z = 4) of Pd nanoparticles supported on (a) a—SiO,/Pt(111)
and (b) a-Si0,/Mo(211) as a function of coverage. The dashed line at 300K indicates the
temperature, at which the activity under isothermal conditions is measured. In addition, the
lowest curve in each case represents a blank measurement without metal particles showing
that the underlying metals do not contribute to the spectra.
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background pressure), this temperature difference leads to accumulation of hydrogen species in
the case of a—SiO,/Pt(111) resulting in a high atomic hydrogen coverage on the Pd particles
in contrast to a—Si0,/Mo(211), where desorption leads to a low effective hydrogen coverage
on the metal particles. The difference in hydrogen coverage results in increased activity and a
similar correlation between hydrogen adsorption strength (descriptive of surface coverage) and
TOF for ethylene hydrogenation has been observed for a number of Pd/Re catalysts supported
on alumina[234, 235]. However, the deactivation of both catalyst systems during ethylene
hydrogenation studied in this work indicates, that additional factors influence the overall

hydrogenation activity besides the effective hydrogen coverage.

6.2.3 Active Phase and Deactivation

To gain further insights into the catalysts active phase and deactivation, post-mortem TPR ex-
periments were performed on the Pd nanoparticles, see figure 6.4. After ethylene hydrogenation
using C,H, and D, and post dosage of additional D,, the TPR spectra of both systems show two
desorption signals of m/z = 4, but no desorption of m/z = 2. In comparison to D,-TPD of clean Pd
particles, which also exhibits two signals, the low temperature signal is shifted to temperatures
below 200 K, whereas the high temperature signal is located at = 360 K. Replacing D, by H,
during ethylene hydrogenation, but retaining post dosage of D,, leads to desorption of molecular
hydrogen between 300 and 400 K. Simultaneously, the low temperature signal of deuterium
remains unchanged, but the high temperature signal above 300 K disappears.

Using these isotopic scrambling experiments, mechanistic details concerning the active
phase during catalysis can be addressed. First, the high temperature signal is formed during
catalysis, whereas the low temperature signal is caused by additional dosage of deuterium.
The appearance of deuterium desorption above the reaction temperature is characteristic of
dehydrogenation of a carbonaceous overlayer, e.g. ethylidyne. This is in accordance to a previous
TPR study on Pd particles supported on an Al,05/NiAl(110) surface[217]. Here, the authors
introduced a stepwise model, in which ethylene in di-o adsorption converts to ethylidyne
between 250 and 300 K, which is futher dehydrogenated between 300 and 400K to form a
hydrogen-deficient carbonaceous deposit. This additional dehydrogenation is observed in the
same temperature window as reported in this study.

The appearance of this dehydrogenation signal at identical temperature for both support
systems indicates, that the nature of the formed carbonaceous overlayer is identical and irrespec-
tive of support system. The absence of hydrogen desorption (m/z = 2) during dehydrogenation
for both support systems within the sensitivity of the experiments is remarkable, given the
hydrogen-containing character of ethylene during hydrogenation. Typcially, the conversion of
ethylene to ethylidyne on Pd(111) is believed to follow a three step mechanism via consequential
formation of vinyl, ethylidene followed by ethylidyne[44, 236]. However, more recently also a
mechanism involving ethyl species was proposed for high atomic hydrogen concentrations [45].

Although the overall reaction results in dehydrogenation, this mechanism involves an addi-

76



6.2. RESULTS AND DISCUSSION

a) Pd on a-SiO,/Pt(111)
I

T T T
1 1 1 1
m d-ethane 1.0F T
~ 12~ A d.-ethane T
o 0.5} -
[} — -]
§10 m‘uqu“u
% 00 1 1 1 1
2 s 5 10 15 20 -
S
~ 6 {I{{ -
: {{{
c
®©
< af -
L
2+ -]
0 taot+ttta*at&a+b¢&&¢

5 10 15 20
Pulse number

b) Pd on a-SiO,/Mo(211)
I

B d,-ethane 1.0

~12F A d.-ethane 7]
0 os5Ht
o 10} 'q.. -
i)
£
@ 0.0
2 8 5 10 15 20 -
L
@]
~ 6f -
0]
C
©
£ 4 -
i

2k i

-.
olawst2?22ssosnssnnsnnsi|
5 10 15 20

Pulse number

Figure 6.3: Activity results of supported Pd nanoparticles given as ethane TOF per Pd particle
in progression of single ethylene pulses at 300 K. The m/z ratios =31,33 were used to discrim-
inate between stoichiometric d,-ethane and HD exchanged d;-ethane (see experimental for
details). Pd nanoparticles supported on a—SiO,/Pt(111) show an increased activity compared
to a—Si0,/Mo(211) as support material. In both cases, the particles deactivate over the course
of the experiment and additional HD-exchange of ethane in small quantities is observed.
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tional hydrogenation step, which could partially, but not fully, explain the HD-exchange of the
adsorbed overlayer observed for supported Pd particles reported here. The role of the carbona-
ceous deposits during catalysis is still under debate and not fully understood [561]. Due to the
full replacement of hydrogen by deuterium (also no HD at m/z = 3 is formed, data not shown),
the experiments presented here clearly demonstrate, that these species are more than mere
spectator species and have to act as a source of hydrogen atoms. The extent of this observation
to the overall hydrogenation activity of the Pd particles can currently not be jugded and requires
further experimental insights.

Belated dosage of D, at 100 K after performing the reaction leads to molecular desorption
below 200 K for both support systems (see figure 6.4, after reaction). This temperature is sig-
nificantly lower than observed for clean metal particles, which can not solely be explained by
the formation of a carbonaceous overlayer on the particles. Having performed similar experi-
ments on supported, size-selected Pt clusters, we found, that for Pt clusters the formation of
dehydrogenated species on the surface leads to completely vanished deuterium desorption after
reaction and therefore not to a temperature shift [46]. As a consequence, this shift has to be
caused by a phenomenon observable for Pd, but not for Pt particles under the applied reaction
conditions. Palladium, either in the form of a metal or a particle, is known to form carbon
deposits other than ethylidyne on the near-surface region [223, 224, 227]. These subsurface
carbon deposits on Pd nanoparticles have been made responsible for lowering the activation
barrier of hydrogen subsurface diffusion by destabilization of surface hydrogen species and
expansion of the surface openings for penetration of hydrogen into the subsurface region [237].
These effects could explain the temperature shift observed in this work, and we therefore
tentativeley attribute the latter to the formation of carbon deposits below the surface besides
the hydrogen containing species on the surface observable in figure 6.4.

To gain further insight into catalyst deactivation, CO IRRAS (displayed in figure 6.5)
was performed before and after reaction, which is often used to characterize metal particles
in combination with hydrocarbons[140, 141, 238]. Before reaction, the Pd spectra of both
support systems show a single peak at 2100 cm™!, with a broad feature at 1920 to 2000 cm™,
corresponding to linear and bridge bonded CO, respectively. After ethylene pulsing, the bridge
bonded disappears for Pd on a—SiO,/Mo(211) and the on top species appears at 2089 em. In
the case of a—SiO,/Pt(111), the bridge bonded species loses intensity and the linear CO stretch
is red-shifted to 2094 cm™!.

The red-shift in CO frequency is typically associated with co-adsorbed carbonaceous species,
which weaken the CO bond by increased metal back-donation into the 27* orbital. Having
established the similar nature of the adsorbed dehydrogenated species (see figure 6.4), the
change in frequency can be correlated to the amount of carbonaceous deposits. The shift
of 6cm™ for Pd on a—Si0,/Pt(111) compared to 11 em! for a—Si0,/Mo(211) indicates, that
a higher amount of dehydrogenated species is formed for Pd supported on a—SiO,/Pt(111)
compared to a—SiO,/Mo(211) as support. This observation is in line with the d-band model

employed for ethylene dehydrogenation, where a close distance between Ep and center of
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Figure 6.4: Post-mortem TPR spectra of Pd nanoparticles after ethylene hydrogenation. After
the reaction is performed at 300K using C,H, and D,, additional D, is dosed at 100 K and
a TPR spectrum is recorded. For both support systems, two signals of D,, are observed below
200K and between 300 and 400 K (denoted as after reaction with D). In order to elucidate the
origin of these signals, the same experimental procedure using H, instead of D, during ethylene
hydrogenation at 300 K and post dosage of D, is performed (labelled as after reaction with
H,). The low temperature signal is caused by additional dosage of gas after reaction, whereas
the high temperature signal originates from the reaction. The D,-TPD spectra of the clean Pd
particles are shown for comparison.
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Figure 6.5: CO IRRAS data of Pd nanoparticles supported on a-SiO,/Pt(111) and
a—Si0,/Mo(211): For the clean particles, linear and bridge bonded CO species can be ob-

served (black, solid line), whereas after reaction at 300 K on-top species are red-shifted (gray,
dashed line).

d-band favors dehydrogenation [239]. A similar situation is encountered here for supported
particles, where an increased electron density dictated by the support material, in this case
a—Si0,/Mo(211), leads to increased formation of the dehydrogenated species on the particle
surface.

This charging effect is not observed for the linear CO stretch on clean particles, which occurs
at 2100 cm™, in both cases. Two arguments might explain the absence of a notable change in
CO frequency: Slightly bigger Pd nanoparticles supported on a basic MgO film of reference [138]
show a linear CO frequency of 2098 cm™! under identical experimental conditions, indicating
that charge transfer between metal particles and support is more subtle than typical resolution
employed in IRRA spectroscopy (4 cm™!). In addition, the on top CO stretch measured here on
single Pt atoms might not necessarily reflect the nature of the active site, since charge transfer

is expected to be most pronounced for perimeter activation.

6.2.4 Influence of Metal-Support Interaction on Reaction Rate

It is evident from figure 6.2, that positive charging of supported Pd particles leads to stabilization
of hydrogen on and below the surface, which results in an initially increased effective hydrogen
coverage at 300 K during ethylene hydrogenation. However, after reaction and once the carbona-
ceous overlayer is formed, the involved hydrogen species do not differ significantly as evidenced
by figure 6.4. At the same time, the ethane TOF measured for Pd supported on a—SiO,/Pt(111)

is still one order of magnitude higher than for identical particles on a—SiO,/Mo(211) as seen in

80



6.3. CONCLUSIONS

figure 6.3, whereas Pd nanoparticles supported on a—SiO,/Mo(211) show a higher amount of
dehydrogenated species in figure 6.5.

These observations can be rationalized by charging arguments based on the d-band model [239,
240]. Nanoparticles supported on a—SiO,/Pt(111) are charged positively relative to identical
particles on a—SiO,/Mo(211). The decreased electron density leads to an increased distance
between the center of the d-band and E, whereas increased electron density on the particles
decreases the distance. A high distance between these two was shown to be benifical for hy-
drogenation and detrimental to dehydrogenation, and the reverse correlation is found for a
decreased distance[239]. Based on this model, Pd particles on a—SiO,/Pt(111) should have a
higher resistance towards dehydrogenation and a lowered activation barrier for hydrogenation,
resulting in higher activity in comparison to a—SiO,/Mo(211) as support system, which fits the
experimental results of this work.

Based on the Horiuti-Polanyi mechanism, the ethylene hydrogenation proceeds via two
consecutive additions of atomic hydrogen, each including intrinsic activation barriers. On
Pd(111), the rate determing step was proposed to be the first addition to form an ethyl species
under UHV conditions [241]. A recent first-principles microkinetic model study confirmed the
first hydrogenation step to be the most important one for palladium, even under increased
pressure conditions, but recognized a small contribution of the second step to the overall activity
by the degree of rate control analysis [242]. Due to the importance of the first hydrogenation
step, the TOF could be increased to a larger extent by reduction of the first barrier than by
similar reduction of the second one [242]. Taking into account the large difference in ethane
TOF reported here, which can not solely by explained by a difference in active sites, it seems
likely, that in particular the activation barrier for the first hydrogenation step is reduced in the
case of Pd supported on a—SiO,/Pt(111). In figure 6.3, an identical HD-exchange rate was found
for both catalytic systems within the error of the measurements. This additional exchange is
caused by reverse reaction from ethyl to ethylene and hydrogen and represents no contradiction
to a reduced activation barrier for the first hydrogenation step, since the reverse reaction is

inhibited by a large activation energy [242].

6.3 Conclusions

In the present work, the influence of metal-support interactions between Pd nanoparticles
and two a—Si0O, supports for hydrogenation reactions is provided. In particular, the doping of
the support material causing charge transfer to the metal particles was mimiced under UHV
conditions by changing the underlying single crystal and the following key conclusions were

reached:

1. The doping of the support material can be used to control different hydrogen species on Pd
nanoparticles. Decreased electron density leads to stabilization of (sub)surface hydrogen

species, whereas increased electron density results in destabilization. This opens up
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the avenue to improve supported metal particles for all reactions involving hydrogen by

additional fine-tuning of the support besides particle size.

2. After ethylene hydrogenation, the particles were found to exhibit a dehydrogenated
overlayer, which completely exchanged hydrogen by deuterium. This incorporation of
deuterium contradicts the commonly believed spectative character of the adlayer, which is
generally assumed during mechanistic discussions. This finding should encourage further

research devoted to the contribution of the adlayer to the overall catalytic activity.

3. Electronic modifications of metal-support interactions not only affect the adsorption
properties of hydrogen, but also of hydrocarbons. In the particular case of isothermal
ethylene hydrogenation, an increased activity of one order of magnitude is observed,
which can be rationalized by a reduced activation barrier for hydrogenation. At the same
time, the higher hydrogenation activity results in lower formation of dehydrogenated

carbonaceous species on the surface.

6.4 Some Additional Remarks

This chapter has shown that metal-support interactions can have a significant impact on the
hydrogenation of ethylene catalyzed by supported Pd nanoparticles. However, measuring a
difference of one order of magnitude in catalytic activity on identical nanoparticles should
make one suspicious, whether the results obtained are trustworthy or, if that is the case, the
explanation and model applied is correct.

The robustness of all experimental data is decisively controlled by the effort put into
disproving the results obtained. As noted earlier in chapter 2, the effective coverage for Pd
nanoparticles supported on a—SiO,/Pt(111) had to be lowered from 4.5-10'2 to 0.3-10'2 particles
per sample due to saturation effects of the used oscilloscope !. This saturation behavior of m/z =
31 has not been observed for any system investigated so far, although ethylene hydrogenation
using p-MBRS under the same experimental conditions has become a standard experiment [46,
138]. The coverage of 4.5-10'2 particles supported on a—Si0,/Pt(111) has been used > 18 times
for ethylene hydrogenation over the course of this work due to its application as a pretreatment
of the Pd particles for acetylene hydrogenation presented in chapter 7. The atypical saturation
effect has been observed each time for that particular coverage. Lowering the coverage to
1.8-10'2 particles led to initial saturation for the first pulses, whereas only at the end the
whole pulse was measurable due to deactivation over the number of pulses. Only for the low
coverage stated above (measured four times), all pulses were within the detection limit. After
normalization to the amount of particles, the TOFs determined for each particular coverage
were identical as expected for non-interacting metal particles.

To exclude any systematic error of the QMS, the ethylene hydrogenation was additionally

performed under the same conditions using C,D, and m/z = 36 instead of C,H, and m/z = 31.

IThe measured quantity is a voltage after pre-amplification of the QMS, which can vary between 0 and 10 V.
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Taken into account the different cracking patterns of the two possible ethane products, the
activity was close to the one previously observed in the standard experiment and significantly
higher than for nanoparticles on a—SiO,/Mo(211). This leads to the conclusion, that the data

presented here is indeed correct, but raises the question for alternative explanations.

The first possibility evolves from the role of the support for Pd nanoparticles supported
on a—Si0,/Pt(111) during ethylene hydrogenation. This active participation of the support
material might lead to the creation of a capture zone by either direct or reverse spill-over,
which was used to explain CO oxidation of size-selected Pd clusters supported on MgO(100).
The direct spill-over would, in this case, lead to ethylene or hydrogen adsorption onto the
support and subsequent diffusion to the active metal component, where the reaction takes
place. However, this mechanism should be to a first approximation independent of the metal
actually used for hydrogenation. As the significantly increased activity was not observed for any
of the several Pt cluster sizes (n between 7 and 14) under identical conditions, direct spill-over
can be excluded. The reverse spill-over of ethylene from the particle to the support would not
enhance ethane production during the limited time frame of single pulses, but rather increase
the background by constant diffusion-hydrogenation processes as the background pressure of
D, is kept constant throughout the experiment. Diffusion of dissociatively adsorbed D, on the
metal to the support would result in the formation of surface silanol groups, which have not
been observed experimentally by IRRAS experiments. At this point a catalytic participation of

the support material can be ruled out.

A second alternative mechanism centers around the stability of the support material per se.
This idea stems from the scientific graphene community, which has shown that small molecules,
e.g. hydrogen and oxygen, can diffuse between graphene and the underlying metal by grain
boundaries [243, 244]. Given the finite thickness of the a—SiO, films reported in this work,
the main issue might be an active contribution of the underlying metal, in this case Pt(111),
during catalysis by diffusion of small molecules and not only an electronic effect as described
earlier in this chapter. Several experimental observations are useful to exclude this possibility:
First, the film thickness is practically unchanged after performed reaction as evidenced by
AES. Second, diffusion of ethylene through the support to the Pt(111) single crystal would
result in the formation of ethylidyne under the applied reactions conditions, which should
be detectable by the §t7mprerze mode at 1339 cm™! in the IRRA spectrum. This vibration has
not been experimentally varified in the present work. Alternatively, CO IRRAS could be used
indirectly to detect ethylidyne on Pt(111) as the CO stretch shifts to 2020 cm™ in the presence of
ethylidyne on Pt(111). As can been seen in figure 6.5, this frequency was not observed in any of
the CO IRRA spectra shown in this chapter. Diffusion of hydrogen (or deuterium) to the Pt(111)
surface should result in the typical desorption feature at 300 K known by coverage-dependent
H,-TPD experiments on Pt(111) [170]. Given the low amount of Pd nanoparticles in comparison
to the underlying Pt(111) single crystal this should result in a considerably higher amount
of D,, desorption during post-mortem TPR shown in figure 6.4. However, the opposite trend is

found for Pd nanoparticles supported on a—SiO,/Pt(111) in comparison a—Si0,/Mo(211), which
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can be satisfactorily explained by the amount of dehydrogenated species on the particle surface.
In light of the reasons outlined above, a contribution of the underlying Pt metal other than
based on electronic effects can be rejected.

One last point concerns the comparability between isothermal p-MBRS and TPR exper-
iments. To this end, additional TPR experiments shown in figure 6.6 were performed on
both support systems. Here, ethane desorption monitored by m/z = 31 and 32 is observed
in similar quantities below 200 K for both support systems. Desorption of molecular hydrogen
(m/z = 2) is detected at 273 K and 231K for Pd nanoparticles supported on a—SiO,/Pt(111)
and a—Si0,/Mo(211), respectively. The initially in excess dosed D, is completely consumed
for HD-scrambling and hydrogenation as evidenced by the absence of any signal for the m/z
ratio of 4. Based on the results presented in figure 6.6, a similar hydrogenation activity could
be expected for Pd nanoparticles supported on both systems in strong contrast to the TOF's
determined by p-MBRS experiments in this chapter.

This obvious discrepancy between the two experimental techniques is caused by the differ-
ence between the quasi steady-state (p-MBRS) and non steady-state (TPR) conditions applied
during both experiments. The desorption temperature of ethane observed in the TPR experi-
ments is significantly lower than the one of deuterium desorption. In other words, the activation
barrier for hydrogenation is lower than the desorption barrier of molecular D,. As a conse-
quence, all available deuterium species are used for hydrogenation before the energy barrier
of desorption can be surmounted, which is supported by the absence of molecular deuterium
desorption. Since the total amount of D, is almost identical for Pd particles on both support
systems, the overall hydrogenation signal of ethane is comparable as a consequence of these low
hydrogenation barriers. On the other hand, residual ethylene adsorbed on the metal nanoparti-
cles dehydrogenates at different temperatures as observed by molecular hydrogen desorption.
This temperature difference between the two support systems reflects the lower dehydrogena-
tion barriers for negatively charged particles also encountered during isothermal conditions.
In summary, the experiments shown in figure 6.6 are not contradictory to the results obtained
under quasi steady-state conditions due to the low activation barrier for hydrogenation. How-
ever, they illustrate the difficulty to extract valuable kinetic data from TPR experiments as the
obtained results dramatically depend on the activation barriers for all processes on the surface.
Direct comparison between quasi steady-state and non steady-state experiments should only be

made with great vigilance and when all reaction pathways are known.
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Figure 6.6: TPR spectra of D, and ethylene on Pd nanoparticles supported on a—SiO,/Pt(111) (a)
and a—Si0,/Mo(211) (b): 0.4/SA D,, followed by 0.4/SA ethylene are dosed at 100 K. The coverage
of 4.5-10'2 particles per 0.785 cm™! support area was used in both cases.
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CHAPTER

ACETYLENE HYDROGENATION ON PD NANOPARTICLES

he selective hydrogenation of acetylene catalyzed by Pd nanoparticles is industrially

used to increase the purity of ethylene. Despite the implementation of Pd based catalysts

on an industrial scale, little is known about metal-support interactions on a fundamental
level due to the complexity of these systems. In this study, the influence of metal-support interac-
tions between Pd nanoparticles and two electronically modified a—SiO, thin films on acetylene
hydrogenation is investigated under ultra-high vacuum (UHV) conditions. The hydrogenation
is performed under isothermal reaction conditions using a pulsed molecular beam reactive
scattering (p-MBRS) technique. Besides the activity and selectivity of clean Pd particles also the
impact of dehydrogenated species intentionally introduced a priori is elucidated, whereas the
active phase of the catalyst is additionally characterized by CO infrared reflection-absorption
spectroscopy (IRRAS) and post-mortem temperature-programmed reaction (TPR). Metal-support
interactions are found to influence the catalytic properties of Pd particles by charge-transfer,
where positive charging leads to increased activity for acetylene hydrogenation. However, the
increased activity is accompanied by formation of undesired byproducts. The active sites for
acetylene and ethylene hydrogenation are shown to be different as previously proposed by
the A and E model. The availability of the two different active sites on the Pd nanoparticles
is determined by dehydrogenated species, whose nature and stability can be tuned by metal-
support interactions. Based on these findings an electronic model is proposed for how acetylene
hydrogenation selectivity can be steered solely by metal-support interactions leading to in situ

blocking of unselective sites.

7.1 Introduction

The selective hydrogenation of acetylene to ethylene is of industrial importance during pu-

rification of ethylene feedstocks[33, 53]. Ethylene as a commodity chemical is produced by
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non-selective thermal or catalytic cracking of naphtha fractions and typically contains 0.2 to 2%
of acetylene. Before further processing, the amount of acetylene has to be lowered (preferentially
< 5 ppm), since acetylene acts as a catalyst poison in downstream processes. In order to achieve
these requirements, acetylene is removed by partial hydrogenation to ethylene avoiding fully

saturating to ethane.

Due to its intrinsic high activity and selectivity, palladium in alloy form is the metal of choice
for this process and much effort has been put into understanding the underlying phenomena
determining catalytic performance [231, 245-252]. However, investigations on these catalytic
systems are complicated by the numerous reaction products and the rich chemistry of the Pd
metal itself. Although ethylene is the only desired product, complete hydrogenation to ethane
can occur either by direct conversion of acetylene, or from excess ethylene. Further complicating
matters, CC-coupling reactions lead to the formation of green oil effectively poisoning the
catalyst[253]. The oligomerization is believed to initially proceed via buta-1,3-diene, which can
either further polymerize or form benzene[241]. Even single Pd atoms supported on MgO(100)

have been shown to catalyze this intermolecular cyclotrimerization[185, 186].

The product distribution is decisively controlled by the physical state of the metal cata-
lyst[223, 254, 255]. The oligomerization products residing on the metal surface block active
sites and compete with smaller dehydrogenated species formed upon adsorption of unsaturated
hydrocarbons on Pd. The most prominent example of the latter is ethylidyne formed by either
acetylene or ethylene [256, 257], although various other species have been proposed. Besides
these surface species, the subsurface of the Pd metal is believed to be crucial for overall catalyst
performance as Pd tends to form hydrides and carbides depending on reaction conditions and
particle size [226, 229, 258, 259].

All of these factors combined hamper investigations on these systems since they are inter-
correlated and minor changes to one experimental parameter, e. g. particle size, might also alter
others in an unforeseen way. Consequently, structure-activity relationships on a molecular level
are elusive for acetylene hydrogenation on Pd. Model catalysis under ultra-high vacuum (UHV)
conditions allows for the investigation of single parameters while keeping others constant. For
instance, in the previous chapter it was shown that nano-engineering of the support material
can be used to (de)-charge Pd nanoparticles in the size range of 0.9-1.4nm supported on
amorphous silica (a—SiO,). The underlying effect is similar to doping of the support material in
industrial chemistry and can be used to increase ethylene hydrogenation activity by one order
of magnitude and at the same time decrease the amount of carbonaceous deposits. On the basis
of these results, the scope of this work was inspired by two main questions: can (de)-charging
of Pd nanoparticles by metal-support interactions also be used to steer catalytic activity for

acetylene hydrogenation, and if this is the case, what is the impact on overall selectivity?
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7.2 Results

Activity results of acetylene hydrogenation catalyzed by Pd nanoparticles are shown in figure 7.1
with (a) a—SiO,/Pt(111) and (b) a—SiO,/Mo(211) as support material. The reactivity of the same
particles is measured either as initially clean or after previous introduction of C,H_ species
and carbides, which is labelled as ’after ethylene hydrogenation’.

Clean particles deactivate over the course of the experiment irrespective of support material
due to the formation of dehydrogenated species and limited desorption of acetylene. At the
beginning, Pd nanoparticles supported on a—SiO,/Pt(111) show higher ethylene production
compared to the same particles supported on a—SiO,/Mo(211). In both cases not only the
stoichiometric reaction product, ethylene-D,, is formed, but also significant amounts of ethylene-
D,, which additionally exchanged hydrogen with deuterium. However, the higher acetylene
hydrogenation activity of Pd particles supported on a—SiO,/Pt(111) is accompanied by additional
overhydrogenation to ethane as evidenced by initial desorption of ethane-D, and ethane-Dj,
which is not observed for a—SiO,/Mo(211) as support. No desorption of C,-molecules can
be detected for clean particles, whereas higher benzene formation is shown by particles on
a—Si0,/Pt(111) with a maximum activity after several pulses of acetylene.

After performing ethylene hydrogenation, a higher initial catalytic activity is observed for
Pd particles supported on a—SiO,/Pt(111) compared to clean particles. More ethylene-D,, as
well as ethylene-D; is formed. No desorption of C,-moieties can be detected, but an increase
in benzene formation is observed. The ethane-D, background is increased and small amounts
of ethane-D; desorb during the first pulses. In contrast to a—SiO,/Pt(111), Pd nanoparticles
on a—Si0,/Mo(211) show slightly decreased catalytic activity for ethylene and ethane after
ethylene hydrogenation. Production of C,-moieties follows that of benzene, which is not observed
for clean particles.

More information about the physical state of the metal nanoparticles is necessary in order
to understand the activity results shown in figure 7.1. To this end the Pd nanoparticles are
further characterized by post-mortem TPR and CO IRRAS to gain insight into species residing
on the particle.

After isothermal acetylene hydrogenation at 250 K the catalysts are cooled to 100 K and
additional D,, is dosed. The resulting TPR spectra after reaction are summarized in figure 7.2
for particles supported on a—SiO,/Pt(111)(a) and a—SiO,/Mo(211) (b). No deuterium desorp-
tion (m/z=4) is observed for initially clean particles on a-SiO,/Pt(111) after acetylene hydro-
genation. Several desorption features of C,-species (m/z=54, 56) and benzene (m/z=78) can
be detected above 250 K. Subsequent performance of ethylene and acetylene hydrogenation
leads to a broad desorption signal of deuterium. Particles supported on a—SiO,/Mo(211) show
D,, desorption at 350 K and higher hydrocarbons desorb above 300 K. The amount of benzene
desorption is significantly lower than for particles on a—SiO,/Pt(111).

IRRA spectra of CO adsorbed on Pd nanoparticles before and after reaction are displayed in
figure 7.3 for (a) a—SiO,/Pt(111) and (b) a—SiO,/Mo(211), respectively. For both support systems
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Figure 7.1: Activity results for acetylene hydrogenation catalyzed by Pd nanoparticles supported
on a—Si0,/Pt(111) (a) and a—SiO,/Mo(211) (b). The reaction is performed at 250 K using a p-
MBRS technique and the TOFs for different reaction products are given as a function of
pulse number. Each support system exhibits three subfigures devoted to ethylene as the main
product, ethane and oligomerization. Note that ethane-d, exhibits an offset in ethane subfigures
indicated by the dotted line for better visibility. For each support the activity of initially clean
and poisoned metal particles is given, where the poisoning is achieved by previous ethylene
hydrogenation (see Experimental for details).
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Figure 7.2: Post-mortem TPR spectra of Pd nanoparticles supported on a—SiO,/Pt(111) (a) and
a—Si0,/Mo(211) (b) after acetylene hydrogenation. Additional D,, is dosed at 100 K after reaction
at 250 K using C,H, and D,,, and a TPR spectrum is recorded (black). D,-TPR spectra of particles
as deposited without hydrocarbon hydrogenation and after exclusive ethylene hydrogenation
are given in grey. In the case of Pd particles supported on a—SiO,/Pt(111), an additional trace
m/z = 4 is given for ethylene hydrogenation followed by acetylene hydrogenation denoted as

subsequent.
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linear and bridge bonded CO species can be observed for clean particles and after ethylene
hydrogenation the linear species are red-shifted due to carbonaceous deposits on the metal
particles. After acetylene hydrogenation the linear CO stretch frequency is further red-shifted
for particles supported on a—SiO,/Pt(111), depending on reaction temperature or pretreatment
with ethylene (denoted as subsequent in figure 7.3). In the case of particles supported on
a—Si0,/Mo(211), no CO bands can be detected after acetylene hydrogenation regardless of

reaction temperature and preconditioning.

7.3 Discussion

The discussion section is divided into two parts. The first part deals with the activity and
selectivity of clean particles and the influence of support material on overall catalytic perfor-
mance. In the second section the impact of preconditioning on the supported Pd nanoparticles

is discussed and the effect of the dehydrogenated overlayer is elucidated.

7.3.1 Metal-Support Interactions on Clean Particles

Electron-poor particles supported on a-SiO,/Pt(111) show higher acetylene hydrogenation
activity compared to electron-rich particles supported on a—SiO,/Mo(211) as can be seen in
figure 7.1. The same effect, although more pronounced, has been observed for ethylene hydro-
genation on the same particles in the previous chapter. The difference in ethylene activity has
been rationalized by charging arguments based on the d-band center (¢p) in comparison to
the Fermi energy (E;) when looking at the particle as an entity or varied localized electron
densities for an active ensemble of metal atoms [239]. Here, a large distance between ep and
Ey favours hydrogenation, whereas decreased distance leads to dehydrogenation by electron-
backdonation of the metal to the ocp+ orbital of ethylene or ethyl adsorbed on the surface. This
ethylene hydrogenation model was shown to be applicable to small metal nanoparticles in the
nanometer size range comprised of either Pt, Pd or Ni supported on MgO(100)[138]. During
ethylene hydrogenation, the adsorption of the olefin is described by the Dewar-Chatt-Duncanson
model [20], which was also applied theoretically to the interactions between alkynes and met-
als [260, 261]. Following these descriptions of bonding, the increased activity of Pd nanoparticles
on a—Si0,/Pt(111) can be attributed to an electronic effect, where decreased electron density at
the metal leads to weaker back-donation and consequently higher hydrogenation activity.

The mechanism of acetylene hydrogenation is believed to follow a Horiuti-Polanyi mecha-
nism analogous to ethylene[14], in which sequential addition of atomic hydrogen to adsorbed
acetylene leads first to a vinyl-intermediate followed by ethylene formation. Subsequently,
ethylene can either desorb or be further hydrogenated to undesired ethane. This overhydro-
genation to the alkane involves an alkyl-intermediate on the metal surface. During ethylene
hydrogenation on the same system, it was shown in the preceding chapter that the backreaction

from adsorbed alkyl to ethylene is negligible, since this reaction would involve significant
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Figure 7.3: CO IRRAS data of Pd nanoparticles supported on a-SiO,/Pt(111)(a) and
a—Si0,/Mo(211) (b): CO is adsorbed at the nanoparticles at 100K after performing the re-
action at the temperature indicated. Spectra after preconditioning with ethylene at 300 K
followed by acetylene hydrogenation at 250 K are denoted as subsequent. IRRA spectra of clean
particles and after ethylene hydrogenation are shown for comparison (grey).
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HD-exchange not observed in the desorbing products. The limited HD-exchange was attributed
to a large activation barrier for the backreaction leading to accumulation of alkyl-species on the
surface [242]. However, in the case of acetylene hydrogenation shown in figure 7.1, significant
HD-exchange is observed for desorbing ethylene leading to ethylene-D; for both support sys-
tems. Consequently, the relative stability of both intermediates vinyl and ethyl on the surface
has to be different. This discrepancy for acetylene was accounted for by the assumption, that
the normal vinyl group is in equilibrium with a free radical state, which was used to explain
the formation of E- and asym-C,H,D, isomers and might also be applicable to the exchange of
hydrogen by deuterium [262].

This free radical form is also believed to play a role during oligomerization of acetylene
via formation of adsorbed 1,3-butadiene[263], which can further polymerize or trimerize to
yield benzene, although a mechanism based on coupling between acetylene and vinylidene to
form a C, intermediate has also been experimentally verified [264]. In figure 7.1 no desorption
of C,-species are observed for clean particles on both supports. However, benzene desorption,
which is the consecutive reaction product of C,-molecules, can be detected having a maximum
after several pulses in both cases. This shows, that C,-species accumulate over the course
of the experiment and remain on the surface, until the final product of cyclotrimerization
benzene desorbs. Pd particles supported on a—SiO,/Pt(111) show higher benzene yield than
on a—Si0,/Mo(211) during p-MBRS. Whether this higher yield is caused by greater catalytic
production or facilitated desorption can only be clarified if the residues on the metal particles

are known.

To answer this question, post-mortem TPR spectra shown in figure 7.2 can be used. After
acetylene hydrogenation at 250 K and subsequent TPR, benzene desorption (m/z=78) starts
at 250 K in the case of Pd particles on a—SiO,/Pt(111), whereas the first desorption feature
is located at 350 K for Pd on a—SiO,/Mo(211). At the same time significant higher amount of
benzene desorbs during TPR for Pd nanoparticles on a—SiO,/Pt(111). The lower desorption
temperature in the case of a—SiO,/Pt(111) suggest that the production of benzene is enhanced
on electron-poor particles by a lower activation barrier, whereas the higher overall yield might
also be caused by residual acetylene on the surface, which undergoes cyclotrimerization upon
heating. In addition to benzene (m/z=78), two m/z ratios of 54 and 56 are shown, which are
characteristic for C -entities. Assuming only one desorbing C,-molecule, e.g. 1,3-butadiene,
these ratios should have identical features, which is clearly not observed in figure 7.2. A recent
theoretical work evaluated C—C bond formation leading to green oil on Pd based catalysts [265].
In their vast reaction network, the authors have shown that there are several pathways for
CC-coupling of low activation energies. The appearance of several desorption features and
non-overlapping traces reflect the presence of several oligomerization products, which may have
underwent different degrees of hydrogenation as well as HD-exchange as observed for ethylene
in figure 7.1. The discussion on the absence of deuterium desorption (m/z=4) of Pd particles on
a—Si0,/Pt(111) after acetylene hydrogenation as well as the signal at 350 K for a—SiO,/Mo(211)

is presented in the next section, as these involve dehydrogenated C,H, species on the surface.
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7.3.2 The Role of Dehydrogenated Species During Acetylene
Hydrogenation

The hydrogenation of ethylene performed at 300 K leads to preconditioning of the Pd nanoparti-
cles on both supports. In chapter 6 it was shown that in both cases an identical dehydrogenated
overlayer C,H_ is formed on the metal particles. This overlayer completely exchanged hydrogen
by deuterium and a single desorption feature at 350 K of these species is observed during
post-mortem TPR in figure 7.2. The amount of dehydrogenated species depends on the electron
density of the particles with less electron density leading to less dehydrogenated species as
observed by a smaller red-shift of the CO frequency in figure 7.3 after ethylene hydrogenation.
In addition to dehydrogenation of the overlayer at 350 K, two low temperature features below

200 K are observed in figure 7.2, which might be indicative of partial carbide formation.

In the previous chapter it was shown that the formation of dehydrogenated species leads to
decreased ethylene hydrogenation activity between 50 and 25 % for Pd particles on a—SiO,/Pt(111)
and a—Si0,/Mo(211), respectively. Assuming identical active sites for acetylene and ethylene,
the same decreased activity would be expected when ethylene hydrogenation is used to precon-
dition the metal particles. However, although a small decline in activity can be observed for
particles on a—SiO,/Mo(211) in figure 7.1, this decrease is significantly smaller than expected
for identical active sites. Particles on a—SiO,/Pt(111) even show higher activity after ethylene
hydrogenation than starting with clean particles. This leads to the conclusion that the active
sites for acetylene hydrogenation have to be different than those for ethylene. This observation
is in line with the A and E model developed by Borodzinski[266, 267]. Here, at least two active
sites exist on the Pd surface for acetylene (A) and ethylene (E), whereas ethylene is unable to
adsorb on A sites due to geometric hindrance. On E sites, both molecules can be hydrogenated
and therefore this site is made responsible for unselective overhydrogenation. This model has
been developed for ambient conditions and particle sizes between 4.2 and 26.2 nm [268]. By
introduction of the dehydrogenated overlayer, it is evident that this model also holds true for

particles as small as twenty atoms and can be successfully mimicked under UHV conditions.

Preconditioning of electron-rich particles on a—SiO,/Mo(211) leads to slightly decreased
acetylene hydrogenation activity as can be seen in figure 7.1b). This observation is in accordance
with the C,H, species being stable spectator species, which effectively block active sites of
the metal nanoparticles. Interestingly, the same dehydrogenation signal at 350 K is observed
during post-mortem TPR in figure 7.2 b) for pure acetylene and ethylene hydrogenation, which

indicates, that the formed dehydrogenated overlayer is partially the same for both molecules.

The analogy between acetylene and ethylene with respect to surface chemistry on clean
transition metals, has also been observed for Pd single crystals [257]. However, no CO vibration
can be detected in the IRRAS data of figure 7.3 b) after acetylene hydrogenation regardless of
reaction temperature and pretreatment. This complete poisoning of the metal surface can be
explained by reaction pathways, which are available for acetylene, but not for ethylene. The

products of oligomerization, leading either to polymers or to cyclotrimerization, remain partially
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on the surface and alter the availability of active sites. If these active sites are modified by
stable C,H, spectator species on electron-rich Pd particles, the adsorption of C,-molecules,
which would otherwise remain on the surface, is weakened leading to desorption identical to

benzene as can be seen in figure 7.1b) after ethylene hydrogenation.

The role of C,H, species on electron-deficient Pd particles supported on a—SiO,/Pt(111)
is more complex. After ethylene hydrogenation a single dehydrogenation feature at 350K is
observed in post-mortem TPR, which is identical to electron-rich particles regardless of ethylene
or acetylene. However, after ethylene followed by acetylene hydrogenation this signal becomes
broader in figure 7.2 a) indicating a dynamic change in the dehydrogenated overlayer. After sole
acetylene hydrogenation no desorption can be detected at all, which evidences the absence of
significant amounts of C,Hy on the particles. At the same time higher desorption of ethylene
as well as ethane is observed during p-MBRS in figure 7.1 a) after ethylene pretreatment
leading to the conclusion that these species are replaced during acetylene hydrogenation and
desorb. Especially the higher amount of ethane-D; after ethylene preconditioning in figure 7.1b)
supports the displacement of the spectator species, as it was shown that these species contain
almost exclusively deuterium instead of hydrogen. The displacement of spectator species
should lead to identical electronic structure of the supported Pd nanoparticles during acetylene
hydrogenation regardless of pretreatment and is indeed observed in the CO IRRAS of figure 7.3.
In both cases, after reaction starting with clean particles or after ethylene pretreatment, a single
CO vibration is detected at 2062 cm™, which shifts to 2073 cm™! after increasing temperature
to 300 K. This blue-shift at 300 K is caused by desorption of benzene shown in figure 7.2 a)
decreasing the amount of dehydrogenated species on the metal surface. As a consequence,
metal-support interactions not only determine the nature and amount of dehydrogenated
species on nanoparticles, but also their relative stability. A similar effect has been observed for
a platinum single crystal, where the exact nature of the dehydrogenated overlayer determined

the stability in a hydrogenation atmosphere[179].

One of the key requirements for Pd based acetylene hydrogenation catalysts is to achieve
high ethylene selectivity, whereas overall activity is of minor importance. So far, two key ob-
servations have been achieved in this work: first, the active sites for acetylene and ethylene
are different for nanoparticles in the nm size regime. The overall activity can be steered by
(de)-charging of the particles by metal-support interactions. However, by increasing reactivity
also undesired byproducts are produced. Second, one major part of the dehydrogenated adlayer,
C,H, species, can be tuned by the same interactions to be either stable in the case of electron-
rich particles or to be displaced upon formation for electron-poor particles. Here, the formation
of these species follows charging arguments based on the local electron density. In order to
achieve higher selectivity these two factors have to be combined as shown in figure 7.4. The
main aim is to minimize the amount of E sites by in situ blocking of unselective sites through
dehydrogenation. A high electron density at the E site favours ethylene dehydrogenation lead-
ing to stable C,H_ species as realized by a—SiO,/Mo(211) as support system. On the other

hand, the same site on electron-deficient particles leads to undesired overhydrogenation, and
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Figure 7.4: Available C, reaction pathways of acetylene and ethylene on supported Pd nanopar-
ticles: a—SiO,/Pt(111) (orange) and a—Si0,/Mo(211) (blue). On electron-rich particles stable
spectator species C,H, are formed either by acetylene or ethylene, whereas on electron-deficient
particles the formation of these species is hindered in the case of acetylene or unstable in the case
of ethylene pretreatment. Due to the formation of stable spectator on E sites, overhydrogenation
to ethane can be effectively suppressed. Further reaction pathways, e.g. oligomerization, are
neglected for simplicity.

even if dehydrogenated species are formed, they are unstable during acetylene hydrogenation.
This self-poisoning should have a similar effect on selectivity as an external poison, e.g.lead.
By increasing electron density not only unselective sites are poisoned, but also the kinetic
factor should favor acetylene hydrogenation, as it was shown that the gain in acetylene activity
by decreased electron density in this chapter is considerably lower than observed for ethy-
lene hydrogenation on the same system. These considerations neglect the influence of higher

hydrocarbons on E sites, which has yet to be determined.

7.4 Conclusions

The influence of metal-support interactions on catalytic properties of supported Pd nanoparticles
for selective acetylene hydrogenation is provided in this work. Two different a—SiO,, films have
been prepared in order to (de-)charge identical Pd nanoparticles in the size regime of 0.9 to
1.4nm. Here, particles supported on a—SiO,/Pt(111) have less electron density as identical
particles supported on a—Si0,/Mo(211) caused by differences in the local work function of the

support. The following main conclusions were reached:

1. Electron-poor particles have higher initial activity for acetylene hydrogenation than
electron-rich particles. This metal-support induced increase in catalytic reactivity follows
the trend observed for ethylene hydrogenation, although less pronounced, and can be

rationalized by simple charging arguments. However, the increase in ethylene formation
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is accompanied by production of undesired byproducts, e.g. ethane, at the same time.

2. By introduction of carbonaceous deposits, it was shown that the active site for acetylene
and ethylene have to be different for particles as small as twenty atoms. The occurence of
at least two distinct active sites is in line with the A and E model developed by Borodzinski
under applied reaction conditions and this is the first experimental evidence for their

existance under UHV conditions.

3. The metal-support interactions have direct influence on the nature of the dehydrogenated
species on the metal nanoparticles. For particles with increased electron density, identical
dehydrogenation features are observed between ethylene and acetylene showing their
partially similar surface chemistry. In contrast to this, adsorption of acetylene leads
to different surface species than ethylene for positively charged Pd nanoparticles. Pre-
conditioning with species formed by ethylene and performing acetylene hydrogenation
afterwards leads to replacement of initially adsorbed dehydrogenated species in contrast
to spectator character typically applied in mechanistic discussions. This shows, that metal-
support interactions not only determine the amount of different species on the particles,
but also their relative stability. We refer to this atypical behavior as support-dictated

stability of spectator species.

4. Given the different catalytic active sites and stability of dehydrogenated species, an
increase in selectivity should be accessible by increasing electron-density at the E site or
reversed d-band engineering. According to the d-band model a large distance between Ey
and d-band center leads to increased ethylene hydrogenation activity and the same goal
can be achieved by decreased local electron density. Since this reaction is undesired in the
case acetylene hydrogenation, the local electron density has to be increased at the E site
leading to an in situ blockade of unselective sites by formation of stable spectator species.
Again, this self-poisoning of unselective sites is only feasible, if the reaction takes place at

different active sites as shown in the case of acetylene and ethylene in this work.

7.5 Additional Insights- Pd Nanoparticles on Mg0Q(100)

The comparison between Pd nanoparticles supported on a—SiO,/Pt(111) and a—SiO,/Mo(211)
in chapter 6 and 7 gave remarkable insights into the thermal chemistry of unsaturated hydro-
carbons on these particles. The question arises, whether these findings can be expanded to
other support materials. To this end, additional experiments were performed on the identical
Pd nanoparticles supported on thick, defect-poor MgO(100), which was also used as support
material for size-selected Pt clusters in chapter 4. The approach undertaken here is similar to
the previous sections, where the complexity is stepwise increased from hydrogen adsorption via
ethylene to acetylene.

The coverage dependent D,-TPD spectra of Pd nanoparticles supported on MgO(100) are

shown in figure 7.5 (a). Again, two distinct features are observed at high initial coverage, with
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the high temperature signal exhibiting second order kinetics with respect to changing coverage.
The high temperature signal can be attributed to surface recombination of hydrogen and
the low temperature signal is caused by the presence of subsurface species in analogy to the
a—Si0, support systems. Interestingly, the desorption temperatures between MgO(100) and
a—Si0,/Mo(211) are very similar. The similarity between the two support systems can be easily
explained by the local electron density of the metal particles. As described in the previous
sections, metal particles supported on a—SiO,/Mo(211) are negatively charged due to the low
local work functions. The magnesium oxide film represents a basic support and is expected
to increase to the electron density of an adsorbed metal particle. Charge-transfer of electrons
from the support to the Pd nanoparticles is expected in both cases, thus resulting in similar
activation of hydrogen observed in the TPD spectra.

a) b)
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Figure 7.5: D,-TPD spectra (m/z = 4) of Pd nanoparticles supported on MgO(100): (a) in depen-
dence of coverage and (b)in the presence of excess CO. See text for experimental details and
interpretation.

By comparison to literature on supported Pd nanoparticles, the existence of two distin-
guishable desorption features during D,-TPD has been tentatively attributed to the presence
of subsurface hydrogen species in this work. The validation of this assumption can be carried
out by an elegant experiment referred to as ’hydrogen explosion’ shown in figure 7.5 (b): first,
1.2L of D, are dosed onto the supported Pd nanoparticles at 100 K leading to full saturation.
Afterwards 2 L of CO are dosed, which displaces deuterium surface species and a TPD spectrum
is recorded. During TPD, CO adsorbed on the surface of the Pd nanoparticles hinders the
diffusion and surface recombination of subsurface hydrogen species. As soon as CO desorbs,
a rapid decay of the Pd hydride takes place and a sharp increase in hydrogen desorption is
observed, as can be seen in figure 7.5 (b). The ’hydrogen explosion’ is caused by a finite size
effect of the Pd nanoparticles [269] and serves as a confirmation of the subsurface character of
the involved hydrogen species.

The results of the isothermal ethylene hydrogenation using the standard p-MBRS experi-
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ments are shown in figure 7.6. The reaction was performed at 300 K and only the stoichiometric
reaction product C,H,D, is presented as it was shown in the previous sections, that HD-
exchange is negligible under these reaction conditions for ethylene hydrogenation. A decrease
of approximately 50 % is observed over the course of the experiment due to the formation of
dehydrogenated species on the metal surface. The TOF numbers obtained for Pd nanoparti-
cles supported on MgO(100) resemble those for particles on a—SiO,/Mo(211), highlighting the

similarity between the two support systems.
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Figure 7.6: Activity results for ethylene hydrogenation of Pd nanoparticles supported on
MgO(100) given as ethane TOF per Pd particle in progression of single ethylene pulses at
300 K.

The isothermal acetylene hydrogenation at 250 K was performed for initially clean Pd
nanoparticles and after ethylene hydrogenation at 300 K. The results are summarized in
figure 7.7 for as deposited nanoparticles(a) and after ethylene hydrogenation (b, poisoned).
The clean Pd particles supported on MgO(100) show similar behavior to identical particles
on a—Si0y/Mo(211) as support material during acetylene hydrogenation. An extensive HD-
exchange is observed for desorbing ethylene molecules and no overhydrogenation to ethane
is detected. A maximum in benzene desorption is observed after several pulses, whereas C,-
molecules necessary for cyclotrimerization remain on the metal surface. The formation of
benzene (m/z=78) was additionally cross-checked by the m/z ratios of 79 and 80 in order to
evaluate the incorporation of deuterium during cyclotrimerization. The benzene TOFs of these
masses as a function of pulse number followed the one of m/z=78, which excludes the possiblity
of preferential oligomerization prior to HD-exchange.

The preconditioning of the Pd nanoparticles using ethylene hydrogenation leads to the
formation of C,H, species on the metal particles[138]. These species decrease the activity
for acetylene hydrogenation on Pd nanoparticles supported on MgO(100) as can be seen in

figure 7.7 (b). At the same time, the significant HD-exchange observed for initially clean particles
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almost completely vanished after pretreatment. Also the formation of benzene decreases after
preconditioning. Again, no formation of ethane is detected, although the background noise
of CyH,D, increased. It was supposed in the previous section that the local electron density
not only determines the nature of the dehydrogenated overlayer, but also the stability of the
latter with high electron-density leading to more stable dehydrogenated species on the metal
surface. Expanding this trend, it can be proposed that the basic support material MgO induces
the formation of highly stable C,H, species on the surface. Due to their stability, they do not
contribute to the overall hydrogenation activity and merely block active sites for hydrogenation.
This would not only explain the diminished activity, but also the absence of HD-exchange. The
dehydrogenated species can also be called pure spectator species in this regard as they resemble
the behavior of the latter commonly proposed in literature. However, it was shown in this

work, that the assumption of pure spectator behavior is not always justified for supported Pd

nanoparticles.
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Figure 7.7: Activity results for acetylene hydrogenation catalyzed by clean (a) and poisoned (b)
Pd nanoparticles supported on MgO(100). The reaction is performed at 250 K using a p-MBRS
technique and the TOFs for different reaction products are given as a function of pulse number.
The three subfigures are devoted to ethylene as the main product, ethane and oligomerization.
Note that ethane-d, exhibits an offset in ethane subfigures indicated by the dotted line for
better visibility.

The surface species have been further characterized by CO IRRAS (a) and post-mortem
TPR (b) shown in figure 7.8. The frequency of linear, on top CO species is detected at 2098 cm! for
clean particles. Furthermore, bridge bonded species at 1970 cm™ can be detected. No CO stretch
is found after acetylene hydrogenation regardless of reaction temperature and pretreatment

analogous to a—SiO,/Mo(211). This already indicates, that the complete metal surface is covered
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by various carbonaceous species.

These species can be further specified using post-mortem TPR displayed in figure 7.8 (b). The
desorption of all higher hydrocarbons as the products of oligomerization starts at the former
reaction temperature of 250 K. This supports the theory, that oligomerization takes place at low
temperatures and the products of this process remain on the surface. Here, the desorption signal
of benzene is significantly lower than the one of Pd nanoparticles supported on a—SiO,/Pt(111)
in accordance with the results obtained for isothermal reaction conditions. Two broad signals
for m/z=4 at 330K and 580K are characteristic for dehydrogenation processes, which were
qualitatively observed also for particles on a—SiO,/Mo(211). In summary, the surface chemistry
of hydrogen, ethylene, and acetylene on Pd nanoparticles supported on MgO(100) is indeed
similar to the one observed for a—SiO,/Mo(211) as support material. From a chemical point of
view, this observation makes sense as the support is not directly involved in the reactions, but
influences the supported metal particles by transfer of electron density. Whether the increased
electron density of the metal particles is caused by the magnesium oxide as an alkaline support

or by the low local work functions of the a—SiO,/Mo(211) systems seems to play only a minor

role.
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Figure 7.8: CO IRRAS data (a) and post-mortem TPR spectra (b) after acetylene hydrogenation
on Pd nanoparticles supported on MgO(100). CO is adsorbed on the nanoparticles at 100 K
after performing the reaction at the temperature indicated. The spectrum after preconditioning
with ethylene at 300 K followed by acetylene hydrogenation at 250 K is denoted as subsequent
and the IRRA spectrum of clean particles is shown for comparison (grey). For post-mortem TPR,
additional 20 L of D,, are dosed at 100 K. The D,-TPD of clean/as deposited Pd nanoparticles is
given in grey.
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CHAPTER

CONCLUSION AND OUTLOOK

In the preceding chapters, the surface chemistry of unsaturated hydrocarbons on late transition
metals under UHV conditions has been presented. Diverse model systems have been used
to illustrate different aspects of hydrocarbon stucture, physical state of the metal, and the
influence of the support material on the latter in the case of either size-selected metal clusters or
nanoparticles. Besides interactions between hydrocarbon and metal, the main focus of attention
was the molecular mechanisms of selective hydrogenation reactions.

As a model system for long-chained alkynes, the thermal surface chemistry of hexynes was
first investigated on Pt(111) by means of combined experimental techniques. Here, a novel
reaction has been observed for 1- and 3-hexyne: the dehydrocyclization to benzene, which has
also been experimentally verified to occur for the according alkenes. Interestingly, this reaction
involves a CC-bond formation step, which is hardly observed under UHV conditions in general
and in particular for platinum. Although dehydrogenations have been extensively researched
in the early stages of surface science, these studies almost exclusively dealt with the reaction
sequence of cyclo-hexane, -hexene, -diene, to benzene on platinum surfaces. Consequently,
the number of CC-bonds remained unchanged in these studies, and the thermal chemistry
involved only dehydrogenation steps. In the present work, the additional formation of the
CC-bond was proposed to proceed after dehydrogenation at higher temperatures. This finding
expands our understanding of possible reaction pathways of C; molecules and the formation of
dehydrogenated overlayers.

The surface chemistry of 3-hexyne was further elucidated on supported, size-selected Pt
clusters with regard to selective hydrogenation. Several reaction pathways have been detected
using isotopically labeled TPR experiments, each containing size-sensitive behavior. Here, the
dehydrocyclization to benzene was shown to occur for all cluster sizes down to sizes of three
atoms. Single atoms are not capable of this reaction pathway. A small atomic window is found

for Pty, where hydrogenation of alkynes occurs in TPR experiments in contrast to alkene
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hydrogenation. The difference in activation barriers should result in enhanced selectivity. Based
on previous results on these cluster sizes, it can be speculated, that the high heat of adsorption,
which is close to intermetallic binding energies of the cluster, leads to significant changes in
cluster morphology. This adsorbate-induced fluxionality may facilitate triple bond hydrogenation
by lowering the activation barrier of D, dissociation, as HD-exchange on clean Pty clusters
is hampered by high activation barriers in contrast to larger cluster sizes. However, support
of this hypothesis by theoretical calculations is impeded by the presence of dehydrogenated
species, whose nature and amount have yet to be determined.

The catalytic activity of size-selected clusters is not only controlled by adsorbates, but also
by charge-transfer of electrons from or to the support material. In the case of isotropic support
materials, e.g. MgO(100), the description of this effect is rather trivial due to the periodicity of
the support, but becomes increasingly challenging for anisotropic and amorphous structures
such as a—Si0,, described in this work. So far, descriptions of charge-transfer phenomena were
performed for single model systems lacking a universal physical quantity to predict a priori
(de)-charging of supported metal particles. The local work function of the support material
might represent a suitable physical descriptor of such systems.

To this end, we have synthesized thin a—SiO, films on Pt(111) and Mo(211), which were used
as support material for size-selected Pt clusters. Supported by first principles calculations, these
films exhibit a variety of adsorption sites. The charge-transfer between Pt, 4 clusters and single
adsorption sites was shown to be directly correlated to the local work function of the support
resulting in modified local electron densities in the clusters. This finding was experimentally
verified indirectly by isothermal ethylene hydrogenation, where negative charging of the
clusters led to significant deactivation after increased reaction temperature by formation of
dehydrogenated species, whereas positively charged clusters retained most of their catalytic
performance as predicted by this local work function model. The attenuation of undesired coke
formation by nanoengineering of the support demonstrates, that the local work function is not
only of theoretical, but also of practical relevance for the rational design of catalysts.

Besides size-selected clusters in the sub-nm size regime, the control over electron transfer
can also be applied to steer catalytic activity of identical, supported Pd nanoparticles, where
positive charging stabilizes hydrogen species in comparison to negatively charged particles.
This finding is of general importance for all reactions involving atomic hydrogen species such
as (de)-hydrogenation and hydrogenolysis. Interestingly, the performed experiments reveal a
discussion in the literature in a different light: the question, whether the heat of adsorption
of hydrogen species on Pd nanoparticles increases as the size is decreased or vice versa. The
results gained give clear evidence, that the answer might not be biunique as it depends not only
on exact particle size, but also on their charge state determined by metal-support interactions.

The manipulation of electron densities of supported Pd nanoparticles was applied to the
hydrogenation of ethylene and acetylene. A significant enhancement of catalytic activity for
ethylene hydrogenation was observed for positively charged particles in general accordance with

previously reported models and attributed to lowered activation barriers. The dehydrogenated
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overlayer formed upon reaction was shown to have underwent a complete substitution of
hydrogen by deuterium, which contradicts the commonly believed formation mechanism. Given
this HD-exchange, it seems likely, that the overlayer acts as a hydrogen reservoir to some
extent, a proposal also made by other researchers in the field.

The complex role of dehydrogenated species is further underlined during selective hydro-
genation of acetylene. For electron-rich particles, the same C,H, surface species are partially
formed regardless of acetylene and ethylene, whereas these are not observed for electron-poor
particles, which favor hydrogenation, oligomerization and cyclotrimerization to benzene. Even
when C,H_ species are introduced a priori, they are not stable on positively charged Pd particles
and are replaced over the course of the reaction. Consequently, these species are by no means
pure spectators, which block active surface sites.

The spectator species have also been used to shed light on the active sites required for
acetylene and ethylene hydrogenation on supported Pd nanoparticles. It was unequivocally
shown, that these sites differ for both molecules in accordance with the A and E model proposed
for larger Pd particles under ambient conditions. Verification of such sites under idealized
conditions demonstrates the capability of model catalysis to successfully mimic real world
catalysts under well defined conditions despite the so-called pressure and complexity gaps.
Indeed, the differentiation between two distinct active sites for hydrocarbon conversion under
UHYV conditions has so far been elusive to the best of the author’s knowledge.

Achieving both, high activity and selectivity, is a challenging task and it seems like only
a trade off is achievable for pure metal particles: Electron-poor Pd nanoparticles show higher
initial hydrogenation activity. However, the increased activity is accompanied by the formation
of undesired byproducts and overhydrogenation to ethane, whose detection is one of the rare
examples for consecutive transformations of the same functional group under UHV conditions.
As the active sites for ethylene and acetylene hydrogenation are different, it can be proposed,
that the E site should be electron rich in order to achieve high selectivity. This leads to
poisoning of these sites by formation of dehydrogenated species, whereas sites for acetylene
remain unaffected. Again, such statements are only possible by variation of single reaction
parameters enabled by model catalysis.

In summary, this work has shed light on different aspects of hydrocarbon chemistry on
late transition metals under UHYV conditions and the question rises of future perspectives. It
was already stated in the experimental chapter, that the relocation of the laboratory required
significant experimental changes. This chance was used to implement modifications and expan-
sions in the new chamber and the novel layout of the setup is schematically shown in figure 8.1.
Division of the analysis chamber into several subchambers seperated by gate valves allows for
rapid repairing. Connecting the transfer chamber directly to the analysis chamber renders the
possiblity to repeatedly transfer samples between UHV and ambient or to prepare samples for
ambient experiments without the time-consuming effort to redirect the cluster beam.

The most important aspect from a scientific point of view is the possibility to perform X-ray

photoelectron spectroscopy (XPS). Along with MIES/UPS, the complete electronic structure will
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become accessible. The benefits gained by XPS for the investigations of hydrocarbons on metal
nanoparticles are manifold: the electronic properties of the metal particles can be characterized
before and after reaction. In addition, the amount and nature of dehydrogenated carbonaceous
species can be monitored. Access to this information will hopefully enrich our understanding of

the factors determining (sub)-surface processes.
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Figure 8.1: Schematic of the newly installed experimental setup: Improvements in chamber
design and layout facilitate maintenance, whereas implementation of additional techniques,
such as XPS, boosts scientific possibilities.
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The excact reactions, materials, and topics of future investigations are limited only by the
imagination of the next generation of researchers. Therefore, only brief suggestions are given
here, of which the author thinks are worth pursuing. As was shown in this work, the chemistry
of unsaturated hydrocarbons on late transition metals is characterized by several subtleties,
whose characterization and understanding are required to get the complete picture of factors
determining overall catalytic performance.

The activity and selectivity of Pd nanoparticles for hydrogenation reactions has often been
discussed to be steered by the availability of subsurface hydrogen species. The experiments
performed in this work demonstrate the existance of such species even for particles as small
as twenty atoms. What happens, if these particles reach the lowest bottom of size, that is the
non-scalable size regime? How many atoms are actually needed for ’hydride’ formation and is
the transition fluent or caused by addition of a single atom? Are these species similar to the
ones observed for larger particles and what is their influence on catalytic performance?

For pure academic rather than industrial interest, one could also replace the metal itself
by e.g. gold. It was shown by other researchers, that small Au nanoparticles exhibit excellent
selectivities for alkyne hydrogenation due to negligible interactions between alkene and metal.
Here, the whole reaction network is changed to such an extent, that the rate determining step
of alkyne hydrogenation is replaced by dissociation of hydrogen. A single cluster size capable
of effective hydrogen dissociation might turn out to be an extremely efficient hydrogenation
catalyst in terms of combined activity and selectivity.

An alternative issue of selectivity is the presence of different functional groups within
one target molecule. Instead of the saturation degree of an initial triple bond, the reaction of
molecules such as acrolein and crotonaldehyde centers around the hydrogenation of CC versus
CO double bonds. The control over chemoselectivity represents one of the major hurdles for
future catalysis.

The long-term goal of supported, size-selected metal clusters used for catalysis purposes
has to be a unifying theory. So far, two major concepts have been developed to describe their
performance, fluxionality and the local electron density, which can be specified by oxidation
state and charge-transfer from or to the support. However, the link between these two ideas
is still missing. A concept including both would decisively broaden our conception of cluster
catalysis. Considerable experimental and theoretical advancements are necessary to finally
achieve this goal, but the experiences gained along the way might have an essential impact on

the way we understand catalytic phenomena.
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APPENDIX

The following chapter was published as a supporting information in the Journal of Physi-
cal Chemistry C. Reprinted with permission from J. Phys. Chem. C 122, 8, 2018, 4428-4436.
Copyright 2018 American Chemical Society.

Theoretical calculation of molecular orbitals

To qualitatively support the experimental assignments in the UPS and MIES spectra, quantum
chemical calculations are performed for the isolated molecules using the program Molpro
2006.1 [270]. To estimate the involved ionization potentials, initial and final state energies are
computed. The initial state energies directly correspond to the molecular orbital energies of a
Hartree-Fock (HF) calculation after Koopmans theorem. The final state energies correspond
to excited electronic state energies of the cation referenced to the ground state energy of the
neutral molecule. The latter is hereby representative of the relaxed electronic structure after
ionization of different valence orbitals. A true ionization potential can be expected to lie between
the initial and final state.

The gas phase minimum energy structures are optimized on Mgller-Plesset pertubation
theory (MP2) level and electronic structure calculations for ground state molecular orbitals
are performed on HF level. Excited state energies are obtained via complete active space
self-consistent field (CASSCF) with multireference pertubation theory (CASPT2). All levels of
theory employ a cc-pVDZ basis set. The 10 lowest excited states are computed for the cation
using a state averaged SA(10)-CASSCF calculation. The active space is chosen to include all
orbitals with a contribution larger than 2% for the excited states. For 3-hexyne follows a (17,11)
and a (18,11) active space for the cation and neutral molecule and for 1-hexyne a (19,12) and a
(20,12) active space for the cation and the neutral molecule, respectively. The large number of

occupied orbitals in the active space results from the cationic excited states including ionization
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of low lying molecular orbitals (MOs) (c.f. table A.1 and A.2).

As seen in table A.1 and A.2, the rather crude Koopman approximation and the high-level
CASPT2 calculations deviate quantitatively. Although most of the core-level ionizations are
also found in the CASPT2 calculations, in the case of 3-hexyne also mixed ionization-excitation
configurations are seen for the two highest excited states. Note that the declaration of the MOs
changes partially due to a different energetic ranking in the HF and SA(10)-CASSCF formalism.
Nevertheless, both methods show clearly that the photoelectron peaks around 10 eV correspond

to mc—c orbitals while peaks at higher energies correspond to o orbitals.

Table A.1: Theoretical photoelectron peak assignment for a gas phase spectrum of 3-hexyne,
comparing molecular HF orbital energies (—¢), corresponding to an initial state, with ionization
potentials (IP) on SA(10)-CASPT?2 level corresponding to a final state after a photoelectron
transition. Given is the respective peak energy, the MO declaration or predominant electronic
configuration as well as the MO character.
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Table A.2: Theoretical photoelectron peak assignment for a gas phase spectrum of 1-hexyne,
comparing molecular HF orbital energies (—¢), corresponding to an initial state, with ionization
potentials (IP) on SA(10)-CASPT?2 level corresponding to a final state after a photoelectron
transition. Given is the respective peak energy, the MO declaration or predominant electronic
configuration as well as the MO character.
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Figure A.1: Auger spectra for 3- and 1-hexyne on Pt(111) after TPD to 800 K. The ratio between
C (275 eV) and Pt (241 eV) is used to calculate the amount of carbon residues on the surface.
The calculation is performed according to reference [137] and takes two effects into account:(1)

screening of the Pt AES signal by surface carbon atoms and (2) contribution from Pt layers in
the bulk.
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Figure A.2: Background correction for the desorption of 3-hexyne: The cracking pattern of
hexene (m/z = 69) was determined in situ and the obtained sensitivity factor is used to substract
the contribution of m/z = 69 (hexene) from m/z = 67 (hexyne) resulting in the background
corrected traces, which were used to determine peak areas.
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Figure A.3: Temperature dependent IRRA spectra of 1-hexyne on Pt(111): 7L of 1-hexyne were
dosed either at 200 or 250 K. After dosage at 250 K the sample temperature was stepwise
increased to 285, 300 and 375 K. All spectra were recorded at the dosage temperature. Adsorp-
tion at temperatures higher than 100 K leads to disappearance of all signals indicating that
dehydrogenation takes place at low temperatures in accordance with the mechanism proposed
for dehydrocyclization.
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Der Panther

Sein Blick ist vom Voriibergehn der Stibe
so miid geworden, dass er nichts mehr halt.
Thm ist, als ob es tausend Stdbe gébe

und hinter tausend Stiben keine Welt.

Der weiche Gang geschmeidig starker Schritte,
der sich im allerkleinsten Kreise dreht,
ist wie ein Tanz von Kraft um eine Mitte,

in der betdubt ein groBer Wille steht.

Nur manchmal schiebt der Vorhang der Pupille
sich lautlos auf -. Dann geht ein Bild hinein,
geht durch der Glieder angespannte Stille -

und hért im Herzen auf zu sein.
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