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Abstract

The conversion of «, S-unsaturated aldehydes and ketones with hydrogen over model palladium
catalysts was investigated using molecular beam techniques combined with infrared reflection-
absorption spectroscopy (IRAS), quadrupole mass spectrometry (QMS), and near-edge X-ray ab-
sorption fine structure (NEXAFS) studies under well-defined ultra-high vacuum conditions. The
aim of this work was to gain atomistic-level understanding of structural factors governing the se-
lectivity and activity of a Pd(111) single crystal and FezO4-supported Pd nanoparticles for C=C
and C=0 bond hydrogenation. The ketone isophorone and the aldehyde acrolein were chosen as
prototypical «, S-unsaturated carbonyl compounds.

NEXAFS studies showed that isophorone is adsorbed on Pd(111) in a flat-lying geometry at low
coverages. With increasing coverage, both C=C and C=0 bonds tilt with respect to the surface
plane. The tilting is more pronounced for the C=C bond on pristine Pd(111), indicating a strong
distortion of the conjugated m system upon interaction with Pd. Co-adsorbed hydrogen leads to
higher tilting angles of both 7 bonds and a conservation of the in-plane geometry of the conjugated
7 system, pointing to a much weaker interaction of isophorone with Pd in the presence of hydrogen.

IRAS studies were combined with density functional theory calculations to obtain a detailed
assignment of IR vibrational modes of normal isophorone, deuterium-labeled isophorone, and the
saturated ketone 3,3,5-trimethylcyclohexanone (TMCH). In agreement to the NEXAFS studies,
IRAS studies showed strongly distorted chemical bonds in isophorone at low coverages on pristine
Pd(111) and a less perturbed molecular structure in the presence of hydrogen. In contrast, the
saturated ketone TMCH is always adsorbed in a strongly tilted geometry interacting with the
surface primarily through the C=0 group. Similar results were obtained in TRAS studies on
acrolein and the saturated aldehyde propanal adsorbed on Pd(111).

The selective partial hydrogenation over a Pd(111) surface and Fe3O4-supported Pd nanoparti-
cles with different particle sizes was investigated using acrolein. Molecular beam techniques were
combined with IRAS and QMS measurements in order to simultaneously monitor the evolution of
surface species and the formation of the final gas-phase products. Over a Pd(111) single crystal,
acrolein is hydrogenated at the C=0 bond to form propenol with nearly 100% selectivity, while
over Pd/Fe30y, selective conversion of the C=C bond to propanal occurs.

The propenol formation rate on Pd(111) exhibits a clear temperature dependence with a maxi-
mum at 270 K. IRAS investigations on the surface turning over showed that a distinct modification
of the Pd(111) surface with a dense overlayer of an oxopropyl species is required for propenol forma-
tion. This layer is formed out of the first monolayer of acrolein deposited on the pristine Pd crystal
under reaction conditions, most effectively at 270 K. Subsequently deposited acrolein is adsorbed
via the C=0 bond forming a half-hydrogenated reaction intermediate with a saturated C—O bond.
The propenol formation rate detected in the gas-phase clearly follows the surface concentration of
the reaction intermediate. Under identical reaction conditions on Pd/Fe;Oy4, decarbonylation of
acrolein occurs, inhibiting the surface modification required for propenol formation.

Finally, our studies showed that particle size and temperature have a significant effect on the
surface chemistry during acrolein conversion on Pd/Fe3O4 model catalysts. In general, propanal
production appears at rather low temperatures, while decarbonylation of acrolein dominates at
higher temperatures. However, IRAS and QMS studies on the largest Pd particles with a diameter
of 12 nm indicated that C=0 bond hydrogenation might also be possible on Pd particles. This
final observation constitutes the base for future attempts to control the selectivity of the partial
hydrogenation of unsaturated aldehydes and ketones over oxide-supported Pd particles.
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Zusammenfassung

Die Umsetzung von «,f-ungeséttigten Aldehyden und Ketonen mit Wasserstoff iber Pd-Modell-
katalysatoren wurde anhand von Molekularstrahlmethoden, kombiniert mit Infrarot-Reflexions-
Absorptions-Spektroskopie (IRAS), Quadrupol-Massenspektrometrie (QMS) und Réntgen-Nah-
kanten-Absorptions-Spektroskopie (NEXAFS), unter wohldefinierten Ultrahochvakuumbedingun-
gen untersucht. Das Ziel dieser Arbeit war es, ein atomistisches Verstdndnis der strukturellen
Faktoren zu gewinnen, die die Aktivitdt und Selektivitdt eines Pd(111)-Einkristalls und FesOy-
getragerter Pd-Nanopartikel fiir die Hydrierung der C=C- und C=0-Bindungen bestimmen. Ex-
emplarisch fiir diese Art von Kohlenwasserstoffen wurden das Aldehyd Acrolein und das Keton
Isophoron gewahlt.

Die NEXAFS-Studien zeigten, dass Isophoron bei niedrigen Bedeckungen auf Pd(111) in einer
flachliegenden Geometrie adsorbiert wird. Die Neigungswinkel der C=C- und C=0O-Bindungen in
Bezug auf die Pd(111)-Ebene nehmen mit zunehmender Oberflichenbedeckung zu. Auf reinem
Pd(111) ist die Neigung der C=C-Bindung stéarker ausgepragt, was auf eine Verzerrung des konju-
gierten m-Systems hindeutet. Co-adsorbierter Wasserstoff fithrt zu einem hoheren Neigungswinkel
beider m-Bindungen, dabei bleibt die planare Geometrie des konjugierten 7w-Systems erhalten. Diese
Beobachtung deutet auf eine deutliche schwéichere Bindung von Isophoron an Pd bei Anwesenheit
von Wasserstoff.

IRAS wurde mit Dichtefunktionaltheorie-Rechnungen kombiniert, um eine detaillierte Zuord-
nung der IR-Vibrationsmoden von normalem Isophoron, deuteriummarkiertem Isophoron und dem
gestiittigten Keton 3,3,5-Trimethylcyclohexanon (TMCH) zu erhalten. In Ubereinstimmung mit
den NEXAFS-Daten zeigten die IRAS-Untersuchungen stark verzerrte chemische Bindungen bei
niedrigen Isophoron-Konzentrationen auf reinem Pd(111) und weniger gestorte Strukturen bei ho-
heren Bedeckungen. Im Gegensatz dazu wird das geséttigte Keton TMCH immer in einer stark
geneigten Geometrie iiber die C=0-Gruppe adsorbiert. Ahnliche Ergebnisse wurden in den IRAS-
Studien zu Acrolein und Propanal auf Pd(111) erhalten.

Die selektive partielle Hydrierung iiber einer Pd(111)-Oberfliche und Fe3Oy4-getragerten Pd-
Nanopartikeln unterschiedlicher Gréflen wurde unter Verwendung von Acrolein untersucht. Mo-
lekularstrahlmethoden wurden mit IRAS- und QMS-Messungen kombiniert, um gleichzeitig die
Bildung von Adsorbaten auf der Oberfliche und die der Produkte in der Gasphase verfolgen zu
konnen. Uber einem Pd(111)-Kristall wird Propenol mit nahezu 100% Selektivitit durch Hydrie-
rung der C=0-Gruppe gebildet, wihrend tiber Pd/Fe3O,4 Propanal durch selektive Hydrierung der
C=C-Gruppe erzeugt wird.

Die Bildungsrate von Propenol auf Pd(111) zeigt eine klare Temperaturabhingigkeit mit ei-
nem deutlichen Maximum bei 270 K. IRAS-Untersuchungen unter Reaktionsbedingungen zeigten,
dass die Propenol-Bildung eine Modifikation der Pd(111)-Oberflache mit einer dichten Monolage
einer Oxopropyl-Species voraussetzt. Dieses Adsorbat wird aus der ersten aufgebrachten Acrolein-
Monolage auf dem Pd(111)-Kristall unter Reaktionsbedingungen gebildet, am effektivsten bei
270 K. Die darauffolgend adsorbierten Acrolein-Molekiile werden iiber die C=0-Gruppe adsor-
biert und bilden ein halb-hydriertes Reaktions-Intermediat mit einer gesittigten C-O-Bindung.
Der Verlauf der in der Gasphase gemessenen Propanal-Bildungsrate folgt klar dem der Oberfla-
chenkonzentration des Intermediates. Auf Pd/Fe;O, tritt unter identischen Reaktionsbedingungen
eine Decarbonylierungsreaktion auf, die die fiir die Propenolbildung notwendige Oberflichenmodi-
fizierung verhindert.

Abschieflend zeigen unsere Studien, dass die PartikelgréBe und die Temperatur einen grofien FEin-
fluss auf die Reaktionen auf der Pd/Fe3O4-Oberfiche haben. Allgemein tritt die Propanal-Bildung
bei eher niedrigen Temperaturen auf, wihrend bei héheren Tempreaturen die Decarbonylierung
von Acrolein dominiert. Dariiber hinaus deuteten IRAS und QMS-Untersuchungen an den gréfiten
Pd-Partikeln mit einem Durchmesser von 12 nm an, dass eine C=0-Hydrierung auch auf Partikeln
moglich ist. Die zuletzt genannte Beobachtung bildet eine vielversprechende Basis fiir zukiinfti-

iv



ge Versuche, die Selektivitat der partiellen Hydrierung ungeséttigter Aldehyde und Ketone auf
oxidgetragerten Pd-Partikeln zu kontrollieren.
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1 Introduction

Catalytic reactions at interfaces constitute the basis for a large number of chemical pro-
cesses in industry, such as chemical synthesis, environmental technologies, energy storage
and conversion, and food production. During the last decades, new applications of hetero-
geneous catalysts emerged from the growing attempt to protect the natural environment.
The focus of catalysis changed from pure acceleration to improved selectivity of chemical
reactions. Catalysts control the rate as well as the selectivity of a chemical reaction. High
reaction rates under mild conditions combined with high selectivity towards the desired
product is economically and environmentally beneficial [1-4].

Heterogeneous catalysts are typically based on a thermally stable support, often a metal
oxide, on which the active phase, a metal or metal oxide, is dispersed as small particles.
These systems exhibit a large number of non-equivalent sites, which may critically control
the kinetics of the catalyzed reaction. Particles are typically terminated by distinct facets
as well as by edge, corner, and defect sites. The support exhibits regular oxide areas as
well as defect sites. Moreover, sites can be modified, e.g. by promoters or poisons. It has
been found that the particle size, size distribution, the morphology as well as the oxidation
state can drastically influence the performance of the supported catalyst. In addition, the
support itself and particle-support interactions can strongly affect the catalytic behavior.
Finally, it has to be taken into account that the catalyst may restructure under reaction
conditions. Due to the high complexity of these systems, a rational design of new catalysts
has not been achieved yet and new catalysts are still found mainly by empirical methods.
Therefore, a microscopic understanding requires detailed knowledge of the interaction be-
tween the adsorbates and the catalyst [1, 5-11].

There are two principally different approaches in catalysis research. Either the reac-
tion is studied on an applied catalyst under realistic conditions and the global kinetics is
modeled as function of the reaction parameters; or the reaction is studied on simplified
model systems under well-defined conditions, which allows a microscopic understanding
of elementary processes.

In the first approach, structural parameters of the catalyst are varied over a wide range
and subsequent changes of the global kinetics are detected. The advantage of this method
is that the results give macroscopic information that are directly relevant for applications.
Nevertheless, it is often difficult to vary just one structural parameter and a detailed un-
derstanding of microscopic processes is not possible from this macroscopic view.

In the microscopic approach, the structural and chemical complexity is reduced to have
a very well-defined system that is accessible by surface science methods. In the most sim-
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ple case, surface processes are studied on a metal single crystal under ultra-high vacuum
(UHV) conditions. The goal is a detailed description of the kinetics of all elementary steps,
such as adsorption, diffusion, reaction, and desorption. In fact, such detailed models are
hardly available. Nevertheless, a combination of surface science studies and kinetic inves-
tigations provide increasingly detailed insights into chemical reactions on surfaces. First,
the surface chemistry on single crystal surfaces was investigated [11] until in the last two
decades several groups developed a model catalysts approach [10, 12-19]. Model catalysts
mimic some important structural properties of applied catalysts, while the full complexity
is avoided. These catalysts are fully accessible by surface science methods, which allows
an atomic-level characterization of their geometric and electronic structures. A variety
of model systems has been developed, such as metal nanoparticles dispersed on a metal
oxide support, which is employed in this work.

When trying to use results from the microscopic approach to understand reaction ki-
netics of an applied catalyst, two basic difficulties appear, which are illustrated in Figure
1.1. The first one arises from the reduced structural complexity of model systems. How-
ever, structural complexity can critically affect the reaction kinetics. The discrepancy in
complexity of an applied catalyst and a system available for surface science methods is
called material gap. An attempt to overcome the material gap is the use of well-defined
model supported catalysts instead of single crystals.

The second difficulty is the large degree of chemical complexity which originates from
the interaction between multiple adsorbed gases under high pressure conditions while sur-
face science studies are typically performed under UHV. The term pressure gap refers to
the latter issue. The pressure gap can be approached to a certain extend by crossing
multiple molecular beams (MB) on the catalyst. Molecular beams provide a well-defined
directed flux of molecules with pressures from 107! mbar to 10™° mbar at the sample
surface, while the background pressures stays several orders of magnitude lower. Hence,
some degree of chemical complexity is created on the catalyst’s surface in an otherwise
UHV environment. MB techniques are a well-established tool for studying dynamics and
kinetics of surface reactions [9, 20-25].

This study is aiming at an atomistic understanding of the selective hydrogenation of
multi-unsaturated hydrocarbons. Particularity, we studied the kinetics of the hydrogena-
tion of «a,B-unsaturated carbonyl compounds. As prototypical hydrocarbons acrolein,
which is the most simple unsaturated aldehyde, and isophorone, a pro-chiral ketone, were
chosen.

For molecules with unsaturated C=C and C=0 bonds, such as acrolein and isophorone,
hydrogenation can occur either on one of the bonds or on both of them. Conversion of the
C=C group gives the saturated aldehyde or ketone, hydrogenation of the C=0 group will
yield an unsaturated alcohol, and conversion of both bonds will give a saturated alcohol.

The selective hydrogenation of the C=0 bond in the presence of a C=C bond is of
special interest for industrial applications, such as in the fields of fine chemicals or phar-
maceuticals [27-30]. Thermodynamics, however, favors the hydrogenation of the C=C
bond [28]. Hence, conversion of the C=0 group requires manipulation of the kinetics by
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Figure 1.1: Schematic representation of the reduced chemical and structural complexity of
systems in surface science as compared to applied catalysts. Model catalysts
are used to mimic structural properties of applied catalysts and molecular
beam methods introduce some degree of chemical complexity (TEM image
from [26])
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means of an adequate catalyst.

It has been noted that acrolein is the most difficult «,S-unsaturated aldehyde to selec-
tively hydrogenate at the carbonyl group, while higher selectivities towards C=0 bond
hydrogenation have been found for homologous compounds such as cinnamaldehyde or
prenal. In the latter cases, the hydrogenation of the C=C group is suppressed by large
substituents that prevent the attack of the catalyst at the C=C group and thus increase
the chance of C=0 conversion [31, 32].

A considerable number of studies have been performed to trigger the selectivity in favor
of C=0 bond hydrogenation over powdered catalyst at ambient or higher pressures. For
instance, silver or gold were employed instead of conventional hydrogenation catalysts like
palladium or platinum. Silver [33—-35] and gold [36-39] are the only monometallic catalysts
that are known to hydrogenate the C=0 bond in «a,S-unsaturated aldehydes and ketones
with selectivities up to approximately 50%. The selectivity, however, depends on a number
of factors, such as the particle size, reactant pressures, and the support material.

The effect of reactant pressures on the selectivity in acrolein hydrogenation over oxide-
supported Ag catalysts was investigated by several groups. All of these studies point to
higher selectivities towards C=0 bond hydrogenation at higher pressures of acrolein and
hydrogen [34, 35, 40]. Wei et al. observed an increasing selectivity to allyl alcohol forma-
tion from 1 bar to 5 bar total pressure [40]. Bron et al. found a minimum total pressure
of about 100 mbar for allyl alcohol formation. The pressure-dependent selectivity was
explained by two different adsorption modes of acrolein on Ag: a flat-lying geometry at
lower pressures and a tilted orientation with the C=0 group attached to the surface at
higher pressures [34].

The particle size dependence of the selectivity and activity is closely related to the role of
the different surface sites in activating the unsaturated chemical bonds. The large majority
of studies report increasing selectivities towards the unsaturated alcohol with increasing
particle size for a large variety of transition metals [27, 38-42]. Bron et al., in contrast,
obtained contradictory results for Ag particles [34, 35]. In the latter studies, the authors
concluded that mainly low-coordinated sites are responsible for the C=0 group activation.
In the former group of studies, Schimpf et al. [38], Wei et al. [40], and Englisch et al. [41]
concluded that most likely the (111) facets of Pt, Ag, and Au activate the C=0 group.
However, it should be noted that over Pt the selectivity to C=0 bond hydrogenation was
always very low, even though TiO2 and ZrOs supports were used, which were found to
activate the C=0 bond, as will be discussed below. Mohr et al. found higher selectivities
towards alcohol formation over larger Au particles, however, the authors identified the
edges of particles to be responsible for C=0O bond hydrogenation [43].

In the majority of studies on the partial selective hydrogenation of «,S-unsaturated
carbonyl compounds in the last five decades, the activity and selectivity of Pt-group
based catalysts were modified with promoters, such as a second metal or metal oxide (e.g.
[27, 30, 44-51]). For instance, increasing selectivities to C=0 bond hydrogenation over
Pt catalysts were found by promotion with Fe [46, 48, 49, 51] or Sn [49-51]. In most



of these studies unsaturated aldehydes with bulky substituents at the C=C group, e.g.
crotonaldehyde or cinnamaldehyde, were used. Marinelli and Ponec, however, investigated
the hydrogenation of acrolein over Sn-modified Pt powdered catalysts [51]. An increase
in selectivity to allyl alcohol from near 0% over Pt/SiO2 to approximately 10-20% over
SnPt/SiO9 was observed. Nevertheless, the major product in both systems was propanal.

Furthermore, also the support material was found to be able to act as a promoter for
C=O0 bond conversion. In general, higher selectivities towards C=0 bond hydrogenation
were observed over catalysts with partially reducible supports. There are two possible ways
how the support may activate the carbonyl group. On the one hand, the hydrocarbon can
be adsorbed and thus activated by the support in the vicinity of the metal particles.
On the other hand, strong metal-support interactions (SMSI) can create reduced support
material on the active metal which interacts with the reactant.

In acrolein conversion over Au particles, the selectivity to C=0 hydrogenation was found
to increase from about 20% to 40% when ZrOs is used as support instead of SiOs. The
promoting effect of the support was explained by adsorption of the hydrocarbon on Au
with the oxygen atom of the C=0O group attached to a Zr** site at the ZrOs—Au inter-
face [37]. Kennedy, Baker, and Somorjai spectroscopically investigated the hydrogenation
of crontonaldehyde over Pt/SiO2 and Pt/TiO2 catalysts. They found that crontonalde-
hyde is adsorbed via the C=0 group at O vacancies of the TiOs support and react with
spillover hydrogen from Pt forming an unsaturated alcohol while SiO5 has no active role in
the reaction [52]. Englisch, Jentys, and Lercher, however, obtained rather similar activity
and selectivity of Pt/SiOg and Pt/TiO5 in crotonaldehyde hydrogenation. Nevertheless,
the selectivity towards C=0 bond conversion was found to increase on TiO, decorated
Pt particles (SMSI state) obtained by high-temperature reduction of the Pt/TiOy cata-
lyst [41]. The results from Lercher’s group agree well to earlier studies by Vennice et al.
showing an increase in activity for hydrogenation of the C=0 group of crotonaldehyde
over Pt/TiO2 by one order of magnitude after an SMSI state has been created [53, 54].
The group of Iwasawa studied the kinetics and the mechanism of acrolein hydrogenation
over Ir/NbOj catalyst in normal and SMSI state with the help of isotopic labeling. The
main hydrogenation product was always propanal. However, allyl alcohol was observed
over both catalysts, but a higher selectivity towards allyl alcohol was found on the SMSI
system. According to investigations of the reaction kinetics, the activation energy for allyl
alcohol formation decreased for the SMSI catalyst, while that for propanal increased. The
authors concluded that hydrogen is dissociatively adsorbed on bare metal sites, while the
addition of hydrogen to acrolein happens in the vicinity of NbO, islands on the Ir metal

[55, 56].

Despite the large variety of attempts to control the selectivity in hydrogenation of «,5-
unsaturated aldehydes and ketones over powdered catalyst, selective production of unsat-
urated alcohols remains challenging. Especially when using acrolein, the main product
in partial hydrogenation is essentially always the saturated aldehyde propanal. The only
possibility to produce allyl alcohol with near 50% selectivity is to use Au or Ag particles
supported on a reducible oxide like TiOy. However, the drawback of using Ag or Au is
their weak interaction with hydrogen as compared to conventional hydrogenation catalysts
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like Pt or Pd. The dissociation of hydrogen on Ag and Au was shown to be an endother-
mic process and Ag surfaces at ambient temperatures were found to not dissociate Hs
molecules [57-59].

While a large number of studies on the hydrogenation of «,f-unsaturated carbonyl
compounds over powdered catalyst under realistic conditions were conducted over several
decades, surface science studies on the reaction of hydrogen with molecules containing
both C=C and C=0 bonds under well-defined conditions became more numerous only in
recent years.

The adsorption of acrolein on Pt(111) was investigated by sum-frequency generation
vibrational spectroscopy (SFG-VS) and kinetic measurements by Kliewer et al. [60] and
by density functional theory (DFT) calculations from Loffreda et al. [61]. Both studies
showed that a mixture of different adsorption modes containing 7, (di-o-C-C, cis and
trans), n3 (trans), and 0y (trans) configurations of acrolein on the surface. However, the
SFG-VS results did not indicate any products from acrolein hydrogenation during heating
up to 415 K in the presence of hydrogen. For crotonaldehyde and prenal, in contrast, the
experimental data points to the formation of saturated aldehydes and unsaturated alcohols.

The geometries of the unsaturated C=C and C=O0O bonds with respect to metal single
crystal surfaces were determined under well-defined conditions by the group of Lambert. In
a study by Brandt et al., the adsorption and hydrogenation of acrolein on a Ag(111) surface
was investigated by synchrotron X-ray photoelectron spectroscopy (XPS), near-edge X-
ray absorption fine structure (NEXAFS), and temperature programmed reaction (TPR)
[62]. The TPR study showed an increasing selectivity towards allyl alcohol formation with
increasing acrolein coverage. By NEXAFS, both unsaturated bonds C=C and C=0 were
found almost parallel to the Ag surface at low acrolein coverage. However, a stronger
tilting of the C=C bond was observed at high coverages. The authors concluded that the
inclined C=C bond at high acrolein concentrations is less likely to react with hydrogen,
increasing the change for C=0 hydrogenation.

In order to study the enantioselective hydrogenation of isophorone over a Pd(111) sin-
gle crystal surface, Beaumont et al. investigated the tilting of the unsaturated bonds in
isophorone with respect to the surface plane by NEXAFS studies [63]. A strong tilting of
the C=C-C=0 framework was found at sub-monolayer isophorone coverage. However, it
was not possible to discriminate between the geometries of the C=C and C=0 bonds.

Murillo et al. studied the effects 0.5 ML of Ni, Co, and Cu on the selectivity towards
C=C or C=0 bond hydrogenation of acrolein on a Pt(111) crystal by temperature pro-
grammed desorption (TPD), high-resolution electron energy loss spectroscopy (HREELS)
and DFT studies [64]. The TPD studies showed the highest hydrogenation activity and
the highest selectivity towards C=0 bond hydrogenation, which was 17%, when Ni was
dissolved in the Pt(111) subsurface (Pt-Ni-Pt(111)). HREELS studies indicated a di-o-C—
O adsorption mode on the Pt-Ni-Pt(111) surface. The authors concluded that a di-o-C-O
adsorption mode facilitates C=0 bond hydrogenation while configurations involving the
interaction of the C=C group with the surface will mainly result in C=C bond conversion.



Hydrogenation reactions over palladium were established to not necessarily be pure
surface processes. Palladium has a unique ability to dissolve large amounts of hydrogen
and carbon. While carbonaceous species on the surface are responsible for poisoning of
the catalyst [65, 66], subsurface carbon was found to promote hydrogen diffusion into the
palladium subsurface and bulk [67-70]. Hydrogen in the subsurface region, which is more
weakly bound than hydrogen on the surface, may critically affect the kinetics of an alkene
conversion [57, 69-74]. Additionally, it is well known that during hydrocarbon conversion
under realistic conditions, the catalyst surface can be covered with a large variety of car-
bonaceous species. In most previous surface science studies, however, rather clean metal
surfaces were investigated and the effects related to the presence of hydrocarbons remained
largely unexplored. For a true microscopic understanding the effects of co-adsorbed species
need to be taken into account.

The aim of this work is to gain an atomistic-level understanding of structural factors
governing the selectivity and activity of partial selective hydrogenation of «, S-unsaturated
carbonyl compounds over palladium catalysts. We start with a detailed investigation of the
adsorption process on a Pd(111) single crystal. The molecular structure of the adsorbed
hydrocarbons is investigated with special emphasis on the geometries of the C=C and C=0
bonds with respect to the metal surface. We particularly focus on the coverage-dependent
changes of the inclination angles as well as on the effect of co-adsorbed hydrogen. In the
second part, the selectivity to C=C and C=0 bond hydrogenation over Pd catalysts with
different structures is investigated by molecular beam experiments under isothermal con-
ditions. The evolution of surface species, such as intermediate products and spectators,
is studied under reaction conditions. Especially the role of spectators on the catalyst’s
surface is discussed in detail. We chose the ketone isophorone and the aldehyde acrolein as
two prototypical a, f-unsaturated compounds. The hydrogenation reactions are studied
on a Pd(111) single crystal and on well-defined Pd/Fe304/Pt(111) model catalysts with
different Pd particle sizes.

Adsorption properties are studied mainly for isophorone on a Pd(111) single crystal by
a combination of infrared reflection-absorption spectroscopy (IRAS) and near-edge X-ray
absorption fine structure (NEXAFS) measurements under UHV conditions. On the one
hand, TRAS and NEXAFS are employed to determine the coverage-dependent inclination
angles of the C=C and C=0 bonds on pristine and hydrogen-precovered Pd(111). On the
other hand, detailed assignment of the IR vibrations of isophorone allows us to study the
molecular structure of the whole molecule, including the C-H and C—-C bonds.

Acrolein is mainly employed to study the selectivity and activity of the different Pd cat-
alysts. The kinetics of the partial hydrogenation is investigated by isothermal molecular
beam experiments over a Pd(111) single crystal and Pd/Fe3O4/Pt(111) model catalysts
with different Pd particle sizes. We focus on the influence of the catalysts structure on
the selectivity to C=C or C=0 bond conversion. Quadrupole mass spectrometry (QMS)
is employed to study the gas-phase composition while IRAS is used to monitor the forma-
tion of adsorbates on the surface during acrolein conversion. Simultaneous monitoring of
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gas-phase molecules by QMS and surface species by IRAS opens up the opportunity to dis-
tinguish between different adsorbates, such as spectators and intermediate products. With
these studies, not only the structure of the intermediate product is determined, also the
role of different spectators on the selectivity and activity of the Pd catalysts becomes clear.

In the following chapter, the theoretical background of this thesis is presented. In the
first part of Chapter 2, basic kinetic processes are summarized before the experimental
techniques are described. In Chapter 3, the preparation method as well as the structural
properties of Pd/Fe3O4 model catalysts are briefly reviewed.

Chapter 4 outlines the general content of the research articles presented in Chapters 6
to 12 and provides an overview on the most important results. First, NEXAFS and IRAS
studies on the adsorption of isophorone with a special focus on the geometries of the C=C
and C=0 bond with respect to the Pd(111) surface are discussed in detail. Next, IRAS
studies on the structure of the saturated ketone 3,3,5-trimethylcyclohexanone (TMCH) on
Pd(111) are presented and compared to the structure of isophorone on Pd(111). Moreover,
IRAS studies on the adsorption of acrolein and propanal will be briefly described. In the
second part of Chapter 4, the key results on acrolein hydrogenation over a Pd(111) single
crystal and over Pd/Fe3O4 model catalysts are summarized. Special emphasis is put on
the relation between the structure of the Pd catalyst and the selectivity to C=C or C=0
bond conversion. Conclusions and a future outlook are presented in Chapter 5.

In Chapter 6, a publication on NEXAFS and IRAS studies is presented that mainly
focuses on the adsorption geometries of the C=C and C=0 bonds in isophorone on pris-
tine and hydrogen-precovered Pd(111) single crystals. In the article in Chapter 7 IR
vibrations of isophorone and TMCH are assigned in detail and the molecular structure
of both compounds on Pd(111) is discussed. IR studies on acrolein, propanal, and allyl
alcohol on Pd(111) are the topic of Chapter 8. In Chapter 9, a mechanistic study on the
selective hydrogenation of acrolein on Pd(111) compared to the conversion on Pd/Fe3O4
model catalysts is presented. More detailed studies on acrolein conversion on a Pd(111)
single crystal can be found in Chapter 10 and on Pd/Fe3sO4 model catalysts in Chapter
11. Finally, Chapter 12 shows a combination of IRAS and TPD studies for more detailed
information on the origin of the selective C=C bond hydrogenation over Pd/Fe304 model
catalyst.



2 Theoretical Background

2.1 Kinetics at Gas-Surface Interfaces

2.1.1 Basic Kinetics on Surfaces

Understanding the kinetics of a catalytic conversion requires atomistic-level insights into
the dynamics of the fundamental gas-surface interactions. Catalytic reactions at surfaces
often involve several elementary reaction steps that might exhibit different dynamics and
result in overall complex kinetic behavior. In this section, we will focus on basic processes
that can occur in a very simple reaction on a surface with a single facet. More complex
systems will be discussed in section 2.1.2. Figure 2.1 illustrates the most important ele-
mentary processes. In a collision between a molecule and a surface translational and/or
internal energy is exchanged. Subsequently, the molecule might scatter back into the vac-
uum, or it might not escape the potential well and become adsorbed. In the latter case, the
species might be trapped in a physisorbed precursor state first, diffuse at the surface and
finally chemisorb. The adsorbed molecule may undergo a chemical reaction and desorb, if
it gains sufficient thermal energy.

Scattering

Atoms or molecules can be scattered from a surface elastically or inelastically. In elastic
scattering, the kinetic energy of the species is conserved and the angle of incidence is
equal to the angle of scattering [75]. In inelastic scattering, molecules that impinge on the
surface gain or loses perpendicular momentum but the parallel momentum is conserved.
The angular distribution of inelastically scattered molecules is broader than that for elastic
scattering. For instance, molecules with masses like CO, Oq, or heavier will exchange
perpendicular momentum with the surface and thus heat or cool the surface [21].
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Figure 2.1: Schematic representation of basic procesess in gas-surface interactions
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Chemisorption and Physisorption

The adsorption of a molecule is a complex process that usually can be divided into two
stages. First there is physisorption, a relatively weak and long-range dipolar interaction
between the adsorbate and the surface. Van der Waals interactions cause attractive po-
tentials between the surface and the adsorbate at large distances. Closer to the surface,
electronic repulsion becomes dominant, which leads to an increase of the potential energy
and defines a potential well, in which the molecule can be trapped. Secondly, chemisorp-
tion occurs when a chemical bond is formed between the adsorbate and the surface. In
this case, the potential of the system decreases along the reaction coordinate until the
chemical bond is formed. Often chemisorption follows an initially formed physisorbed
precursor state [76].

Trapping Trapping describes the adsorption of a species from the gas phase into a gas—
surface potential well. The adsorbate thermally equilibrates to the surface. It is mostly
associated with non-activated, non-dissociative physisorption [20, 21]. In order to be
trapped, the incident species must lose sufficient momentum along the surface normal, for
instance through coupling to its momentum parallel to the surface or to surface phonons.
Hence, the trapping probability will decrease with increasing energy of the impinging
species. However, the trapping probability depends on numerous further parameters such
as surface temperature, mass, and chemical structure of the adsorbate [20, 77, 78]. Trap-
ping might be followed by desorption, this process is called trapping-desorption. The
intensity of the desorbing signal is a cosine distribution around the surface normal and the
kinetic energy corresponds to a Maxwell-Boltzmann velocity distribution characteristic for
the surface temperature [20, 21, 75].

Precursor States A species that has been trapped on a surface might be in a precursor
state. The lifetime of a precursor state is short compared to the lifetime of the strongly
adsorbed state. Precursor states can exist over sites that are available for chemisorp-
tion (intrinsic precursor), but it can also exist over surface sites that are occupied by
chemisorbed species (extrinsic presursor). Extrinsic precursor states ensure high sticking
probabilities of adsorbates up to high surface coverages, since impinging molecules get
trapped and can diffuse along the surface until they find a site available for chemisorp-
tion. Physisorption can also be followed by desorption, which then corresponds to the
phenomenon of trapping-desorption, which has been discussed before 2.1.1. Figure 2.2
illustrates the different precursor states and the possible pathways of their conversion
[20, 76, 77].

Sticking Sticking refers to the formation of a chemisorbed species. Often it is formed
from a weaker bonded physisorbed precursor state. The fraction of the impinging gas
phase molecules that stick to a surface is the sticking coefficient S, which is generally a
function of the coverage ©. Langmuir assumed that molecules impinging on a site occupied
by a chemisorbed species will scatter back while species arriving at empty sited will stick
with a probability Sp. According to this model, the sticking probability S7.(©) decreases
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Figure 2.2: Illustration of the adsorption into a precursor state over an empty site (intrinsic
precursor) and over a site occupied by a chemisorbed species (extrinsic precur-
sor). The formation of the intrinsic precursor state can be directly followed by
chemisorption. During the lifetime of the extrinsic precursor, the adsorbate
can diffuse along the surface to find a site available for chemisorption.

linearly with the density of empty sites and thus with the surface coverage ©.

@ n

S1(6) = So <1 - ) (2.1)
@sat

Osqt is the saturation coverage and n is the order of the adsorption process.

However, in many studies the sticking probability was found to stay high up to high
coverages, caused by a precursor-mediated sticking. In this process, adsorbates can first
be trapped in an extrinsic precursor state that enables them to diffuse along the covered
surface to find sites available for chemisorption. Thus, the rate of this precursor-mediated
sticking depends on the rate of diffusion of the extrinsic precursor to sites which are
available for chemisorption and on the rate of chemisorption from these intrinsic precursor
state. This coverage-dependent sticking probability S(©) was described by Kisliuk as
follows:

KpO\~
S(e)_50<1+1_@>
Sp is the sticking probability on the pristine surface. The precursor state parameter Kp
is a measure for the effect of the precursor on the sticking probability. If Kp=1, the
precursor plays no role in the chemisorption process and the sticking probability decreases
linearly with increasing coverage, which corresponds to the Langmuir model. Assuming a
nearly random distribution of empty and filled sites, which is most likely true for © ~ 0
and ©® = 1, Kp is given by the ratio between the probabilities of desorption from the
extrinsic precursor state Pj. and adsorption from the intrinsic precursor state Py;:

(2.2)

SoPe
Kp = %aj (2.3)
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Figure 2.3: The effect of the precursor state parameter on the coverage-dependent sticking
probability S relative to the initial sticking probability (Sp). K=1 corresponds
to no effect of the precursor states (Langmuir model). K=0.01 corresponds to
a strong precursor effect on the chemisorption rate, such as for large organic
molecules.

Qualitatively, the precursor states lead to increased sticking when the desorption prob-
ability from the extrinsic precursor state is low and the adsorption probability from the
intrinsic precursor state is high [79]. Figure 2.3 illustrates the effect of changing precursor
state parameters on the coverage dependent sticking probability. The studies in this thesis
show that for relatively large molecules such as organic compounds with masses higher
than 50 amu, the sticking probability is high until high surface coverages indicating a
low desorption rate from the extrinsic precursor states and a high adsorption rate from
intrinsic precursor.

Diffusion and Desorption

After an adsorbed species has entered the potential well of a surface, it can diffuse across
the surface or desorb into the gas phase. For diffusion on the energetically corrugated sur-
face, the adsorbate has to overcome the energetic barrier to hop from one potential well
to the next one. The activation barrier for diffusion is generally lower than the activation
barrier for desorption. As both processes are driven by thermal fluctuations, the surface
temperature critically governs the rates of diffusion and desorption.

The root mean square distance < 22 >'/2 that an adsorbate diffuses within it’s residence
time ¢ on a uniform two-dimensional surface is given by

12
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< 2? >12= /4Dt (2.4)

with D representing the diffusion coefficient. The diffusion constant is described by an Ar-
rhenius equation with the pre-exponential factor Dy and the activation energy for diffusion

Ediff‘

Ediff)
D=D 2.
veap ( (25)
The rate of desorption de is given by
—doO —Ey
@nkdes es) 2.6
Tdt 0 TP ( kT (2:6)

with © the coverage, n the desorption order, kg the pre-exponential factor for desorption,
and Fg4.s the activation barrier for desorption.[20, 75]

Bimolecular Reactions on Surfaces

Figure 2.4 illustrates two principle ways of bimolecular reactions on surfaces, Langmuir-
Hinselwood (LH) and Eley-Rideal (ER). Most reactions proceed by the LH mechanism,
in which both reactants are fully accommodated on the surface before they react. The
adsorption process of both reactants might follow the steps that are described above:
Physisorption in a precursor state, diffusion between different sites, and chemisorption
with and without dissociation. Finally, the adsorbates can react and desorb into the gas
phase. The formation rate of the product AB (dQAB) out of the reactants A and B in an

elementary reaction step is given by:

dO aB _ 1.LH _E(fc{;[
L

) 046p (2.7)

with ©4 and ©p representing the surface coverages of species A and B, ELI is the
activation energy for the reaction, and kF¥ is the pre-exponential factor.

The ER mechanism describes a far rare type of bimolecular reactions. Here, the reaction
occurs between an adsorbate and an incident species, which has not equilibrated to the
surface. Evidence for LH or ER mechanisms can be found by molecular beam studies
[20, 21].

2.1.2 Kinetic Effects on Model Catalysts

In this thesis reactions are studied on single crystal surfaces as well as on model supported
catalysts. A typical model catalyst is based on a thermally stable metal oxide, which
supports well-dispersed nanoparticles of a catalytically active metal [9, 12-14, 80]. An
example for such a system is Pd nanoparticles supported by an Fe3O,4 film, which will be
discussed in more detail in chapter 3.

The global kinetics of reactions on surfaces depend on the kinetics of the elementary
processes, which have been described before. However, the kinetics of the elementary

13
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Figure 2.4: Schematics of Langmuir-Hinselwood (LH) (left) and Eley-Rideal (ER) (right)
mechanism. In the LH mechanism both reactants are fully accommodated on
the surface. In the Eley-Rideal the reaction occurs directly at the point of
impact between an incident and an adsorbed species.

steps on a supported model catalyst become complicated due to a large number of non-
equivalent sites of the support and the particles. For instance, the support may exhibit
regular oxide areas as well as defect sites and chemically modified oxide structures such
as hydroxyl groups. Moreover, the particles are terminated by a variety of facets as well
as by edge, corner, and defect sites. Additionally, particles and support can be modified
by adsorbates that poison or promote a chemical reaction [9].

The kinetic effects on supported catalysts can critically depend on the inherent prop-
erties of the supported system. They can tentatively be divided into two groups: On the
one hand, phenomena that arise from specific local properties of individual adsorption and
reaction sites, involving the interplay with neighboring sites, such as electronic effects; and
on the other hand, effects which evolve from the complexity of the whole system, such as
diffusion between different sites [9].

Local Kinetic Effects

Support Effects. It was recognized that the support does not only stabilize the dispersion of
metal particles, but it can also be directly involved in a catalytic conversion (e.g. reduction
of NO [81-83]).

Adsorption of reactants on the support might be coupled to chemical reactions on the
metal by diffusion between binding sites. Reactants can be trapped on the support and
when their mean path is long enough they can reach a particle. The area around a particle
which provides additional reactants is called capture zone [84, 85]. Moreover, adsorbates
can be formed on particles by an activated process and diffuse onto the support (spillover)
or vice versa (reverse-spillover) [86, 87]. Additionally, interactions between the support
and the particles can modify the adsorption and reaction properties of the metal. Such
an example is the phenomenon of strong metal-support interactions (SMSI) for metals on
reducible oxide supports [88].
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Electronic Effects. The electronic structure of a small particle might be different from
that of an extended metal due to electron confinement, or interactions with the support
might influence the electronic properties. Moreover, interface sites between metal and
support as well as adsorbed promoters or poisons can cause local electronic effects [89].

Geometric Effects. An inherent property of particles is their termination by different
facets and specific sites, such as edges and corners, which are not present on single crys-
tal surfaces. Different sites may have different reactivity in specific steps of the chemical
conversion. [9, 10].

Kinetic Effects resulting from overall Complexity of Model Catalyst System

Communication Effects. Surface areas with different adsorption and reaction properties
can be coupled by fast diffusion. Spillover or capture zone effects are specific cases of com-
munication effects. Coupling between different sites can drastically influence the global
reaction kinetics. The observed kinetics can be very different from pure superposition of
the kinetics of the individual surface sites [90, 91].

Confinement Phenomena. The mobility of an adsorbate can be limited to one particle.
This might result in coverage fluctuations along the surface. Morover, diffusion into the
bulk is restricted by the limited size of the particles. Both effects can change reaction
kinetics as compared to an extended single crystal [92-94].

Restructuring Effects. Adsorbates might induce restructuring or refaceting, such as
changes of the particles equilibrium shape or bulk phase transformation (e.g. oxidation)
[95]. Especially on small particles, restructuring is expected to appear frequently, with
large impact on the reaction equilibrium [9].

2.2 Experimental Methods

2.2.1 Molecular Beams

Molecules beam (MB) techniques are a well established tool in various kinds of research
on chemical dynamics. General overviews on MB techniques [96-99] and more specific
summaries of MB applications to study kinetics of surface reactions [9, 20, 21, 89, 100—
103] can be found elsewhere. Here, we will focus on the application of molecular beams
to study reaction kinetics.

Principle of Molecular Beams A molecular beam is a spatially well-defined, directed
and collision-free flow of molecules. A molecular beam source is schematically illustrated
in Figure 2.5. It is produced by expansion of a gas from a so-called stagnation stage
into vacuum. An aperture or skimmer cuts a small solid angle to form a directed beam,
which can be further modified in various ways. To separate the beam from background
molecules, several pumping stages are usually implemented. A temporal structure can be
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Figure 2.5: Schematic illustration of a molecular beam source for gas-surface experiments.

prepared by using a chopper or a shutter and the external and internal degrees of freedom
can be controlled via state-preparation techniques.

Molecular Beams in Model Catalysis In order to study chemical reactions over single
crystals or model catalysts, the reactants can either be introduced via the background or
by crossing of multiple molecular beams. The latter method is of advantage due to the
larger degree of control and the lower background pressure during the experiment. UHV
background pressure provides a collision-free environment for the molecules in the beam.
While the background pressure is low, local pressures up to 10> mbar can be obtained
at the sample position. The main advantages of the molecular beam approach over sim-
ple traditional reactor studies arise from the fact that a molecular beam experiment is
performed under single collision conditions. In other words, every molecule interacts ex-
actly once with the sample in an otherwise collision-free environment. The experimental
advantages can be summarized as follows:

e Determination of absolute reaction probabilities:
Single collision conditions make it possible to exactly determine the number of sur-
face events and thus the absolute probability of a surface process, e.g. adsorption
or reaction. This ability is particularly interesting for studies on heterogeneous or
nanostructured surfaces. The dependence of a reaction rate on the surface structure
can give insights into coupling effects between surface areas via diffusion.

e Fast flux modulation:
Temporal flux modulation in transient experiments gives information on micro-
kinetic processes. Combined with mass spectrometry, the method is called molecular
beam relazation spectroscopy (MBRS).

e Control over dynamic properties of incident molecules:
The collision-free environment ensures that the molecules approach the surface as
prepared by the beam. A beam of molecules with a certain kinetic or internal energy
can be prepared by using distinct state-preparation techniques to study dynamics of
gas-surface interactions and the potential energy surface.
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e Detection of scattered and desorbed molecules:
The collision-free environment ensures that the molecules approach a detector with
the same kinetic energy, internal energy distribution and angular distribution as
they left the sample surface. Thereby, details on the potential energy surface, which
determines processes like desorption, reaction, or scattering, can be obtained.

e Chemical complexity available for surface science methods:
The pressure of the reactants at the sample position is several orders of magnitude
higher than the UHV background. Thus, a chemically complex situation is made
available for surface science techniques.

Molecular beam sources can be divided into two categories: effusive sources and super-
sonic sources. The two types can be distinguished by the expansion conditions, resulting in
specific energy distributions of the molecules in the beam. The conditions of the expansion
are classified by the Knudsen number Kn:

Kn = — (2.8)

where A is the mean free path of the gas molecules and d the source aperture dimension.

Effusive beam sources Effusive beam sources operate at large Knudsen numbers. Phys-
ically this means that the pressure py in the stagnation state is kept sufficiently low to
maintain molecular flow during the expansion. Under such conditions, the number of in-
termolecular collisions is kept low and the energy distribution in all degrees of freedom is
described by the temperature of the gas in the stagnation stage Ty. The velocity v of the
gas molecules with mass M follows a Maxwell-Boltzmann distribution:

3 Muv?
I = Nv’exp (— 2]<:T0> (2.9)

There are several possibilities to realize an effusive expansion. The simplest design is
a thin-walled orifice, which produces a cosine angular flux distribution (Figure 2.6a). To
produce a beam, a small solid angle is extracted and the rest of the gas is removed by
differential pumping. The available pumping speed in the expansion chamber is typically
the limiting factor for the maximum beam intensity. A more collimated flux and thus
larger beam intensities can be achieved by using a capillary array instead of an orifice.
In the absence of intermolecular collisions, only the molecules flying parallel to the center
line can path the channels (Figure 2.6b).

The angular distribution of the beam is a function of the ratio of length (L) to the
radius (r) of the channels. The collimation can be described by the peaking factor k,
which equals the ratio of the center-line intensity of the actual distribution 7(0) and the
center-line intensity of the cosine distribution at identical total flux N. At low pressure
and sufficiently long channels, x can be approximated as follows [104]:

T 3L

[=-—" -2
NI(0)  8r

(2.10)
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Figure 2.6: a) Schematic illustration of an effusive beam source based on a thin-walled
orifice with cosine angular distribution. b) Illustration of the focusing effect
of a capilary array. Smaller amounts of gas have to be removed and pumped
with the capilary array as compared to the orifice.
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A typical L/r value of 40 gives a peaking factor x of about 15. For comparison,  for
supersonic beam sources is in the range of 1.1 to 2.0 only. With increasing stagnation pres-
sure, the mean free path of the molecules approaches the channel length. Intermolecule
collisions lead to a broadening of the angular distribution and thus to a deviation from
the Maxwell-Boltzmann velocity distribution. This pressure limit is higher for channels
with smaller overall dimensions; however, the total flux of molecules through small chan-
nels is low. The problem is solved by using a large number of parallel arrays of small
channels. Such multi-channel arrays (MCA) are capable of providing a collimation effect
at high stagnation pressure and thus at high total flux. The high flux through MCA is
of advantage for studies in surface kinetics, where a high maximum intensity is required,
while the energy distribution is of minor importance. Further advantages of MCA can
be summarized as i) variable beam flux over several orders of magnitude without changes
of the beam properties, ii) high maximum intensity at reduced pumping requirements,
iii) low stagnation stage pressures for reactants with low vapor pressure and iv) low gas
consumption.

Supersonic Beam Source Supersonic beams operate at low Knudsen numbers (Kn«1).
This corresponds to an expansion from a high pressure stagnation stage, where collisions
between molecules are frequent, through a nozzle. A supersonic beam source is schemati-
cally illustrated in Figure 2.7a. The gas in the reservoir (Mach number M«1) is accelerated
by the pressure drop in the nozzle. The flow may reach sonic speed (M = 1) at the exit
of the nozzle and supersonic speed (M>1) in further expansion. A skimmer extracts a
small solid angle of the beam. It can be further collimated by apertures and modified by
a shopper or a shutter.

Inside the nozzle, frequent collisions between the molecules lead to an equilibration of
their kinetic energies and to a narrow velocity distribution in the direction of the expansion
as compared to the Maxwell-Boltzmann distribution. The velocity of the molecules rapidly
approaches an asymptotic value and the translational temperature decreases until there
is a transition to molecular flow (2.7b). The parallel velocity distribution for the flux
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Figure 2.7: a) Schematic illustration of a supersonic molecular beam expansion; b) tem-
perature and velocity of the beam as a function of the distance from the nozzle;
c) velocity distribution before (1) and after (2) expansion (for Argon at 300 K)

from [9]
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I is generally modeled by a shifted Boltzmann distribution and is characterized by the
translational temperature T} (Figure 2.7c).

M(v—v||)2

2.11

I v exp | —

with v denoting the parallel flow velocity and M the molecular mass of the molecules or
atoms in the beam [9].

The relaxation of internal energies depends on the number of molecular collisions and
the energy transfer between the degrees of freedom. In general, the cooling is efficient for
rotational degrees of freedom and less efficient for vibrational degrees of freedom.

The main advantages of supersonic beam sources are i) the narrow velocity distribution,
ii) the possibility to control the kinetic energy by state-preparation techniques and iii) the
large degree of control over the internal energy. Therefore, supersonic beams are very
suitable for studies of gas-surface dynamics, surface scattering, and fast transient kinetics.

2.2.2 Infrared Spectroscopy

Infrared (IR) spectroscopy is a powerful tool to study the interaction of molecules with
surfaces. Molecular vibrations are excited by the absorption of IR light. The vibration
frequency gives detailed information about chemical bonds and thus about the interaction
of the molecule with the metal surface [105-109]. The vibration frequency of covalent
bonds in some adsorbates, such as CO, does not only depend on the metal, but also on
the specific site to which they are attached. Therefore, CO adsorption is frequently used
to characterize the morphology of a surface (see chapter 3.2.1). This kind of information
can also be obtained under reaction conditions, providing information which sites are
populated during a chemical conversion. Moreover, in some cases reaction intermediates
can be identified, which gives insights into the mechanisms of the reaction.

Molecular Vibrations

The excitation of molecular vibrations by IR light can be described as a pure time-
dependent perturbation, since the electromagnetic field is approximately constant over
the size of the excited dipole [110]. Thus, the Hamilton operator H (1) of the perturbation
can be described as

—

HY = ;. E (2.12)

with i the electric dipole moment of the molecule and E the electric field vector of the
electromagnetic radiation [111].

According to Fermi’s Golden Rule, the probability for an excitation is given by

W o (ol Bl

(2.13)
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with ¢ and 1); the eigenfunctions in the exited and the ground state. The Born-Oppen-
heimer approximation (BOA) allows to break the eigenfunctions into its electronic ¢ and
nuclear (vibrational) v compound.

b= (€, v |fil € i) (2.14)
with v and v, representing the eigenfunction of the vibration before and after the exci-

tation.

Within the BOA, both compounds can be treated separately. Thus, the probability for
a vibrational excitation along the normal coordinate @y is given by

Wl ) = <

() 0

Therefore, a vibration can only be IR-active, if it involves a dynamic dipole moment:

(0N,
,,k> _ (&Q’)O (VL 1Qu] i) (2.15)

ofi
dQx

£0 (2.16)

Infrared Spectroscopy on Metal Surfaces

Vibrational spectra of molecules on metal surfaces can be obtained by infrared reflection-
absorption spectroscopy (IRAS) in a reflection mode. In this case, the metal surface selec-
tion rule (MSSR) has to be taken into account [106, 112, 113]. According to the MSSR,
only the components of the dynamic dipole moments perpendicular to the surface can be
detected because dipoles parallel to the surface are compensated by a mirror dipole in
the metal. Moreover, IR light with polarization parallel to the surface (s polarization) is
reflected with a phase shift of 180° leading to almost complete vanishing of the s polarized
field. In contrast, the effective field of the p polarized light is almost doubled at angles close
to grazing incidence. Therefore, IRAS measurements are typically performed only with
p polarized light. Taking the MSSR into account, adsorption geometries of molecules on
metal surfaces can be deduced from characteristic intensity distributions of IR absorption
peaks.

IRAS of adsorbed Molecules

The vibration frequencies of adsorbed molecules can be significantly different from gas
phase species, due to the interaction with the metal surface or inter-adsorbate interactions
[105, 106, 113].

Frequency shifts by metal-adsorbate interaction There are four important effects,
which are responsible for frequency shifts of an isolated adsorbate.

Mechanical renormalization. Adsorption of a diatomic molecule (e.g. CO) to a rigid
surface will result in a purely mechanical shift of vibration frequencies (e.g. C-O stretch).
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2 Theoretical Background

The shift can be estimated from a simple model of masses and springs. In case of the metal—
C-O system, the C-O stretching shifts of 50 cm ™! to higher wavenumbers as compared to
the gas phase. In case of a vibrating substrate, additional renormalization appears [114].

The renormalization model predicts a frequency shift to higher wavenumbers; however,
experimental results indicate mostly lower frequencies for adsorbed molecules. This indi-
cates that this model alone is not sufficient to discribe the experimental results.

Chemical shifts. Chemical shifts arise from chemical interaction between the molecule
and the substrate. Chemical shifts were found to be responsible for the appearance of
several IR vibrations of CO adsorbed on supported transition metals. A theoretical de-
scription of this phenomenon has been given by Blyholder [115, 116]. In this model, a
chemical bond between CO and the metal is formed by charge transfer from the 5o orbital
of CO into the metal (o bonding) and from the metal d-bands into the unoccupied 27*
orbital of CO (7 backbonding). The o bonding increases the C=0 bond stength while
the m backdonation weakens the C=0 bond. Since the 7 backdonation is dominant on
transition metal surfaces, the C=0 bond is weakened. Thus, the degree of backdonation
into the antibonding 27* is directly reflected by the lowering of the C=0 stretch frequency.

Self-image shifts. The adsorbate can interact with its own image dipole in the metal.
This effect tends to lower the vibration frequency in the case of adsorbed CO.

Charge transfer. Charge transfer between the substrate and the adsorbate results in
electrostatic interaction and therefore causes a frequency shift. Theoretical calculations
showed a shift of 10-20 cm ™! for a single adsorbed non-polar molecule, such as CO [117].

The effects of the substrate—adsorbate interaction on vibrational frequencies is widely
used in surface science to identify adsorption sites. For example, the C=0 stretch fre-
quency generally decreases with increasing coordination number. In this work, the Pd
surface was saturated with CO in order to probe different surface sites.

Frequency shifts by adsorbate—adsorbate interaction While the vibrational frequency
of an isolated molecule typically undergoes a shift to lower wavenumbers by means of the
substrate—adsorbate interaction (redshift), an increase of the frequencies is typically ob-
served with increasing surface coverage (blueshift). This blueshift arises from the lateral
interaction between adsorbates. Here, we will summarize three major effects:

Dynamic dipole—dipole coupling. Vibrational coupling between adsorbates can appear as
through-space dipole-dipole coupling [118]. As the distance between adsorbates decreases,
this effect becomes increasingly important. The dynamic dipole—dipole interaction in-
creases the vibration frequency.

Chemical shifts. Chemical shifts have been discussed as a phenomenon of the adsorbate—

metal interaction before. However, with increasing coverage, adsorbates compete for d-
electrons of the metal, which decreases the strength of the m backdonation.

22
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Static dipole—dipole interaction. The vibrational frequency of an adsorbate is affected
by an electric field, which is created by neighboring static dipoles. This effect is typical for
co-adsorbed dipoles with significantly different vibration frequencies. The shift depends
on the orientation of the two dipoles: parallel orientation results in a blueshift, while an
antiparallel orientation leads to a redshift [119].

Intensity changes The intensity of the IR absorption of adsorbed molecules is not only
influenced by the MSSR, but also by adsorbate—adsorbate interactions. In the low cover-
age limit, the intensity is proportional to the number of vibrating dipoles. With increasing
coverage, the intensity is subject to the influence of the effects described above: static and
dynamic dipole—dipole coupling and chemical effects. The impact of these effects on the
IR absorption intensities is non-linear with increasing coverage.

One frequently observed effect is known as intensity borrowing. This effect can lead
to difficulties in identification of species on a surface. If a surface is populated with two
species with slightly different vibration frequencies, dipole—dipole coupling can result in
intensity transfer from the IR adsorption at the lower frequency to the one at the higher
frequency. This effect can result in strong changes in the intensity distribution between
different species.

Fourier-Transform Infrared Spectroscopy

Fourier-transform (FT) IR spectrometers [108, 109, 120] are the most commonly employed
IR spectrometers. They have a number of advantages over dispersive spectrometers. In
dispersive spectrometers, the sample is exposed to monochromatic light and the absorption
is detected at each wavelength individually. In FT-IR spectrometers the sample is exposed
to light from a wide spectral range. The absorption data in the whole spectral range is
collected simultaneously. An FT-IR spectrometer consists of an IR source, a Michelson
interferometer, an IR detector and a computer. The principle is illustrated in Figure 2.8.

In the interferometer, the radiation from the source is passed through a beam splitter,
which reflects half of the light to a fixed mirror and passes the other half to a movable
mirror. The two beams are reflected from the mirrors and interfere again at the beam
splitter. The recombination will be constructively or destructively, depending on the path
difference. The position of the movable mirror (x) is altered and the detector collects
the beam intensity as function of the mirror displacement I(zx), which is called interfero-
gram. For monochromatic light, the detected intensity is a cosine function of the mirror
displacement. For polychromatic light, the interferogram is the sum of all interferences of
each wavelength. With path difference x = 0, constructive interference of all waves oc-
curs, resulting in a maximum intensity of the interferogram. With increasing distance to
x = 0, most waves undergo partial or total destructive interference, which leads to rapidly
decaying oscillations on both sides of the center. The intensity of the light at frequency
I(v) is obtained by Fourier transformation of I(x).

I(v) = /OO I(x)cos (2mvzx) dx (2.17)

—00
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Figure 2.8: Schematic of an FT-IR spectrometer with Michelson interferometer.

2.2.3 Quadrupole Mass Spectrometry

Mass spectrometry is a well established technique for analyzing the chemical composition
of a gas phase. Detailed introductions can be found in literature [121-123]. In this work,
quadrupole mass spectrometry (QMS) was employed, which is a widely used technique in
vacuum science. The principle of QMS is based on three steps: gas is ionized, the ions are
selected by their mass to charge ratio (m/z), and subsequently quantitatively detected by
a channeltron electron multiplier. Hence, a QMS setup consists of an ionizer, a quadrupole
mass filter, and a detector. The setup is schematically illustrated in Figure 2.9.

The mean free path of the ions should be long enough to allow collision-free travelling
from the ion source to the detector. Therefore, typically gas pressures below 10~% mbar

filament __channeltron
’/, ’ //,;;;—::;1_
W= on z [
o  mEE=me lenses — 2
e 4+ € y - \
.gas N ./A LN | [ \

el T =
* W ¥ e & | dynode
repeller extractor
ion source quadrupole mass filter detector

Figure 2.9: Illustration of the principle of a quadrupole mass spectrometer (QMS) with an
ion source, a quadrupole mass filter and a channeltron detector.
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m/z f ° U+Vgcos(ot)

Figure 2.10: Schematic representation of a quadrupole mass filter

are required.

lonization Neutral gas atoms or molecules can be ionized using different procedures.
A common method for gas compound ionization, which was applied in this work, is the
ionization by electron impact. In this case, the gas is bombarded by electrons accelerated
from a filament. If the kinetic energy of the electrons is higher than the first ionization
potential, the gas species M can be ionized:

M+e — Mt 42e” (2.18)
Furthermore, if enough energy is transferred to the ion, fragmentation will occur.
M*" — A"+ B (2.19)

At a typically applied acceleration voltage of 70 eV, a significant portion of the ions will
undergo fragmentation, especially larger organic compounds. Large organic molecules will
give characteristic fragmentation pattern. We took advantage of this effect to resolve two
species with the same molecular mass, propanal and propenol.

Quadrupole Mass Filter Ions with different mass-to-charge ratios (m/z) can be sepa-
rated in a static or periodic electromagnetic field. In the present work, a quadrupole mass
filter was used, which is schematically illustrated in Figure 2.10. In a quadrupole mass
filter, the ions with different m/z ratio are separated in an oscillating field. It consists
of four parallel metal rods, opposing rods are on the same potential. Between the two
pairs of rods, a radio frequency voltage (Vpcos(wt)) and a direct current voltage (U) are
superimposed. Ions propagate along the quadrupole in an oscillating motion, described by
Mathieu’s differential equation, which shows that there are stable and unstable pathways.
For specific parameters U and Vycos(wt), only ions with certain m/z ratio pass the filter.
Ions on an unstable path, gradually approach the electrodes until they collide with one of
them.

Detector A common detector for ions is a channeltron electron multiplier (CEM), which
was used in our setup. The main advantages are a high temporal resolution and a high
signal-to-noise ratio. A CEM is based on a material, which emit secondary electrons when
a cation with sufficiently high energy hits the surface. An electric field is applied along
the length of the CEM to accelerate the electrons. On their travel towards the anode,
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Figure 2.11: Energy diagram of the photoabsorption process by emmission of a photoelec-
tron or population of an unoccupied state and the subsequent filling of the
core hole by emmission of a photon or Auger electron.

their impact on electron emitting material creates an avalanche of secondary electrons,
generating amplification factors up to 10%.

2.2.4 Near Edge X-Ray Absorption Fine Structure

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy probes electronic tran-
sitions from a core level (e.g. from K-shell) to an unoccupied orbital or continuum state.
Detailed information can be found in literature [124-128]. Typically, strong and distinc-
tive transitions to unoccupied molecular orbitals (MO) appear in the energy region from
just below to about 50 eV above the core level ionization edge (e.g. K-edge).

During the measurement, the sample is irradiated with monochromatic X-rays. The
energy of the X-rays is varied in the desired range. The dominant process is absorption,
which results in a core hole and an excited electron. The electron can either be excited to
the vacuum (emission as photoelectron), or to an unoccupied MO. The hole is subsequently
filled with an electron, either radiatively by emission of a fluorescent photon or non-
radiatively by emission of an Auger electron. The emission of a photon or electron is a
direct measure for the existence of a core hole and thus for the preceding X-ray absorption.
A corresponding energy diagramm is illustrated in Figure 2.11.

Information on electronic Structure

In NEXAFS studies, the dependence of the photoabsorption cross section on the energy
of the incident X-ray beam is investigated. The spectra are dominated by a step function,
which results from the excitation of a core electron to the vacuum. Near the step, resonant
transitions to unoccupied MO are superimposed. Such excitations occur if the energy of
the X-ray matches the energy difference between the initial state and an unoccupied MO.
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Figure 2.12: A schematic NEXAFS spectrum with ionization potential and resonant tran-
sitions to 7* and ¢* orbital (adapted from [124]).
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Figure 2.13: Hlustration of the polarization dependence of transition resonances to ¢* and
7% MO. The maximum amplitude of a ¢* orbital is along the bond axis and
the maximum amplitude of the n* orbital is along the normal of the bond
direction. The electric field vector has to match the polarization of the MO
in order to excite the transition (adapted from [124]).

In unsaturated hydrocarbons, excitations to the first unoccupied 7* MO appear below
the ionization step while excitations to o* MO have higher energy than the step edge. A
schematic illustration of a NEXAFS spectrum is shown in Figure 2.12.

Information on molecular Orientation

In addition to the information on the electronic states of molecules, NEXAFS can also
provide information on their orientation. Molecular bonds and their MO are highly direc-
tional. Therefore, the transition intensity of a K-shell spectrum depends not only on the
energy, but also on the orientation of the electric field vector relative to the orientation of
the MO. o orbitals have a maximum amplitude along the bond axis while 7 orbitals have
a maximum amplitude perpendicular to the bond axis. The polarization dependence of
NEXAFS transitions is illustrated in Figure 2.13. In contrast, the excitation of electrons
to the vacuum is independent from the polarization. Therefore, the intensity of the step
function can be used to normalize the spectra.
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Measuring the dependence of the transition intensity on the polarization of the X-ray
beam can be achieved in two ways. Either the geometry between the sample and the X-ray
beam is varied with fixed beam polarization; or the beam is switched between s and p
polarization while the sample-beam geometry is fixed at small incident angle. The latter
method has two major advantages. On the one hand, exactly the same region of the surface
is probed in both measurements, in contrast to angular-dependent investigations, where
a large surface area is probed at small incident angles and a small are at large incident
angles. On the other hand, the experiment are much less time-consuming. Typically,
switching the polarization of the beam takes much less time than aligning the sample
before each measurement.
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3 Pd/Fe;0, Model Catalysts

Since several decades, surface science methods are successfully applied to study chemical
reactions over single crystal surfaces, including stepped and defect-rich surfaces [11, 129,
130]. Studies on these systems give valuable information on the reactivity of different
surface facets or specific sites. In this work, a Pd(111) single crystal was used to study
the adsorption and intrinsic reactivity of hydrocarbons on (111)-facets. However, single
crystals only poorly resemble industrial catalysts, which are highly complex materials with
respect to their composition and structure. Generally, single crystals cannot reproduce
the characteristic structural and electronic properties of supported catalysts, which are
responsible for the kinetic effects that we discussed in chapter 2.1.2. To overcome this
limitation, model supported catalysts have been developed two decades ago by several
groups [10, 12-19, 131]. In model catalysts, distinct structural complexity is introduced
in a well-defined manner to mimic properties of industrial catalysts. In contrast to indus-
trial catalysts, model catalysts are fully accessible by surface science methods and their
structure can be characterized in great detail.

A model catalyst is based on a well-defined thin metal oxide film that is grown onto a
single crystal substrate. The oxide film acts as support for particles of the catalytically
active metal. The underlying metal single crystal as a substrate ensures a macroscopically
planar structure and good electric and thermal conductivity, which is required for many
surface science techniques. There are two principle ways of preparing thin oxide films on
top of a conducting substrate: either by oxidation of the single crystal substrate [132-135]
or by deposition of the metal onto the substrate and subsequent oxidation [136, 137]. In
this study, we used the latter method to grow an iron oxide film on a Pt(111) substrate.
On the Fe3Oy4 film, Pd particles are deposited as the active phase of the catalyst. The
preparation of the Pd/Fe3O4/Pt(111) model catalysts is schematically illustrated in Figure
3.1. It will be discussed in more detail in the following part of this chapter.

Pt(111) Fe304/Pt(111) Pd/Fe;04/Pt(111)

Figure 3.1: Preparation of the Pd/Fe3O4/Pt(111) model catalysts
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(a)

Figure 3.2: (a) LEED diffraction pattern and (b) STM image of an FezOy film; (¢) model
of the crystal structure of Fe3O4 (from [142])

3.1 Fe3;0, film on Pt(111)

The preparation and growth of iron oxide on a Pt(111) single crystal substrate have been
described in detail in literature [138-143]. First, a monolayer of FeO is grown on a clean
Pt(111) single crystal by physical vapor deposition of iron from an electron beam evap-
orator under UHV at 125 K and subsequent oxidation in 1 - 1076 mbar Oy at 990 K. To
avoid sputtering damages to the surface, the same potential was applied to the sample as
to the iron evaporant in the evaporator. Next, FesO4 is prepared on top of the FeO by
cycles of 4-6 ML Fe deposition under UHV at room temperature, followed by oxidation
in 1-107% mbar O, at 900 K. After six cycles, an approximately 10 nm thick film is obtained.

The morphology of the first Fe layer strongly influences the structure of the subsequently
formed FegOy4(111) film. Fe deposition at low temperature is required to ensure a complete
wetting of the Pt(111) surface and thus to form a 2D FeO(111) layer. Fe3O4 grows on top
of the FeO film first as three-dimensional islands. With increasing coverage, the islands
grow and coalesce to form a closed and flat Fe3Oy4 film. The sharp spots in the low-energy
electron diffraction (LEED) pattern in Figure 3.2a show a well-ordered long-range struc-
ture. The scanning tunneling microscopy (STM) image in Figure 3.2b illustrates extended,
atomically flat terraces, separated in height by steps of 5 Aora multiple of that.

The FezO4 film has been characterized in detail by many techniques, e.g. photoelectron
spectroscopy (PES) [144, 145], Auger electron spectroscopy (AES) [144], STM [141, 142,
146, 147], X-ray photoelectron diffraction (XPD) [146, 148], LEED [140, 143, 144, 149],
and thermal desorption spectroscopy (TDS) [142, 150]. It was shown that a thin Fe3Oy
film has the same crystal structure as the bulk phase of magnetite. This is an inverse
spinel structure where the O?~ ions are ordered in an fcc-grid. The tetraedric vacancies
are filled with Fe?* ions and the octaedric sites are occupied by Fe’t and Fe3*t ions
(see Figure 3.2c). Nevertheless, the surface termination is still under discussion. Based
on dynamic LEED and STM studies combined with theoretical calculations, Ritter and
Weiss suggested a termination by tetraedrically coordinated Fe3* ions [149]. In contrast,
Lemire et al. concluded from TDS and IRAS measurements of adsorbed CO, combined
with HREELS (high resolution electron energy loss spectroscopy) studies a model with
termination by octahedrally coordinated Fe?* ions [142].
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3.2 Pd particles on Fe3O4/Pt(111)

Table 3.1: Growth parameters of Pd particles as determined by STM from [153]

nominal Pd coverage 0.3 A 4.0 A 7.0 A

- in atome/cm ™2 2.0 101 2.7.10% 4.7 -10'°
after annealing at 600 K:

island density /cm =2 1.7 .10 3.8-10'2 1.0 -10%2
Pd atoms/island ~ 100 ~ 700 ~ 4900
diameter /nm ~ 2 ~ 4 ~ 8

after stabilization:

island density /cm 2 4.8 -101t 8.4 -10* 6.0 -10M
Pd atoms/island ~ 400 ~ 3300 ~ 8100
diameter/nm ~ 4 ~ T ~ 12

3.2 Pd particles on Fe;0,/Pt(111)

The preparation, growth, structure and morphology of Pd particles on oxide supports
have been studied in detail before [12, 13, 112, 151-153]. In this work, Pd was deposited
onto a freshly prepared Fe3Oy4 film by physical vapor deposition from an electron beam
evaporator in UHV. To avoid sputtering damages to the oxide film by the deposited Pd,
the same potential was applied to the sample as to the evaporator. The flux of Pd was
4.5 -10'2 atoms-cm~2-s7! and the surface temperature was kept at 120 K. The freshly
deposited Pd particles were heated in UHV to 600 K. We prepared Pd particles with dif-
ferent sizes. The nominal depositions, as well as structural and morphological parameters,
are summarized in Tabel 3.1.

It has been shown that these Pd particles are not stable when they are heated in
107% mbar oxygen to 500 K [152]. Therefore, the particles were stabilized before use by
repeated cycles of oxidation by 1-107% mbar O, and reduction by 1-107% mbar CO at
500 K. This treatment leads to an oxygen-assisted sintering of the particles, resulting in
significantly larger particles and lower island densities as listed in Table 3.1. All experi-
ments in this work were conducted with stabilized particles.

The structure of stabilized Pd particles has previously been investigated by STM and
IRAS [152]. From the STM image in Figure 3.3a it can be seen that the Pd particles exhibit
a hexagonal crystalline shape. The aspect ratio (height to diameter) is ~ 1:3.5. The STM
study shows that the particles are terminated on top by a (111)-facet and on the sides
by three (100)- and three (111)-facets. Based on this investigation, it can be estimated
that about 80% of the particle’s surface exhibit (111)-facets and 20% are terminated by
(100)-facets (Figure 3.3b). In the same study, the structure of the Pd particles was also
investigated by IRAS measurements of adsorbed CO molecules. As discussed in chapter
2.2.2, the effects of the substrate—adsorbate interaction on vibrational frequencies can be
widely used to identify adsorption sites.
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schematic illustration of the a Pd particle (adapted from [152]); (c) IRAS of
CO adsorbed at 300 K on stabilized 7 nm Pd particles on Fe3O4/Pt(111)
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Figure 3.3: (a) STM image of stabilized 7 nm Pd particles on Fe3O4/Pt
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3.2 Pd particles on Fe3O4/Pt(111)

3.2.1 CO adsorption on Pd

IR studies on CO-covered Pd particles show a number of vibrational peaks, reflecting the
variety of different adsorption sites, such as facets, edges, corners or defects. To some
extent, the IR vibrations can be assigned on the basis of single crystal data.

CO on Pd(111)

CO forms a variety of adsorption structures on Pd(111) depending on the surface coverage
[152]. At low coverage, CO adsorbs in hollow sites with an internal <\/§ X \/§> R30°
structure that grows until a closed layer is formed at a surface coverage of © = 0.33. The
C-O stretching vibration of this species appears near 1840 cm™! [154-156]. Upon further
increase of the CO coverage up to © = 0.5 at 300 K under UHV conditions, a ¢(4 x 2)-
2-CO-structure with stretching vibration at 1936 cm™! is formed [154]. At this coverage,
CO occupies fec and hep hollow sites as well as bridge sites [155, 157-159]. Under UHV
conditions below 120 K a maximum coverage of ® = 0.75 can be obtained. Under such
conditions, CO is adsorbed in a ¢(2 x 2)-3-CO structure with CO linearly adsorbed on
top of Pd with stretching frequency near 2100 cm ~! and in fcc and hep-hollow sites with
stretching near 1895 cm ~! [155, 158, 160, 161].

CO on Pd(100)

CO occupies bridge sites of the Pd(100) surface from the low-coverage limit up to the
saturation coverage of ©® = 0.8 at 300 K under UHV conditions. The stretching frequency
shifts from 1895 cm™! at low coverage to 1997 ~! at saturation coverage. Up to © = 0.5,
CO forms an ordered c (2\@ X \/5) R45° structure. At higher coverages, a compressed

layer evolves [154, 162].

CO on Pd particles

IR vibrations of CO on Pd particles have been investigated in detail before [112, 161,
163-167]. The IR spectra exhibit a variety of vibrational peaks resulting from different
adsorption sites, such as facets, edges, and defects. A typical spectrum after CO saturation
of stabilized 7 nm Pd particles on Fe3Oy, adsorbed at 300 K and measured at 120 K, is
illustrated in Figure 3.3c. Based on CO-adsorption data on single crystals, the broad IR
absorption feature <1960 cm ™! is assigned to CO mainly occupying hollow sites on regular
(111) facets. The pronounced peak at 1976 cm™! is related to CO attached to bridge sites
on both (100) facets and edge sites. The weak signal near 2078 cm~! is assigned to CO
adsorbed on-top of Pd atoms; only a very small concentration of on-top CO is expected
at 300 K.

It should be noted that the C-O stretching vibration on the strongly tilted Pd sites
should be partially attenuated due to the metal surface selection rule (MSSR). In contrast,
dipole coupling effects resulting in intensity borrowing (see 2.2.2) are expected to increase
the IR absorption signal of CO in bridge sites at 1976 cm™! at the expense of signals
from CO adsorbed on regular (111) facets below 1960 cm~!. Due to this effects, the
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intensity distribution of the different IR vibrational modes does not quantitatively reflect
the concentration of the corresponding species [105].
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4 Selectivity in Hydrogenation of
a,-unsaturated Carbonyl Compounds on
Pd - an Overview

Understanding the kinetic effects that govern the selectivity and activity of partial selective
hydrogenation of «,5-unsaturated aldehydes and ketones on late transition metals is cru-
cial for the rational design of new catalytic materials with the desired selectivity towards
C=C or C=0 bond conversion. Among the most useful target products in transforma-
tion of multi-unsaturated oxygenates are unsaturated alcohols produced by heterogeneous
selective hydrogenation of the C=0 bond in unsaturated aldehydes and ketones [27-30)].
Generally, thermodynamics favors hydrogenation of the C=C bond in these compounds
to form the saturated aldehyde or ketone [28]. Therefore, chemoselective hydrogenation
of the C=0 bond requires manipulation of the reaction kinetics by means of a suitable
catalyst.

The surface chemistry of «,S-unsaturated carbonyl compounds on Pd catalysts has been
investigated using the prototypical molecules acrolein, an aldehyde, and isophorone, a ke-
tone. The aim of this work was to identify microscopic factors that govern the selectivity
and activity in acrolein and isophorone conversion with hydrogen on a Pd(111) single
crystal and on Fe3Oy4-supported Pd particles with different sizes. This chapter provides
an overview on the key results.

4.1 Adsorption of Isophorone and Acrolein

Adsorption of Isophorone on Pd(111) Infrared reflection-absorption spectroscopy (IR-
AS) and near-edge X-ray absorption fine structure (NEXAFS) studies were combined to
investigate the effects of isophorone coverage and hydrogen coadsorption on the orienta-
tions of the C=C and C=0 7 bonds with respect to the Pd(111) surface plane. NEXAFS
has been demonstrated to be a powerful tool that provides electronic and structural infor-
mation on adsorbed molecules. In the past two decades it was shown that the application
of NEXAFS can be extended from small to large organic molecules [124, 125]. The de-
termination of the orientation of large molecules by C 1s — 7* resonances is employed
to study the adsorption of organic molecules on metal surfaces [128, 168-170], Langmuir-
Blodgett monolayers [127], self-assembly of long-chain alkanes [171], or aromatic molecules
[169]. More recently high-resolution beamlines enabled spectroscopy with highly resolved
additional fine structures, such as vibronic coupling and local vibronic excitations. NEX-
AFS data of organic molecules that show vibrational fine structure in superposition with
the electronic excitation were obtained [172]. With regard to catalytic conversions, sev-
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eral NEXAFS studies focus on the interaction of unsaturated hydrocarbons with metal
surfaces. Attempts were made to correlate chemoselectivity in hydrogenation of multiple
unsaturated compounds with the conformation of the adsorbates on the catalyst surface
as determined by NEXAFS [63, 173].

We have investigated the adsorption of isophorone on a Pd(111) single crystal at tem-
peratures between 100 K and 120 K under well-defined ultrahigh-vacuum (UHV) condition
by NEXAFS and IRAS experiments. While NEXAFS probes electronic states with very
high sensitivity to small adsorbate coverages, IR spectroscopy is a very established tool to
study the vibrations of chemical bonds. Complementary density functional theory studies
including van der Waals interaction (DFT4+vdW) were performed by Wei Liu and Alexan-
dre Tkatchenko to rationalize the experimental observations. This chapter summarizes
the results published in [174, 175] (see Chapters 6 and 7).

IRAS studies have been performed on normal and deuterium-labeled (ds-) isophorone.
In the latter molecule, the five hydrogen atoms attached to the Cg ring are substituted
by deuterium atoms. IR spectra of isophorone at multilayer coverages provide a reference
for mainly unperturbed molecules. For unlabeled isophorone, three main spectral regions
can be distinguished, which are characteristic for C-H stretching (2800-3200 cm~!), C=C
and C=0 stretching (1550-1850 cm~!), as well as C-H and C-C deformation vibrations
(<1500 ecm~!). For ds-isophorone, additionally C-D stretching vibrations appear at 2000-
2300 cm~! and C-D deformations in the region <1500 cm™!. The assignment of the C-H
and C-C vibration modes is quite complicated and has been achieved with the help of
DFT calculations carried our by Wei Liu and Alexandre Tkatchenko [175] (see Chapter
7). The vibrations of the C=0 and C=C bonds, however, can be clearly identified. In
unlabeled isophorone, the frequency range of the stretching vibration of the C=0O bond
near 1665 cm™! is strongly overlapping with that of the C=C bond near 1655 cm™!,
making a distinction rather difficult. To overcome this problem, the ring-substituted ds-
isophorone has been used, where the C=C stretching appears at 1620 cm™~! and thus shifted
by 35 cm™! as compared to the non-substituted compound. The C=0 bond vibration,
however, appears to be hardly affected by the substitution and remains essentially at the
same frequency.

The orientation of chemical bonds with respect to a metal surface has been deduced from
their IR absorption intensities based on the metal surface selection rule (MSSR), which
is described in Chapter 2.2.2. IR spectra have been obtained at different ds-isophorone
coverages, in order to determine the coverage-dependent orientation of the C=0 and C=C
bonds. A typical series is displayed in Figure 4.1a, for coverages ranging from 0.2 monolay-
ers (ML) to 3 ML. At the lowest coverage of ds-isophorone (0.2 ML), there are significant
signals in the CH, stretching and deformation regions, however, there is no signal for
the m bonds. This intensity distribution is in sharp contrast to the situation found for
isophorone ice (multilayers, e.g. 3 ML), where intense IR absorption features show C=0
and C=C bond vibrations. The absence of C=0 and C=C absorption bands indicates
that these bonds are either oriented parallel to the metal surface or strongly perturbed
(e.g. dissociated) by the interaction with Pd(111). With increasing ds-isophorone cov-
erage, the intensities of the CH, stretching and deformation vibrations increase slightly,
but the IR absorption intensities in the region of the C=C and C=0 stretching vibrations
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change strongly. After exposure of 0.5 ML ds-isophorone, a pronounced C=C stretching
vibration is observed near 1620 cm™—!, while the CO vibration peak at 1665 cm™! is hardly
visible. With increasing coverage, the intensity of the C=O stretching peak increases
rapidly and becomes the most dominant peak. Near the full-monolayer coverage, the ratio
of the C=0 to C=C peak intensities amounts approximately Ic—o/lc=c ~ 4 and is thus
roughly similar to the intensity ratio in isophorone ice (Ic—o/Ic—c =~ 6-8).

In order to obtain quantitative information on the coverage-dependent adsorption ge-
ometries of the C=C and C=0 bonds in isophorone on Pd(111), NEXAFS experiments
have been performed under the same experimental conditions. C K-edge spectra have been
measured for isophorone coverages of 0.2 ML, 0.4 ML, and 0.7 ML, each with horizontally
and vertically polarized X-ray beam and incident angles of 70° and 80° with respect to
the surface normal. A series of representative spectra obtained at incident angle of 70°
is illustrated in Figure 4.1b. The two most important features in the spectra are the two
pre-edge peaks that are assigned to the C 1s — 7* (C=C) resonance at 284.9 eV and the C
1s — 7* (C=0) resonance at 286.6 ¢V. The peaks can be clearly identified at low coverage,
thus indicating that both 7 bonds are not dissociated upon interaction with Pd(111). At
low coverage, a parallel orientation of the C=C and C=0 bonds is evident by the strong
dependence of the X-ray absorption coefficient on the polarization of the incident beam.
While there is a strong resonance for both 7 bonds with vertically polarized light (black),
almost no X-ray absorption is detectable with horizontally polarized beam (grey), suggest-
ing a flat-lying adsorption geometry of the unsaturated bonds. With increasing coverage,
the intensity of the 7 resonances with the horizontally polarized X-ray beam increases
relative to that of the resonances with the vertically polarized light, indicating that the
tilting of the C=C and C=0 bonds increases. The coverage-dependent tilting angles of
the m bonds have been calculated from the intensity ratio between their absorption of
horizontally and vertically polarized light. The results point to a tentatively more upright
position of the C=C bond than the C=0 bond. At 0.4 ML, the inclination angles of the
C=C and C=0 bonds amount 33° (£ 2°) and 28° (£ 2°) and at 0.7 ML, 41° (£ 2°) is
found for the C=C bond and 37° (£ 2°) for the C=0 bond.

Both studies, IRAS and NEXAFS, show a coverage-dependent adsorption geometry
of Pd(111)-adsorbed isophorone. The flat-lying geometry at low coverage results in a
complete attenuation of the vibrational features characteristic for the C=C and C=0
bonds, while the dynamic dipole moments of the C—H vibrations are at least partially
inclined and therefore visible in IR spectra. As observed by NEXAFS, C=C and C=0
bonds are present in a undissociated form, which rules out the hypothesis on scission of
these bonds as a reason for missing IR absorption features at low isophorone coverage.
The flat-lying geometry of the C=C and C=0 bonds at 0.2 ML suggests that isophorone
essentially preserves the in-plane configuration of the conjugated 7 system at low coverage.
At intermediate coverage, however, strong distortion of the 7w system is indicated. With
increasing coverage, the inclination of both C=C and C=O bonds increases, with the
tilting of the C=C bond being considerably more pronounced than that of the C=0 bond
according to TRAS. In fact, at a coverage of 0.5 ML, the intensity of the C=C stretch
vibration is already similar to the intensity of this IR band on an isophorone-saturated
surface, while the intensity of the C=0O stretch vibration is still close to zero. If both
bonds would uniformly lift up, one would expect the intensity ratio Ic—o/Ic=c of the
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100 K for different exposures. Both studies show a coverage-dependent tilting
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4.1 Adsorption of Isophorone and Acrolein

IR absorption to be close to the value observed at coverages in the multilayer regime
(Ic=o/Ic=c =~ 6-8). The intense C=C vibration in the absence of the C=0 vibration in
IRAS indicates that at intermediate coverages the C=0 bond is still nearly lying flat on
the surface, while the C=C bond lifts up, resulting in a strong distortion of the originally
planar 7 system. The higher tilting angle of the C=C bond can also be observed in the
NEXAFS data; however, this trend is somewhat less pronounced, probably because of an
absolute difference in coverage. The strongly tilted geometry at high coverages most likely
results from steric constraints on the surface. Note that IRAS data allow more reliable
conclusions on the adsorption geometry since the relative orientation of the C—C and C-O
axes with respect to the metal surface plane is determined. In NEXAFS, only the angle
between the metal surface plane and the direction of the C 1s — #* transition dipole
moments can be obtained.

Adsorption of the saturated ketone TMCH Furthermore, the adsorption of the satu-
rated ketone 3,3,5-trimethylcyclohexanone (TMCH) on Pd(111) at 120 K has been studied
at coverages ranging from 1/12 ML to the multilayer regime. The results can be found in
reference [175] (see Chapter 7). IR spectra are illustrated in Figures 7.7 and 7.8. As dis-
cussed for isophorone, IR spectra at multilayer coverages mainly show vibrations of rather
unperturbed molecules. Three spectral regions can be distinguished, which are typical
for CH,, stretching (2800-3200 cm~!), C=0 stretching (1550-1850 cm '), and CH, de-
formation as well as C-C stretching and deformation modes (<1500 cm~!). The most
important observation is that there are different peaks in the C=0 stretching region that
likely result from different TMCH species. At the lowest TMCH exposure (1/12 ML), a
sharp peak at 1648 cm™! is detected. This peak grows slightly with increasing exposure
and is saturated at 1/6 ML exposure. A small peak at 1701 cm™! appears at 1/6 ML
exposure and increases slightly in intensity up to 1/3 ML, but does not appear to grow
further with increasing exposure. At 1/2 ML exposure, a peak at 1713 cm™! appears and
this peak continues to grow with increasing exposure.

The coverage-dependent IR spectra give valuable information about the interaction
of TMCH with the Pd(111) substrate. First, there are several different peaks in the
C=0 stretching region that likely result from different TMCH species. The strong peak
at 1713 ecm~!, which grows continuously with increasing exposure beyond 1/2 ML, is
assigned to C=0 stretching of TMCH molecules in the multilayer regime. The peak
at 1648 cm~!, which is observed at the lowest exposure (1/12 ML) and is saturated by
1/6 ML, is related to a C=O0 stretching vibration from sub-monolayer TMCH. The C=0
stretching vibrations at 1701 cm™! and 1747 cm™! most likely relates to TMCH species
in the intermediate coverage range between sub-monolayer and multilayer, probably the
second layer. Finally, the strong intensity of the C=0 vibration at 1648 cm™! even
at the lowest TMCH exposure (1/12 ML) indicates that the C=0 bond in TMCH is
strongly tilted with respect to the Pd(111) surface plane at low sub-monolayer coverages.
These results indicate that at low coverage TMCH adsorbs roughly perpendicular to the
Pd(111) plane through the C=0 group, strongly perturbing the C=0 stretching vibration.
Second, the C—H stretching and the C—H deformation regions, which are not discussed in
this summary, grow roughly monotonically with increasing TMCH exposure; there is no
indication that these vibrational modes are strongly affected by the Pd(111) substrate.
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Pronounced differences in the adsorbates’ structure of TMCH and isophorone have been
found, especially in the orientation of the m bonds with respect to the Pd(111) surface
plane. In the low-coverage limit, TMCH adsorbs in a strongly tilted geometry, interacting
with the surface primarily through to the C=0 group, while isophorone adopts a flat-lying
geometry with the C=0 and C=C bonds parallel to the Pd(111) surface plane. The IR
absorption features assigned to the C—H stretching and C—H deformation vibrations grow
roughly monotonically with increasing coverage, pointing to a possibly less strict ordering
of TMCH molecules on the surface.

Effect of co-adsorbed hydrogen on isophorone We have further investigated the effect
of hydrogen on Pd(111)-adsorbed isophorone by IRAS and NEXAFS measurements un-
der the same experimental conditions as described before. The results are published in
[174, 175] (see Chapter 6 and 7). Prior to isophorone exposure, the Pd(111) surface was
saturated with He. Two series of coverage-dependent IR, spectra are illustrated in Figures
6.6 and 7.6. The IR absorption of the C=C and C=0 bonds strongly changes when hy-
drogen is preadsorbed at coverages near 0.5 ML isophorone. At this coverage, the C=0
stretching is clearly visible on Ha-precovered Pd(111), while the C=C vibration is absent.
On the pristine Pd(111) surface, the situation is reversed — the most intense absorption
feature corresponds to the C=C stretching, while the intensity of the C=0 vibration is
close to zero. At lower coverage, close to 0.2 ML, the region of the C=C and C=0 stretch-
ing vibrations are essentially identical on both surfaces, pointing to a flat-lying geometry
of both 7 bonds also on the Hy-precovered Pd(111). On Hy/Pd(111), however, the CHs
vibration frequencies and their intensity distribution appear similar to those at multilayer
coverages, indicating considerably less perturbation of the CHg groups as compared to
molecules adsorbed on pristine Pd(111).

The TRAS results indicate that the interaction of isophorone with Pd is considerably
affected by preadsorbed hydrogen. While at the lowest coverage isophorone adopts a
flat lying geometry — similar to pristine Pd(111) — the interaction changes strongly at
intermediate coverages. Particularly the ratio Ic—o/Ic—c becomes close to the mutlilayer
value indicating that isophorone lifts up rather uniformly and that the conjugated 7 system
preserves to a large extent its in-plane geometry. This behavior is in sharp contrast to
the coverage dependence of the isophorone adsorption geometry on the pristine Pd(111)
surface, where the C=C bond seems to be strongly tilted with respect to the flat-lying
C=0 bond and thus the conjugated 7 system to be significantly distorted. The diminished
distortion of the molecule in the presence of hydrogen is attributed to a weaker interaction
of isophorone with the hydrogen-saturated Pd surface.

NEXAFS studies have been performed to gain quantitative information on the changes
in the tilting angles of the C=C and C=0 bonds in the presence of preadsorbed hydrogen.
Our results indicate that preadsorbed hydrogen slightly increases the inclination angle of
the C=C bond (from 41° (% 2°) to 45° (£ 2°)) and the C=0 bond (from 37° (£ 2°) to 41°
(£ 2°)) with respect to the Pd(111) surface plane. However, the isophorone coverage used
in these experiments was 0.7 ML and thus at a value where IRAS data do not indicate
any strong difference between the adsorption geometries on pristine and Hs-precovered
Pd(111). NEXAFS data at lower coverages are not available. However, the NEXAFS
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results are consistent with the observations in IRAS experiments showing generally higher
inclination angles on hydrogen-precovered Pd(111).

Adsorption of Acrolein, Propanal, and Allyl Alcohol In addition to our studies on the
Pd-adsorption of isophorone, the binding of acrolein and its partially hydrogenated prod-
ucts — propanal and allyl alcohol — to Pd(111), Fe3Oy4, and Pd/Fe3O4 at 120 K has been
investigated by IRAS and TPD experiments. The results are published in [176] and [177]
(see Chapters 8 and 12). IRAS and TPD spectra of acrolein, propanal and allyl alcohol
on Pd(111) are illustrated in Figures 8.1, 8.2, and 8.3. For all three molecules, mostly
unperturbed molecular structures are found at multilayer coverages and significantly per-
turbed chemical bonds appear in the sub-monolayer regime on all surfaces. The most
important results on the adsorption of acrolein and propanal at sub-monolayer coverages
will be briefly summarized here.

On Pd(111), acrolein adopts a flat-lying geometry with the C=C, C-C, and C=0 bonds
parallel to the surface plane in the low-coverage limit, similar to isophorone. On Fe3Oy,
however, the molecule adsorbs in a strongly tilted geometry with the C=0 group attached
to the surface. The IR vibrations of the C=0, C-C, and CHy groups appear significantly
shifted compared to acrolein ice, indicating a strong perturbation of the whole conjugated 7
system by the FezO4 film. On Pd/Fe3O4 model catalysts, a large fraction of the acrolein
molecules is attached to the Fe3O4 support with the same molecular perturbation as
observed on the pure FesO4 film. However, chemical conversion of all sub-monolayer
species in TPD experiments points to a high mobility of acrolein on the FesO4 support. It
seems that during TPD experiments all acrolein molecules reach Pd islands by diffusion
across the support.

While the geometries of the C=C and C=0 bonds in the two unsaturated carbonyl
compounds acrolein and isophorone on Pd(111) are similar, IR spectra point to rather
different structures of the two saturated carbonyl species propanal and TMCH on Pd(111).
While sub-monolayer TMCH on Pd(111) shows a pronounced IR absorption of the C=0
bond, the C=0 stretching cannot be identified with certainty in sub-monolayer TMCH
on Pd(111). A vibrational feature more than 150 cm~! below the C=0 stretching in
propanal ice tentatively points to a strongly weakened C=O0O bond by the Pd surface.
Several C—H stretching and deformation vibrations, however, are clearly assigned in the
low-coverage limit indicating intact CHs and CHs groups. Nevertheless, their vibration
frequencies appear shifted as compared to propanal ice pointing to a strong interaction of
these groups with the Pd surface.

IRAS studies of acrolein adsorbed on FezO4 point to a strongly inclined adsorption
geometry with heavily perturbed chemical bonds. Especially the C=0O bond appears
significantly weakened in Fe3O4-adsorbed acrolein. Nevertheless, in TPD experiments,
acrolein molecules stay intact on the Fe3Oy4 film until desorption. On Pd/Fe30O,, however,
decomposition as well as conversion to propanal occurs. Our results provide insights
into the origin of the selectivity towards C=C bond hydrogenation over Pd/Fe3O4 model
catalysts. For a detailed description we refer to reference [177] and Chapter 12.
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4.2 Hydrogenation of Acrolein over Pd(111) and Pd/Fe;0,

After having studied the adsorption of isophorone and acrolein by Pd and FesO,, the
selective partial hydrogenation of acrolein on well-defined model Pd catalysts has been
investigated in-situ under UHV conditions. Previously, acrolein was reported to be hydro-
genated almost exclusively at the C=C bond forming propanal over powdered Pd catalysts
[28]. The activity and selectivity of a large number of powdered supported metal catalysts
in acrolein hydrogenation have been investigated. As key structural parameters control-
ling the chemoselectivity, a series of ideas conceiving the amount of steric hindrance to
adsorption via the C=C bond [31, 32], presence of surface modifiers [178, 179] or alloying
with other metals [47] have been put forward. Complementary, some theoretical work and
model studies have been presented in order to understand the chemoselectivity of the un-
derlying elementary processes [52, 60, 180—-184]. Despite these efforts, a deep fundamental
understanding of this reaction and the parameters governing its activity and selectivity
is still missing. Particularly, it remains unclear how the C=0O bond is activated on a
transition metal surface and what are the structures of the surface intermediates formed
under the reaction conditions. Information on the reaction intermediates formed on the
surface would be particularly important for approaching a rational design of new catalytic
materials for this class of reactions.

In this work, the selective partial hydrogenation of acrolein on two well-defined surfaces
has been investigated in-situ under UHV conditions: (i) on a Pd(111) single crystal and
(ii) on FezOy4-supported Pd nanoparticles (Pd/Fe3O4) with particle sizes of 4 nm, 7 nm,
and 12 nm. The catalytic activity of these surfaces has been probed using molecules
beams (MB) under isothermal conditions. The formation of the gas-phase products has
been detected by quadrupole mass spectrometry (QMS); simultaneously, the evolution
of surface species has been monitored by in-situ IRAS. In all experiments, the surfaces
have been pre-exposed to 4.8 - 105 Hs/(cm?s) for 300 s before the acrolein beam has
additionally been switched on. The acrolein flux has been varied over a range from 6-10'2
to 4.5 - 10* molecules/(cm?s) and the beam has been operated in pulsed as well as in
continuous modes. The results are published in [185-187] (see Chapters 9, 10, and 11).

Pd(111) and Pd/Fe304 show very different selectivity in partial acrolein hydrogenation.
Figure 4.2 illustrates the rates of propanal (upper row) and propenol (lower row) formation
over 12 nm Pd particles (left) and a Pd(111) single crystal (right) in experiments using
a pulsed acrolein beam and a continuous hydrogen beam. Over Pd particles of 7 nm
and 12 nm, selective conversion of acrolein to propanal occurs. Over a Pd(111) single
crystal, however, propenol is formed with near 100% selectivity. Note that it has not
been possible to determine with certainty whether the propenol species is the allyl alcohol
(1-propen-3-ol) or the enol (1-propen-1-ol). In the following part of this chapter, the
most important observations on acrolein conversion over a Pd(111) single crystal will be
summarized followed by the results on the hydrogenation on Pd/Fe30y.

Acrolein conversion over Pd(111) Acrolein conversion over a Pd(111) single crystal has
been investigated by TRAS and the gas-phase composition has been detected by QMS.
In all experiments, hydrogen has been exposed continuously with a rate of 4.8 - 1019
molecules/(cm?s). The acrolein beam, in contrast, has been operated in pulsed or con-
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Figure 4.2: Propanal (top row) and propenol (bottom row) formation rates in acrolein
hydrogenation over Fe3O4-supported 12 nm Pd particles (left column) and
a Pd(111) single crystal (right column) during continuous Hg exposure and
pulsed acrolein dosing at different sample temperatures.
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tinuous modes and the flux has been varied between 6-10'? and 4.5-10'3 molecules/(cm?s).

The product formation in acrolein hydrogenation over a Pd(111) single crystal has been
studied at temperatures ranging from 220 K to 350 K. The results obtained at 220 K,
270 K, and 320 K are illustrated in Figure 4.3. The rate of propenol formation exhibits a
clear temperature dependence with a maximum at 270 K. The propanal formation rate,
in contrast, is relatively low at all investigated temperatures with a minimum at 270 K.

At all temperatures between 220 K and 320 K, the propenol production starts after an
induction period, passes through a maximum and then slowly decreases. At 270 K, the for-
mation of propenol starts after irreversible adsorption of 3.6-10'* acrolein molecules/cm?,
which corresponds approximately to one acrolein molecule per four Pd surface atoms. This
observation is independent from the acrolein deposition rate. The following summary will
be limited to acrolein conversion at 270 K. A detailed discussion of the product formation
at other temperatures can be found in reference [186] (see Chapter 10).

Analysis of the IR spectra obtained on the Pd(111) surface under reaction conditions
allow to determine the composition of the active surface turning over and the nature of the
reactive intermediate resulting in formation of propenol. A time-resolved series of spec-
tra obtained on the Pd(111) surface turning at 270 K is illustrated in Figure 4.4. Three
major groups of IR bands characteristic for different surface species can be identified.
First, the IR absorption at 1755 cm™! corresponds to the stretching vibration of a C=0
bond. While the C=0 vibration of adsorbed intact acrolein appears near 1660 cm ™!, the
frequency band at 1755 cm™! is indicative of a surface species containing a C=0O group,
but not conjugated to a C=C bond anymore. The appearance of this IR vibration under
reaction conditions points to the formation of an oxopropyl surface species, resulting from
partial hydrogenation of acrolein with only one H atom at the C=C group. Our data do
not allow to make a more precise conclusion on whether acrolein was hydrogenated on the
a- or 5-C atom to form this species; both products would be consistent with IR vibration
at 1755 cm~!. Remarkably, this band appears at a very early stage of the reaction, grows
in intensity and remains intense even after the reaction rate is recorded to decrease to
zero. This observation strongly suggests that this species is not the reaction intermediate
leading to the final gas phase product, but is merely a spectator. We refer to this species
as spectator I (SI).

The second prominent band appears very intense at 1120 cm~'. This IR absorption
is present neither in adsorbed molecular acrolein on Pd nor in acrolein ice and therefore
cannot be related to any distinctive vibration of intact acrolein molecules. Furthermore,
this band appears only under the reaction conditions suitable for propenol formation.
The most striking observation is that the evolution of this vibrational band shows strong
correlation with the evolution of gas phase propenol. Indeed, this band starts to appear
in the induction period and is growing in intensity while the propenol concentration in
the gas phase is increasing. Consecutively, the intensity of this band strongly decreases
accompanied by the strong decrease of the propenol formation rate observed in the gas
phase and finally complete disappears. A few other IR bands in the region of the CH,
stretching and bending vibrations can also be correlated to the production of propenol.
The corresponding peaks are indicated in Figure 4.4.
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Figure 4.3: Formation rates of propenol (black) and propanal (grey) on Pd(111) during
continuous exposure of acrolein and Ho at 220 K, 270 K, and 320 K. Propenol
formation exhibits a clear temperature dependence with a maximum at 270 K.
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mum at 270 K.
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line) and on Pd(111) turning over at 270 K during continuous exposure to
acrolein and Hy (black lines). (b) The formation rate of propenol on Pd(111)
at 270 K detected by QMS in the gas-phase.
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Figure 4.5: The formation of the reaction intermediate on the surface compared to the
evolution of gas-phase propenol. (a) Series of IR spectra with high time reso-
lution taken on the surface turning over. The integral of the peak at 1120 cm ™!,
which is assigned to the reaction intermediate, is plotted in (b) together with
the propenol formation rate detected in the gas phase by QMS.
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Figure 4.5a shows a series of IR spectra taken on the surface turning over with higher
time resolution. In Figure 4.5b the integral of the peak at 1120 cm™! is plotted together
with the formation rate of propenol in the gas phase. As can be clearly seen, the evolution
of the product in the gas phase directly follows the intensity of the vibrational band at
1120 cm ™! related to the proposed reaction intermediate. However, there is a slight delay
between the the formation of the reaction intermediate on the surface and the propenol
detection in the gas phase, which is discussed in reference [186] (see Chapter 10).

The observed strong correlation between the gas-phase formation of propenol and the
evolution of the vibrational band at 1120 cm ™! unambiguously shows that the correspond-
ing surface species is the surface intermediate that is directly involved in the selective
hydrogenation of acrolein to the propenol. To the best of our knowledge, this is the first
direct experimental observation of a direct correlation between the evolution of a product
in the gas phase and the formation of the corresponding reaction intermediate on the
surface obtained under well-defined and isothermal conditions.

C-O vibrations in alkoxy-groups typical appear in the range from 1050 to 1200 cm™".
In our case, the most likely surface species related to the IR absorption at 1120 cm™! is
a propenoxy-group, in which the C-O entity is attached to the Pd through the O atom
(CHy=CH-CH—0O-Pd). The high intensity of this band, exceeding even the most intense
C=0 vibrational band in acrolein and the oxopropyl species, additionally supports the
formation of a C-O bond exhibiting a large dynamic dipole moment and, hence, explains
the very high IR intensity. Furthermore, a IR vibration at 2990 cm™!, which also directly
correlates with the formation of propenol, might indicate a C—H stretching vibration in
which the C atom is part of a C=C bond suggesting that the reaction intermediate pre-
serves a C=C group. The high intensity of the C—O stretching vibration indicates that the
C—-O-Pd entity is not lying flat on the surface according to the MSSR. This consideration
implies that the C=C bond cannot be in very close proximity of the Pd surface and is
most likely not directly involved into the interaction with the surface.

The most likely reaction intermediate contains a C=C bond and is attached to the Pd
via the O atom forming a Pd—O-C group. This intermediate can be formed through ad-
sorption of acrolein via the C=0 group and addition of one H atom to a C atom. Only
one additional step — the insertion of the second H atom into the Pd—O bond — is required
to form propenol.

The third prominent band in the spectra in Figure 4.4 appears at 1330 cm~! during the
period of high reactivity and steadily grows in intensity while the propenol formation rate
decreases. This band indicates an ethylidyne or ethylidyne-like species. Since this species
cannot be related to the reaction intermediate, it can be considered as a second spectator

(SII).

It is important to note that the surface reaction intermediate is formed not on the pris-
tine Pd(111) surface, but on the surface strongly modified with spectator I (oxopropyl
species). Indeed, about one acrolein molecule per four Pd surface atoms is accumulated
on Pd(111) to form the spectator prior to the onset of the propenol formation. Microscop-
ically, this corresponds to a situation when every fourth Pd atom is covered by spectator
I, forming a dense spectator overlayer structure. Most likely, such strong geometrical con-
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finement of an adsorption site for acrolein on the spectator-I-covered surface prevents the
competing pathway of C=C bond hydrogenation and allows acrolein to adsorb only via the
O atom to activate the C=0 group. Obviously, the clean Pd(111) surface is not capable
of activating the C=0 group towards selective hydrogenation and the strong modification
of the surface by spectator I is required to trigger the desired selective chemistry. Forma-
tion of spectator II is correlated with the deactivation of the catalyst’s surface. It might
be speculated that it blocks the surface sites that are relevant for the formation of the
reaction intermediate.

Acrolein conversion over Pd/Fe30; In order to understand the absence of selective
acrolein hydrogenation to propenol over Pd particles, identical spectroscopic investiga-
tions on the evolution of surface species during the reaction over FesO4-supported Pd
model catalysts have been carried out. The experiments have been performed at 270 K,
the optimal temperature for acrolein conversion to propenol on Pd(111). The results are
illustrated in Figure 4.6. Under these conditions, selective formation of a relatively small
amount of propanal occurs after a short induction period and the reaction rate decreases
rapidly after passing a maximum. The evolution of surface species has been monitored by
IRAS. A completely different surface composition is formed on the Pd/FesO4 model cat-
alysts. The spectra are dominated by features in the range of 1800-1960 cm™!, which can
be clearly related to an accumulation of CO resulting from acrolein decarbonylation. The
observation strongly suggests that acrolein decomposes on Pd/Fe3O4 under this reaction
conditions forming CO molecules that block surface sites and prevent the formation of a
well-ordered spectator overlayer, which is required for acrolein conversion to propenol. We
conclude that most likely low-coordinated surface sites and (100) facets of the Pd clusters
are responsible for the facile acrolein decomposition and formation of CO.

Figure 4.7 summarizes the dominant pathways of acrolein conversion on a Pd(111) sin-
gle crystal (a) and on FezOy4-supported Pd particles (b).

The conversion of acrolein has been investigated in more detail on Fe3Oy4-supported
Pd particles with diameters of 4 nm, 7 nm, and 12 nm. Our studies show that particle
size and temperature have a significant effect on the surface chemistry during acrolein
conversion on Pd/Fe3O4 model catalysts. The results are discussed in detail in reference
[187] (see Chaper 11). In brief summary, the rate of propanal formation on 7 nm and
12 nm particles exhibits a clear temperature dependence with a maximum at 220 K and
thus at a lower temperature as the highest propenol production rate on Pd(111). With
both particles sizes 7 nm and 12 nm, similar propanal production rates are observed, which
passes through a maximum and then decreases to zero. On 4 nm particles, however, no
significant production of any product appears. As mentioned before, IRAS studies during
acrolein conversion at 270 K show fast accumulation of CO on the surface that rapidly
covers the whole Pd facets. At 250 K and 220 K, however, significantly different surface
chemistry occurs. The IR spectra collected during acrolein conversion over 7 nm and
12 nm particles at 220 K and 250 K mainly point to molecularly adsorbed acrolein and a
small concentration of a spectator species. Finally, we briefly address the question whether
propenol formation is possible on Pd/Fe3sO4 model catalyst. There are several aspects that
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Figure 4.6: (a) Formation rates of propanal (black line) and propenol (blue line) on FegO4-
supported Pd nanoparticles at 270 K under continuous exposure of Hy and
acrolein. (b) IR spectra obtained on Pd/FesO4 turning over. Spectra 1-4
correspond to the regions 1-4 indicated in (a).

(a) Pd(111) (b) Pd Nanoparticles

Figure 4.7: Summary of the dominant pathways of acrolein conversion on Pd(111) and
Pd/Fe304: On Pd(111), an oxopropyl overlayer is formed during the inital
stage of acrolein conversion. Subsequently acrolein is selectively converted to
propenol. On Pd/Fe3Oy, selective hydrogenation to propanal and decarbony-
lation to CO are the most likely reactions.
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need to be taken into account exceeding the scope of this summary.
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5 Conclusions and Outlook

We have presented detailed investigations on mechanisms and kinetics of partial selec-
tive hydrogenation of a,f-unsaturated aldehydes and ketones over well-defined Pd/Fe304
model catalysts and Pd(111) single crystals. The conversion of this class of compounds
has been investigated on two prototypical compounds, acrolein and isophorone. On the
one hand, we have obtained detailed spectroscopic information on the chemical struc-
ture of the Pd-adsorbed hydrocarbons as well as on the effect of co-adsorbed hydrogen.
On the other hand, we have obtained atomistic-level insights into mechanisms of acrolein
partial hydrogenation over Pd and structural parameters controlling this surface reactions.

We have investigated the interaction of isophorone with Pd(111) in detail by NEXAFS
and IRAS studies. In particular, the adsorption geometries of the C=C and C=0 bonds
on pristine and hydrogen-precovered Pd(111) as well as coverage-dependent effects on the
adsorbates’ structures have been studied. In the low-coverage limit, flat-lying C=C and
C=0 bonds indicating that the conjugated 7 system of the C=C and C=0 bonds pre-
serves its in-plane configuration, while dehydrogenation of a CH3 to a CHy group appears
to be possible. For intermediate sub-monolayer coverages, the structure of the conjugated
7 system seems to be strongly distorted with the C=C bond significantly tilted while the
C=0 bond bond is still oriented parallel to the Pd(111) facet. Close to the saturation cov-
erage, both C=C and C=0 bonds lift up, and the inclination angle of the entire 7w system
(C=C-C=0) increases to about 40° with slightly stronger tilting of the C=C bond. In
contrast to isophorone, the saturated ketone TMCH adsorbs in a strongly tilted geometry,
interacting with the surface primarily through the C=0 group from the low-coverage limit
until saturation coverage. Furthermore, the coverage-dependent interaction of acrolein and
propanal on Pd(111) has been investigated by IRAS. The adsorption geometries of the 7
bonds in acrolein and propanal at sub-monolayer coverages appear to be very similar to
those in isophorone and TMCH.

IR studies show that the adsorption geometry of isophorone on Pd(111) is significantly
affected by the presence of co-adsorbed hydrogen, in particular at intermediate coverages.
On the hydrogen-precovered surface, the ratio of the IR absorption intensities of the C=0
and C=C stretch vibration Ic—p/Ic—¢ indicates a rather unperturbed molecular struc-
ture that is similar to the gas-phase molecule. Higher tilting angles of both m bonds point
to a weaker interaction of isophorone with hydrogen-precovered Pd and suggests the con-
servation of the in-plane geometry of the conjugated 7 system.

The mechanism of selective partial hydrogenation of acrolein over Pd(111) and FegOy-
supported Pd nanoparticles has been investigated using a combination of molecular beam
techniques with in-situ IRAS and QMS under well-defined UHV conditions. Acrolein is
converted at the C=0 bond with hydrogen to the unsaturated alcohol propenol over the
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Pd(111) surface with nearly 100% selectivity, while C=C bond hydrogenation to the sat-
urated aldehyde propanal occurs over supported Pd particles. The selectivity in propenol
production critically depends on the presence of an overlayer of spectator species formed
at an initial stage of Pd(111) exposure to acrolein and hydrogen. Most likely, a spectator,
controlling the the surface chemoselectivity, results from addition of one H atom to the
C=C bond of acrolein to form an oxopropyl species. After formation of a dense overlayer of
this species, acrolein adsorbs on this modified surface via the C=0 bond and converses to
propenol. The nature of the corresponding surface reaction intermediate has been deter-
mined spectroscopically under reaction conditions. By monitoring the surface by IRAS in
the course of acrolein conversion and simultaneously detecting the gas phase composition
by QMS, we have been able for the first time to experimentally follow simultaneously the
formation of the reaction intermediate on the surface and evolution of the product in the
gas phase. With this approach, a direct assignment of one of the surface species to a reac-
tion intermediate has been achieved, while the other surface species have been identified
as spectators. On Fe3Oy4-supported Pd nanoparticles, formation of a spectator overlayer
is prevented by strong acrolein decarbonylation and the surface is active essentially only
for hydrogenation of the C=C bond.

The aim of the present study was to provide a comprehensive picture of the origin
of selectivity and activity in partial hydrogenation of «,S-unsaturated aldehydes and ke-
tones over Pd catalysts. We have obtained detailed insights into the kinetics of acrolein
and isophorone conversion over different Pd catalysts from different aspects. On the
one hand, the coverage- and co-adsorbate-dependent changes in the molecular structures
of isophorone and acrolein, particularly the adsorption geometry of the C=C and C=0
bonds, are expected to have a decisive influence on the selectivity in hydrogenation re-
actions. In fact, our in-situ IRAS studies during acrolein hydrogenation unambiguously
show that the change in selectivity from propanal to propenol formation is accompanied
by a change in the adsorption geometry from a configuration with the C=C and C=0
bonds lying flat on Pd(111) to a strongly tilted geometry with only the C=0 group at-
tached to the surface. On the other hand, the obtained atomistic-level insights into the
chemoselective hydrogenation chemistry of acrolein highlights the exceptional importance
of spectator species which are usually formed on the catalytically active surface under
reaction conditions. Related effects are expected to generally play a key role in controlling
the selectivity in hydrogenation of «,B-unsaturated carbonyl compounds and thus hold
a great potential for the development of new chemoselective practical catalysts, such as
ligand-modified nanoparticles.
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Atomistic level understanding of interaction of «, S-unsaturated carbonyls with late
transition metals is a key prerequisite for rational design of new catalytic materials with
the desired selectivity toward C=C or C=0 bond hydrogenation. The interaction of
this class of compounds with transition metals was investigated on «,3-unsaturated ke-
tone isophorone on Pd(111) as a prototypical system. In this study, infrared reflection-
absorption spectroscopy (IRAS), near-edge X-ray absorption fine structure (NEXAFS) ex-
periments, and density functional theory calculations including van der Waals interactions
(DFET+vdW) were combined to obtain detailed information on the binding of isophorone
to palladium at different coverages and on the effect of pre-adsorbed hydrogen on the
binding and adsorption geometry. According to these experimental observations and the
results of theoretical calculations, isophorone adsorbs on Pd(111) in a flatlying geometry
at low coverages. With increasing coverage, both C=C and C=0 bonds of isophorone
tilt with respect to the surface plane. The tilting is considerably more pronounced for
the C=C bond on the pristine Pd(111) surface, indicating a prominent perturbation and
structural distortion of the conjugated 7 system upon interaction with Pd. Pre-adsorbed
hydrogen leads to higher tilting angles of both 7 bonds, which points to much weaker in-
teraction of isophorone with hydrogen-precovered Pd and suggests the conservation of the
in-plane geometry of the conjugated 7 system. The results of the DFT+4+vdW calculations
provide further insights into the perturbation of the molecular structure of isophorone on
Pd(111).

56



6.1 Introduction

6.1 Introduction

Chemo- and enantioselectivity in hydrogenation of «, S-unsaturated carbonyls on tran-
sition metals is a topic of ongoing research in the field of heterogeneous catalysis. Par-
ticularly important is the possibility to tune surface chemistry of multiunsaturated hy-
drocarbons, such as «, S-unsaturated ketones and aldehydes, and their derivatives since
they represent a broad class of valuable intermediates for practically important processes
[188-190]. For molecules containing both a C=C and a C=0 =w-bond, such as, e.g., the
«, f—unsaturated ketone isophorone, hydrogenation can yield either a saturated ketone
(3,3,5-trimethylcyclohexanone), an unsaturated alcohol (isophorol), or a saturated alco-
hol (trimethylcyclohexanol). To avoid the formation of undesired products and thereby
an often difficult and cost-intense separation of the different products, a high selectivity
in hydrogenating either the C=C or the C=0 bond is desirable. Over Pd catalysts, the
hydrogenation of the C=C double bond of isophorone is strongly favored, yielding the
saturated ketone in high selectivity ( 100%) and essentially no alcohols [191-193]. The
origin of this chemoselectivity is, however, not fully understood. Not only a high chemos-
electivity but even high enantioselectivities in hydrogenation reactions can be achieved
over heterogeneous catalysts using a chiral modifier [194-196] that renders the surface
asymmetric. Compared to homogeneous catalysts traditionally applied in enantioselec-
tive synthesis, the use of heterogeneous catalysts has operational, economical, and often
environmental advantages. A number of different modifiers have been tested for the enan-
tioselective hydrogenation of isophorone, which is a benchmark test molecule for enantios-
elective hydrogenation reactions of enones [194, 197-204]. Even though the exact origin
of the enantioselectivity during hydrogenation of isophorone is not well understood so far,
the specific adsorption geometry of isophorone, particularly the tilting angles of the unsat-
urated C=C and C=0 bonds with respect to the surface plane, in combination with the
adsorption geometry of the chiral modifier are usually discussed to play a decisive role in
rendering the surface chemistry chiral [202, 203]. The effects of isophorone coverage and
presence of hydrogen on the isophorone adsorption geometry have not been thoroughly
investigated so far.

In this work, we investigate the adsorption of isophorone on Pd(111). Infrared reflection
absorption spectroscopy (IRAS) and near-edge X-ray absorption fine structure (NEXAFS)
studies were combined to investigate the effects of isophorone coverage and hydrogen coad-
sorption on the orientations of the C=C and C=O 7 bonds with respect to the Pd(111)
surface plane. NEXAFS has been demonstrated to be a powerful tool that provides elec-
tronic and structural information on adsorbed molecules. In the past two decades it was
shown that the application of NEXAFS can be extended from small to large organic
molecules [124, 125]. The determination of the orientation of large molecules by C 1s —
7* resonances is employed to study the adsorption of organic molecules on metal surfaces
[128, 168-170], Langmuir-Blodgett monolayers [127], self-assembly of long-chain alkanes
[171], or aromatic molecules [169]. More recently high-resolution beamlines enabled spec-
troscopy with highly resolved additional fine structures, such as vibronic coupling and
local vibronic excitations. NEXAFS data of organic molecules that show vibrational fine
structure in superposition with the electronic excitation were obtained [172]. With regard
to catalytic conversions, several NEXAFS studies focus on the interaction of unsaturated

o7



6 Interaction of Isophorone with Pd(111): IRAS, NEXAFS, and DFT

hydrocarbons with metal surfaces. Attempts were made to correlate chemoselectivity in
hydrogenation of multiple unsaturated compounds with the conformation of the adsor-
bates on the catalyst surface as determined by NEXAFS [63, 173]. In this study, infrared
spectroscopy is used to complement NEXAFS in determining the adsorbate molecular
structure as well as to provide additional information on the geometry of chemical bonds
with respect to the substrate. While NEXAFS probes electronic states with very high
sensitivity to small adsorbate coverages, IR spectroscopy is a very established tool to
study the vibrations of chemical bonds. Complementary density functional theory stud-
ies including van der Waals interaction (DFT+vdW) were performed to rationalize the
experimental observations.

We show that isophorone adsorbs on Pd(111) in a flat-lying geometry at low coverages
preserving the in-plane geometry of the conjugated 7w system. The tilting angle of both dou-
ble bonds changes with increasing coverage, however, to a different extent. Pre-adsorbed
hydrogen leads to high tilting angles of both m bonds, which points to the conservation
of the in-plane geometry of the conjugated 7w system and weaker interaction with Pd.
DFT+vdW calculations confirm the flat-lying adsorption geometry of isophorone at low
coverages. Both experimental and computational results suggest that the C=C bond of
isophorone is significantly perturbed by the interaction with Pd, in terms of both the
electronic and geometric structure, while the carbonyl bond appears to be hardly affected
by the interaction with the metal.

6.2 Experimental Details and Methods

IRAS experiments were performed at the Fritz-Haber-Institut, Berlin, in an UHV appa-
ratus that has been described in detail before [100]. In brief, either normal or deuterium-
labeled isophorone (ds-isophorone) was dosed onto the sample cooled to 100 K through
a doubly differentially pumped multichannel array molecular beam controlled by valves
and shutters. The source was operated at room temperature, and the beam diameter was
chosen to exceed the sample size. The Pd(111) single crystal was cleaned prior to use by
repeated cycles of Ar™ ion bombardment at room temperature, annealing at 1000 K,a nd
oxidation in 1-107% mbar O3 at 750 K to remove residual carbon. The final cleaning cycle
was stopped after annealing. The flatness and cleanliness of the Pd(111) single-crystal
surface were checked by low-energy electron diffraction (LEED) and IRAS of adsorbed
CO. IRAS data were acquired using a vacuum Fourier-Transform infrared (FT-IR) spec-
trometer (Bruker IFS 66v/S) with a spectral resolution of 2 cm~! and using a mid-infrared
(MIR) polarizer and p-polarized IR light. The surface was precovered with hydrogen by
dosing 100 L of Hy. Isophorone (Acros Organics, 98%) or ds-isophorone (Quotient Biore-
search (Radiochemicals) Limited, 90%) were purified prior to the experiments by repeated
freeze-pump-thaw cycles. The stated coverages for IRAS experiments are given in frac-
tions of a monolayer (ML) that were determined by TPD experiments (1 ML is defined
as the surface coverage where the multilayer desorption feature begins to appear in the
temperature-programmed desorption of isophorone from Pd(111)). The upper limit of a
monolayer of isophorone is estimated to approximately 7 - 104 molecules/cm?.

NEXAFS experiments were performed at the undulator beamline UE52-PGM at the
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BESSY-II synchrotron facility in Berlin. The Pd(111) single crystal was cleaned as de-
scribed above by repeated sputtering-annealing-oxidizing cycles. Isophorone was purified
by freeze-pump-thaw cycles prior to the exposure. Isophorone was deposited onto the
Pd(111) at 100 K by placing the crystal in front of the gas doser. The monolayer coverage
of isophorone was determined by the position of the C 1s peak in X-ray photoelectron
spectroscopy that was found to change at the onset of a multilayer formation (data not
shown) in agreement with literature data [63]. To deposit any defined submonolayer cover-
age of isophorone, correspondingly lower exposure times were used. Following deposition
of isophorone onto the Pd(111) crystal, the sample was transferred to a separate analy-
sis chamber for NEXAFS spectra collection. The analysis chamber was equipped with a
channeltron detector with a retarding field of 150 V for partial electron yield NEXAFS
measurements. The energy of the incident X-ray beam was scanned from 250 to 350 eV
with a resolution of 0.1 eV in the range of 280-300 eV and 0.5 eV elsewhere. Spectra were
taken at incident beam angles of 70° and 80° with respect to the sample normal, both
with horizontal and vertical polarization with respect to the Pd(111) surface. The spectra
were normalized by their C K edge. The pre-edge peaks were fitted by Gaussian func-
tions. The absorption edge was fitted by a Gaussian onset and a linear decrease toward
high energies [124, 127]. The orientations of the molecular orbitals were calculated from
the ratio of the corresponding peak areas in the spectra measured with horizontally and
vertically polarized light (the upper estimate of accuracy is +5°) [124].

The DFT calculations were carried out using the recently developed PBE+vdWsuf
method [205], as implemented in the FHI-aims all-electron code [206]. The PBE-+vd W=t
method extends pairwise vdW approaches to modeling of adsorbates on surfaces by a
synergetic combination of the PBE+vdW method [207] for intermolecular interactions with
the Lifshitz-Zaremba-Kohn theory [208, 209] for the nonlocal Coulomb screening within
the bulk. We employed the tight settings for integration grids and standard numerical
atom-centered orbitals basis sets in FHI-aims code. We used the FHI-aims tier2 basis
set for light elements (H, C, and O) and tier! for Pd. The scaled zeroth-order regular
approximation (ZORA) [210] was used to treat relativistic effects for Pd atoms. We
built up four-layer Pd slabs with a (4 x 4) unit cell, and each slab was separated by a
20 A vacuum. The bottom two metal layers were constrained, whereas the uppermost two
metal layers and the adsorbate were allowed to fully relax during geometry relaxations.
For slab calculations, we used a 3 x 3 x 1 k-points mesh. On the basis of the most
stable geometries, infrared vibrational spectra were calculated by a second derivative of
the energy from the numerical change of the forces arising from small finite displacements.
Six finite displacements were applied to each of the atoms with a value of 0.005 A.

6.3 Results and Discussion

The adsorption of isophorone on Pd(111) at 100 K was experimentally studied under well-
defined UHV conditions by IRAS and NEXAFS experiments. DFT+vdW simulations of
the vibration modes of isophorone were employed to help the interpretation of the IR
spectra. In this section, we discuss the adsorption geometry of isophorone, specifically
focusing on tilting angles of both unsaturated bonds — C=C and C=0 — with respect to
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Figure 6.1: Molecular structure of isophorone (a) and ds-isophorone (b)

the Pd(111) surface. The adsorption geometry of isophorone was investigated as a function
of coverage on both pristine and hydrogen-precovered Pd(111).

6.3.1 Unsaturated C=C and C=0 Bonds/Pd(111)

The structural formulas of normal and deuterium-substituted (ds-) isophorone are shown
in Figure 6.1. In the latter molecule, all five hydrogen atoms directly attached to the Cg
ring were substituted by five deuterium atoms. The IR spectra of isophorone ice, pro-
viding a reference for a nonperturbed molecular structure, are displayed in Figure 6.2 for
normal and ds-isophorone. For both molecules, three main spectral regions can be dis-
tinguished, which are characteristic of C-H stretching vibrations (2800-3200 cm™!), C=C
and C=O0 stretching (1550-1850 cm™!), as well as for C-H, C-D, and C-C deformation
vibrations (<1500 cm~!). While the exact assignment of the stretching and deformation
vibrations of C-H, C-D, and C-C bonds is rather complex and will be the subject of
a forthcoming publication, the vibrational features corresponding to the C=C and C=0
bonds can be clearly identified. In the normal isophorone molecule, the most intense vi-
bration is the C=0 stretching mode at 1665 cm ™", which lies very close to the vibrational
frequency 1655 cm ™! characteristic for the C=C stretching vibration. As can be clearly
seen from the spectrum, these vibrational features strongly overlap making the distinction
of both bonds rather difficult. In order to overcome this problem, the ring-substituted
ds-isophorone can be used, where the C=C vibrational feature appears at 1620 cm™!,
showing a shift by 35 cm™! as compared to its nonsubstituted counterpart. The C=0
bond in the ds-isophorone appears to be hardly affected by the substitution in the ring
and remains essentially at the same position as in the nonsubstituted isophorone.

The adsorption geometry of molecular species adsorbed on the metal surface can be
deduced from their IRAS spectra based on the metal surface selection rule (MSSR) [106,
113]. According to the MSSR, only vibrations having a projection of the dynamic dipole
moment perpendicular to the surface are visible in IRA spectra, while the vibrations
parallel to the surface are strongly attenuated due to formation of an image dipole moment
in the underlying metal substrate. To determine the orientation of isophorone, particularly
the C=C and C=0 bonds, a series of IR spectra were obtained at different isophorone
coverages spanning the range from 0.25 ML up to 2.40 ML.

Figure 6.3a shows the IR spectra of ds-isophorone adsorbed on Pd(111) at 100 K at dif-
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Figure 6.2: IR spectra of isophorone ice for the regular (upper trace) and ds-substituted
(lower trace) forms formed at 100 K on Pd(111). Three main spectral regions
can be distinguished characteristic for C—H stretching (2800-3200 cm~!), C=C
and C=0 stretching (1550-1850 cm~!), and C-H, C-D, and C-C deformation
vibrations (<1500 cm™1).
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Figure 6.3: (a) IR spectra of ds-isophorone adsorbed at 100 K on pristine Pd(111) for
different exposures displayed for two main vibration regions: from 3000 to
2750 ecm~! (C-H stretching vibrations) and from 1750 to 1500 cm~—! (C=0
and C=C stretching vibrations). (b) NEXAFS spectra of isophorone/Pd(111)
obtained at 100 K show coverage-dependent orientations of both 7 bonds.
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ferent coverages and the spectrum of isophorone ice for comparison with an unperturbed
molecule. In these spectra, two vibrational regions are displayed for simplicity: the re-
gion of the C—H stretching vibrations (2800-3000 cm™!) and the region of the C=0 and
C=C stretching vibrations (1665-1620 cm~!). At the lowest coverage of ds-isophorone
(0.25 ML), there is a significant signal in the C—H stretching region; however, there is
essentially no signal for the double bonds: neither for the C=0 stretching mode nor for
the C=C stretching mode. This intensity distribution is in a sharp contrast to the situa-
tion found for isophorone ice (see Figure 6.2 and the last spectrum shown in this series),
where the most intense vibrations are that of the C=0 and C=C bonds. The absence
of absorption bands in the C=C and C=0 stretching region indicates that these bonds
are either oriented parallel to the surface and therefore cannot be seen because of MSSR
or strongly perturbed (e.g., dissociated to form bidentate species) by the interaction with
Pd(111). With increasing ds-isophorone coverage (0.38-0.75 ML), the intensity of the C—
H stretching region increases only slightly, but the intensity of the absorption features in
the region characteristic for C=C and C=O0 stretching vibrations changes very strongly.
For an exposure of 0.5 ML ds-isophorone, a pronounced C=C stretching signal centered
around 1620 cm ™! is observed, while the C=0 stretching peak around 1665 cm ™" is hardly
visible. With increasing ds-isophorone coverage, the intensity of the C=O stretching sig-
nal at 1665 cm~! increases rapidly and becomes the most intense peak in the spectra
from 0.75 ML and higher. The ratio of the C=0 to C=C peak intensities at 0.75 ML
amounts to approximately Ic—o/Ic=c ~ 4 and is roughly similar to the intensity ratio in
the isophorone multilayer (e.g., at 2.4 ML) Ic—o/Ic=c = 6-8. The intensities Ic—o and
Ic—c are determined by integration of the IRAS peak areas. 8

NEXAFS experiments were performed under the same experimental conditions to obtain
quantitative information on the coverage-dependent adsorption geometry of the C=C and
C=0 bonds in isophorone on Pd(111). In the present experiments, two different ways of
determining the molecular tilting angles were used. The first method is based on the use of
vertically polarized light; the NEXAFS spectra were obtained as a function of the incidence
angle of the photon beam [126]. In the second method the incidence angle of the X-ray
beam was kept constant, and the polarization was changed from vertically to horizontally
polarized light [211]. The second method has the advantage that the sample geometry
remains unchanged, and therefore the spectra become less susceptible to experimental
uncertainties (e.g., the illuminated area of the sample is the same). Both methods were
applied, and the results showed very good qualitative agreement; however, the spread of
the experimental data was considerably larger for the method one. For this reason, we
will discuss only the results of the experiments based on the changing polarization while
keeping the sample geometry constant.

Figure 6.4 shows two example NEXAFS curves in horizontal and vertical polarization
corresponding to 0.7 ML of isophorone on Pd(111) with the fitted C K-edge and indication
of the most pronounced excitations around the edge.

The pre-edge peak 1 around 284.9 eV and peak 2 around 286.6 €V appear much sharper
than the postedge transitions. According to previous studies, peaks 1 and 2 are assigned
to C 1s — 7* (C=C) and C 1s — 7* (C=0) excitations [63, 128, 170, 212, 213]. It should
be noted that what permits the differentiation between the C=0 and C=C resonances is
not the final state (LUMO) but the initial state, i.e., the C 1s states of the C=0 carbon
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Figure 6.4: (a) C K-edge NEXAFS of 0.7 ML isophorone/Pd(111) at 100 K in vertical and

horizontal polarization. The spectra are normalized to the C K-edge, which
was fitted and is indicated with the dashed line. The most pronounced tran-
sitions around the edge are indicated with numbers 1 to 6. The assignment is
given in Table 6.1. (b) Schematic representation of the NEXAFS experimental
geometry.

Table 6.1: Assignment of NEXAFS peaks of isophorone

peak energy/eV excitation reference

1 (1a, 1b)  284.9 (284.8, 285.0) C 1s — 7* (C=C) [63, 128, 170, 212, 213]
2a (2b, 2c) 286.6 (286.9, 287.2) C 1s — n* (C=0) [63, 212, 213]

3 288.8 Cls —m (C=C) [63, 128, 213|

4 290.7 Cls —m (C=0) [63]

5 293.1 Cls—o* [63]

6 299 Cls—o* [63, 128, 213]
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and the C=C carbons having different binding energies due to different chemical shifts.
As long as the chemical nature of the molecule is preserved, i.e., both C=C and C=0
bonds are not dissociated as in the case of this study, both resonances C 1s — 7* (C=C)
and C 1s — 7* (C=0) can be observed as separate peaks.

In more detail, peak 1 consists of two features at 284.8 and 285.0 eV, which we correlate
to excitations of C 1s electrons located at the two different C atoms of the C=C bond.
However, they cannot be resolved as two peaks in every measurement and might appear
as one feature located around 284.9 eV (0.1 eV). Peak 2 has its maximum at 286.6 eV
(£0.1 €V); in every recorded spectrum two shoulders appear around 286.9 eV (£0.1 eV)
and 287.2 eV (£0.1 eV). The energy difference between the three features amounts to
approximately 0.3 eV (£0.2 eV), which we tentatively assign to coupled excitations of C
1s — 7* (C=0) electronic transitions and C=0 vibronic excitations. Previously such cou-
pled electronic and vibronic excitations have been observed for various organic molecules
[172]. From IRAS the energy of the C=0 bond vibration is calculated to be 0.21 eV.
However, the resolution limit of the NEXAFS experiments was 0.1 eV, which is not ideal
to determine vibration frequencies. According to previous assignments, the broad features
3 and 4 around 288.8 and 290.7 €V are assigned to 1s — 75 (C=C) and 1s — 73 (C=0)
transitions [63, 213]. Both features show identical dependence on the polarization of the
incident beam as the corresponding C 1s — 7* (C=C) and C 1s — 7* (C=0). The very
broad excitation features 5 and 6 around 293.1 and 299 eV are to a large extend indepen-
dent of the polarization and can be attributed mainly to several C 1s — ¢* transitions, as
reported elsewhere [63, 213].

C K-edge NEXAFS was measured for isophorone coverages of 0.2, 0.4, and 0.7 ML,
each with horizontally and vertically polarized X-ray beam and incident angles of 70° and
80° with respect to the surface normal. A series of representative coverage-dependent,
step-edge normalized C K-edge NEXAFS spectra with incident angle of 70° are shown
in Figure 6.3b. The two most important features in the spectra are the pre-edge peaks
that are assigned to the C 1s — 7* (C=C) resonance at 284.9 eV and the C 1s — «*
(C=0) resonance at 286.6 eV. These peaks can be already clearly seen at the lowest
coverages of isophorone (0.2 ML), indicating thus that both C=C and C=0 bonds are not
dissociated upon interaction with Pd(111). At the lowest coverage (0.2 ML), a flat-lying
geometry of the 7(C=C) and the 7(C=0) bond is evident by the strong dependence of
the intensity of both pre-edge peaks on the polarization of the incident beam. While
there is a strong resonance of both 7 bonds with vertically polarized light (black), almost
no absorption is detectable with horizontally polarized light (gray) suggesting a flat-lying
adsorption geometry of isophorone. With increasing coverage, the intensity of both =
resonance peaks with horizontally polarized light increases relative to the resonance with
vertically polarized light, indicating that the tilting of isophorone increases. The coverage-
dependent angles of the C=C and C=0 bonds with respect to the Pd(111) crystal plane
were calculated and are summarized in Table 6.2. It should be pointed out that in a
general case the directions of specific bonds are not accessible with NEXAFS. Only the
angle between the substrate surface normal and the direction of the transition dipole
moments of the respective C 1s — 7* transitions can be determined. In this study, we
make an assumption that the geometry of the 7* orbital with respect to the corresponding
double bond remains fairly constant upon adsorption, an assumption that is supported
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Table 6.2: Inclination angles of the unsaturated bonds in isophorone with respect to the
Pd(111) surface for different coverages of isophorone and for 0.7 ML isophorone
with co-adsorbed hydrogen.

isophorone coverage/ML  tilting C=C bond/° tilting C=0 bond/°

0.2 <13 (%6) <13 (£6)
0.4 33 (+2) 28 (+2)
0.7 41 (+2) 37 (+2)
H/Pd(111)+0.7 45 (+2) 40 (+2)

by theoretical calculations. Therefore, we assume that the changes of the C 1s — 7*
transitions corresponding to the C=C and C=0 double bonds reflect the tilting of the
conjugated fraction of the molecule. An excellent agreement between the NEXAFS results
and IRAS data as well as the results of theoretical calculations, which will be discussed in
the following, support a good validity of this assumption.

The strong polarization dependence of the pre-edge peaks at a coverage of 0.2 ML allows
us to conclude that isophorone adopts essentially a flat adsorption geometry on Pd(111) at
low coverages. Since NEXAFS becomes relatively inaccurate at very small tilting angles
of the 7 bonds, the formally determined tilting angle of 13° with respect to the Pd(111)
should be rather considered as an upper limit of the inclination angle. The possible source
of the error can also be the uncertainty of the experimental alignment, e.g., difficulty of
setting the sample surface precisely parallel to the horizontal electric vector or the po-
larization factor of the incident X-ray. At an intermediate coverage (0.4 ML), the C=C
bond (33° %+ 2°) is slightly more tilted than the C=0 bond (28° 4 2°). At high coverage
(0.7 ML) both unsaturated bonds are strongly inclined. Still, the C=C bond (41° £ 2°)
takes a tentatively more upright position than the C=0 bond (37° £ 2°). The inclination
angles obtained for the highest isophorone coverages are in a good agreement with the re-
cent NEXAFS results from Lambert et al., where the C=C—C=0 framework in isophorone
was found to be tilted by 42° with respect to the surface at high isophorone coverages [63].

The IRAS and NEXAFS results for the coverage-dependent adsorption geometry of
isophorone on clean Pd(111) are in qualitative agreement. At low coverages isophorone
lays flat on the Pd(111) surface, which results in a complete attenuation of the vibrational
features characteristic for C=0 and C=C bonds, while the dynamic dipole moments of
C—-H stretching vibrations are at least partly inclined and therefore the corresponding
bond vibrations visible. As observed by NEXAFS, both C=C and C=0 bonds are present
in a nondissociated form, which rules out the hypothesis on scission of these bonds as
a reason for the missing IR bands at the lowest isophorone coverages. The estimated
upper limit for the inclination angle of both 7 bonds (13°) is in a good agreement with
the flat adsorption geometry of the conjugated C=C and C=0 bonds deduced from the
IRAS data. This observation suggests that isophorone essentially preserves the in-plane
configuration of the conjugated 7 system in the low coverage limit.

With increasing coverage, the inclination angles of both the C=C and C=0 bonds
increase, with the tilting of the C=C bond being considerably more pronounced than that
of the C=0 bond according to IRAS. In fact, at the coverage of 0.5 ML the intensity of
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the IRAS absorption of the C=C bond is already comparable with the intensity of this
bond on the isophorone-saturated surface, while the intensity of C=0 vibration is still very
close to zero. This observation indicates that the conjugated 7 system of C=C and C=0
bonds is very strongly distorted. In a gas-phase molecule, these two bonds are lying in
the same plane. If the molecule would uniformly lift up, one would expect identical tilting
angles and, hence, the ratio of the absorptions in IRAS Ic—o/Ic—c close to the ice value
(Iczo/Ic=c =~ 6-8). The observation of the intense C=C vibration and the absence of
the C=0 vibration in IRAS indicate that at intermediate coverages the C=0 bond is still
nearly lying flat on the surface, while the C=C bond lifts up resulting in a strong distortion
of the original in-plane molecular structure of isophorone. The higher tilting of isophorone
at intermediate coverages can also be observed in the NEXAFS data; however, this trend
is somewhat less pronounced, probably because of an absolute difference in coverage. The
pronouncedly tilted adsorption geometry at high coverages most likely originates from
steric constraints on the surface. Since the intensity ratio in IRAS Ic—o/Ic=c & 4 at this
coverage becomes closer to the ice value of 6-8, diminishing distortion of the isophoron
molecular structure can be concluded for the high coverage limit. Note that the TRAS
data allow more reliable conclusions on the adsorption geometry of both double bonds
since the relative orientation of the C—C and C-O axes with respect to the metal surface
plane is determined. In NEXAFS, only the angle between the metal surface plane and
the direction of the transition dipole moments of the respective 1s — 7* transitions can
be obtained; possible rotation of the m bonds with respect to the C—C or C—-O axes might
complicate the interpretation of the NEXAFS spectra.

The experimental results pointing to the flat-lying adsorption geometry of isophorone
at the lowest coverage were corroborated by the theoretical calculations. In this study,
the DET+vdW*"! method with the Perdew-Burke-Ernzerhof (PBE) functional [214] was
applied to computationally investigate the details of the electronic structure of isophorone
adsorbed on Pd. The PBE4+vdWs"f method is an accurate and efficient vdW-inclusive ap-
proach that allows quantitative treatment of both weakly and strongly adsorbed molecules
on metal surfaces [205, 215-217].

Figure 6.5a illustrates the most stable adsorption structure found in vdWs"f geometry
relaxations for isophorone. In agreement with the experimental observations by TRAS
and NEXAFS, isophorone was computed to adsorb in a flat-lying adsorption geometry
with the C=C and C=0 bonds oriented parallel to the substrate surface plane [218]. The
O-Pd and C-Pd distances for the C=0 and C=C bonds are in the range of 2.14-2.29 A,
close to typical covalent bond lengths. In contrast, carbon atoms in the three methyl
groups attached to the ring, which are highly affected by the vdW forces, are lifted above
the surface by 2.87-4.98 A. The C=C bond in the adsorbed isophorone was found to be
elongated by 0.1 A as compared to the isolated molecule (from 1.35 to 1.45 A), suggesting
a change of the effective bond order of the C=C bond. The carbonyl bond is less elongated
than the C=C bond (from 1.23 to 1.29 A).

To examine the feasibility of the calculated adsorption structure, the isophorone IR
spectra were calculated both for gas-phase and adsorbed on Pd(111) molecules using
the harmonic approximation (Figure 6.5b, two lowest curves). The calculated spectra
were found to reproduce the most essential features of the experimentally measured IR
spectra. The most intense vibrational features for the isophorone gas-phase molecule were
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computed in the range of C=0 and C=C vibrations, which are in good agreement with the
experimental observations obtained for isophorone ice (Figure 6.2) that can be considered
as a proxy for a nonperturbed molecular form of isophorone. For the adsorbed molecule,
a vanishing of C=0 and C=C stretching modes was computed as expected for a flat-lying
molecule. This observation is in excellent agreement with the experimental IR spectra
at the lowest measured isophorone coverage (the upper curve in Figure 6.5b and Figure
6.3a). For the high frequency region of C-H stretching vibrations (2200-2900 cm~!), there
is good qualitative agreement between the calculated and the measured spectra of adsorbed
isophorone. The only visible difference appears for the calculated isophorone spectrum at
2573 cm ™!, which is the stretch mode of the C-H-Pd vibration. This discrepancy arises
from substantial broadening of this vibrational band due to a very short lifetime of the
C-H-Pd bond precluding its experimental observation. To check the latter possibility, an
ab initio molecular dynamics simulation was carried out at 130 K, and the anharmonic IR
spectra for isophorone/Pd(111) through the Fourier transform of the dipole autocorrelation
function were calculated [219]. The explicit inclusion of anharmonic effects through dipole—
dipole autocorrelation function leads to the disappearance of the peak at 2573 cm™! in
the PBE4+vdW IR spectra, in very good agreement with experimental spectra. Further
details will be presented in an upcoming publication.

The vdW forces were found to significantly contribute to the adsorption of isophorone.
The standard PBE functional predicts 0.58 eV binding energy for isophorone, while the
inclusion of the vdW interaction increases the binding energy to 1.80 eV. It should be
noted that the most stable configuration (the flat-lying molecule) could not be located
by PBE calculations when starting from a random isophorone configuration, while it was
readily obtained using PBE+vdW. The large contribution of the vdW interaction to the
final binding energy can be traced back to the fact that the methyl groups and the ring of
isophorone lie very close to Pd(111). Having obtained the adsorption geometries correctly
reproducing the experimental observations from IRAS and NEXAFS, we performed an
analysis of its electronic structure and the degree of its perturbation by the interaction
with the metal surface.Figure 6.5¢ shows the side view of the electron density difference
for isophorone on the Pd(111) surface, which serves to visualize the electron density re-
distribution upon adsorption. Cyan and orange colors indicate electron depletion and
accumulation, respectively. The observed strong charge redistributions clearly indicate a
substantial charge transfer between the adsorbate and the substrate.

As a next step, the electron density redistribution between the molecule and the sub-
strate was analyzed by projection of the density of states (DOS) of the full adsorption
system onto selected molecular orbitals of the free molecule.49 The full details of this
analysis will be discussed in a forthcoming publication; here, we will only briefly dis-
cuss the main results. Three particular molecular orbitals of isophorone were found to be
mostly perturbed by the interaction with the metal: the former HOMO™!, former HOMO,
and former LUMO. While former HOMO and HOMO™! of isophorone were computed to
be rather localized orbitals in the full adsorption system (mainly located on the C=0
and C=C bonds, respectively) the former LUMO is distributed over the entire 7 system.
The former LUMO of isophorone was found to be partially filled with 0.656 electrons and
largely shifted below the Fermi level. The occupancy of the former HOMO™!, mainly
located on the C=C bond, is reduced from 2 to 1.57. In contrast, the occupation number
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of the former HOMO, located on the C=0 bond, remains hardly changed. In total, in the
scope of this analysis about 1.27 electrons are donated from the molecule (HOMO and
below) to the empty band of the metal, and 1.08 electrons are back-donated from metal to
the empty bands of the molecule (LUMO and above). Combining these observations, we
conclude that the electronic structure of isophorone is strongly perturbed by interaction
with Pd(111), with notably larger charge transfer from the C=C bond than from the C=0
bond.
In the next section, we investigate the effect of pre-adsorbed hydrogen.

6.3.2 Effect of Hydrogen on the Geometry of C=C and C=0 Bonds

The effect of pre-adsorbed H was investigated by IRAS and NEXAFS measurements that
were conducted at 100 K on Pd(111). Prior to the isophorone exposure, Pd(111) was
exposed to 100 L of He. At this exposure, hydrogen forms a saturated layer of surface-
adsorbed H species with a formal stoichiometry H:Pd 1:1 [220]. The corresponding IR
spectra for isophorone exposures ranging from 0.25 to 0.75 ML are depicted in Figure 6.6a
(black traces). For comparison, the IR spectra of isophorone adsorbed on clean Pd(111)
are also displayed (gray traces).

The total intensities of the C—H stretching features (2800-3000 cm ™) were found to be
similar on both clean and hydrogen-precovered Pd(111) at different isophorone exposures.
This observation might be considered as an indication that similar isophorone coverages are
formed on both surfaces. In contrast, IR absorption due to C=C and the C=0 vibrations
strongly changes when hydrogen was pre-adsorbed and is most pronounced around the
coverage of 0.5 ML. At the coverage of 0.5 ML, the C=0 vibration is clearly visible on
Hprecovered Pd(111), while the C=C vibration cannot be identified yet. On the pristine
Pd(111) surface, the situation was found to be reverse — the most intense vibrational
feature corresponds to the C=C bond, while the C=0 bond vibration is hardly visible.
At 0.75 ML, the ratio of the C=0 to the C=C vibration peak intensities (Ic=o/Ic=c ~ 5)
is similar to that of multilayer isophorone on clean Pd(111) (Ic—o/Ic=c ~ 6 — 8). At the
lowest coverage of 0.25 ML the spectra are essentially identical on both surfaces pointing to
the flat-lying adsorption geometry of isophorone also on the hydrogen-precovered surface.

The observed coverage dependence indicates that the interaction of isophorone with
Pd is considerably affected by pre-adsorbed hydrogen. While at the lowest coverage
isophorone adopts — similarly to the pristine Pd surface — a flat adsorption geometry,
the interaction changes at the intermediate surface coverages. Particularly, the ratio
Ic—o/Ic=c becomes close to the ice (or gas-phase) value, indicating that isophorone lifts
up rather uniformly and that the conjugated 7 system of two double bonds preserves to
a large extent its inplane geometry characteristic for ice or the gas-phase molecule. This
behavior is in sharp contrast for the coverage dependence of isophorone adsorption geom-
etry obtained on the pristine Pd(111) surface, where the C=C bond was concluded to be
strongly tilted with respect to the flat-lying C=0 bond and the total conjugated 7 sys-
tem is significantly geometrically distorted. The diminished distortion of the molecule in
the presence of hydrogen most likely originates from the weaker interaction of isophorone
with the hydrogen-containing Pd surface, a phenomenon which was discussed also for other
hydrocarbon—metal systems.
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NEXAFS studies were performed to gain quantitative information on the changes in
tilting angle of the two unsaturated C=C and C=O0 bonds in the presence of pre-adsorbed
hydrogen. In Figure 6.6b, representative C K-edge normalized NEXAFS spectra of 0.7 ML
isophorone adsorbed on clean Pd(111) (top) and on hydrogen-precovered Pd(111) (bottom)
are displayed. The angles of the C=C and the C=0 bonds relative to the Pd(111) substrate
were calculated and are given in Table 6.2. Our results indicate that coadsorbed hydrogen
slightly increases the inclination angle of the C=C bond (from 41° + 2° to 45° £ 2°) and
the C=0 bond (from 37° &+ 2° to 41° £ 2°) with respect to Pd(111). It should be noted
that the isophorone coverages used in these experiments are close to the saturation, where
the IRAS data do not indicate any strong differences between the adsorption geometries
of isophorone. NEXAF'S data at lower coverage, where IRAS point to a stronger influence
of hydrogen precovering on the adsorption of isophorone, are not available. However,
the NEXAFS data are consistent with the observations of the IRAS experiments showing
in general higher inclination angles of unsaturated bonds on the hydrogen-precovered
Pd(111).

It should be noted that under the reaction conditions some of the isophorone molecules
might undergo chemical transformations, e.g., partial dissociation, resulting in different
surface species with presumably different adsorption geometries. Whether these eventual
species could be produced and be involved in the reactive pathway is a question that needs
to be answered in future studies. At the present time, we cannot exclude that higher variety
of surface species might be present on Pd during isophorone partial hydrogenation.

6.4 Conclusions

Interaction of isophorone with Pd was investigated experimentally by the combination
of NEXAFS and IRAS and theoretically with DFT+4+vdW. Particularly, the adsorption
geometry of the two unsaturated bonds (C=C and C=0) in isophorone on pristine and
hydrogen-precovered Pd(111) surfaces as well as the coverage dependence of the adsorbate
structures were determined. At low coverages, both NEXAFS and IRAS data point to a
flat-lying adsorption geometry of isophorone on Pd(111) with the C—C and C-O bonds
being oriented parallel to the surface plane. This observation suggests that isophorone
preserves the in-plane configuration of the conjugated m-system in the low coverage limit.
For intermediate coverages, the structure of isophorone adsorbed on pristine Pd(111) was
observed to be strongly distorted. The C=C bond becomes noticeably tilted with respect
to the surface plane, while the C=0 bond is still oriented flat on the surface. Close to
saturation, both the C=0 and the C=C bonds lift up, and the inclination angles of the
entire conjugated 7 system increase to around 40° with slightly more pronounced tilting of
the C=C bond. High tilting angles of the entire molecule at higher coverages most likely
originate from steric constraints on the surface.

DFT+vdW calculations confirmed the flat-lying adsorption geometry of isophorone at
low coverages and provided further microscopic insights into interaction of isophorone
with Pd. It was found that the C=C bond of isophorone is significantly perturbed by the
interaction with Pd, in terms of both the electronic and geometric structure, showing a
strong elongation of the bond and a large extent of the electron density redistribution.
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In contrast, the carbonyl bond in isophorone was found to be hardly affected by the
interaction with the metal. The computed IR spectra are in good agreement with the
experimentally measured ones.

The IR spectra show that the adsorption of isophorone is significantly affected by
the presence of coadsorbed hydrogen, particularly pronounced at the intermediate cov-
erage. While at the lowest coverages isophorone exhibits a flat-lying geometry, similarly
to pristine Pd(111), both unsaturated bonds strongly tilt already at intermediate cov-
erages. In this case, the intensity ratio Ic—o/Ic—c of the main vibrational peaks on
hydrogen-precovered Pd(111) indicates a rather unperturbed molecular structure of ad-
sorbed isophorone that is similar to the gas-phase molecule. Higher tilting angles of both
7 bonds point to much weaker interaction of isophorone with hydrogen-precovered Pd and
suggest the conservation of the in-plane geometry of the conjugated 7w system.

With respect to the gas-phase structure, the molecules appear to be more perturbed
on the clean Pd(111) surface and considerably less on the hydrogen-precovered surface.
These coverage- and coadsorbate-dependent changes in the adsorption geometry of the
C=C and/or the C=0 bond are expected to have a decisive influence on the selectivity in
hydrogenation reactions.
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Understanding the interaction of a,B-unsaturated carbonyl compounds with late transi-
tion metals is a key prerequisite for rational design of new catalysts with desired selectivity
towards C=C or C=0 bond hydrogenation. The interaction of the «,-unsaturated ketone
isophorone and the saturated ketone TMCH (3,3,5-trimethylcyclohexanone) with Pd(111)
was investigated in this study as a prototypical system. Infrared reflection-absorption
spectroscopy (IRAS) and density functional theory calculations including van der Waals
interactions (DFT-+vdW*"!) were combined to form detailed assignments of IR vibrational
modes in the range from 3000 cm™! to 1000 cm™! in order to obtain information on the
binding of isophorone and TMCH to Pd(111) as well as to study the effect of co-adsorbed
hydrogen. IRAS measurements were performed with deuterium-labeled (ds-) isophorone,
in addition to unlabeled isophorone and unlabeled TMCH. Experimentally observed IR
absorption features and calculated vibrational frequencies indicate that isophorone and
TMCH molecules in multilayers have a mostly unperturbed structure with random orien-
tation. At sub-monolayer coverages, strong perturbation and preferred orientations of the
adsorbates were found. At low coverage, isophorone interacts strongly with Pd(111) and
adsorbs in a flat-lying geometry with the C=C and C=0 bonds parallel, and a CHj3 group
perpendicular, to the surface. At intermediate sub-monolayer coverage, the C=C bond is
strongly tilted, while C=0 remains flat lying, which indicates a prominent perturbation
of the conjugated 7 system. Pre-adsorbed hydrogen leads to significant changes in the
adsorption geometry of isophorone, which suggests a weakening of its binding to Pd(111).
At low coverage, the structure of the CHs groups seems to be mostly unperturbed on the
hydrogen pre-covered surface. With increasing coverage, a conservation of the in-plane ge-
ometry of the conjugated m system was observed in the presence of hydrogen. In contrast
to isophorone, TMCH adsorbs in a strongly tilted geometry independent of the surface
coverage. At low coverage, an adsorbate with a strongly distorted C=0 bond is formed;
with increasing exposure, species with a less perturbed C=0O group appear.
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7.1 Introduction

Chemo- and enantioselectivity in hydrogenation of «,S-unsaturated carbonyls on transi-
tion metals is a widely discussed topic in the field of heterogeneous catalysis. Particularly
important is the possibility to tune the selectivity of multiple unsaturated hydrocarbons,
such as «,f-unsaturated ketones and aldehydes, which represent a broad class of valu-
able intermediates for practically important processes [188-190]. For molecules containing
both a C=C and a C=0 7 bond, such as the a,f-unsaturated ketone isophorone (3,5,5-
trimethylcyclohex-2-enone), hydrogenation can yield either a saturated ketone, an unsat-
urated alcohol or a saturated alcohol. To avoid the formation of undesired products and
thereby an often difficult and costly separation of the different products, a high selectivity
towards hydrogenating of either the C=C or C=0 bonds is desirable. Over Pd catalysts,
the hydrogenation of the C=C double bond of isophorone is strongly favored yielding the
saturated ketone TMCH (3,3,5-trimethylcyclohexanone) in high selectivity (~ 100%) and
almost no alcohols [191-193]. The origin of this chemoselectivity is, however, not fully
understood.

Not only a high chemoselectivity, but even high enantioselectivity in hydrogenation re-
actions can be achieved over heterogeneous catalysts using chiral modifiers [194-196, 221].
Compared to homogeneous catalysts traditionally applied for enantioselective reactions,
the use of heterogeneous catalysts has operational, economical and often environmental
advantages, so that heterogeneously catalyzed enantioselective hydrogenation was quickly
recognized to be a promising field of research. A number of different modifiers have been
tested also for the enantioselective hydrogenation of isophorone which is a benchmark test
molecule for enantioselective hydrogenation reactions of enones [194, 197-204]. Although
the origin of the enantioselectivity during hydrogenation of isophorone is not well under-
stood, Lambert et al. [63, 222] have proposed a mechanism in which the stereochemistry
of the chiral modifier and the adsorption geometry of isophorone on the Pd catalyst play
a decisive role. More specifically, strong tilting of the unsaturated bonds on Pd was put
forward to explain the enantioselective interaction of isophorone with the chiral modifier.
To the best of our knowledge, the effects of isophorone coverage and co-adsorbed hydrogen
on the isophorone adsorption geometry have not been investigated so far in surface science
studies.

In our previous work we found that at low coverage isophorone adsorbs in a flat-lying
geometry with the C=C and C=0 bonds parallel to the Pd(111) surface [174, 218]. Cov-
erage dependent NEXAFS studies showed increasing tilting angles for both unsaturated
bonds with increasing isophorone coverage. The tilting is considerably more pronounced
for the C=C bond, indicating a perturbation and strong structural distortion of the con-
jugated 7 system [174].

In this work, infrared reflection-absorption spectroscopy (IRAS) and density functional
theory studies including van der Waals interactions (DFT+vdWs™f [205]) are used to
assign vibrational modes of isophorone, ds-isophorone, and TMCH as well as to study
the effects of hydrogen co-adsorption. IRAS is a powerful tool not only for determining
the vibrational frequencies of chemical bonds, but also — making use of the metal surface
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selection rule [106, 112, 113] — for probing their orientation with respect to the metal
surface. Thus, the combination of IRAS studies at sub-monolayer coverages with DFT
hold great potential to provide detailed insights into the interaction of isophorone and
TMCH with Pd(111).

Our results show that IR absorption features of molecules at multilayer coverages
agree well with the calculated vibration frequencies for unperturbed molecules. At sub-
monolayer coverages, isophorone was found to be strongly perturbed by interaction with
the Pd(111) surface and to prefer a flat-lying adsorption geometry with C=C and C=0
bonds parallel to the surface and a distinct orientation of the CHj3 groups pointing away
from the surface. Strong perturbations of the isophorone molecule are very pronounced on
pristine Pd(111), however, this effect is reduced by pre-adsorbing hydrogen on Pd(111).
TMCH was found to form a very different adsorption structure by attaching to Pd(111)
substrate via a strongly tilted and perturbed C=0 group.

7.2 Experimental Details and Methods

IRAS experiments were performed at the Fritz-Haber-Institut, Berlin, in a UHV appara-
tus that has been described in detail before [100]. Isophorone, ds-isophorone, or TMCH
were dosed onto the sample cooled to 120 K through a doubly differentially pumped multi-
channel array sources controlled by valves and shutters. The surface was precovered with
hydrogen by dosing 100 L of Hy through a second doubly differentially pumped multi-
channel array source controlled by valves and shutters. The sources were operated at
room temperature, and the beam diameter was chosen to exceed the sample size. The
Pd(111) single crystal was cleaned prior to use by repeated cycles of Art ion bombard-
ment at room temperature, annealing at 1000 K and oxidation in 1 - 1075 mbar Oy at
750 K to remove residual carbon. The final cleaning cycle was stopped after annealing.
The flatness and cleanliness of the Pd(111) single crystal surface was checked by low en-
ergy electron diffraction (LEED) and infrared reflection-absorption spectroscopy (IRAS)
of adsorbed CO. IRAS data were acquired using a vacuum Fourier-Transform infrared
(FT-IR) spectrometer (Bruker IFS 66v/S) with a spectral resolution of 2 cm~! and using
a mid-infrared (MIR) polarizer and p-polarized IR light. Isophorone (Acros Organics,
98%), ds-Isophorone (Quotient Bioresearch (Radiochemicals) Limited, 90%) and TMCH
(Aldrich, 98%) were purified prior to the experiments by repeated freeze-pump-thaw cy-
cles. The stated exposures for IRAS experiments are given in fractions of a monolayer
(ML) that were determined by TPD experiments.

The DFT calculations were carried out using the PBE-+vdW*™f method [205], as im-
plemented in the FHI-aims all-electron code [206]. The PBE4+vdWs" method, which
accurately and effectively include the vdW interactions and dielectric screening within
the bulk, has been demonstrate to perform very well for both strongly and weakly bound
adsorption systems [216, 223, 224|. The tight settings were employed for integration grids
and standard numerical atom-centered orbitals basis sets in FHI-aims code. The scaled
zeroth-order regular approximation [210] was used to treat relativistic effects for Pd atoms.
We built up four-layer Pd slabs with a (4x4) unit cell, and each slab was separated by a
20 A vacuum. The bottom two metal layers were constrained, whereas the uppermost two
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Figure 7.1: Structures of the isophorone (a), ds-isophorone (b), and TMCH (c)

metal layers and the adsorbate were allowed to fully relax during geometry relaxations.
For slab calculations, we used a 3x3x1 k-points mesh. Based on the most stable geome-
tries, infrared vibrational spectra were calculated by a second derivative of the energy
from the numerical change of the forces arising from small finite displacements. Six finite
displacements were applied to each of the atoms with a value of 0.005 A.

7.3 Results and Discussion

The adsorption of the unsaturated ketone isophorone (3,5,5-trimethylcyclohex-2-enon) and
deuterium substituted (ds-) isophorone as well as the saturated ketone TMCH (3,5,5-
trimethylcyclohexanone) on Pd(111) at 120 K was studied under well-defined UHV con-
ditions by infrared reflection-absorption spectroscopy (IRAS). IR vibration frequencies
were calculated by the DFT+vdWs" method. The structural formulae of normal and
ds-isophorone are shown in Figure 7.1a and b. In ds-isophorone, the five hydrogen atoms
attached to the Cg ring are substituted by deuterium atoms, while the hydrogen atoms
on the CH3 groups remained unlabeled. The structure of TMCH is shown in Figure 7.1c.
Molecular vibrations will be discussed according to the labeling of the ring positions and
methyl groups as illustrated in Figure 7.1. Ring positions are labeled with numbers 1 to
6, methyl groups are labeled with A, B, and C.

To the best our knowledge, no detailed assignment of IR vibrations of isophorone or
TMCH is available in literature. Therefore, we will compare our experimental and theo-
retical assignments of IR vibrations to vibrations of the same functional groups in other
molecules. Among a large number of IR studies on hydrocarbons with identical groups,
we chose some of the most fundamental investigations [225-242] for comparison. Here, we
will only shortly summarize the most relevant results. An overview of typical vibrational
frequencies of hydrocarbons can be found in a textbook by Colthup, Daly, and Wiberley
[109]. In very early studies, Fox and Martin investigated CHs, CHs, and CH stretching
vibration modes from an experimental and theoretical point of view. The authors achieved
a clear assignment of vibrational frequencies to CHg, CHs, and CH stretching modes in
a large number of molecules. For instance, strong CHs vibrations have been identified in
several compounds near 2962 cm™! and 2872 cm™!, CH, stretching modes were typically
observed near 2926 cm~! and 2853 cm ™!, and the CH vibration in olefins was assigned
close to 3019 cm™!, while the CH vibration in saturated compounds was observed at
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2890 cm~! [225, 226]. By using partially deuterium-labeled molecules, MacPhail et. al.
could distinguish CHj3 from CHj stretching vibrations in n-alkyl chains [229]. Studies
on stretching vibrations of deuterium-labeled CDsy groups are relatively rare. Nolin and
Jones studied the IR absorption of normal and deuterium-substituted diethyl ketone. The
authors assign CH3 and CHy stretching and deformation vibrations as well as CDg, CDq
and C=O0 stretching modes. CHj3 asymmetric stretching appeared at 2977 cm~! and
2936 cm ™!, while the symmetric stretching was observed at 2883 cm™'. A CHj stretching
vibration was identified at 2902 cm~! and CDy stretching at 2173 cm~!. Moreover, the
carbonyl (C=0) stretching was observed at 1720 cm~!. CH3 asymmetric bending modes
were assigned at 1461 cm™' and 1454 cm™! and the symmetric bending at 1379 cm™!.
The scissor vibration of the CHy group was identified at 1414 cm™! and thus, at relatively
low frequency. This is of particular interest for our study, since in both cases the CHs
groups are located next to a C=0 group [236]. More general, Snyder and Schachtschnei-
der presented very extensive interpretations of IR spectra of n-alkanes at 3000-2800 cm ™!
and 1500-700 cm~! in an experimental [231] and a theoretical [230] study. Lavalley and
Sheppard investigated IR absorption features in the C-H stretching region, which result
from Fermi resonance between CHs asymmetric deformation overtones and CHs symmetric
stretching fundamentals [227]. A detailed study on the vibrations of linear and branched
aliphatic hydrocarbons in the range below 1500 cm ™! was published by Sheppard et. al..
Some characteristic features were observed for non-linear molecules, such as a splitting of
the CH3 symmetric deformation into two peaks for two CHs groups attached to the same
saturated C atom [228]. Colthup found that this splitting is the result of an interaction
force between two or three neighboring CHg groups. The same study shows that the ex-
act wavenumber of CHs, CHsy, and CH deformation vibrations is in general determined
by the electron density at the respective C atom [232] These references, along with DET
calculations from this work, form the basis for our assignment of infrared vibrations of
isophorone and TMCH adsorbed on Pd(111).

In the following sections, we will first discuss the IR spectra of molecules in multilayers
before we will focus on coverage-dependent IR vibrations from multilayer to sub-monolayer
coverage, where the interaction with the underlying palladium substrate becomes more im-
portant. Finally, the sub-monolayer structures of isophorone and TMCH will be compared.
The comparison of the binding properties of isophorone and TMCH is of particular interest
for catalysis, since hydrogenation of the C=C bond in isophorone yields TMCH.

7.3.1 IR Vibrations in Isophorone Multilayers

In this section, we discuss the multilayer IR spectra of normal and ds-isophorone. Mul-
tilayer spectra are dominated by molecules organized in an ice structure, providing a ref-
erence for mainly non-perturbed molecules. DFT4+vdW™ calculations were performed
for non-perturbed molecules in the gas-phase. Figure 7.2 displays the IR spectra of 3 ML
of isophorone and ds-isophorone on Pd(111) at 120 K. For both molecules, three main
spectral regions can be distinguished: C-H stretching vibrations (3200-2800 cm~1), C=C
and C=0 stretching (1850-1550 cm~1), as well as for C-H, C-D and C-C deformation
(<1500 cm™1). C-D stretching vibrations (2300-2000 cm™!) in ds-isophorone are not
shown in Figure 7.2.
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Figure 7.2: IR spectra of 3 ML isophorone (black) and ds-isophorone (green) at 120 K
on Pd(111). The region characteristic for C-H stretching vibrations (3100-
2800 cm 1), C=0 and C=C stretching vibrations (1800-1600 cm~!), and C-H
and C-D deformation and C—C deformation and stretching vibrations (1500-

1000 cm™1).
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We observed that DFT results coincide well with experimental data at the C=0 stretch-
ing frequency, but a compression of the DFT spectrum by a factor of 0.945 with origin
at 1661 cm™! is required to fit all simulated vibration frequencies from 3100 cm™! to
1000 cm~! approximately to the experimentally observed IR absorptions. It has been
observed before that calculated harmonic vibrational frequencies systematically deviate
from experimental results, since effects of anharmonicity of the interaction potential are
not taken into account and frequency scaling factors of ~ 0.9 to 0.95 are typical [243]. For
simplicity, we will give only the scaled DFT results in the text. The unscaled calculated
DFT values are listed in Table 7.1 and Table 7.2. The stretching modes are labeled with
A1l to A15 and the deformation vibrations with B1 to B20. We will refer to the respective
labels in the following discussion, in the tables, as well as in the IR spectra.

Stretching Vibrations

The stretching vibrations of the C=0 and the C=C bonds show very pronounced bands in
the spectra displayed in Figure 7.2. In normal isophorone, the most intense vibration is the
C=O0 stretching mode at 1665 cm ™!, which is strongly overlapping with the C=C stretch-
ing mode at 1655 cm™'. In order to clearly identify both vibrations, the ring-substituted
ds-isophorone was used, in which the C=C stretching vibration appears at 1620 cm™!,
exhibiting a shift by 35 cm™! as compared to the unsubstituted molecule. The C=0
stretching mode appears to be hardly affected by the substitution and remains essentially
at the same frequency of 1665 cm™!. The DFT study indicates the C=0 stretching vi-
bration at 1661 cm™! for both molecules, while the C=C stretching is predicted to shift
from 1624 cm~! in normal isophorone to 1608 cm~! in ds-isophorone. Previously it has
been reported that the C=0 and C=C stretching vibrations in «a,B-unsaturated ketones
are strongly overlapping if the two bonds have trans orientation, such as in isohorone.
The vibrational frequencies found in gas-phase studies of unlabeled molecules agree well
with our results; C=0 vibrations have been observed in the range of 1690-1655 cm ™! and
C=C stretching modes were observed in the 1649-1618 cm™! range.[109, 240, 241]. Fur-
thermore, the lower C=C stretching frequency in ds-isophorone agrees well with previous
studies, which found that the C=C stretching vibration is lowered by 10-20 cm ™! for each
substituted H atom at the C=C bond [242].

Table 7.1: Assignment of IR vibration frequencies from DFT calculations and IRAS experiments of normal
isophorone and ds-isophorone in the range of C=0, C=C, and C—H stretching vibrations (3100-
1600 cm ™). Vibration modes that strongly change when switching from normal to d-labeled
isophoroneare printed in bold. Vibration modes that are mostly independent from deuterium-
labeling are printed with normal intensity.

mode vibrations isophorone / cm ™" vibrations ds-isophorone / cm ™'
DFT  DFT scaled IRAS DFT DFT scaled IRAS
v(C=0) 1661 1661 1665 1661 1661 1665
v(C=C) 1624 1626 1655 1608 1610 1620
Al v(CH) 3085 3006 2287 2253
A2 va(CHs)(A) 3046 2970 2287 2253
A3 va(CHs)(C) 3032 2957 3034 2958
2975-2930 2975-2930
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mode vibrations isophorone / cm™ ! vibrations ds-isophorone / cm™*
DFT  DFT scaled IRAS DFT DFT scaled IRAS
A4 va(CHs)(B) 3021 2946 3024 2949
A5 va(CHs)(B,C) 3016 2941 3021 2946
«(CHs)(B,C)
A6 | ve(CHa)(EB, 11 2937 1 2041
6 * 4 va(CHy)(6) 30 937 3015 9
AT va(CHs)(A) 2990 2917 2910 2990 2917 2910
A8 26(CHs) 2920-2890 2920-2890
Vﬂ(CHQ)(G) * *
A9 3008 2934 ~ 2940 | 2229 2198 2202
* +v,(CHj3)(B,C)
A10 | v,(CH3)(4) 1955 2884 ~ 2885 | 2187 2158 2184
All V.S(CH3)(B’C) 2949 2878 2957 2886
(in phase)
AL2 vs(CHs)(B,C) 92045 9874 2874-2865 9948 9877 2874-2865
(out of phase)
Al13 | vs(CHs)(A) 2942 2872 2945 2874
A14 | vs(CH2)(6) 2928 2858 N 2130 2104
Al15 | vs(CH2)(4) 2908 2839 ~ 2820 2124 2098 2087-2079

v: stretching, v,: asymmetric stretching, vs: symmetric stretching
DFT scaling factor: 0.945

The C-H and C-D stretching modes show multiple peaks and their assignment is more
complex due to strongly overlapping vibrations and weak dynamic dipole moments. Our
DFT study predicts six asymmetric and three symmetric stretching modes for the three
CHj groups, one asymmetric and one symmetric stretching vibration for each CHs or CDo
groups, as well as a stretching mode for the CH or CD group. The computed frequencies of
the C-H and C-D stretching vibrations are summarized in Table 7.1. Figure 7.3 illustrates
the IR spectra of normal isophorone and ds-isophorone in the range of the C-H and C-D
stretching vibrations.

The DFT and IRAS results indicate that the stretching vibrations of the CHg groups
are mostly unaffected by the deuterium-substitution of the ring H atoms. The scaled DFT
results show asymmetric stretching vibrations of CHs group A in normal isophorone at
2970 cm~! and 2917 em~!, which are well isolated from other vibrations [A1, A7]. Isolated
asymmetric stretching vibrations of CHs groups C and B are observed at 2957 cm™! and
2946 cm ™! [A3, A4] and simultaneous excitations of B and C is found at 2941 cm™~!and
2937 cm~! [A5, A6]. The later vibration is strongly overlapping with the asymmetric
stretching of the ring-related CHy group 6 at 2934 cm™'. In ds-isophorone, the same
vibration modes are almost at identical frequencies. Asymmetric stretching of group A is
found at 2971 ecm~! and 2917 ecm~! [A1, A7], and the vibrations of groups B and C are
observed at 2958 cm ™!, 2949 cm ™!, 2946 cm ™!, and 2941 cm~! [A3-A6]. Experimentally,
a broad and strong IR absorption feature is observed in the range from 2975-2930 cm ™!
with its maximum at 2960 cm ™! for both molecules. Weaker IR absorption appears near
2910 cm™! for the ds-substituted isophorone. The broad IR absorption most likely con-
tains all CH3 asymmetric stretching vibrations, which were indicated by DFT between
2970 cm~! and 2937 cm ™! in normal isophorone and between 2971 cm™'and 2941 cm™lin
ds-isophorone [A2-A6]. The IR absorption near 2910 cm~! might correspond to the asym-
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Figure 7.3: IR spectra of 3 ML of normal and ds-isophorone adsorbed at 120 K on Pd(111)
from 3100-2750 cm~! (C-H stretching) and 2400-2000 cm~! (C-D stretching).
Clearly assigned vibrations are indicated with bold printed labels, more ten-
tative assignments are labeled with normal thickness.
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metric stretching mode of group A, which is observed at 2917 cm™! in DFT and thus, sep-
arated by about 20 cm™! from the other CH3 asymmetric stretching vibrations [A7]. The
frequencies of the CH3 asymmetric stretching vibrations agree with previously reported
values for aliphatic compounds, which have been reported near 2960 cm™! (10 cm™1)
[109, 226, 229, 231, 236]. IR absorption near 2925 cm~! and thus at similar frequency
as the vibration of group A, was observed in 2,3-dimethyl-2-butene, where all the CHs
groups are next to the unsaturated C=C bond [244].

The symmetric stretching frequencies of the CHj3 groups observed experimentally be-
tween 2874 cm~! and 2865 cm™! are clearly separated by more than 60 cm™! from
the asymmetric vibrations. DFT results show in-phase and out-of-phase CH3 symmet-
ric stretching of groups B and C at 2878 cm™'and 2874 cm™! and symmetric stretching
of group A at 2872 cm™! in normal isophorone. In ds-isophorone, the same vibrations
are observed at 2886 cm™!, 2877 cm~!, and 2874 cm~! [A11-A13]. In literature, CHj3
symmetric stretching vibrations have been assigned near 2870 cm~! [109, 226, 230, 231].

Additional IR absorption might appear in the range of 2920-2890 cm™! originating
from Fermi resonance between CHjs deformation overtones and CHj3 symmetric stretching
fundamentals [A8]. In literature, this feature has been observed near 2900 cm™1 [227, 229].

Vibrations of the deuterium-substituted CDs groups are found at much lower frequen-
cies than those of the CHy groups. By DFT, the asymmetric stretching of CHs groups 6
and 4 are identified at 2934 cm ™! and 2884 cm™!. The vibration at 2934 cm™! is coupled
with asymmetric stretches of CH3 groups B and C. In the deuterium-labeled molecule, the
CD, asymmetric stretching vibrations of groups 6 and 4 are observed at 2198 cm™!
2158 cm~! [A9, A10]. Experimentally, the CHy asymmetric stretching vibrations were
hard to identify, since they are strongly overlapping with CHj vibrations. Moreover, it
is known that CHy vibrations typically have two or three times less intensity per group
than CHj vibrations [109]. However, the stronger IR absorption around 2940 cm~! and
2885 cm ™! in normal isophorone as compared to ds-isophorone strongly point to a contri-
bution from the ring-related CHy groups to the total IR absorption at these frequencies.
The CH, vibration at 2940 cm™! is in the range of typical values found in literature, which
have been observed in the range from 2950 cm ™! to 2915 cm ™! for aliphatic hydrocarbons
[109, 225, 226, 230, 231]. The IR absorption at 2885 cm™! is at a lower wavenumber than
expected. The reason for this low vibration frequency, however, remains unclear to us.
The CD3y asymmetric stretching vibrations appear well-isolated from all other vibrations
at 2202 cm~! and 2184 cm~!. Previously, a CDj stretching vibration has been observed in
diethyl ketone at 2173 cm™! and thus close to our experimentally observed IR absorption
at 2184 cm™1 [236].

and

DFT results show the symmetric stretching vibrations of CHy groups 6 and 4 at 2858 cm ™!
and 2839 cm ™! and the respective CDy symmetric stretching vibrations at 2104 cm™! and
2098 cm~! [A14, A15]. Experimentally, we identified a weak and broad IR absorption
near 2820 cm~! in normal isophorone, which we tentatively correlate with the symmetric
stretching of both CHs groups. In ds-isophorone the CDs symmetric stretching vibrations
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are assigned to a somewhat more pronounced IR absorption at 2087-2079 cm™'. Previ-

ously, CHs symmetric stretching vibrations in alkanes have typically been observed near
2850 cm ™! [109, 225, 226, 230, 231] and thus at slightly higher wavenumbers.

The CH stretching vibration is predicted at 3006 cm™' and the CD stretching at
2253 cm~! [A1]. Both vibrations cannot be identified experimentally, probably due to
weak dipole moments.

Combination of DFT and IRAS studies allow us to assign CHg as well as CHy and
CDs stretching vibrations in some detail. The comparison between the spectra of normal
and ds-isophorone is of advantage in two aspects. First, it allows to discriminate between
C=0 and C=C vibrations. Second, it enabled us to differentiate between CHy and CHj
stretching vibrations. We found strongly overlapping IR absorption features from CHj3 and
CHj stretching modes, with strong contribution from CHs groups and weak IR absorption
from CHs groups. The vibrations of the ring-related CDsy groups appear well-separated
from all other vibrations. IR absorption of the CH and CD group is most likely too weak
to be detected.

Region of C—H Deformation Vibrations (< 1500 cm™1)

Table 7.2: Assignment of IR vibration frequencies from DFT calculations and IRAS experiments of normal
isophorone and ds-isophorone in the C-H, C-D, and C-C deformation and C—-C stretching vibrations
(1500-1000 cm~1). Vibration frequencies that strongly change when switching from normal to d-labeled
isophoroneare printed in bold. Vibration modes that are mostly independent from deuterium-labeling
are printed with normal intensity.

mode vibrations isophorone / cm™! vibrations ds-isophorone / cm~1T
DFT DFT scaled IRAS DFT  DFT scaled IRAS
Bl 5.(CH;3)(B,C) 1458 1469 1457 1468
1453 1464 1455 1466
B2 3.(CH3)(B,C) 14407 1452 1475-1445 - 735 1445 1475-1445
* 4 64(CH2)(4,6) 1432* 1445 1429 1442
B3 5, (CH3)(A)T 1427 1440 1421 1434
1423 1436 1440-1430 1479 1432 1440-1430
B4 | §(CH:)(4,6) 1409* 1423 1044 1078
(in phase)
*+35,(CH;3)(B,C) 1418-1408 1067
B5 5(CH:)(4,6) 1397 1412 1035 1069
(out of phase)
B6 55(CH3)(B,C) 1368 1384 1365 1381 1385
(open-open)
B7 ds(CH3)(A) 1355 1372 1382,1368 [ 1351 1368 1372
B8 5,(CH3)(B,C) 1347 1364 1344 1361 1368
B9 v(C6-C1-C2) 1290 1312 1325(7)
v(C3-C4-C5)
B10 | w(CH2)(4) 1334 1352
§(C-H)
v(C3-C4)
B1l | w(CH2)(4,6) 1297 1317 1304
§(C-H)
v(C1-C2)
B12 | 7(CH2)(4) 1271 1292 1283
v(C6-C1-C2)
B13 | v(C-C) in ring 1251 1274 1266 1223 1247 1250
@+ w(CH2)(4) 1234%b¢  1257%bc 1253 1214 1239 1239
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mode vibrations isophorone / cm~1! vibrations ds-isophorone / cm™1
DFT DF'T scaled IRAS DFT  DFT scaled IRAS
b+ w(CH>)(4) 1221¢%¢  1245%d¢ 1200 1225
¢+ 6(CH)
44 7(CHz)(4)
44 7(CH.)(6)
B14 | v(C6-C1-C2) 1178 1205 1205
v(C5-CH3(C))
B15 | v(C5-CHs3(B)) 1170 1197 1192
5(C-C)
7(CH2)(4)
B16 | 7(CHz2)(4,6) 1131 1159 1154
B17 | 6(C-C) all bonds 1113 1143
B18 | 7(CHz2)(6) 1101 1131 1133-1123 889 931
774 822
B19 | 7(CHg2)(4) 832 878
821 867
B20 | p(CH3)(A,B,C) 1016 1051 1024 1059
1002 1038 1011 1047
988 1025 989 1026
972 1010 933 973
929 969 920 661
920 961 909 950

v: stretching, §: bending, d,: asymmetric bending, d,: symmetric bending,
w: wag, T: twist, p: rock

DFT scaling factor = 0.945

Inote that this band strongly shifts in the saturated ketone TMCH

in which the immediate environment of CH3(A) is changed.

IR spectra in the range of the deformation vibrations are illustrated in Figure 7.4. The
vibrational modes are summarized in Table 7.2. DFT results point to simultaneous exci-
tations of CH3 asymmetric bending modes of groups B and C and — at lower frequencies —
two isolated modes of group A. In detail, DFT predicts simultaneous excitation of the CHs
asymmetric bending of groups B and C in normal isophorone at 1469 cm~!, 1464 cm™!,
1452 cm™!, and 1445 cm™!. The latter two vibrations are mixed with CHy scissor defor-
mations. In ds-isophorone the same modes of groups B and C are observed at 1468 cm™!,
1466 cm ™!, 1445 cm ™!, and 1442 cm™!, they are not mixed with any other vibration [B1,
B2]. By DFT, pure asymmetric bending vibrations of group A are found at 1440 cm~! and
1436 cm ™! in normal isophorone and at 1434 cm™! and 1432 cm ™! in ds-isophorone [B3].
Experimentally we observe a broad IR absorption at 1475-1445 cm™! for both molecules,
which we assign to the four asymmetric bending modes of groups B and C. The IR absorp-
tion in the range of 1440-1430 cm ™! is assigned to group A. In fact, our IRAS study on the
saturated ketone TMCH confirms the lowering of the CH3s asymmetric bend frequencies
of group A when the C=C bond is unsaturated. Previously, CH3 asymmetric bending was
observed in the range of 1470-1440 cm™! [109, 228, 230-232, 236]. The vibrational fre-
quencies of groups B and C agree very well with the previously observed values; however,
the vibrations of group A appear at slightly lower frequencies.

The DFT study predicts two simultaneous excitations of CH3 symmetric bending vibra-
tions (umbrella) of groups B and C at 1384 cm™! and 1364 cm™! for normal isophorone
and at 1381 cm~! and 1361 cm~! for ds-isophorone [B6, B8]. The two modes are asso-
ciated with both CHs groups opening and closing in-phase (open-open) and out-of-phase
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(open-close), respectively. The umbrella vibration of group A is found at 1372 cm ™! for
normal isophorone and at 1368 cm™*! for ds-isophorone [B7], and thus for both molecules
in the same ranges as the umbrella modes of B and C. Experimentally, a very strong IR
absorption at 1382 cm™! and a second strong peak at 1368 cm™! are observed. In ds-
isophorone three weaker peaks appear at 1385 cm™!, 1372 cm™!, and 1368 cm™!. The very
strong intensity of the peak at 1382 cm~! in normal isophorone might indicate that two
vibration modes contribute here. In previous studies, the CHsz symmetric deformation was
observed in the range of 1395-1365 cm ™! [109, 228, 230-232, 236]. The splitting of CHs
symmetric deformation of two CHs groups attached to the same C atom was previously
described in the literature [228, 232].

For the two ring-related CHg groups, two simultaneously excited bending (scissor) modes
are predicted by DFT. In-phase opening and closing of the CHs scissor bending is pre-
dicted at 1423 cm™! and out-of-phase bending at 1412 cm~!. The calculations point to
additional excitation of asymmetric bending of groups B and C at the higher frequency.
In ds-isophorone, the CDy scissor modes have been found at 1078 cm™! and 1069 cm ™1,
well-isolated from other vibrations [B4, B5]. Experimentally, the CHz and CD2 scissor vi-
brations have been clearly identified by comparison of the IR spectra of normal and labeled
isophorone. CHjy vibrations are observed at 1418-1408 cm~! and CD; scissor vibrations
are assigned to the IR absorption at 1067 cm™!.
aliphatic CHy groups have been described in a broad frequency range [109, 231, 235]. IR
absorption of CHs groups next to unsaturated C=C and C=0 groups have been observed
at 1455-1435 cm™! and at 1445-1405 cm™!, which is at tentatively higher frequency as
compared to our results [232, 236, 237]. Previous studies assigned the CDs scissor vibra-
tions near 1080 cm~! and thus close to our assignment [233, 234].

In literature, scissor deformations of

In the IR spectrum of ds-isophorone a strong peak at 1325 cm™! is observed which we
cannot certainly assign. The calculations show a C—C stretching vibrations at 1312 cm™!,
but the very strong intensity of the IR absorption points to a strong dynamic dipole mo-
ment, which is rather unlikely for a C—C vibration. However, C—C stretching cannot be
excluded. Further investigations are necessary to clarify the origin of this IR absorption

BY).

Assignment of IR vibrations between 1350 cm™! and 1100 cm™! is more difficult, espe-
cially in normal isophorone. Multiple vibrational modes are excited simultaneously, such
as C—C stretching and deformation, as well as different C—H deformation modes. However,
stretching modes of saturated C—C bonds in the ring are observed in DFT calculations
at 1274 em™!, 1257 cm~!, and 1245 cm™! for normal isophorone and at 1247 cm™!,
1239 em™!, and 1225 cm™for ds-isophorone [B13]. The vibrations in normal isophorone
are mixed with CHs wag and twist and CH bend vibrations in ring positions, as indicated
in more detail in Table 7.2, line B13. The vibrations in ds-isophorone only involve C-C
bonds. We assign those vibrations to the relatively broad absorption with a double peak
at 1266 cm~! and 1253 cm™! in normal isophorone, which slightly shifts to 1250 cm™!
and 1239 cm~! in ds-isophorone. Note, although multiple vibrations are excited in normal
isophorone, we can attribute the IR absorption mainly to excitations of the C—C bonds,
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since similar IR absorption appears in ds-isophorone [B13].

Furthermore, some vibrations are detected only in normal isophorone. Simultaneous
excitations of CHy(4) wagging, CH bending, and C3-C4 stretching at 1352 cm~! are ob-
served in DFT, but cannot be identified in our IR spectra [B10]. Wagging vibration of
CHj; groups 4 and 6, mixed with CH bend and C1-C2 stretching is found at 1317 cm ™!
and CHy(4) twist mixed with C6-C1-C2 stretching is seen at 1292 cm~! in the DFT cal-
culation [B11, B12]. We tentatively assign these vibrations to the IR absorption peaks at
1304 cm~! and 1283 em~!. Moreover, the calculations point to a C5-CHjz(B) stretching
vibration, mixed with several C—~C deformations and CHy(4) twist at 1197 cm ™!, which we
assign to the experimentally observed IR absorption at 1192 cm ™! [B15]. DFT shows twist
of CHy (6) at 1159 cm ™! and deformation of all saturated C-C bonds at 1143 cm™! [B17,
B18]. We tentatively assign the former one to the IR absorption at 1154 cm~!. For ds-
isophorone, DFT shows excitations of C6-C1-C2 and C5-CH3(C) stretching at 1205 cm ™!,
which we assign to the experimentally observed vibration at the same wavenumber. Twist
of CHy group 6 is observed at 1131 cm ™! by DFT and is assigned to the IR absorption at
1333-1123 cm~! [B18]. DFT shows the same mode in the deuterium-labeled molecule at
931 cm~! and 882 cm~!. Moreover, twisting vibrations of CDs (4) in ds-isophorone are
found at 878 cm™! and 867 cm~! in DFT. We did not study vibrations below 1000 cm ™!
experimentally. It is well-known from previous studies, that in the range of 1300-1000 cm ™"
C—C stretching and several C—H deformation vibrations occur. Both CHy wag and twist
vibrations were found to spread over a region between 1350 cm™! and 1180 cm™!. The
number of bands depends on the number of CHy groups [109, 230, 231, 238, 239].

Our calculations show six CH3 rocking vibrations near 1000 cm™!, which we have not
been able to study experimentally due to technical restrictions of our experimental setup.
In normal isophorone, these vibrations are found at 1051 cm™', 1038 cm™!, 1025 cm™!,
1010 cm™!, 969 cm™!, and 961 cm~!. In ds-isophorone, CHj3 rocking is calculated at

1059 em~1, 1047 cm™*, 1026 cm ™!, 973 em ™!, 961 cm ™!, and 950 cm ™! [B20).

In summary, the combination of DFT and TRAS studies on normal and ds-isophorone
opened up the opportunity to clearly discriminate between CH3 and CHy bending vibra-
tions. Moreover, the comparison of the spectra of the two compounds helped to identify
C-C stretching from CHsy wag and twist and CH bending vibrations in the range from
1350-1100 cm~!. Nevertheless, a clear assignment of the vibrations modes of isophorone
in this range is very difficult. The spectrum of ds-isophorone, in contrast, is less com-
plicated, since only C—C vibrations appear well-isolated from vibrations of other groups.
Thus, similar IR absorption features in normal and ds-isophorone point to predominant
excitation of C—C bond vibrations. In contrast, vibrations that are unique for normal
isophorone strongly point to predominant excitation of ring-related CHs or CH groups.
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Figure 7.5: IR spectra ds-isophorone adsorbed at 120 K on Pd(111) from 3050-2800 cm ™!

(C-H stretching), 2300-2050 cm~! (C-D stretching), 1800-1600 cm~! (C=C
and C=0 stretching), and 1500-1000 cm~! (C-H, C-D, C-C deformation and
C—C stretching) at different coverages. Vibrations in isophorone ice are indi-
cated below close to 3 ML spectrum (lowest trace). The wavenumbers of the
IR vibrations at the lowest coverage (1/6 ML) (topmost trace) are given on
top.
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7.3.2 Isophorone at sub-monolayer coverage
Isophorone on pristine Pd(111)

Figure 7.5 displays IR spectra of ds-isophorone adsorbed on Pd(111) at 120 K at cover-
ages ranging from the multilayer to the sub-monolayer regime. While the IR spectra of
isophorone at multilayer coverages are dominated by molecules in isophorone ice, the sub-
monolayer spectra show the vibrations of isophorone molecules directly interacting with
the Pd surface. The adsorption geometry of molecules on metal surfaces can be deduced
from their IR spectra based on the metal surface selection rule (MSSR) [106, 113]. Ac-
cording to the MSSR, only the component of a dynamic dipole moment perpendicular to
the metal surface can be detected, while vibrations parallel to the surface are strongly at-
tenuated by an image dipole in the metal substrate. Changes of the intensity distribution
between C=C, C=0 and C-H vibrations with decreasing isophorone coverage indicate
the transition from a more random orientation in multilayers to a favored geometry of
molecules attached to Pd(111).

At the lowest coverage of ds-isophorone on Pd(111) (1/6 ML), there are significant sig-
nals in the C-H stretching and deformation regions; however, there is no signal for the
C=0 or C=C stretching vibrations. This intensity distribution is in sharp contrast to the
observation at multilayer coverage, where the most intense vibration is the C=0O stretch-
ing mode. The absence of IR absorption in the C=0 and C=C stretching region indicates
that these bonds are either orientated parallel to the metal surface and cannot be seen
in IRAS because of the MSSR or strongly perturbed by the interaction with the Pd(111)
surface. The orientation of the unsaturated C=C and C=0O bonds has been studied in
more detail by previous NEXAFS and IRAS experiments [174]. NEXAFS experiments
confirmed that the C=C and C=0O bonds stay intact, but are oriented parallel to the
Pd(111) surface plane at a coverage of 0.2 ML. With increasing coverage, the intensities of
the IR bands assigned to the C=0 and C=C stretching vibrations strongly increase. For
a coverage of 1/2 ML, the C=C stretching peak at 1620 cm™! is more pronounced than
the C=0 stretching signal around 1665 cm~'. With further increasing coverage, the C=0
stretching peak increases rapidly and becomes the most intense peak at full monolayer
coverage and higher. The ratio of the C=0 to C=C stretching vibration at multilayer
coverage amounts to Ic—o/Ic=c ~ 6 — 8. The strong C=C band and an absent C=0
band at 1/2 ML points to a strongly tilted C=C bond, while the orientation of C=0 bond
remains nearly parallel to the surface — this observation is in excellent agreement with our
earlier NEXAFS study.

At sub-monolayer coverage, pronounced IR absorption is observed at 2960-2932 cm™!
and at 2885-2866 cm~! and thus in the range of the CHs (and CHs) asymmetric and
symmetric stretching modes. IR absorption has not been observed at 2885-2874 cm™! in
multilayer isophorone. Further IR absorption features can be recognized at 2920 cm™!,
2907 cm~!, and 2897 cm~!. The absorption at 2907 cm™'is most likely related to an
overtone of a CH3 asymmetric bend mode and will be discussed further in the section
on isophorone on hydrogen precovered Pd(111). Among the CH3 bend vibrations, sym-
metric modes are strongly absorbing at 1382-1368 cm ™!, while the asymmetric modes are
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hardly visible as two weak peaks at 1464 cm™~! and 1452 cm~!. This intensity distribution
between vibrations of the same functional group points to a strongly favored adsorption
geometry, with some CHs dynamic dipole moments parallel to the metal surface and oth-
ers strongly inclined with respect to the surface plane. In fact, a strong dynamic dipole
perpendicular to the surface for the symmetric bending and parallel dipole moment for
the asymmetric bending strongly points to a CHs group which is facing away from the
surface and is strongly inclined with respect to the C=C-C=0 plane of isophorone. IR
vibrations near 2885-2874 cm ™!, which is unique for low coverage, could either point to a
shifted CH3 symmetric stretching frequency and thus to a perturbation of a CHj3 group;
or to CHy asymmetric stretching and thus to dehydrogenation of a CHg group. Note that
intact ds-isophorone molecules do not have unlabeled CHy groups.

In conclusion, our study on the coverage dependent IR absorption gives insights into
the geometries of the C=C and C=0 bond as well as of the CH3 groups. In line with
the previous NEXAFS study we found that the C=0 and C=C bonds prefer a parallel
geometry to the surface plane at low isophorone coverage. Consequently, we expect the
whole HoC—(CO)-C=C(CHj3(A))-CHz unit to be mostly flat lying on the Pd(111) surface.
Therefore, we assign the observed CH3 symmetric bending rather to the twin groups B
and C than to group A. In a flat lying C-CHj3(A) group, the symmetric CHs bending
has a dynamic dipole moment parallel to the surface, which cannot be detected by IRAS.
Since we cannot observe any characteristic vibration of CHs group A, it might either be
strongly distorted or decomposed. The IR absorption near 2885-2874 cm™! may indicate
a dehydrogenated CHgs group.

Isophorone on H; pre-covered Pd(111)

Figure 7.6 shows IR spectra of ds-isophorone adsorbed on pristine Pd(111) (black traces)
and on Hs saturated Pd(111) (red traces) at 120 K at coverages ranging from 1/8 ML
to 1/2 ML. While the spectra of ds-isophorone multilayers on pristine and Hg precovered
Pd(111) are very similar, significant differences are observed at sub-monolayer coverages.
Black labels indicate IR absorption peaks that are more pronounced on the clean Pd(111)
surface, red labels mark peaks having higher intensity on Hy pre-covered Pd(111) in the
low coverage limit.

At the lowest coverages, clearly different C—H vibration modes appear on pristine and
Hs precovered Pd(111). Stronger IR absorption of isophorone on Hy precovered Pd(111) is
observed at the frequencies 2955 cm~! and 2927 ecm~! (CHj3 asymmetric stretching modes)
and at 1430 cm~! (the CH3 asymmetric bend of group A). In contrast, on pristine Pd(111)
pronounced peaks appear in the C—H stretching region at 2907 cm™~! and 2885 cm~!. The
vibration at 2907 cm™! most likely shows the overtone of the CH3 asymmetric bend at
1464 cm™!, which is also unique for molecules on pristine Pd(111). Moreover, the C-C
stretching vibration modes near 1251 cm~! are more pronounced on the clean surface,
while the mode at 1205 cm™! is more intense on the H-precovered surface.

According to the MSSR we conclude that the different distribution of TR absorption
intensities on pristine and Hy precovered Pd(111) point to different adsorption geome-
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Figure 7.6: IR spectra ds-isophorone adsorbed at 120 K on Pd(111) (black traces) and on
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Hs precovered Pd(111) (red traces) in the frequency range 3100-2800 cm™!
(C-H stretching) and 1800-1600 cm~! (C=C and C=O stretching), 1500-
1100 cm™! (C-H, C-D, C-C deformation and C-C stretching at sub-monolayer
coverages. Vibrations that are more pronounced in isophorone on pristine
Pd(111) are indicated with back labels, vibrations that are more pronounced
on Hy precovered Pd(111) are indicated with red labels.
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tries of isophorone on both surfaces. Especially the characteristic C—H vibrations indicate
significant changes in the orientation of the CHs groups with respect to the surface in
the presence of hydrogen. Furthermore, not only geometric effects, but also perturbation
and/or chemical transformation of isophorone could yield different spectroscopic signa-
tures on each surface. The IR absorption near 2885 cm™!, which is unique for isophorone
on pristine Pd(111) at low coverage, might point to conversion of a CHs to a CHa group.
This pathway seems to be suppressed in the presence of Ha.

Our IR studies show a strong influence of pre-adsorbed hydrogen on the structure of
isophorone on Pd(111). From the lowest coverage on, we observed rather unperturbed
CHjs groups with different orientation as compared to the pristine surface. With increas-
ing coverage, the strong influence of hydrogen on the unsaturated C=C and C=0 bond
becomes even more pronounced. At intermediate coverage, the intensity ratio of the C=C
and C=O0 stretching vibration becomes closer to that of isophorone in ice, which indicates
conservation of the in-plane geometry and thus a more unperturbed 7 system as compared
to pristine Pd(111). Previously, we discussed the effect of co-adsorbed hydrogen on the
geometry of the C=C and C=0 bonds in more detail [174].

7.3.3 IR Vibrations and Adsorption of TMCH

The product in C=C bond hydrogenation in isophorone is the saturated ketone 3,3,5-
trimethylcyclohexanone (TMCH). In this section, we will assign the IR vibrations of
TMCH and compare them to the vibrations of isophorone. After that, the major dif-
ferences in the adsorption of both molecules on the Pd(111) surface will be discussed.

Assignment of Vibrations in TMCH multilayers

As discussed above, scaling of the DFT results is necessary to fit the calculated values
to the experimentally observed IR vibrations. In the following discussion, DFT results
will be compressed by the factor 0.954 around 1630 cm™!. The unscaled values can be
found in Table 7.3 and Table 7.4. Stretching vibrations of TMCH are labeled with C1
to C15 and deformation modes with D1 to D28. We will refer to the respective labels in
the following discussion, in the tables, as well as in the IR spectra. The IR spectra in
Figure 7.7 compare the molecular vibrations in TMCH and isophorone. Most importantly,
there are two different peaks in the C=O0 stretching region that likely result from differ-
ent TMCH species. We can assign the strong peak at 1713 cm™! to C=0 stretching in
TMCH ice since it continuously grows in intensity with increasing exposure, and the peak
at 1648 cm~! to a C=O0 stretching vibration from sub-monolayer TMCH. These peaks
will be discussed in more detail in the following section.
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96

Pd(111) in the frequency range 3100-2700 cm~! (C-H stretching), 1800-
1600 cm~! (C=C and C=O0 stretching), and 1500-1000 cm~! (C-H and C-C
deformation and C-C stretching).



7.3 Results and Discussion

Table 7.3: Assignment of IR vibrations of TMCH from DFT and IRAS studies in the range of the C=C,
C=0, and C-H stretching vibrations (3100-1600 cm™").

mode vibrations TMCH / cm ™!
DFT DFT scaled IRAS
v(C=0) 1693 1690 1713
v(C=0) 1648
Cl | va(CHs)(B) 3026 2962
C2 | va(CHs)(A) 3023 2959
C3 | va(CHs)(B) 3021 2957
va(CHs)(C)
va(CH2)(6)
C1 | va(CH2)(2) 3018 2054
va(CHs)(A,C)
v(CH)(3)
C5 | va(CHs)(B) 3016 2052
Va(CH3)(C) 2975-2940
va(CH2)(2,6)
C6 | va(CHs)(C) 3013 2049
va(CHy )(B)
va(CH2)(6)
C7 | va(CHs)(A) 3012 2048
va(CH2)(6)
va(CH;)(C)
va(CH)(3)
va(CH3)(2)
C8 | va(CHz)(4) 2967 2905
J(CT) (3) 2913
C9 | vs(CHs)(B) 2953 2892
C10 | vs(CHs)(B) 2946 2885
»(CH) (3) 2880-2865
C11 | vs(CHs)(C) 2943 2883
C12 | v(CH)(3) 2036 2876
75 (CH,)(2,4,6) | 2931 2871
C13 | vs(CH2)(6) 2931 2871
Cl4 | v5(CH,)(2) 2916 2857
vs(CHz)(4)
v(CH)(3)
C15 | v-(CHy)(4) 2012 2853 ~ 2840
v(CH)(3)
vs(CHz2)(2)

v: stretching, v,: asymmetric stretching, vs: symmetric stretching
DFT scaling factor: 0.945

Table 7.4: Assignment of IR vibration modes of TMCH in the range from 1500 cm™* to 1000 cm ™!

mode vibrations TMCH / cm™*
DFT DFT scaled IRAS
D1 | 0,(CH3)(B,C) 1457 1465
3.(CHs)(A) 1452 1459
D2 | 6,(CHs)(A) 1446 1455
1475-1445
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mode vibrations TMCH / cm™ !
DFT DFT scaled IRAS
3. (CH3)(B,C) 1445 1454
D3 | 6.(CHs)(B,C) | 1441 1450
5.(CHs)(B,C) 1433 1442
0(CHz2)(4,6)
D4 | 6(CHa)(4) 1426 1435
0(CHz2)(2,6)
34(CH3)(B,C)
D5 | 8(CH2)(2,6) 1410 14535 1435-1410
(in-phase)
6(CHz)(4)
(out-of-phase)
D6 | 0(CH2)(2,6) 1403 1413
out-of-phase
D7 | 6.(CHs)(B,C) 1369 1381 1388
(open-open)
DS | 6.(CH3)(A) 1359 1371 1376
D9 | 6.(CHs)(B,C) 1348 1361 1364
(open-closed)
D10 | 6(CH)(3) 1333 1347
w(CH2)(2,4)
Dil | 5(CH)(3) 1314 1329 1336
7(CHz)(2,4)
D12 | v(C5-CHa(C)) | 1289 1305 1316
w(CH2)(4,6)
§(CH)(3)
D13 | v(C5-CHs(B)) 1274 1290 1300
7(CH2)(2,4,6)
§(CH)(3)
D14 | vs(C6-C1-C2) 1259 1276
w(CH2)(2,4,6)
§(CH)(3)
D15 | v4(C6-C1-C2) 1242 1260 1282-1254
w(CH32)(2,4,6)
D16 | v(C-C)+4(C-C) 1233 1251
7(CH2)(2,4,6)
D17 | v(C-C) in ring 1207 1226
7(CHz2)(2,4,6)
D18 | v(C4-C5-Cb) 1197 1217 1235-1222
w(CH3)(2,4,6)
D19 | v(C5-CHs(B)) | 1154 1177
p(CHs)(A,B,C)
w(CHa)(6)
D20 I/(C3 C4) 1134 1157
7(CH2)(2,4,6)
p(CHz)(A) 1150-1130
D21 | v(C2-C3-C4) 1117 1141
p(CH3)(A)
D22 | v(C5-C6-C1-C2) | 1061 1087
7(CH2)(2,4,6)
p(CHs)(A,C) 1095-1078
D23 | v(C3- CHg( ) 1050 1077
p(CHs)(A,B,C)




7.3 Results and Discussion

mode vibrations TMCH / cm™ !
DFT DFT scaled IRAS
D24 | p(CH3)(A,C) 1018 1046
d(C-C)+v(C-C)
7(CH2)(2,6)
D25 | p(CH3)(B,C) 988 1018
D26 | p(CHs)(A) 962 993
p(CHs)(B,C) 943 975
D27 | p(CHs)(B,C) 917 950
p(CHs)(A) 909 942
D28 | p(CHs)(A,B,C) 887 921
v(C3-C4)

v: stretching, d: bend, §,: asymmetric bend, §s: symmetric bend,
w: wag, T: twist, p: rock
DFT scaling factor = 0.954

Our DFT study predicts strongly overlapping excitations of multiple stretching vibra-
tion modes of CHs, CHs and CH groups. In our discussion, we will focus on the main
excitation frequency for each vibration mode. A more detailed overview of all calculated
vibrations and experimentally measured values is given in Table 7.3. The IR spectrum
of multilayer TMCH on Pd(111) is plotted together with the IR spectrum of the same
coverage of isophorone in Figure 7.7. This Figure also shows the assignment of selected
vibrational modes.

Our DFT study shows all CH3 asymmetric stretching vibrations in a relatively nar-
row frequency range. The main vibrations of group A are predicted at 2959 cm~! and
2948 cm~! [C1, C7], those of the twin-groups B and C are observed at 2962 cm™!,
2957 ecm ™!, 2952 cm™!, and 2949 cm~! [C1, C3, C5, C6]. In the same frequency range,
CHs asymmetric stretching vibrations of the two groups which are adjacent to the C=0
group have been found. CHg(2) is excited at 2954 cm~! and CHz(6) mainly vibrates at
2948 cm~! [C4, C7]. The asymmetric stretching of CHy(4) is observed at 2905 cm~! and
thus more than 40 cm™! shifted to lower wavenumbers [C8]. Experimentally, we assign
the broad and strong IR absorption feature from 2975 cm™! to 2940 cm ™! to asymmetric
stretching modes of all CH3 groups and CHsy groups 2 and 6. The asymmetric stretching
of CH, group 4 is assigned to the IR absorption at 2913 cm~!. The CH3 and CHy asym-
metric stretching frequencies are found in a similar range as observed for isophorone. In
isophorone, however, the lower frequency vibration of group A was found to be isolated
from all other CHs asymmetric stretching vibrations at lower frequency, which is not the
case for TMCH.

DFT results show CHs symmetric stretching of groups B, A, and C at 2892 cm™!,
2885 cm !, and 2883 cm~! [C9-C11]. The CHy symmetric stretching modes of groups 6,
2, and 4 are observed at 2871 cm™!, 2857 cm™!, and 2853 cm~! [C13-C15]. In addition,
DFT predicts the stretching vibration of the CH group at 2876 cm™! and thus very close
to the symmetric stretching modes of all CHs and CHy groups [C12]. We assign the ex-
perimentally observed IR absorption from 2880 cm ™! to 2865 cm ™! to the CH3 symmetric
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stretching vibration. The weak IR absorption feature near 2840 cm™! coincides best with

the symmetric stretching of CHy group 4. The CH stretching cannot be identified in our
spectra. The CH3 and CHsy vibrations are observed at almost the same frequencies as
compared to isophorone. In contrast to the asymmetric stretching, the unsaturated C=C
bond present in isophorone seems to not significantly influence the symmetric stretching
frequency of group A.

The DFT study predicts CH3 asymmetric bending vibrations of groups B and C at
1465 cm~!, 1459 cm™!, 1450 cm™!, and 1442 cm~! [D1, D3], and those of group A at
1455 em~! and 1454 cm™! [D2]. Strongly overlapping CHs bending (scissor) modes are
found at 1435 cm™!, 1420 ecm ™!, and 1413 ecm~! [D4-D6]. For the CH3 symmetric (um-
brella) bending, DFT points to three modes: in-phase opening of the two groups B and C
at 1381 em~!, and out-of-phase opening at 1361 cm~! [D7, D9], as well as the bending of
group A at 1371 cm™! [D8]. Experimentally, we observe well-isolated IR absorption fea-
tures at 1475-1445 cm ™', 1435-1410 cm ™!, as well as at 1388-1364 cm—!. The first one is
assigned to the CHs asymmetric bending modes, the second to the CHg scissor vibrations
and the third to the CHs umbrella bending. In contrast to isophorone, the asymmetric
bending modes of CHj3 group A is no longer shifted to lower wavenumbers as compared
to those groups B and C. The CHy scissor bending as well as the CH3 symmetric bending
modes appear at very similar frequencies as in isophorone.

In the range from about 1350 cm™! to 1100 ecm™!, DFT shows strongly overlapping
excitations of different deformation modes of CHo, CH and C-C groups. Mixed vibrations
of CH, wag and twist, CH bending, and C-CHjz stretching modes appear at 1347 cm™!,
1329 em~!, 1305 cm~!, and 1290 cm~! [D10-D13]. We assign these vibrations to the
experimentally observed IR absorptions at 1336 cm™!, 1316 cm™!, and 1300 cm™!. In
this frequency range, TMCH gives a larger number of IR absorption peaks as compared to
isophorone. We explain this observation with the additional CHy group in TMCH, which
contributes with twist and wag vibrations to the IR absorption.

Towards lower frequencies, further CHy wag and twist as well as CH bend deformation
modes, mixed with C-C stretching in ring positions are indicated by DFT. Vibrations are
found at 1276 cm~!, 1260 cm~!, and 1251 cm~! [D14-D16], as well as at 1226 cm~! and
1217 cm™! [D17-18]. Experimentally, we observe two broad IR absorption features at 1282-
1254 cm~! and at 1235-1222 cm~!. The IR absorption peaks appear somewhat different in
intensities and positions as compared to isophorone; however, C-C stretching vibrations
in ring positions mixed with CHs wag and twist and CH bending was observed in normal
and ds-isophorone in the same frequency range. The fact, that all three molecules show
similar IR absorption, strongly indicates that primarily C—C bond vibrations are excited.

DFT indicates further C—-C stretching in ring positions, mixed with CHs twist and CHgs
rock vibrations at 1157 cm™! and 1141 cm~! [D20, D21], as well as at 1087 cm™! and
1077 cm™! [D23]. In IRAS experiments, we identified vibrations at 1150-1130 cm™! and
1095-1078 cm~'. At lower frequencies, DFT shows CHjs rock vibrations at 1046 cm™!,
1018 em™!, 993 cm™!, 975 cm ™!, 950 cm™!, 942 cm™!, and 921 cm~! [D24-28]. We did

100



7.3 Results and Discussion

not investigate these vibrations experimentally due to technical limitations of our experi-
mental setup.

From the previously discussed differences in the IR spectra of TMCH and isophorone,
we can draw some more general conclusions. The saturation of the C=C bond was found
to significantly change vibration frequencies of the adjacent CHjs group (A). Only in
isophorone, one of the asymmetric stretching vibrations and both asymmetric bend modes
of group A are isolated from the same vibrations of groups B and C. In contrast, no sig-
nificant shift of the symmetric stretching and the symmetric bend frequencies is observed
when switching from isophorone to TMCH. On the one hand, the impact of the chemical
environment on vibration frequencies can have multiple reasons. In literature, such fre-
quency shifts have been explained by differences in the steric repulsion and with electronic
effects [232]. On the other hand, strongly overlapping vibration modes of CHs and CH,
groups in TMCH make the interpretation of the C—H bond vibrations more complicated
than for isophorone. Moreover, the additional saturated C—C bond makes the spectra more
complex in the region below 1350 cm™!, where strong coupling between C-C stretching
and C—H deformation vibrations appears.

TMCH at sub-monolayer coverage

Figure 7.8 shows IR spectra of TMCH on Pd(111) at 120 K from 1800 cm™! to 1200 cm ™!
at different coverages. The coverage-dependent evolution of IR absorption features gives
detailed insights into the binding and the geometry of TMCH on Pd(111). According to
the MSSR, only the projection of the dynamic dipole moment perpendicular to the surface
can be measured by IRAS.

The IR absorption intensities in the C-H stretching (not shown here) and the C-H
deformation regions grow roughly monotonically with increasing TMCH exposure. In the
C=0 stretching region, however, there are non-trivial changes in the peaks observed with
increasing TMCH exposure. At the lowest TMCH exposure (1/12 ML), a sharp peak at
1648 cm™! is detected and a smaller, broad band at 1747 cm~!. The peak at 1648 cm ™!
grows slightly with increasing exposure and is saturated at 1/6 ML exposure. The peak
at 1747 cm™! does not change intensity up to 1/3 ML, and then disappears at cover-
ages greater than 1/3 ML. A small peak at 1701 cm™! appears at 1/6 ML exposure and
increases slightly in intensity up to 1/3 ML, but does not appear to grow further with
increasing exposure. At 1/2 ML exposure, a peak at 1713 cm™! appears and this peak
continues to grow with increasing exposure.

The IRAS series shown in Figure 7.8 gives valuable information about the interaction
of TMCH with the Pd(111) substrate. First, there are several different peaks in the C=0
stretching region that likely result from different TMCH species. We can assign the strong
peak at 1713 cm™~!, which grows continuously with increasing exposure beyond 1/2 ML,
to C=O0 stretching in TMCH ice. We assign the peak at 1648 cm™!, which is observed at
the lowest exposure (1/12 ML) and is saturated by 1/6 ML, to a C=0 stretching vibration
from sub-monolayer TMCH. The C=O0 stretching vibrations at 1701 cm ™! and 1747 cm ™!
are most likely related to TMCH species in the intermediate coverage range between sub-
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Figure 7.8: IR spectra of TMCH and ds-isophorone adsorbed at 120 K on Pd(111) at
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1800-1600 cm~! (C=C and C=O0 stretching) and 1500-1000 cm~! (C-H, C-D,
C—C deformation and C-C stretching) at coverages from 1/12 ML (topmost
trace) to 1 ML (lowest trace).
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Figure 7.9: Comparison of C=0 stretching vibration in TMCH in different states (from
top down): calculated by DFT in gas phase and adsorbed on Pd(111), gas
phase spectrum according to NIST [244], and IRAS measurement on multilayer
coverage of TMCH on Pd(111) at 120 K.

monolayer and multilayer ice, probably the second layer. Finally, the strong intensity of
the C=0 vibration at 1648 cm™~! even at the lowest TMCH exposure (1/12 ML) indicates
that the C=0 bond in TMCH is strongly tilted with respect to the Pd(111) surface plane
at sub-monolayer coverage. These results indicate that at low coverage TMCH adsorbs
close to perpendicularly to Pd(111) plane through the C=0 group, strongly perturbing
the C=0 stretching vibration. With increasing TMCH coverage, several more TMCH
species are formed, giving rise to new C=0 vibrational peaks. Second, the C—H stretch-
ing and the C—H deformation regions grow roughly monotonically with increasing TMCH
exposure, and there is no indication that these vibrational modes are strongly affected by
the Pd(111) substrate.

Below 1500 cm ™!, all IR absorption features of TMCH become weaker with decreasing
coverage. In contrast to isophorone, a selective disappearance of only some vibrations
modes is not observed; the decrease in intensity is evenly distributed through all IR ab-
sorption features.

To better understand the influence of the Pd(111) substrate on the C=0O stretching
modes of TMCH, we have performed DFT calculations of the IR spectra of TMCH in
the gas phase and of an isolated TMCH molecule adsorbed on Pd(111), which are shown
in Figure 7.9. The position of the calculated C=0 stretching mode of gas-phase TMCH
(1694 cm™1) is 83 cm ™! higher in wavenumber than that of TMCH adsorbed on Pd(111)
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(1611 ecm™1), indicating a strong perturbation of the C=0 vibrational mode of TMCH by
interaction with the Pd(111) surface. Also shown in Figure 7.9 are the IR spectra of gas-
phase TMCH from the NIST Chemistry WebBook [244] and TMCH (1.5 ML exposure
at 120 K) adsorbed on Pd(111). The position of the calculated C=0O vibrational peak
in gas-phase TMCH (1694 cm™1!) is not the same as that of gas-phase TMCH from the
NIST database (1730 cm™!). Also, the position of the calculated C=0 stretching vibra-
tion for an isolated TMCH molecule adsorbed on Pd(111) (1611 cm™!) is not the same as
the C=0 stretching vibration from sub-monolayer TMCH on Pd(111) that we measured
(1648 cm~!). However, the difference in the position of the calculated C=O stretching
vibration in gas-phase TMCH to the calculated C=0 stretching vibration of an isolated
TMCH molecule on Pd(111) (83 cm™1) is almost exactly the same as the difference in the
position of the C=0 stretching vibration in gas-phase TMCH from the NIST database
and sub-monolayer TMCH on Pd(111) from this work (82 cm™1!).

Combining the experimental IRAS results and DFT calculations, a clearer picture of
the interaction between TMCH and Pd(111) emerges, which is very different from that
of isophorone. The C-H stretching and C-H deformation regions grow roughly monoton-
ically with increasing coverage, pointing to a possibly less strict ordering of molecules on
the surface. TMCH interacts with the Pd(111) surface primarily through the C=0 group.
At low coverage, TMCH adsorbs roughly perpendicular to Pd(111) through the strongly
perturbed C=0 group, giving rise to a C=0 vibrational peak that is strongly shifted by
~ 82 cm~! to lower wavenumber relative to that of gas-phase TMCH. At intermediate
coverage between sub-monolayer and multilayer ice, two new C=0 vibrational peaks ap-
pear at 1747 cm~! and 1701 cm~'. The origin of these peaks is not fully clear, however,
they may arise from the second layer of TMCH molecules. A C=0 vibrational peak from
multilayer TMCH ice appears at 1713 cm ™!, which is by 17 cm™! lower than the C=0
stretching vibration of gas-phase TMCH, and continues to grow with further increasing
coverage.

7.4 Conclusions

The adsorption of the unsaturated ketone isophorone and its hydrogenation product, the
saturated ketone TMCH, on Pd(111) were investigated. IR vibration modes of isophorone,
deuterium-labeled (ds-) isophorone and TMCH were studied in the range from 3000 cm ™!
to 1000 cm™!' by IRAS and DFT studies. Detailed assignment of IR vibrations was
achieved for the first time for normal and ds-isophorone as well as TMCH at multilayers
coverages.

Investigation of normal and ds-isophorone was found to lead to three main advantages
for assignment of the vibrational bands:

e C=C and C=O0 stretching vibrations appear well-separated in ds-isophorone, but
are strongly overlapping in normal isophorone,

e CHj stretching and bending vibrations can be distinguished from CHj stretching
and bending vibrations, and
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e C—-C stretching vibrations are separated from CHs wag, CHs twist, and CH bend
modes.

Vibration frequencies of isolated isophorone and TMCH molecules from DFT+vdW cal-
culations agree well to the experimentally observed IR absorption features at multilayer
coverages. A detailed assignment of vibrational modes between 3000 cm~! and 1000 cm ™!
was presented for the three molecules.

The coverage-dependent evolution of IR vibrational bands provides deep insights into
the structure of isophorone on Pd(111):

e At the lowest isophorone coverage, we observed a flat-lying adsorption geometry with
the C=C and C=0 bonds being oriented parallel to the surface plane and at least
one CHj group facing away from the Pd. This observation suggests that isophorone
preserves the in-plane configuration of the conjugated m system in the low coverage
limit. However, dehydrogenation of a CHs group to CHs appears to be possible.

e For intermediate sub-monolayer coverages, the in-plane structure of the isophorone
ring adsorbed on pristine Pd(111) was observed to be strongly distorted. The C=C
bond becomes noticeably tilted with respect to the surface plane, while the C=0
bond remains still oriented flat on the surface.

The IR spectra indicate that the adsorption of isophorone is significantly affected by
the presence of pre-adsorbed hydrogen:

e At intermediate isophorone coverages, the intensity ratio of C=0 to C=C stretching
vibrational peaks on hydrogen pre-covered Pd(111) indicates a rather unperturbed
molecular structure similar to gas-phase isophorone.

e At low coverage of isophorone, the intensity ratio of the C—H vibrations strongly
points to different orientation of the -CHs groups as compared to pristine Pd(111).
The molecules appear to be more perturbed on the clean Pd(111) surface and con-
siderably less on the hydrogen-precovered surface.

e This co-adsorbate induced change of the adsorbates geometry, especially of the ori-
entation of the unsaturated bonds, is expected to have a decisive influence on the
selectivity in hydrogenation reactions.

We found pronounced differences in the adsorbates’ structures of the saturated ketone
TMCH and the unsaturated ketone isophorone:

e TMCH adsorbs in a strongly tilted geometry with respect to the Pd(111) surface
plane, interacting with the surface primarily through the C=0 group.

e At the lowest TMCH coverage, the species give rise to a C=0 vibrational peak that
points to a considerable weakening of the C=0 bond.

e At intermediate TMCH coverage, species with less strongly perturbed C=0 bonds
also appear.
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e The C-H vibrational peaks grow roughly monotonically with increasing coverage,
which might point to less perturbed C—H bonds and a less strict ordering of molecules
on the surface.

e The strong changes of the adsorbates’ structure going from the unsaturated to the
saturated ketone (isophorone to TMCH) is expected to play a crucial role in the
selectivity of C=C vs. C=0 bond hydrogenation in «a,B-unsaturated carbonyl com-
pounds.
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Abstract

Understanding the interaction of a,B-unsaturated aldehydes with late transition metals is
of fundamental importance for the rational design of new catalytic materials with desired
selectivity towards C=C or C=0 bond hydrogenation. The interaction of this group of
molecules with transition metals has been investigated on acrolein, propanal, and allyl
alcohol on Pd(111) as a prototypical system. In this study, infrared reflection-absorption
spectroscopy (IRAS) and temperature programmed desorption (TPD) experiments have
been applied under ultrahigh vacuum (UHV) conditions to obtain detailed information on
the molecular structures and geometries of acrolein, propanal, and allyl alcohol at different
coverages. IRAS experiments at multilayer coverages show rather unperturbed molecules,
while the studies at sub-monolayer coverages indicate adsorbates with strongly distorted
chemical bonds. Coverage-dependent IR spectra of acrolein on Pd(111) point to the for-
mation of four different surface species: A, B, C, and D. The studies on propanal and allyl
alcohol give similar results. Acrolein species A, B, and C are assigned to the first monolayer
and species D is assigned to molecules in multilayers. Species A and B have their molec-
ular plane parallel to the metal surface, adsorbates of type C appear significantly tilted
with a perturbed C=0 bond. TPD studies show complete decomposition of species A, B,
and C. The different adsorbates are mainly characterized by their C=0 stretching, CHs
scissor, and HC=CHj trans-wag vibrational modes. For propanal, we have found char-
acteristic C=0 stretching frequencies as well as CHs asymmetric stretching, symmetric
bend and rock vibration frequencies for low, intermediate, and high coverage species. For
allyl alcohol, the assignment has been more difficult, due to weak IR absorption features.
However, coverage-dependent C—H vibration frequencies have been identified.
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8.1 Introduction

8.1 Introduction

The catalytic hydrogenation of «,f-unsaturated aldehydes is of broad interest for fun-
damental understanding as well as for industrial applications [30]. The primary hydro-
genation product is either a saturated aldehyde or an unsaturated alcohol. To avoid the
formation of undesired products and thereby an often difficult and cost-intensive separa-
tion process, a high selectivity in C=C or C=0 bond hydrogenation is desirable.

It is generally believed that the adsorption geometry of the reactant on the catalyst
surface is an important factor governing the selectivity of the hydrogenation reaction
[34, 35, 40, 62, 181, 245]. On the one hand, the adsorption geometry of an a,S-unsaturated
aldehyde or ketone can be manipulated in favor of C=0 bond hydrogenation by adding
bulk substituents to the C=C functional group [27, 30, 245]. Acrolein, however, is the most
difficult «,B-unsaturated carbonyl compound to selectively hydrogenate the C=0 bond
because the C=C group is sterically not hindered by any substituent. On the other hand,
the structure of the catalyst also influences the adsorption geometry of the reactant and
thus may have a decisive influence on the selectivity of the conversion. Nevertheless, the
effect of the catalyst structure is much less understood than the effects of the molecular
structure on the adsorption geometry.

Our recent work on acrolein hydrogenation over a Pd(111) surface under well-defined
ultrahigh vacuum (UHV) conditions provided new insight into the relationship between
catalyst structure and selectivity in partial hydrogenation of acrolein. For the first time
we showed that a near 100% selectivity towards hydrogenation of C=0 in acrolein is pos-
sible [185]. This was a particularly unexpected result, since Pd has previously shown near
100% selectivity towards C=C bond conversion in «,B-unsaturated carbonyl compounds
[246, 247].

In the present work, we have investigated the adsorption of acrolein, propanal, and allyl
alcohol on a Pd(111) single crystal. Infrared reflection-absorption spectroscopy (IRAS) has
been employed to investigate the molecular structures and geometries of the adsorbates
at different coverages. IR spectroscopy is a very established tool to study orientations,
structures, and adsorbate-substrate interactions of hydrocarbon compounds on metal sur-
faces [106, 113]. The desorption and decomposition of the adsorbates on Pd(111) has been
monitored by temperature programmed desorption (TPD) experiments.

8.2 Experimental Details

All experiments have been performed at the Fritz-Haber-Institut, Berlin, in a UHV appa-
ratus that was described in detail previously [100]. In brief, acrolein, propanal, and allyl
alcohol have been dosed onto the sample through a doubly differentially pumped multi-
channel array source controlled by valves and shutters. The source has been operated at
room temperature, and the beam diameter has been chosen to exceed the sample size.
The Pd(111) single crystal has been cleaned prior to use by repeated cycles of Ar™ ion
bombardment at room temperature, annealing at 1000 K and oxidation in 1 - 10~% mbar
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02 at 750 K to remove residual carbon. The final cleaning cycle has been stopped after
annealing. The flatness and cleanliness of the Pd(111) single crystal surface has been
checked by low energy electron diffraction (LEED) and IRAS measurements of adsorbed
CO.

IRAS data have been acquired using a vacuum Fourier-Transform infrared (FT-IR)
spectrometer (Bruker IFS 66v/S) with a spectral resolution of 2 cm~! and a mid-infrared
(MIR) polarizer and p polarized IR light. TPD experiments have been carried out in the
same vacuum system and by using an automated quadrupole mass spectrometer (QMS)
system (Hiden Analytics). The following atomic masses have been detected in TPD ex-
periments: 2, 31, 56, 57, 58, and 60.

Shortly before each experiment the sample has been flash annealed to 600 K before
cooling to 120 K. Acrolein (Fluka, 95% purity), propanal (Acros Organics, >99% purity),
and allyl alcohol (Aldrich, >99% purity) have been purified prior to their exposure by
repeated freeze-pump-thaw cycles.

8.3 Results

IR vibrations of acrolein, propanal, allyl alcohol, and molecules with similar functional
groups were assigned in several studies before. We shortly summarize a few of them here
and refer again to them later in our discussion. A general overview of typical vibration
frequencies can be found in a textbook by Colthup, Daly, and Wiberley [109]. Hamada et
al. assigned IR absorption features of gas-phase acrolein to calculated vibration frequen-
cies in the range from 4000 cm ™" to 400 cm ™! [248]. Puzzarini et al. studied the gas-phase
structures of acrolein and their IR vibration frequencies theoretically and compared them
to experimental results. Several IR absorption features were found to significantly change
from trans- to cis-acrolein [249]. However, Puzzari assigned IR absorption features of
vinyl- and aldehyde-C-H bend modes reversed as compared to Hamdada [248]15, Fujii
[250], and Akita [251]. Fujii et al. [250] and Akita et al. [251] investigated the structures
of acrolein after adsorption on silver and gold films under UHV conditions. In both studies,
IR vibrational modes were assigned in the range from 1800 cm™! to about 800 cm™!. Par-
ticularly, a strong intensity of the CHs wag vibration peak for adsorbates with molecular
plane parallel to the metal surface was observed. Osaka et al. investigated the adsorption
of 1,3-butadiene on Au(111) and Ag(111) surfaces [252]. In our study, comparison of the
IR spectra of acrolein to those of 1,3-butadiene has helped to identify vibrations of the
HC=CH; unit of acrolein. Loffreda et al. studied the adsorption of acrolein on Pt(111) by
total energy and frequency calculations combined with high resolution electron energy loss
spectroscopy (HREELS) experiments [61]. Several C—H deformation vibrations described
in this study coincide well with our observed IR absorption features. C—H stretching modes
of surface species during hydrogenation of acrolein and other a,S-unsaturated aldehydes
were studied by sum-frequency generation spectroscopy by Kliewer et al. [60].

Thorough experimental and theoretical studies on the vibrational modes of propanal
were published by Guirgis et al. [253] and Frankiss et al. [254], which agree very well to
our data. Guirgis studied the conformational stability and assigned vibrational modes in
liquid xenon at wavenumbers up to 3500 cm ™! and Frankiss investigated the vibrational
modes of normal and deuterium-labeled propanal in the gas phase. In an earlier study,
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vibrations of liquid and crystalline propanal were assigned experimentally by Sbrana [255].
In a more general investigation, Byrne et al. studied carbonyl vibration frequencies and C—
H vibrations of saturated aliphatic aldehydes [256]. Guirgis, Frankiss, Sbrana, and Byrne
pointed out two typical features in the C-H stretching region, which result from Fermi
resonance between the CH bend overtone and the CH stretching fundamental at 2700-
2770 cm~! and 2800-2870 cm~!. This characteristic IR absorption of the aldehyde-CH
group was studied in more detail by Pinchas [257] and Eggers et al. [258].

A very detailed assignment of the vibrational modes of normal and isotopically labeled
allyl alcohol in the gaseous, liquid, and glassy states as well as in argon and nitrogen
matrices in the range from 4000 cm™' to 200 cm™! was performed by Silvi and Perchard.
In this study, cis and gauche conformers have been identified by their IR vibration fre-
quencies [259]. In a more recent study, Durig et al. assigned vibrational frequencies from
theoretical calculations as well as from IR and Raman experiments for the four allyl alco-
hol conformers gauche-trans, gauche-gauche, cis-trans, and cis-gauche [260].

We have studied the adsorption of acrolein, propanal, and allyl alcohol on Pd(111) at
120 K under well-defined UHV conditions by IRAS experiments. The molecular structure
and the adsorption geometry of the adsorbates have been investigated as a function of
coverage. The IR spectra from molecules at multilayer coverages provide a reference for
mainly unperturbed molecules while the IR vibrations at sub-monolayer coverages give
insights into the perturbation of chemical bonds by the Pd(111) surface.

The adsorption geometry of molecular species adsorbed on metal surfaces can be de-
duced from their IR spectra based on the metal surface selection rule (MSSR) [106, 113].
According to the MSSR, only the component of the dynamic dipole moment perpendic-
ular to the metal surface can be detected, while vibrations parallel to the surface are
strongly attenuated by an image dipole in the substrate. Hence, characteristic intensity
distributions between IR absorption peaks at low coverage indicate the favored adsorption
geometry.

Three main spectral regions can be distinguished for all molecules, which are charac-
teristic for C—H stretching vibrations (3100-2700 cm~!), C=0 and C=C stretching vi-
brations (1800-1600 cm™!) as well as C-H deformation and C-C stretching vibrations
(<1500 cm™'). The exact assignment of the IR vibration peaks for each compound will
be discussed in the following sections.

8.3.1 Adsorption of Acrolein

Figure 8.1(a) illustrates the coverage-dependent evolution of IR spectra of acrolein on
Pd(111) from the sub-monolayer to the multilayer regime. We have identified the appear-
ance of different surface species, to which we refer to as types A, B, C, and D. Coverages
up to 2.7 - 10 molecules/cm?, at which the most strongly perturbed species A and B
appear, are assigned to the sub-monolayer regime. The surface coverage of 3.6 - 10
molecules/cm? (= 1 acrolein molecule per 4 Pd surface atoms), at which species C is ob-
served, is related to the full monolayer coverage. Finally, the multilayer regime is indicated
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Table 8.1: Assignment of IR vibrational modes of acrolein on Pd(111) at 120 K.

mode IRAS vibrations / cm™! references / cm~!
species A species B species C  species D
v(CH), 3069 [248]
3092-3077 [109]
va(CHz) 2857 3103 [248]
3092-3077 [109]
26(CH)co 27667 2772 [257], 2800 [248]

2830-2810 [109]
2867-2818 [253]
7(CH)co 27057 | 2718 [259], 2716 [254]
2774-2719 [253]

2720-2695 [109]
»(C=0) 1663-1650 1609-1690 | 1672-1670 (on Ag) [251]

1684-1670 (on Ag) [250]
1724 (gas) [248]

v(C=C) 1618 | 1618-1603 [250]
1625 [248]
1644-1617 [109]

5(CHa) 1400 1425 1425 1425 | 1425 [251]

1420 [61, 248, 249
1431-1425 [250]

§(CH)co 1365 | 1365 [251], 1360 [248]
1365-1360 [250]
1275 [249]

§(CH) oo 1281 | 1281 [251], 1284 [250]
1275 [248], 1360 [249]

v(C-C) 1164 | 1169-1159 [250]

1158 [248, 249]
1165-1159 [251]
wr(HC=CH,) | (975) (975) (990) 990 1018-841 [250]
1020-950 [251]
1022-1002¢ [252]
995-985 [109]
993 [248]

v: stretching, v,: asymmetric stretching, vs: symmetric stretching, é: bending, wp: trans-
wag vibration, C=0: aldehyde group, C=C: vinyl group, ®: Fermi resonance, °vibration
in 1,3-butadiene
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Figure 8.1: a) IR spectra of acrolein on Pd(111) from sub-monolayer to multilayer coverage
recorded at 120 K. b) TPD study after adsorption of a monolayer of acrolein
on Pd(111).

by the rather unperturbed species D, which is observed starting at the exposure of 5.4-10

molecules/cm?. Saturation of the latter species is not found. Table 8.1 summarizes the
assignment of vibrational modes to the observed IR absorption features of the different
acrolein species on the Pd(111) surface.

acrolein — type A and B

In the sub-monolayer regime, IR vibrations are detected at 1425 cm™!, 1400 cm ™!, and

975 cm~!. All of these IR absorption peaks are assigned to deformation modes of the CHs
group. We assign the vibrations at 1425 cm ™! and 1400 cm ™' to CHj scissor bend vibra-
tions and the intense IR absorption at 975 cm™! to a deformation of the HC=CHj unit,
possibly a trans-wag mode, which is a =CHs twist coupled with an H-C= out-of-plane
bend vibration.

Previously, the CHy scissor deformation in acrolein was reported near 1425 cm~! [248,
249, 251]. The strong IR absorption near 975-990 cm ™! was related to the HC=CHs unit;
however, previous publications assigned these features to different modes, such as CH bend
[250, 251] CHy wag [251] or CHy twist [252] vibrations. Colthup et al. referred to this
intense IR absorption as HC=CHy trans-wag mode [109].

The vibration at 1400 cm ™! apppears at relatively low wavenumer as compared to typ-
ical CHy scissor frequencies reported in literature and thus points to a perturbed CHs
group. We refer to this species as type A. The IR absorption at 1425 cm™!, however,
indicates a second surface species with more unperturbed CHy group to which we refer as
species B. The IR absorption at 975 cm ™! cannot clearly be assigned to species A or B, it
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might appear in both of them.

acrolein — type C

Near the full monolayer coverage, a prominent peak appears and saturates at 1663 cm™!

and thus in the typical range for a C=0 stretching vibration. It shifts to 1650 cm ™! with
increasing coverage. The vibration is located about 60-70 cm~! to lower wavenumbers as
compared to the C=0 stretching frequency determined in previous studies on acrolein in
the gas phase (near 1720 cm™1) [244].

Furthermore, we observe the CHy scissor vibration at 1425 cm™! and thus at the same
frequency as for type B. The HC=CH; trans-wag mode seems to shift to slightly higher
frequencies, close to 990 cm™!. However, the absorption at 990 cm ™! might also arise from
species D.

acrolein — type D

Several additional IR absorption features appear in the multilayer regime. In the C-H
stretching region, IR vibrations are observed at 2857 cm ™', 2820 cm ™!, 2766 cm ™!, and
2705 cm~!. We assign the two higher wavenumber peaks to CHs asymmetric and sym-
metric stretching modes. Previously, the two CHsa stretching modes were observed near
3000 cm~! and 3100 cm~! and thus at higher frequencies [109, 248]. The two features at
2766 cm™! and 2705 cm~! are assigned to the first overtone of the aldehyde-C~H bend and
the aldehyde-C—H stretching fundamental vibrations. The appearance of the two peaks
is known to typically appear in aldehydes and was previously explained by strong Fermi
resonance [109, 253, 257].

In the C=C and C=O0 stretching region, a very pronounced IR vibration is observed at
1690-1699 cm~! and a weaker one at 1618 cm~!. The peaks are assigned to the C=0 and
C=C stretching modes. The C=0 vibration wavenumber increases with coverage from
1690 cm™! at 5.4 - 10" molecules/cm? to 1699 cm™! at 2.3 - 10'® molecules/cm?. Hence,
it shifts closer to the previously reported gas phase value of 1724 cm~! [248]. The C=C
stretching vibration at 1618 cm™! appears in the frequency range reported in literature
[249, 250].

In the region below 1500 cm ™!, well-separated IR absorption features appear at 1425 cm™!
1365 cm ™!, 1281 cm ™!, 1164 cm ™!, and 990 em~!. The vibration at 1425 cm™! is observed
at identical frequency in types B and C and is assigned to the CHs scissor mode. We assign
the IR absorption at 990 cm ™! to the HC=CHj; trans-wag mode which has been observed
at 975 cm~! for molecules in the sub-monolayer regime. The vibration at 1164 cm™! is
correlated with the C-C stretching vibration. In literature, the C-C stretching was ob-
served at 1169-1158 cm ™! [248-251]. Moreover, the IR absorption peaks at 1365 cm ™!
and 1281 cm™! strongly reveal bending of the aldehyde and vinyl C—H bonds. Previously,
most studies related the higher wavenumber peak to the aldehyde C-H group and the
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Figure 8.2: a) IR spectra of propanal on Pd(111) from the sub-monolayer to multilayer
regime recorded at 120 K. b) TPD after deposition of about six layers of
propanal on Pd(111).

lower frequency peak to the vinyl C-H group [61, 109, 248, 251]; however, we also found
the reversed assignment [249].

TPD of the acrolein monolayer

Figure 8.1(b) illustrates a temperature programmed desorption (TPD) experiment of 1 ML
acrolein on Pd(111), which corresponds to the surface species A, B, and C. The desorption
of acrolein, allyl alcohol, propanal, and hydrogen are illustrated. No acrolein, allyl alcohol
or propanal are detected in the gas phase; however, hydrogen appeares at 315-355 K and
at 480 K. The peak at lower temperature indicates a desorption-limited process and the
second peak shows C-H decomposition-limited desorption.

8.3.2 Adsorption of Propanal

Figure 8.2(a) illustrates the coverage dependent evolution of IR spectra of propanal on
Pd(111) from the sub-monolayer to the multilayer regime at 120 K. Coverage-dependent
changes of IR absorption features suggest three coverage regimes. The sub-monolayer
range is indicates up to 2.7-10' propanal molecules per cm?, the formation of a complete
monolayer seems to require approximately an exposure of 3.6 - 104 to 5.4 - 10'* molecules
per cm?, and the multilayer regime is observed when the surface coverage exceeds 5.4-10
molecules per cm?. Table 8.2 gives an overview on all IR vibrational peaks at low, inter-
mediate, and high propanal coverages and compares them to values reported in literature.
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Table 8.2: Assignment of IR vibrational modes of propanal on Pd(111) at 120 K.

mode IRAS vibrations / cm~! references / cm™1
sub-monolayer near monolayer multilayer
v, (CHs) 2960 2970 2987 2992-2985 [253]
2982-2985 [255]
2980 [254]
v, (CHz) 2943 2943 2943 2954-2941 [253]
2941-2939 [255]
vs(CHs) 2904 2914-2901 [253]
2899 [255]
vs(CHg) 2876 2884 2905-2883 [253]
2880 [254]
v(CH) 2868° 2867-2818+2774-2712 [253]
270042800 [254]
20(CH) 2752° 2850-2700 [256]
271842772 [257]
v(C=0) 1560 1663 1728/1695 | 1569° [261], 1580 [262]

1595, 1562 [263]
1565 [264], 1750 [254]
1740-1720 [109]
1754-1729 [253

[
[253]

0.(CHs) | 1455-1468 1455-1468  1455-1468 | 1475-1450 [109)]
[253]
[

1467-1451 [253
1460,1451 [254]
5(CHa) 1413 1413 1413 | 1425 [256], 1420 [254]
1423-1413 [253]
5(CH) 1370 1370 1392 1395 [254], 1385 [258]
1381-1374 [253]
1410-1380 [109]
55(CHs3) 1358 1385 1342-1338 [255]
1383-1377 [109]
1395-1392 [253]
1380 [254]
w(CHy) 1344 | 1340 [254]
7(CHy) 1270 1261-1250 [253]
1250 [254], 1260 [255]
p(CHs) 1070 1070 1095 1098-1093 [253]
1, (CCC) 990 1001-993 [253]

v: stretching, v,: asymmetric stretching, vs: symmetric stretching, d: bending, ds: bend-
ing, w: wagging, ®: Fermi resonance, in HREELS measurement
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propanal at low coverage

A variety of IR absorption features are identified at low propanal concentration on the
Pd(111) surface. At surface coverages ranging from 9-10'3 to 2.7-10'* molecules/cm?, pro-
nounced IR absorption peaks are observed in the region of the C—H stretching vibrations.
The IR vibrations at 2960 cm ™!, 2943 cm ™!, and 2876 cm™! are assign to CH3 asymmetric
stretching, CHy asymmetric stretching, and CH3 symmetric stretching modes. Previously,
CHj3 asymmetric and symmetric stretching vibrations in propanal were observed at 2992-
2080 cm~! [253-255] and 2905-2880 cm~! [253, 254]. The CHy asymmetric stretching
was found at 2914-2899 cm~! [253, 255]. However, none of the literature data refers to
propanal on a metal surface.

In the region of typical C=0 stretching vibrations, no IR absorption features can be
identified. At 1560 cm™!, however, an IR vibration is observed, which is present neither
in propanal nor in other aldehydes and can therefore not be related to any prominent
vibration of intact propanal molecules. Nevertheless, similar vibration frequencies have
been observed before. Murillo et al. observed a vibration at 1569 cm~! in HREELS exper-
iments on acrolein adsorbed on Pt-Ni-Pt(111) and Pt-Co-Pt(111) surfaces and assigned
it to a C-O stretching vibration of acrolein adsorbed in a di-o-C-O configuration [261].
Furthermore, the COO-asymmetric stretching vibration of a propanoate species on oxide
surfaces were found at 1595 cm~! [263] and 1565 cm~! [264], and the C=0O stretching
frequencies of 5-diketone complexes with Cu were reported to appear down to 1524 cm ™!
[262]. Hence, this IR absorption feature could point to a severe weakening of the carbonyl
group because of the tendency of the oxygen to attract electrons C=0 <> CT-O~. The
polarized form could gain in importance, if the charge is stabilized by the Pd surface.
However, a di-o configuration as observed by Murillo et al. for acrolein on Pt-Ni-Pt(111)
and Pt-Co-Pt(111), seems unlikely here since a di-o-bounded C-O group would be parallel
to the Pd surface and thus not detectable by IRAS.

In the region below 1500 cm™!, several pronounced vibrations are detected at sub-
monolayer coverages. IR absorption features at 1468-1455 cm™! and 1413 cm™! are as-
signed to CHs asymmetric bend and CHj scissor vibrations. Previously, CH3 asymmetric
bending modes were found in the ranges from 1475-1451 cm~! and CHjy scissor defor-
mation vibrations were detected at 1425-1413 cm™! [109, 253, 254]. The vibrations at
1370 cm ™! and 1358 cm ™! strongly indicate CH bending or CH3 umbrella bending modes;
a clear assignment to one of them is difficult. In literature, CH bending and CHjs sym-
metric bending modes were reported in overlapping frequency ranges at 1410-1374 cm ™!
[109, 253, 254, 258] and 1395-1338 cm~! [109, 253-255]. With higher certainty, we relate
the peaks at 1270 cm™!, 1070 cm ™!, and 990 cm™! to CHs twist, CH3 rock, and CCC
antisymmetric stretching modes. Previously, CHy twist vibrations were observed at 1261-
1250 cm ™!, CHj rocking was found at 1098-1093 cm ™!, and CCC antisymmetric stretching
modes were reported at 1001-993 cm ! [253].
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propanal at intermediate coverage

Pronounced changes of IR vibration frequencies are observed at intermediate surface cov-
erages ranging from 3.6- 10 to 5.4 - 10" molecules/cm?. The CH3 asymmetric stretching
is observed at 2970 cm™!, which is slightly higher than at low coverage and closer to the
literature values for non-adsorbed molecule. The same trend is observed for the more ten-
tatively assigned CHs symmetric bending, which appears at 1385 cm™!. The vibrations
of the CHy and CH groups as well as the CH3 asymmetric bending appear at identical

wavenumbers as observed at lower coverages.

In the C=O stretching region a clearly observable peak saturates at 1663 cm~'. Previous
studies on rather unperturbed propanal molecules showed C=0 stretching vibrations in the
range of 1754-1720 cm~! and thus at significantly higher wavenumbers [109, 253, 254, 256].
The strong decrease of the C=0 stretching frequency in our studies points to a significant
weakening of the C=0 bond and hence to strong interaction of this group with the Pd
surface. Finally it should be notes that the C=0O stretching vibration appears at identical
frequency as that of acrolein type C on Pd(111).

propanal at high coverage

At high propanal coverages, several further IR vibration features are observed. The fre-
quencies of the CHgs stretching vibrations appear at values closer to that of molecules
in the gas-phase. CHj asymmetric and symmetric stretching modes are assigned to IR
absorption features at 2987 cm ™! and 2884 cm™'. CHy asymmetric stretching is observed
at 2943 cm™! and thus at the same wavenumber as observed for lower propanal coverages.
The CHs symmetric stretching mode, which could not be detected at lower coverages,
is observed at 2904 cm™!. Previously, this vibration was observed at 2914-2899 cm™!
[253, 255]. The features at 2868 cm~! and 2752 cm™! are both assigned to the aldehyde-
C-H group. As discussed for acrolein, these two peaks are known to result from strong
Fermi resonance between the first overtone of the CH bending and CH stretching funda-
mental [253, 254, 256, 257].

In the C=0 stretching region, we observe two features growing simultaneously at
1728 cm~! and 1695 cm~!. The vibration at 1728 cm™! is close to the frequency reported
for propanal in the gas phase and thus points to a mainly unperturbed C=0 group. The
vibration at 1695 cm™!, however, indicates the simultaneous formation of a species with
a slightly weakened C=0 bond.

CHj3 asymmetric bending and CHs scissor bending modes appear at identical frequencies
as observed for lower coverages. However, the CHz symmetric bend and/or CH bend as
well as CHjs rock vibrations are identified at slightly higher frequencies. The former one
is observed at 1392 cm™! and the latter one at 1095 cm™'. Moreover, IR absorption is
observed at 1344 cm™!, which we assign to the CHy wag mode. Previously, this vibration
was observed at 1340 cm ™! [254].
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Figure 8.3: a) Coverage-dependent IR spectra of allyl alcohol on Pd(111) recorded at
120 K. b) TPD after deposition of about six layers of allyl alcohol on Pd(111).

TPD of propanal at multilayer coverage

Figure 8.2b illustrates a TPD experiment of approximately six layers of propanal on
Pd(111). Desorption of acrolein, allyl alcohol, propanal and hydrogen has been stud-
ied. Neither acrolein nor allyl alcohol are observed in the gas phase. Propanal, however,
appears in a strong and sharp desorption peak at 145 K and in a weak feature at 180 K.
Hydrogen desorption is observed near 345 K and 470 K. The two hydrogen peaks point
to sequential decomposition resulting in a desorption-limited and a reaction-limited for-
mation of Hy. The two propanal desorption peaks indicate a relatively large amount of
weakly bound molecules, which desorb near 145 K, and a smaller fraction of molecules
from a more strongly bounded state desorbing near 180 K.

8.3.3 Adsorption of Allyl Alcohol

Figure 8.3a illustrates a coverage-dependent IRAS study of allyl alcohol adsorbed on
Pd(111) at 120 K. We distinguish between a low coverage range up to of 3.6 - 10'* ally
alcohol molecules per cm? and a high coverage regime starting at 5.4 - 10 molecules per
cm?. Table 8.3 summarizes the observed IR vibration frequencies for allyl alcohol at low
and at high coverages in comparison to previous studies found in literature.

allyl alcohol at low coverages

In the low coverage regime, only a small number of IR absorption features in the C-H
stretching region are detected. Weak IR vibration features are observed near 2897 cm™!,
2877 cm™!, and 2842 cm™!'. We tentatively assign the two higher wavenumber peaks

to CHy asymmetric stretching modes of two different allyl alcohol species and the lower
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Table 8.3: Assignment of IR vibrational modes of allyl alcohol on Pd(111) at 120 K.

mode IRAS vibrations / cm™! references / cm ™!
low coverage high coverage
v(C-0...H) 3260 3300 [109, 265]
v, (=CHy) 3092 3124-3099 [260]
3102-3086 [259]
vs(=CHs) 3013 3034-3010 [260]
2996-2992 [259]
v(CH) 2989 3033-3011 [260]
3022 [259]
v, (CHy) (2897,2877) 2920 2967-2903 [260]
2948-2934 [259]
vs(CHg) (2842) 2850-2870 2878-2851 [260]
2880-2854 [259]
v(C=C) 1648 1655-1644 [260]
1655 [259]
4(CHaz) 1470-1495 1500-1482 [260]
1463-1453 [259]
0(=CHay) 1406-1450 1429-1410 [259]
1440-1399 [260]
14501 1440-1399 [260]
14242 1440 [260]
140634 1399, 1409 [260]
w(CHz) 1399-1317 [260]
1384-1372 [259]
4(0-H) 1373-1235 1372-1202 [260]
1328-1321 [259)]
0(C-H) 1281-1272 [260]
v(C-0) 1113 1111-1033 [260]
1110 [259]
1018-841 [250]
1020-950 [251]
1022-1002 [252]
wr(HC=CHb) 1000 993 [248]
995-985 [109]
1054-988 [260]
1002-995 [259]

v: stretching, v,: asymmetric stretching, vs: symmetric stretching, §: bending, w: wag-

ging, wy: trans-wag vibration, ': gauche-trans, >: gauche-gauche, ®: cis-trans, *: cis-gauche
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frequency vibration to a CHy symmetric stretching vibration. In previous studies on non-
adsorbed molecules, the asymmetric stretching was observed at 2967-2903 cm ™! and the
symmetric stretching at 2880-2851 cm™! [259, 260].

allyl alcohol at high coverages

At high coverages, the CHy asymmetric and symmetric stretching vibrations are assigned
to peaks at 2920 cm ™! and 2870-2850 cm~! and thus at slightly higher wavenumbers than
at low coverages. Furthermore, we observe vibrations at 3092 cm™!, 3013 cm™!, and
2989 cm~!. The first one is assigned to the asymmetric stretching of the vinyl-CHy group,
which was previously observed at 3124-3086 cm ™t [259, 260]. The latter two are assigned
to the vinyl-CHy symmetric stretching and CH stretching modes. In literature, the vinyl-
CH, symmetric stretching was observed at 3034-2992 cm~! and the CH stretching was
found at 3033-3011 cm~! and thus in the same frequency range as in our studies [259, 260].
Finally, the very broad and intense IR absorption near 3260 cm™~! strongly points to O-H
stretching in hydrogen bonded OH groups. It was reported in previous publications near
3300 cm ™! [109, 265].

The C=C stretching vibration can only be observed at high coverage. It appears at
1648 cm~! and thus 30 cm ™! higher as compared to acrolein. In previous studies on allyl
alcohol, the C=C stretching vibration was reported at 1655-1644 cm ™! [259, 260)].

The features from 1495 cm™! to 1406 cm™! are assigned to CHsy scissor vibrations. We
relate the higher frequencies at 1470-1795 cm ™! to the alkyl-CHs, group, while we assign
the lower frequencies from 1406-1450 cm ™! to the vinyl-CHy group. In literature, scissor
deformations of the alkyl-CHy group were found at 1500-1453 cm™' and of the vinyl-
CHs group at 1440-1399 cm™! [259, 260]. Durig et al. predicted theoretically that the
vinyl-CHg scissor frequency should strongly depend on the molecular conformation [260].
According to their results, we tentatively assign the vibration at 1406 cm™! to the cis-
trans and cis-gauche conformer, the absorptions at 1424 cm~! to the gauche-gauche and
the vibration at 1450 ecm™! to the gauche-trans species. Multiple IR adsorption features
are observed between 1373 cm~! and 1235 cm ™!, which we assign to CHy wag as well as
=C-H and O-H bend vibrations. In previous studies, the exact vibration frequencies were
found to depend on the conformation of the molecule [260]. Moreover, the pronounced
vibration at 1113 cm™! strongly points to C-O stretching vibration, which was reported
in literature between 1033 cm ™! and 1111 cm™! [259, 260]. The very strong IR absorption
near 1000 cm™! is assigned to the CH=CH, trans-wag vibration, which is discussed in
more detail for acrolein.

TPD of allyl alcohol at multilayer coverage

Figure 8.3b shows the result of a TPD experiment of 2.3 - 10'® allyl alcohol molecules /
cm? on Pd(111), which corresponds to the highest coverage studied by IRAS. Desorption
of allyl alcohol, propanal, acrolein, and hydrogen has been investigated. Allyl alcohol is
detected at 175 K and 200 K, neither propanal nor acrolein are observed. Similar to our
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studies on propanal and acrolein, a significant amount Hs appears in the gas-phase in a
desorption-limited feature around 325 K and in a reaction-limited process near 465 K.

8.4 Discussion

Acrolein on Pd(111)

The coverage-dependent TRAS studies show the formation of different types of acrolein
on Pd(111) with characteristic IR vibration frequencies, especially of the C=0 stretching,
CHs scissor, and HC=CHs trans-wag vibrational modes. The sub-monolayer species A
and B are observed on the surface at coverages below 3.6 - 10'* molecules/cm?, which cor-
responds approximately to one acrolein molecule per four Pd surface atoms. Near 3.6-10
molecules/cm?; the formation of a less strongly perturbed adsorbates (species C) indicates
the transition from the sub-monolaye regime to the full-monolayer coverage. At higher
coverages, the formation of acrolein multilayers is evidenced by the mainly unpertubed
molecular structures of species D.

At low coverages, we have identified sub-monolayer species with weak IR absorption of
CHjy deformation modes; however, there is no signal of the C=0, C=C, or C-C bonds
and no IR absorption in the range of C—H stretching vibrations. This intensity ratio is in
sharp contrast to the spectra of unperturbed molecules, e.g. acrolein type D. The absence
of further IR vibration features indicates that the other chemical bonds are either strongly
perturbed or cannot be detected because of the MSSR or their IR absorption is too weak
due to small dynamic dipole moments and a low surface concentration. Tentatively, we
distinguish between two sub-monolayer species, A and B. The CHs scissor vibration fre-
quency of species A appears significantly shifted as compared to unperturbed acrolein
molecules, while the same vibrational mode of species B is observed at the identical fre-
quency as in acrolein ice and gas-phase acrolein. The presence of a mainly unperturbed
CHs vibration of species B tentatively indicates an intact molecular structure of this ad-
sorbate. The decreased CHy scissor vibration frequency of species A, in contrast, points to
a perturbed molecular structure of this adsorbate. However, it should be noted that the
IR absorption features of the sub-monolayer species are very weak and a clear identifica-
tion of the molecular structure of the adsorbates is not possible. Hence, the most reliable
information obtained by the IR studies at sub-monolayer coverages may rather be related
to the adsorbates’ geometry than to their exact molecular structure. The absence of the
C=0, C=C, and C-C bond stretching vibration signals reveals a flat-lying molecular plane
on the Pd(111) surface.

At the exposure 3.6 - 10 acrolein molecules/cm?, species C appears on the surface. On
the one hand, a clearly detectable C=0O stretching vibration shows a significant tilting
of this group with respect to the metal surface. On the other hand, a significantly lower
vibration frequency as compared to acrolein type D points to a weakening of the C=0
bond and thus to a strong interaction of this group with the metal surface. Remarkably,
the C=0 stretching frequency is identical to that of the C=0 bond of propanal near the
monolayer coverage. This observation indicates that the conjugated 7 system of acrolein

122



8.4 Discussion

is strongly distorted by the Pd surface so that the chemical structure of the C=0 bond is
rather similar to that of a non-conjugated C=0 bond. Note that species C is only formed
in a very narrow coverage range close to one acrolein molecule per four Pd surface atoms.
We relate this coverage to the formation of a complete monolayer. TPD studies of one
acrolein on four Pd atoms show decomposition of the entire amount of molecules indicating
that the whole layer is in strong contact with the surface. Interestingly, this is exactly the
same surface coverage at which we previously observed significant changes in the selectiv-
ity and activity of Pd(111) as catalysts in partial selective hydrogenation of acrolein [185]
(see Chapter 9. Our previous studies at elevated temperatures showed that the initially
adsorbed acrolein is irreversibly adsorbed and converted to a spectator governing the selec-
tivity towards C=0 bond hydrogenation. Moreover, previous DFT calculations indicate
that acrolein may adsorb on a Pd(111) surface in a way that it blocks four Pd atoms [245].
We conclude that approximately one acrolein molecule per four Pd surface atoms forms a
roughly homogeneously distributed and strongly bonded monolayer of flat-lying molecules.

Finally, species D is getting formed on the surface at multilayer coverages. The IR
vibrations appear at similar frequencies as reported in literature for gas-phase acrolein.
Therefore, the IR spectrum of species D provides a good reference for vibrations of mainly
unperturbed adsorbed molecules.

Comparison of the C=0 and C=C stretching frequencies of acrolein species D to the
C=0 and C=C stretching frequencies of propanal and allyl alcohol at multilayer coverages
show that both 7 bond vibration appear at lower wavenumbers in the conjugated 7 system.

Propanal on Pd(111)

The strong coverage-dependent vibration frequencies of propanal give detailed insights
into molecular structures of propanal on Pd(111). Characteristic vibration frequencies are
observed at sub-monolayer coverages pointing to a strong interaction between propanal
and Pd while IR vibration frequencies at multilayer coverages indicate mainly unperturbed
molecules. Similar to acrolein, we observe the transition from the sub-monolayer to mul-
tilayer regime in the range from 3.6 - 10! to 5.4 - 101* molecules/cm?.

In contrast to acrolein, a large number of IR vibrational modes are identified already
at sub-monolayer coverages providing detailed information on the effect of Pd on CHs,
CHy, CH, C-C, and C=0 bonds. On the one hand, the pronounced coverage-dependent
changes of the C=0 stretching vibration frequency points to a strong interaction of the
C=0 group by the metal surface. In particular, a very strong binding between propanal
and Pd(111) is indicated by a major weakening of the C=0 bond at sub-monolayer cov-
erages. However, some uncertainties remain about the interpretation of the absorption
at 1560 cm~!. Nevertheless, near the full monolayer coverage, a more clearly assigned
C=0 stretching vibration points to a strong interaction of the Pd surface via a signifi-
cantly inclined C=0 bond. On the other hand, detection of a C=0 stretching vibration
at sub-monolayer coverage shows that the C=0 bond has to be inclined with respect to
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the metal surface.

Moreover, significant differences between acrolein and propanal are observed in the re-
gion of the C-H stretching vibrations. On the one hand, these vibrations cannot be
identified at sub-monolayer coverages of acrolein while C—H stretching modes are clearly
identified already at the lowest coverage of propanal. This observation indicates a differ-
ent ordering of the CH, groups of propanal and acrolein on the Pd surface. On the other
hand, the C—H stretching vibrations of propanal appear at significantly higher wavenum-
bers as compares to acrolein. While all IR absorption features in acrolein appear below
2860 cm ™!, most of the C-H stretching vibrations in propanal are observed clearly above
2860 cm~'. Both the different intensities as well as the significantly different frequencies
of the of C—H stretching vibrations in the two compounds can be of advantage in IRAS
studies monitoring the surface processes in the course of acrolein hydrogenation on Pd
catalysts.

In the coverage range from 3.6-10'* to 5.4-10' molecules/cm?, significant changes of IR
absorption features related to C—H and C=0 bonds are related to the saturation of the first
monolayer of propanal on Pd(111). Vibrational modes that indicate the sub-monolayer
regime saturate while new IR vibrations appear at frequencies pointing to more unper-
turbed chemical bonds. Thus, the formation of a full monolayer of propanal is completed
at roughly the same surface concentration as observed for acrolein. At higher coverages, IR
vibration frequencies appear close to the values reported for propanal in the gas phase. In
the region of the C=0 stretching vibrations, however, two IR absorption features appear
simultaneously at 1728 cm~! and 1695 cm ™!, indicating the formation of two different
propanal species in the multilayer regime.

TPD experiments of propanal at multilayer coverage show desorption of intact propanal
and hydrogen, both in two well-separated peaks. Hydrogen evolution strongly indicates a
sequential decomposition of a fraction of the propanal molecules. The desorption-limited
Hs evolution can be explained by partial dehydrogenation of propanal molecules below
340 K. The high-temperature Hs peak, however, must result from further dehydrogena-
tion steps near 470 K. Coverage-dependent TPD data are not available. However, we
tentatively relate the Hy formation to decomposition of strongly bonded molecules, most
likely from the first monolayer. Moreover, the low-temperature propanal desorption is
assigned to weakly attached molecules in the multilayer, possibly the multilayer giving
rise to the IR absorption near 1728 cm™!. The higher temperature propanal desorption
points to more strongly attached molecules, possibly from the multilayer species with C=0
stretching vibration at 1695 cm™! or the species which is formed near the full-monolayer
coverage with C=0 stretching at 1663 cm™".

Allyl Alcohol on Pd(111)

Identification of allyl alcohol at small concentrations (up to 3.6 - 104 molecules/cm?) on
the Pd(111) surface by IRAS is difficult. Only weak IR absorption features related to
C-H stretching vibrations are detected. Weak IR vibration features can have multiple
reasons, such as small dynamic dipole moments or dipoles mostly parallel to the metal
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surface. While the polarity of C-H and C—C bonds is small, C—O and O—H bonds have a
strong dynamic dipole moment. Hence, the absence of IR absorption features related to
the C-O and O—H stretching vibrations at low coverages suggests flat-lying C-O—H bonds.

At allyl alcohol coverages higher than 3.6 - 104 molecules/cm?, a large number of dis-
tinct IR absorption features appear at similar frequencies as reported for ally alcohol in
literature. This observation suggests a transition from the monolayer to multilayer regime
in the range of 3.6-10' to 5.4-10 allyl alcohol molecules per cm? and thus approximately
at the same surface coverage as determined for acrolein and propanal.

TPD studies on multilayers of allyl alcohol on Pd(111) show desorption of intact allyl
alcohol and hydrogen. Both molecules appear in two peaks, as observed for propanal
multilayers before. The desorption-limited Hs evolution indicates partial decomposition of
allyl alcohol species at temperatures below 325 K and the reaction-limited Hy formation
points to further dehydrogenation steps near 465 K. Intact allyl alcohol molecules are
believed to most likely result from the multilayer regime. However, no coverage dependent
TPD data are available.

Interestingly, the high-temperature Hy desorption in propanal and allyl alcohol TPD
experiments appears approximately at the same temperature. This observation indicates
that the hydrocarbon fragments staying on the surface up to 470 K might be identical for
both molecules propanal and allyl alcohol.

8.5 Conclusions

We have investigated the adsorption of acrolein, propanal and allyl alcohol on Pd(111)
in detail mainly by IRAS studies with the support of TPD experiments. The coverage-
dependent evolution of IR vibrational bands provides deep insights into the adsorbates
structure on Pd(111). For all three compounds, we have found mostly unperturbed molec-
ular structures in the multilayer regime and significant effects of the Pd on the chemical
bonds of molecules in the first monolayer. A transition from the sub-monolayer to the
multilayer regime has been observed in the range from 3.6 - 10 to 5.4 - 104 molecules per
cm? for all three compounds.

The most detailed assignment of surface species has been achieved for acrolein. We
have identified the sub-monolayer species A and B, the monolayer species C, and the mul-
tilayer species D. The sub-monolayer species seems to adsorb with C=0, C=C and C-C
bonds parallel to the metal surface. Remarkably, only deformation vibrations involving the
=CH; group have been observed at sub-monolayer coverages. Species C, in contrast, has
a strongly inclined C=0 bond, which is significantly weakened by the Pd surface as com-
pared to the C=0 bond of the multilayer species D. Identical C=0 stretching frequencies
of acrolein species C and propanal at monolayer coverage points to a strongly distortion
of the conjugated 7 system. At higher coverages, the mainly unperturbed species D is
formed. A large number of distinct IR vibration modes have been identified for species D.
Further propanal species are observed at multilayer coverages.
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The IR studies on propanal point to different surface species in three coverage regimes,
at sub-monolayer, full-monolayer, and multilayer coverages. In the sub-monolayer regime,
a tentatively assigned C=O0 stretching vibrations indicates a strong interaction of Pd with
the C=0 bond as well as a significant inclination of the C=0 bond with respect to the
surface. Moreover, a large number of C—H stretching and deformation vibrations appear al-
ready in the IR spectra obtained at low sub-monolayer coverages. Near the full-monolayer
coverage a propanal species with less strongly, but still significantly perturbed C=0 bond
is observed.

In the case of allyl alcohol, identification of adsorbates at low coverages is difficult due
to weak IR absorption. We have been able to identify a few C—H vibration features in the
low-coverage regime. With increasing coverage, however, a transition to the multilayer
regime has been detected and a large number of distinct IR vibrational modes have been
identified.

We found pronounced differences in the adsorbates’ structures of acrolein, propanal and
allyl alcohol on the Pd(111) surface. While sub-monolayer acrolein species adsorb with
the molecular chain parallel to the surface, propanal adsorbs in a tilted geometry with
respect to Pd(111) surface plane, interacting with the surface primarily through the C=0
group. Propanal at sub-monolayer coverages gives rise to a C=0 vibrational peak that
points to a considerable weakening and tilting of the C=0 bond. In contrast, the C=0
bond in acrolein cannot be identified in IRAS studies, most likely because of a parallel
orientation with respect to the Pd surface. Moreover, C—H stretching vibrations cannot
be observed for the sub-monolayer species of acrolein, while the C—H vibrational peaks of
propanal grow roughly monotonically over the whole coverage range, which might point
to less perturbed C-H bonds or different geometric ordering of both molecules on the
surface. The strong changes of the adsorbates structure from the unsaturated to the
saturated aldehyde is expected to play a crucial role in explaining the selectivity of C=C
vs. C=0 bond hydrogenation in a,8-unsaturated aldehydes. Furthermore, the pronounced
differences in the IR spectra of propanal and acrolein can be of advantage to distinguish
between both compounds on a Pd catalysts’ surface and thus to determine the kinetics of
surface processes in the course of acrolein hydrogenation.

126



9 Spectators control Selectivity in Surface
Chemsitry: Acrolein partial Hydrogenation
over Pd

Karl-Heinz Dostert', Casey P. O’Brien', Francisco Ivars-Barceld', Swetlana Schauermann'2,

and Hans-Joachim Freundt

'Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
Institut fiir Physikalische Chemie, Christian-Albrechts-Universitét zu Kiel, Max-Eyth-Str. 1, 24118 Kiel,

Germany

published in J. Am. Chem. Soc., 2015, 137 (42), 13496-13502

127



9 Spectators control Selectivity in Acrolein Hydrogenation over Pd

Abstract

(a) Pd(111) (b) Pd Nanoparticles

We present a mechanistic study on selective hydrogenation of acrolein over model Pd
surfaces — both single crystal Pd(111) and Pd nanoparticles supported on a model ox-
ide support. We show for the first time that selective hydrogenation of the C=0 bond in
acrolein to form an unsaturated alcohol is possible over Pd(111) with nearly 100% selectiv-
ity. However, this process requires a very distinct modification of the Pd(111) surface with
an overlayer of oxopropyl spectator species that are formed from acrolein during the initial
stages of reaction and turn the metal surface selective towards propenol formation. By ap-
plying pulsed multi-molecular beam experiments and in-situ infrared reflection-absorption
spectroscopy we identified the chemical nature of the spectator and the reactive surface
intermediate (propenoxy species) and experimentally followed the simultaneous evolution
of the reactive intermediate on the surface and formation of the product in the gas phase.
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9.1 Introduction

9.1 Introduction

Selective partial hydrogenation of multi-unsaturated hydrocarbons, particularly «,B-un-
saturated ketones and aldehydes, is of a pivotal importance for numerous applications of
heterogeneous catalysis related to fine chemical and pharmaceutical industries. Among the
most useful target products in transformations of multi-unsaturated oxygenates are un-
saturated alcohols produced by heterogeneous chemoselective hydrogenation of the C=0
bond in unsaturated ketones and aldehydes [27, 28]. Generally, thermodynamics favors
hydrogenation of the C=C bond in these compounds to form the unwanted product, i.e.
saturated aldehydes or ketones. Therefore chemoselective hydrogenation of the C=0 bond
requires manipulation of kinetic effects by means of a suitable catalyst. This task repre-
sents a challenging problem and asks for fundamental studies.

A variety of powdered supported metal catalysts have been already investigated to un-
derstand the activity and selectivity of this reaction [27, 28]. As key structural parameters
controlling the chemoselectivity, a series of ideas conceiving the amount of steric hindrance
to adsorption via the C=C bond [32], presence of surface modifiers [178, 179] or alloying
with other metals [47] have been put forward. Complementary, some theoretical work and
model studies have been presented in order to understand the chemoselectivity of the un-
derlying elementary processes [52, 60, 180-184]. Despite these efforts, a deep fundamental
understanding of this reaction and the parameters governing its activity and selectivity is
still missing. Particularly, it remains unclear how the C=0 bond is activated on a transi-
tion metal surface and what are the structures of the surface intermediates formed under
the reaction conditions. To extract this information on the reaction intermediates would
be particularly important for approaching a rational design of new catalytic materials for
this class of reactions.

In this communication, we present a mechanistic study on selective hydrogenation of
the smallest «,5-unsaturated aldehyde acrolein over model Pd surfaces — both single crys-
tal Pd(111) and Pd nanoparticles supported on an planar oxide support — under well-
defined ultra high vacuum (UHV) conditions. Previously, acrolein was reported to be
hydrogenated almost exclusively on the C=C bond over powdered Pd catalysts forming
propanal [28]. In this communication, we show for the first time that selective hydrogena-
tion of the C=0 bond in acrolein with nearly 100% selectivity is possible over Pd(111).
However, this process requires a very distinct modification of the surface with a specta-
tor species that turns the surface selective towards unsaturated alcohol formation. This
densely packed overlayer of spectator species is formed from acrolein during the initial
stages of surface reaction. By applying a combination of multi-molecular beam techniques
and in-situ infrared reflection-absorption spectroscopy (IRAS) we were able to identify
the chemical nature of the spectator and the reactive surface intermediate and for the
first time experimentally follow the simultaneous evolution of the reactive intermediate
on the surface and formation of the product in the gas phase. With this study it has
been possible to directly identify the reaction intermediate that leads to the formation
of the unsaturated alcohol as a final product and obtain atomistic-level insights into the
chemoselective hydro-genation chemistry of acrolein. Spectator species were found to play
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an important role in governing chemoselectivity — the observation that might be of great
interest for development of new chemo- and enantio-selective powdered catalysts such as
e.g. ligand-modified nanoparticles [266].

9.2 Experimental

All experiments were performed at the Fritz-Haber-Institut, Berlin, in a UHV-apparatus
that has been described in detail previously [100]. Two effusive doubly differentially
pumped multi-channel array source operated at room temperature were used to supply
acrolein and Hp. Beam intensities of 4.8 - 10*® molecules/(cm?s™1) for Hy and 0.6 - 1013 or
1.5 - 10 molecules/(cm?s~1) for acrolein (Fluka, 98% purity) were used in these experi-
ments.

The Pd(111) single crystal was cleaned prior to use by repeated cycles of Art ion bom-
bardment at room temperature, annealing at 1000 K and oxidation in 1 - 1075 mbar O,
at 750 K to remove residual carbon.

The supported Pd/FesO4 model catalyst was prepared as follows: the thin (=~ 100 A)
Fe3Oy4 film was grown on a Pt(111) single crystal surface by repeated cycles of Fe (>99.99%,
Goodfellow) physical vapor deposition and subsequent oxidation [138, 142]. Pd particles
(>99.9%, Goodfellow) were grown by physical vapor deposition using a commercial evap-
orator (Focus, EFM3, flux calibrated by a quartz microbalance) while keeping the sample
temperature fixed at 115 K. During Pd evaporation the sample was biased to 850 V in
order to avoid the creation of defects by metal ions. The final Pd coverage used in these
experiments was 7 A. The resulting surfaces were then annealed to 600 K, and stabilized
via cycles of oxygen (8 -10~7 mbar for 1000 s) and CO (8 - 10~ "mbar for 3000 s) ex-
posures at 500 K until the Pd particles reached a stable geometry with an average size
of 12 nm [152, 153]. Residual oxygen was removed by heating in CO (1-107% mbar for
300 s,) followed by flash-annealing in UHV to 485 K. The STM image of the resulting
Pd/Fe304/Pt(111) model catalyst is shown in Figure 9.6 in the Supporting Information.
That surface displays Pd particles with an average diameter of 12 nm containing approx-
imately 8100 atoms each, and covering the support uniformly with an island density of
about 6-10!! islands/cm?. The majority of the particles are well-shaped crystallites grown
in the (111) orientation and are predominantly terminated by (111) facets ( 80%), but a
small fraction of (100) facets ( 20%) is also exposed.

IRAS data were acquired using a vacuum Fourier-Transform Infrared (FT-IR) spectrom-
eter (Bruker IFS 66v/S) with a spectral resolution of 2 cm™! and using a mid-infrared
(MIR) polarizer and p polarized IR light. An automated quadrupole mass spectrometer
(QMS) system (ABB Extrel) was employed for the continuous monitoring of the partial
pressures of the reactants and products.
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Figure 9.1: Possible reaction pathway of acrolein hydrogenation

9.3 Results and Discussion

Selective partial hydrogenation of acrolein was investigated on two well-defined surfaces
prepared in-situ under UHV conditions: (i) a single crystal Pd(111) and (ii) 12 nm sized
Pd nanoparticles supported on a planar model Fe3O4/Pt(111) oxide support [153]. The
catalytic activity of these surfaces was probed under isothermal conditions by using molec-
ular beams [100] with the simultaneous monitoring of the species evolving on the catalytic
surface turning over by IRAS. Figure 9.2 shows the possible reaction pathways of acrolein
hydrogenation.

The two investigated catalyst systems were found to show very different selectivity in
partial acrolein hydrogenation. Figure 9.2 shows the formation rates of competing reaction
pathways resulting in selective hydrogenation of either the C=C bond to form propanal
(Fig. 9.2a and 9.2b) or the C=0 bond to form the unsaturated alcohol (Fig. 9.2c or 9.2d)
both on model Pd nanoparticles (left side) and Pd(111) (right side) at different tempera-
tures. For each reported curve, the surface was pre-exposed to a high flux continuous Hs
beam. At time zero the second molecular beam was opened to give a series of acrolein
pulses and the formation rates of reaction products were recorded in the gas phase by
quadrupole mass spectrometry. For all investigated catalysts, a short induction period
preceded the onset of product formation. On the Pd nanoparticles we observed the only
product — propanal — in the first few pulses, after which the reaction rate dropped to
zero; no hydrogenation of C=0 bond was detected. This behavior is in a good agreement
with the results of the earlier studies on powdered Pd catalysts under ambient conditions,
showing that essentially only the C=C bond can be hydrogenated [28, 45]. Very surpris-
ingly, Pd(111) showed very high catalytic activity towards the desired reaction product —
propenol (Fig. 9.2d). The propenol formation rate exhibits clear temperature dependence
with a maximum of conversion at 270 K. To obtain further atomistic-level insight into this
catalytic process, we carried out this experiment on the Pd(111) surface using a continu-
ous exposure of both Hs and acrolein via molecular beams and simultaneously recorded
the evolution of the species on the surface turning over by IRAS.
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Figure 9.2: Formation rates of the reaction products — propanal (upper row) and propenol
(lower row) —on 12 nm-sized supported Pd nanoparticle (a and c) and Pd(111)
(b and d) during continuous dosing of Hy and pulsed dosing of acrolein at
different temperatures.
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Figure 9.3: (a) Formation rate of propenol (blue line) and propanal (black line) on Pd(111)

at 270 K under continuous exposure of Hs and acrolein.

(b) IR spectra ob-

tained for a monolayer of molecularly adsorbed acrolein at 100 K on pristine
Pd(111) (green line) and on Pd surface turning over at 270 K during a con-
tinuous exposure to acrolein and H2. Spectra 1-4 correspond to the regions
1-4 indicated in (a). The lowest spectrum is obtained after 450 s of acrolein
exposure after the propenol formation rate has dropped to zero. (c¢) IR spectra
obtained on Pd(111) surface turning over with higher time resolution during
the induction period and period of growing reactivity.
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Figure 9.3a shows the evolution of the gas phase products — propanal and propenol —
over Pd(111) with a continuous reactants exposure at 270 K. Specifically, the surface was
pre-exposed with Ho and then the acrolein beam was switched on at time indicated as
zero while the Hy beam was kept continuously running. Simultaneously, the acquisition of
IR spectra started with the time resolution of one spectrum per 45 seconds. Selected IR
spectra are shown in Figure 9.3b (labeled 1 to 4), which correspond to the time regions
1-4 indicated in Figure 9.3a. In accordance with the reactivity behavior in a pulsed exper-
iment (Fig. 9.2d), an onset of the propenol formation rate is observed after an induction
period of approximately 24 seconds, in which about one acrolein molecule per four Pd
atoms on average is irreversibly adsorbed onto the surface. At the end of the induction
period the propenol formation rate quickly rises followed by a reactivity decrease after
about 95 seconds. The first three IR spectra (1-3) shown in Figure 9.3b are obtained dur-
ing the initial induction period and the period of the maximal activity, while spectrum 4
was collected during the period of decreasing reactivity. The lowest IR spectrum in Figure
9.3b shows the composition of the surface after its complete deactivation. As a reference
for an intact molecule, the IR spectrum of acrolein adsorbed on Pd(111) at 100 K is shown
as the uppermost green trace.

Analysis of the IR spectra obtained on the Pd(111) surface under reaction conditions
allows us to determine the composition of the active surface turning over and the nature of
the reactive intermediate, resulting in formation of propenol. Three major groups of bands
corresponding to different surface species can be identified. First, the bands at 1660 cm™!
and 1755 cm™~! correspond to the stretching vibration of the C=0 bond [181, 182, 213].
While the band at 1660 cm ™! originates from the adsorbed intact acrolein molecule, in
which the C=0 bond is still conjugated to the C=C double bond [182, 213] (also see com-
parison with the uppermost spectrum of intact acrolein), the higher frequency band at
1755 cm ™! is indicative of the surface species containing the C=0 bond not conjugated to
the C=C bond anymore [109, 240]. The appearance of this vibration under reaction con-
ditions points to the formation of the oxopropyl surface species, resulting from the partial
hydrogenation of acrolein molecule with only one H atom attached to the C=C bond. One
of the possible structures of this species is shown in Figure 9.3b next to the vibrational
band at 1755 cm™!. The present data do not allow us to make a more precise conclusion
on whether the original acrolein molecule was partly hydrogenated on the second or third
carbon atom to form this species. Remarkably, this band already appears at very early
stages of the reaction, grows in intensity and remains intense even after the reaction rate
recorded in the gas phase vanishes. This observation strongly suggests that this species
is not the reaction intermediate leading to the final gas phase product propenol but is
merely a spectator (referred in the following as spectator I).

The second prominent band is the very intense vibration at 1120 cm™!. Note that this
frequency is present neither in adsorbed intact acrolein on Pd (Fig. 9.3b) nor in acrolein
ice [181] and therefore cannot be related to any prominent vibration of the molecularly
adsorbed acrolein. Further, this band appears only under the reaction conditions: in pres-
ence of Hy in the temperature range 220-290 K. The most striking observation of this study
is that the evolution of this vibrational band shows strong correlation with the evolution
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of propenol in the gas phase. Indeed, this band starts to appear in the region 1, which
comprises the induction period and the region of growing reaction rate (Fig. 9.3a); then
grows in intensity in regions of the highest reactivity 2 and 3. Consecutively, the intensity
of this band strongly decreases in region 4 accompanied by the decrease of the propenol
formation rate in the gas phase and completely disappears in the lowest spectrum of Fig-
ure 9.3b showing the region of zero reactivity. A few other IR bands in the region of CH,
stretching and bending vibrations can also be correlated to the gas phase formation rate
of propenol.

The observed strong correlation between the gas phase formation rate of propenol and
the evolution of the vibrational band at 1120 cm ™! unambiguously shows that the corre-
sponding surface species is the surface intermediate that is directly involved in the selective
hydrogenation of the C=0 bond. To the best of our knowledge, this is the first direct
experimental observation of such a direct correlation between the evolution of the prod-
uct in the gas phase and the formation of the corresponding reaction intermediate on the
surface obtained under the well-defined and isothermal conditions.

The vibrational range 1050-1200 cm ™! is typical for the stretching vibration of a single
C-0O bond in an alkoxy group. Previously, a large class of oxygen coordinated surface
adsorbates has been observed in this vibrational region [267, 268]. In our case, the most
likely species related to the band at 1120 cm~! is a propenoxy-group CHy=CH-CH-O—
Pd, in which the C-O entity is attached to Pd through the O atom to form a single C-O
bond. The high intensity of this band, exceeding even the most intense C=0 vibration
in acrolein (1660 cm~!) and oxopropyl species (1755 cm™!; regions 2 and 3, Fig. 9.3b),
additionally supports formation of a single C-O bond, which has a large dipole moment
that can explain very high IR intensity. The vibrational band at 2990 cm~!, that also can
be directly correlated to the evolution of propenol in the gas phase, might be indicative of
the stretching vibration of the C—H entity, in which C is involved in the C=C double bond
[60], suggesting that the reaction intermediate contains a C=C bond. Please note that
the high intensity of the C—O bond vibration indicates that C-O entity is not lying flat
on the surface since otherwise this vibration would be not seeing due to the metal surface
selection rule [106]. This consideration also implies that the C=C bond cannot be in the
very close proximity to Pd and is most likely is not directly involved into the interaction
with the surface.

The most likely reaction intermediate consistent with all observed vibrational signatures
is shown in Figure 9.3b next to the band at 1120 cm~!. It contains the C=C bond and is
attached to Pd via O forming the C—-O-Pd bond. This intermediate can be formed though
adsorption of acrolein via the C=0 bond and the addition of one H atom at the C next
to O. Only one additional step — the insertion of the second H atom into the Pd—-O bond
— is required to form propenol.

The third prominent band appears at 1330 cm™! during the period of highest reactiv-

ity and steadily grows in intensity, remaining intense even after the complete stop of the
reaction. This band was previously related to formation of ethylidyne and ethylidyne-like
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Figure 9.4: (a) Correlation between the formation rate of propenol in the gas phase (blue
line) and the evolution of the integral intensity of the band at 1120 cm™!
related to the surface reaction imtermediate (black symbols) measured over
Pd(111) at 270 K. (b) The corresponding IR spectra obtained on the Pd(111)

surface turning over.

species [269]. This species can be considered only as the second type of spectator (spec-
tator II) or a surface poison.

IR spectra obtained with ~ 6 times higher time resolution clearly show that the spec-
tator I is formed on the surface prior the onset of formation of the reaction intermediate
(Fig. 9.3c.) The first two spectra, corresponding to the induction period (0-16 s), directly
show that first spectator I (band at 1755-1790 cm™1) is formed followed by formation of
the propenoxy reaction intermediate (1120 cm™!) close to the onset of propenol evolution
in the gas phase. Figure 9.4a shows the gas phase formation rate of propenol (blue line)
together with the integral intensity of the vibration band 1120 cm~! (black squares) of
all IR spectra obtained with a high time resolution. The corresponding IR spectra are
displayed in Figure 9.4b. As clearly seen, the integral intensity of the vibrational band
1120 cm ™!, related to the proposed reaction intermediate, directly follows the evolution of
the product in the gas phase. This strong correlation between the evolution of the reaction
rate in the gas phase and the band at 1120 cm ™! is a clear indication for the interrelation
of the gas phase product and the proposed reaction intermediate.

It is important to underline that the surface reaction intermediate is formed not on the
clean Pd(111) surface but on the surface strongly modified with spectator I (oxopropyl
species). Indeed, about one acrolein molecule per four surface Pd atoms was accumulated
on the Pd(111) surface to form a dense overlayer of spectator I species prior to the onset
of propenol formation. Most likely, such strong geometrical confinement of an adsorption
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Figure 9.5: (a) Formation rate of propenol (blue line) and propanal (black line) on 12 nm-
sized supported Pd nanoparticles at 270 K under continuous exposure of Hy
and acrolein. (b) IR spectra obtained on Pd nanoparticles turning over. Spec-
tra 1-4 correspond to the regions 1-4 indicated in (a).

site for acrolein on the spectator I-covered surface prevents the competing hydrogenation
of the C=C bond and allows acrolein to adsorb only via O and to activate the C=0 bond.
Obviously, the clean Pd surface is not capable of activating the C=0 bond towards selec-
tive hydrogenation and the strong modification of the surface by spectator 1 is required
to trigger the desired selective chemistry. Formation of the spectator II is correlated with
deactivation of the catalytic surface. It might be speculated that it blocks the surface sites
that are relevant for the formation of oxopropyl reaction intermediate.

It is important to emphasize that spectroscopic differentiation between the reaction in-
termediate and the spectator species is possible only if the surface process is carried out
in such a way that the reaction intermediate follows a different time dependence than the
spectator. Such situation can be achieved e.g. in the transient regime applied in this study,
in which the spectators were accumulated on the surface, while the concentration of the
reaction intermediate was increasing and then decreasing. This fact allowed us to establish
the direct correlation between the time evolution of the gas phase product propenol and
the surface reaction intermediate propenoxy-group (Fig. 9.4). The more traditional way
of carrying out the reaction under the steady state conditions would result in constant
concentrations of all surface species and with this prevent their clear assignment to either
spectators or reaction intermediates.

To understand the absence of selective acrolein hydrogenation to unsaturated alcohol
over Pd nanoparticles, we carried out an identical spectroscopic investigation on the evo-
lution of surface species during the reaction over oxide supported Pd model catalyst with
the simultaneous monitoring the gas phase products. Figure 9.5a shows the results of these
experiments, for which detailed description we refer the reader to the supporting informa-
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tion. The IR spectra obtained on the Pd nanoparticles turning over are dominated by the
features in the range 1800-1960 cm™!, which can be clearly related to an accumulation of
CO molecules on the surface that cannot desorb at our low reaction temperatures [270].
This observation suggests that acrolein undergoes decarbonylation on Pd nanoparticles,
that was also observed previously on powdered catalysts [181, 182]. Thus, the observed be-
havior strongly suggests that acrolein decomposes on Pd nanoparticles under the reaction
conditions forming CO molecules that block the surface and prevent formation of well-
ordered spectator 1 overlayers required for selective acrolein hydrogenation to propenol.
Since the Pd clusters are mostly terminated by (111) facets [153] that are not active in
acrolein decomposition as observed for Pd(111), most likely edges, corners, (100) facets
and the other low-coordinated surface sites of Pd nanoparticles are responsible for acrolein
decarbonylation.

9.4 Conclusions

Summarizing, the mechanisms of selective partial hydrogenation of acrolein over two model
surfaces — Pd(111) and Pd nanoparticles supported on FesO4/Pt(111) film — were inves-
tigated using a combination of molecular beam techniques with in situ IRAS under well-
defined UHV conditions. The desired reaction pathway — selective hydrogenation of the
C=0 bond in acrolein to form propenol — was observed over Pd(111) surface with nearly
100% selectivity, while only C=C bond hydrogenation occurred over oxide supported Pd
nanoparticles. The selectivity in hydrogenation of the C=0 bond was found to critically
depend on the presence of an overlayer of spectator species formed at the initial stages
of the reaction. Most likely, the spectator, rendering the surface chemoselective, results
from the addition of one H atom to the C=C bond of acrolein to form oxopropyl species.
After a dense overlayer of the spectator is formed, acrolein adsorbs on this modified sur-
face via the C=0 bond and can be selectively hydrogenated to an unsaturated alcohol
propenol. The nature of the corresponding surface reaction intermediate was established
spectroscopically. By monitoring the surface species during the course of the reaction via
IRAS, we were able for the first time to experimentally follow the simultaneous evolution
of the reactive intermediate on the surface and formation of the product in the gas phase.
With this a direct assignment of one of the surface species to a reaction intermediate was
achieved, while the other surface species were identified as spectators. On supported Pd
nanoparticles, formation of a spectator overlayer was found to be prevented by strong
acrolein decarbonylation and the surface was observed to be active only for hydrogenation
of the C=C bond. Obtained atomistic-level insights into chemoselective hydrogenation
chemistry of acrolein highlight the exceptional importance of spectator species which are
usually formed on the catalytically active surface under reaction conditions. Related ef-
fects are expected to play a key role in controlling chemoselectivity in hydrogenation of
all types of «,f-unsaturated aldehydes and ketones and hold a great potential for fur-
ther development of new chemo- and enantio-selective powdered catalysts such as e.g..
ligand-modified nanoparticles.
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Figure 9.6: STM image of the Pd/Fe3O4/Pt(111) model catalyst, Pd nominal coverage
7 A, from [153)]

9.5 Supporting Information

Acrolein hydrogenation over model Pd nanoparticles supported on Fe;04/Pt(111)
oxide film

To understand the absence of selective acrolein hydrogenation to unsaturated alcohol
propenol over Pd nanoparticles, we carried out a similar spectroscopic investigation on
the evolution of surface species during the reaction over oxide supported Pd model sys-
tem. The experiments were carried out in the identical way described for Pd(111). Figure
9.7a shows the evolution of both possible reaction products — propanal and propenol —
during continuous acrolein and hydrogen exposure. Prior to the reaction, the surface was
continuously exposed to hydrogen and at the time indicated as zero the acrolein molec-
ular beam was switched on. Consistent with the data shown in Figure 9.2a and 9.2b of
the main manuscript, no formation of propenol was observed on this surface. The onset
of propanal formation occurs after a short induction period of about 5 s; however, the
reactivity decreases rapidly after passing a small maximum. The evolution of the surface
species during acrolein exposure was monitored by IRAS in the way identical to the above
described experiments on Pd(111). The IR spectra corresponding to regions 1-4, which
are indicated on the kinetic curve of Figure 9.7a, are shown in Figure 9.7b. Obviously, a
completely different surface composition is formed during the reaction on the Pd particles
compared to that on Pd(111). The spectra are dominated by the features in the range
1800-1960 cm ™!, which start from the lower wavenumbers and become more intense and
red shifted with increasing reaction time. These vibrational features can be clearly related
to an accumulation of CO molecules on the surface, which result from acrolein decar-
bonylation. Very similar evolution of vibrational frequencies was reported previously for
consecutive CO adsorption on Pd particles of similar size [270]. It is also well documented
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Figure 9.7: (a) Formation rate of propenol (blue line) and propanal (black line) on 12 nm-
sized supported Pd nanoparticles at 270 K under continuous exposure of Hy
and acrolein. Prior the experiment, the model catalyst was pre-exposed to Ha;
at time zero acrolein molecular beam was switched on. (b) IR spectra obtained
on Pd nanoparticles turning over at 270 K during a continuous exposure to
acrolein and hydrogen. Spectra 1-4 correspond to the regions 1-4 indicated in

(a).

in the literature that acrolein and the higher a,8-unsaturated ketones and aldehydes can
readily undergo decarbonylation over transition metal surfaces [181, 182]. Thus, the ob-
served behavior strongly suggests that acrolein decomposes on Pd nanoparticles under the
reaction conditions forming CO molecules that block the surface and prevent formation
of well-ordered spectator overlayers required for selective acrolein hydrogenation to un-
saturated alcohol. Since the Pd clusters are mostly terminated by (111) facets [153] that
are not active in acrolein decomposition as shown by the results obtained on Pd(111),
most likely edges, corners, (100) facets and the other low-coordinated surface sites of Pd
nanoparticles are responsible for the facile acrolein decomposition and formation of CO.
Interestingly, not only alcohol formation but also hydrogenation of the C=C bond, which
is discussed to be generally easy even over carbon-containing surfaces, is prevented on the
surface covered by CO.

There is a large body of catalytic and surface science literature that could not be cited
and discussed in the communication due to the strict size limitations. We refer the inter-
ested reader to the following studies: recent reviews and some original studies on powdered
materials [27, 28, 45, 179, 248, 271]; surface science studies on model surfaces [52, 60, 180—
182, 272-276] and some relevant theoretical work [61, 183, 184, 277-279].
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Abstract
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Identifying the surface processes governing the selectivity in hydrogenation of «,(-
unsaturated carbonyl compounds on late transition metals is crucial for the rational design
of new catalytic materials with the desired selectivity towards C=C or C=0O bond con-
version. The partial selective hydrogenation of acrolein on a Pd(111) single crystal and
Fe3O4-supported Pd nanoparticles under well-defined UHV conditions has been investi-
gated in the present study as a prototypical reaction. Molecular beam techniques have
been combined with infrared reflection-absorption spectroscopy (IRAS) and quadrupole
mass spectrometry (QMS) in order to simultaneously monitor the evolution of surface
species and the formation of the final gas-phase products. Over a Pd(111) single crystal,
acrolein is hydrogenated at the C=0 bond to form propenol with near 100% selectivity,
while over Pd/Fe3Oy, selective conversion of the C=C bond to propanal occurs. We have
studied the temperature dependence of both the product formation rates and the evolution
of surface species on Pd(111). Moreover, we have investigated the structure dependence
of the surface chemistry by comparing the results obtained on Pd(111) and Pd/Fe30y4.
We found that an initial modification of the Pd(111) surface with a dense monolayer of an
oxopropyl species is required for propenol formation. This layer is formed out of the first
monolayer of acrolein deposited on the pristine Pd crystal under reaction conditions, most
effectively at 270 K. Subsequently deposited acrolein is adsorbed via the C=0 bond form-
ing a half-hydrogenated reaction intermediate with saturated C-O bond. The propenol
formation rate detected in the gas-phase clearly follows the surface concentration of the
reaction intermediate. At higher temperatures or on Pd/Fe3O4 model catalysts, decar-
bonylation of acrolein occurs, inhibiting the surface modification required for propenol
formation. At lower temperatures, only a small fraction of the initially adsorbed acrolein
is converted into the oxopropyl species yielding a partially modified surface and thus rather
unselective formation of both products propanal and propenol.
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10.1 Introduction

Selective partial hydrogenation of multi-unsaturated hydrocarbons, such as a,8-unsaturat-
ed aldehydes and ketones is of broad interest for numerous industrial applications. The
production of unsaturated alcohols from selective hydrogenation of the C=0 bond in un-
saturated carbonyl compounds is particularly desired in the field of fine chemicals and
pharmaceuticals [27, 28, 30]. Thermodynamics, however, favors the hydrogenation of
the C=C bond to the saturated aldehyde by about 35 kJ/mol [28]. Hence, production
of unsaturated alcohols requires manipulation of the reaction kinetics by suitable catalysts.

In hydrogenation reactions of «, S-unsaturated aldehydes over Pt group metals, the for-
mation of the saturated aldehydes is strongly favored with close to 100% selectivity. This
has been attributed to a strong interaction of the C=C bond with the metals [45]. DFT
studies, however, predict a preferential attack at the C=0 bond [280], which is in clear
contrast to most experimental studies.

Studies over powdered catalyst at ambient or higher pressures point to an improved
selectivity to unsaturated alcohols when a second metal (or metal oxide) is added. There
are two principally different ways how the second metal may change the selectivity. Either
the second compound activates the C=0 bond or it poisons the conversion of the C=C
bond more than that of the C=0 bond [27, 30, 45, 51]. In another approach, partially
reducible supports like TiOy were used to provide Lewis-acid sites which are believed to
coordinate and thus activate the C=0 bond. Either strong metal-support interactions
create reduced support material on the active metal [47, 54]; or O-vacancies at the TiOq
support bind the C=0 group, which subsequently react with spillover hydrogen from Pt
[52]. Other attempts focus on metals which are generally not very active in hydrogenation
catalysis. For instance, C=0 conversion was observed over silver catalysts under pressures
in the range from 100 mbar to 20 bar [34, 35]. The high selectivity to C=C hydrogenation
can also be suppressed by using aldehydes or ketones with sterically shielded C=C groups,
e.g.. prenal instead of acrolein. Bulky substituents at the C=C group prevent the attack
by the catalyst and thus increase the chance of C=0 conversion [31, 32].

In a previous study, we investigated the partial selective hydrogenation of acrolein on a
Pd(111) single crystal and on Pd/FezO4 model catalysts [185] (see Chapter 9). Acrolein
was chosen as a prototypical compound for «,S-unsaturated aldehyde to investigate the
selective hydrogenation chemistry at the atomistic level. Over Pd/Fe3Qy, selective conver-
sion of acrolein to propanal occurs, while over a Pd(111) single crystal, propenol is formed
with near 100% selectivity.

In the present study, we have investigated key surface reactions that govern the acrolein
conversion to propenol over Pd under well-defined ultra high vacuum (UHV) conditions.
The combination of molecular beam techniques with time-resolved infrared reflection-
absorption spectroscopy (IRAS) and quadrupole mass spectrometry (QMS) has opened
up the opportunity to simultaneously monitor the evolution of surface species on Pd and
the formation of the gas-phase products. In particular, we have studied the temperature
and structure dependence of three surface processes: (i) modification of the Pd surface by a
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spectator governing the selectivity towards propenol formation, (ii) C=0 bond activation
and formation of a half-hydrogenated intermediate, and (iii) formation of spectators that
deactivate the Pd surface.

10.2 Experimental Details

All experiments have been performed at the Fritz-Haber-Institut, Berlin, in a UHV ap-
paratus that has been described in detail previously [100]. In brief, acrolein and Hy have
been dosed onto the sample through two doubly differentially pumped multi-channel ar-
ray sources controlled by valves and shutters. The sources have been operated at room
temperature, and the beam diameter has been chosen to exceed the sample size. The
Pd(111) single crystal was cleaned prior to use by repeated cycles of Art ion bombard-
ment at room temperature, annealing at 1000 K and oxidation in 1-107% mbar O, at
750 K to remove residual carbon. The final cleaning cycle has been stopped after anneal-
ing. The flatness and cleanliness of the Pd(111) single crystal surface has been checked
by low-energy electron diffraction (LEED) and infrared reflection-absorption spectroscopy
(IRAS) of adsorbed CO. The Pd/FezO4 model catalysts have been prepared as follows: the
thin (=100 A) Fe30, film has been grown on a Pt(111) single crystal surface by repeated
cycles of Fe (>99.99%, Goodfellow) physical vapor deposition and subsequent oxidation
[100, 138, 142]. The quality of the oxide film has been checked by LEED. Pd particles
(>99.9%, Goodfellow) have been grown by physical vapor deposition using a commercial
evaporator (Focus, EFM3, flux calibrated by a quartz microbalance) while keeping the
sample temperature fixed at 115 K. The Pd coverage used in these experiments was 7 A.
The quality of the Pd particles has been investigated by IRAS after adsorption of CO.
During Fe or Pd evaporation the sample has been biased to the same potential as the
evaporant in the evaporator (850 V) in order to avoid the creation of defects by metal
ions. The resulting surfaces have been annealed to 600 K, and stabilized via cycles of
oxygen (1-107% mbar for 1000 s) and CO (1 - 10~% mbar for 3000 s) exposures at 500 K
until the Pd particles reached a stable geometry with 12 nm in diameter [152, 153].

IRAS data have been acquired using a vacuum Fourier-Transform Infrared (FT-IR)
spectrometer (Bruker IFS 66v/S) with a spectral resolution of 2 cm™! and a mid-infrared
(MIR) polarizer and p-polarized IR light. An automated quadrupole mass spectrometer
(QMS) system (ABB Extrel) has been employed for the continuous monitoring of the
partial pressures of the reactants (acrolein: full molecule at 56 amu; Hy: at 2 amu)
and products (propanal: full molecule and main fragment at 58 amu; allyl alcohol: full
molecule at 58 amu, main fragment at 57 amu; further fragment at 31 amu; propanol: full
molecule 60 amu, main fragment at 31 amu).

Shortly before each experiment the sample has been flashed to 600 K before cooling
to the desired temperature. In all experiments, the Hy exposure rate has been 4.8 -
10% molecules/(cm?s). In the reactivity studies presented here with quadrupole mass spec-
trometry (QMS) the acrolein exposure has been 1.5 - 10'3 molecules/(cm?s). To improve
the resolution of IR spectra in the course of acrolein conversion, additional IRAS mea-
surements have been performed with a reduced acrolein flux of 0.6-10'3 molecules/(cm?s).
Hydrogen exposure has always started 5 min before acrolein exposure. Acrolein (Fluka,
95% purity) has been purified prior to the experiments by repeated freeze-pump-thaw
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Figure 10.1: Possible reaction pathways of acrolein hydrogenation.

cycles.

The modification of Pd surface sites before the onset of the product formation has been
investigated by IRAS measurements after CO exposure. Acrolein has been converted with
Hs until the onset of the product formation after 24 s. The sample has then been cooled
to 120 K and exposed to 9 - 10'* CO/cm?.

10.3 Results and Discussion

We have investigated the conversion of acrolein with hydrogen on a Pd(111) single crystal
under isothermal conditions at various temperatures in the range from 220 K to 350 K.
At each temperature, the Pd(111) surface has been pre-exposed to 4.8 - 10* Hy/(cm?s)
for 300 s before the acrolein beam exposing 1.5 - 1013 molecules/(cm?s) has been switched
on additionally. Both beams have been operated in continuous modes.

Figure 10.1 shows the possible reaction pathways of acrolein hydrogenation. Our dis-
cussion here is restricted to the formation of the partially hydrogenated products propanal
and propenol, since no full hydrogenation to propanol has been observed. It is difficult
to unambiguously distinguish between the two possible propenol molecules — allyl alcohol
(1-propen-3-ol) and the enol (1-propen-1-ol) — by mass spectrometry. Therefore, we do
not specify the propenol species in more detail here.

Our studies on the hydrogenation of acrolein at numerous temperatures show three
temperature regimes in which qualitatively similar propanal and propenol formation is
observed. We distinguish between reactions at temperatures below 250 K, in the range
from 250 K to 300 K, and at temperatures above 300 K. A detailed overview on the prod-
uct formation rates at various temperatures can be found in Figure 10.9 in the supporting
information in Section 10.5. Figure 10.2 illustrates the propanal and propenol formation
rates detected in the gas phase by quadrupole mass spectrometry (QMS) at three repre-
sentative surface temperatures: 220 K, 270 K, and 320 K. The time scale in this figure
has been chosen such that acrolein exposure starts at time 0.
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Figure 10.2: Formation rates of propenol (black) and propanal (grey) on Pd(111) during
continuous exposure of acrolein and Hy at different temperatures. The signals
have been corrected for the sensitivity of the QMS.
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The amount of propanal detected in the gas phase is rather small at all investigated
temperatures. The propenol formation rate, in contrast, exhibits a clear temperature de-
pendence with a strong maximum near 270 K.

In detail, at 220 K, small amounts of both products successively appear. Gas-phase
propanal desorbs from the surface shortly after starting the acrolein exposure. The for-
mation rate passes a maximum after about 20 s and subsequently decreases to zero. The
propenol production increases more slowly, reaches a maximum after about 50 s and then
declines to zero.

At 270 K, three reactivity regimes can be distinguished. Initially, essentially no product
formation is observed. Only a very small amount of propanal is indicated by a weak QMS
signal. After 24 s, however, the propenol formation rate strongly increases and reaches a
maximum after about 100 s, while no further propanal is detected. Finally, the propenol
formation slowly declines.

In the whole temperature range from 250 K to 300 K, the Pd(111) surface is highly
active for propenol production. The propenol formation always starts after an induction
period, then rapidly increases, passes a maximum and finally decreases. At 250 K and
270 K, the induction period takes about 24 s, while it extends to 48 s at 300 K. At 300 K,
however, a slightly lower selectivity is evident by a small amount of propanal appearing
simultaneously to propenol (see Figure 10.9 in Section 10.5).

Interestingly, acrolein exposure of 24 s corresponds to 3.6 - 10'* molecules/cm? and thus
to approximately one acrolein molecule per four Pd surface atoms. In a separate study,
we have found that a full monolayer of acrolein on Pd(111) is formed after exactly the
same exposure [176] (see Chapter 8). This observation indicates that under reaction con-
ditions one layer of acrolein is accumulated on the Pd(111) surface prior to the onset of
the propenol production.

At 320 K, both products propanal and propenol are formed in small quantities. Propanal
starts to appear in the gas phase after about 20 s and propenol desorption is detected after
about 30 s. The formation rates of both products increases until about 40 s and then de-
creases to zero. At higher temperatures, no product formation is observed (see supporting
information in Section 10.5).

The temperature and time dependence of the selectivity and activity of the Pd(111)
catalyst suggest a quite complex interplay between multiple surface processes, which will
be discussed in more detail in the following sections. First, we will focus on the processes
on the surface during induction, propenol formation, and poisoning at 270 K. Afterwards,
we will present our studies on the reactions at lower and higher temperatures to identify
the individual temperature dependencies of the different surface processes. Finally, we will
compare the results of acrolein conversion over Pd(111) and Pd particles in order to find
the microscopic origin of the different selectivity in acrolein conversion on both surfaces.
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10.3.1 Acrolein Conversion at 270 K

The time dependence of the propenol formation rate at 270 K illustrated in Figure 10.2
suggests that the course of acrolein conversion can be divided into three steps. First, there
is an initial period during which a monolayer of acrolein is adsorbed, but no propenol is
formed. Apparently, the Pd(111) surface is getting activated for propenol production. In
the second period, high propenol production rates are observed for about 100-200 s. In
the final step of the conversion, the activity of the catalyst slowly decreases to zero.

Initial Surface Modification

In order to study the change of the single crystal’s surface in the course of the induction
period, the Pd(111) surface has been exposed to both reactants for 24 s at 270 K. Figure
10.3a illustrates the result of a separate experiment clearly showing that after this expo-
sure the surface is just activated for propenol production. The Pd(111) surface exposed to
acrolein for 24 s has subsequently been exposed to CO in order to probe the availability
of pristine Pd sites. The corresponding IR spectrum is displayed with the black line in
Figure 10.3b. For comparison, an IR spectrum obtained after exposure of pristine Pd(111)
to CO is shown with the gray line. In the latter case, a strong IR absorption peak related
to the C=0 stretching vibration is observed. After exposure of the modified Pd(111) sur-
face to CO, in contrast, no IR absorption feature charateristic for CO is detected, clearly
showing that CO does not stick to the surface and thus that no pristine Pd sites are
available. Hence, the adsorbed hydrocarbons must be rather homogeneously distributed
over the surface than accumulated in islands; otherwise we cannot explain how the expo-
sure of one acrolein per four Pd surface atoms could result in blocking of the entire surface.

Surface Species under Reaction Conditions

The chemical structure of the surface species on Pd(111) under reaction conditions at
270 K has been investigated by IRAS. Figure 10.4 shows three IR spectra obtained in the
three reactivity regimes on the surface turning over. The second spectrum from top shows
the surface during the first 45 s, which include the induction period and the beginning
of the propenol formation. The third spectrum has been obtained during high propenol
formation rates (45-90 s), and the final spectrum shows the surface with low activity
in the final step of the experiment (450-540 s). For comparison, additionally the IR
spectrum of a monolayer of acrolein on Pd(111) at 100 K is displayed at the top in Figure
10.4. We distinguish between three spectral regions characteristic for the CH,, stretching
vibrations (3200-2700 cm~!), C=0 and C=C stretching vibrations (1850-1550 cm~!), and
CH,, deformation as well as C-O and C-C stretching vibrations (< 1500 cm™1).

The spectrum of acrolein The uppermost spectrum in Figure 10.4 shows the IR ab-
sorption of 3.6 - 104 acrolein molecules/cm? on Pd(111) at 100 K, which is discussed in
detail elsewhere [176] (see Chapter 8). IR absorption features appear at 1663 cm ™! and at
1430-1400 cm~!. The pronounced adsorption near 1663 cm™! is assigned to the stretching
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Figure 10.3: Investigation of the Pd(111) surface at the end of the induction period for
propenol formation at 270 K: (a) The black and blue curves show the for-
mation rates of propenol and propanal. The propenol formation starts after
exposure of both reactants for 24 s. (b) IR spectrum of CO on a pristine
Pd(111) single crystal (gray) compared to an IR spectrum after CO adsorp-
tion on the Pd(111) crystal exposed to acrolein and Hg for 24 s under reaction
conditions (black).
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Figure 10.4: IR spectra of a monolayer of moleculary adsorbed acrolein on pristine Pd(111)
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at 100 K (grey line) and of the surface species on Pd(111) turning over at
270 K during continuous exposure to acrolein and Hy (black lines). The
second spectrum from top has been obtained during the induction period and
at the beginning of the propenol formation and mainly shows the IR vibration
of spectator S1. The third spectrum has been obtained during high propenol
formation rates and shows the additional appearance of the IR vibrations of
the reaction intermediate. The fourth spectrum shows spectators S1 and S2
on the inactive surface.
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vibration of the carbonyl (C=0) group and the feature at 1430-1400 cm ™! is related to a
scissor deformation of the methylene (CHz) group. Both IR vibrational modes have been
discussed in literature before [61, 248-251].

The initially formed spectator (S1) The second spectrum in Figure 10.4 has been col-
lected during the first 45 s of acrolein conversion on Pd(111) at 270 K, which corresponds
to an exposure of 6.8 - 10'* molecules/cm?. It thus includes the induction period and
the beginning of the propenol appearance in the gas phase. The obtained IR spectrum
is clearly different from that of molecularly adsorbed acrolein. A pronounced IR vibra-
tional mode appears at 1755 cm™! and a second one near 1120 cm~!. The vibration at
1755 cm ™! strongly indicates a C=O stretching vibration that is not conjugated to a C=C
group anymore. Vibrations near 1755 cm~! are typical for the carbonyl stretching mode

in aldehydes and ketones [109, 240, 244].

The appearance of this IR vibration under reaction conditions points to the formation
of an oxopropyl surface species, resulting from partial hydrogenation of acrolein with only
one H atom at the C=C group. Our data do not allow to make a more precise conclusion
on whether acrolein has been hydrogenated on the a- or 5-C atom to form this species;
both products would be consistent with IR vibration at 1755 cm™!'. We will refer to this
initially formed adsorbate as spectator 1 (S1). A possible structure of S1 is illustrated
on the right hand side of in Figure 10.4. The IR absorption feature at 1120 cm~! starts
to appear during the first 45 s, however, it becomes very pronounced in the spectrum
obtained during high propenol formation rates and will therefore be discussed in the
following paragraph.

The reaction intermediate (lpg(111)) The third IR spectrum in Figure 10.4 illustrates
the surface composition in the period of high propenol formation rates (45 s to 90 s). It
clearly shows the formation of a further surface species in the presence of S1 with strong
IR absorption features. The newly formed species exhibits pronounced IR vibrations at
1090 cm™!, 1120 ecm ™!, and 1463-1650 cm~!. Weak IR absorption is detected in the C—H
stretching region near 2966 cm™! and 2980 cm™!. In the C=0 stretching region, however,
no IR absorption feature can be assigned to the newly formed species.

The intense IR absorption features at 1090 cm™! and 1120 cm™! are present neither
in adsorbed molecular acrolein on Pd nor in acrolein ice and therefore cannot be related
to any distinctive vibration of intact acrolein molecules. Instead, the IR vibration at
1120 cm ™! is assigned to a stretching mode of a saturated C-O bond. Previously, C-O
stretching vibrations have been observed in the range from 1120 ecm ™! to 1200 cm ™! when
the oxygen is coordinated to a metal surface [61, 267, 275, 281-284]. The IR absorption
at 1090 cm~! is assigned to a stretching vibration of a saturated C—C bond. In literature
C-C bond vibrations are reported in the range from about 1000 cm~! to 1130 cm™!, de-
pending on their coordination to the surface [61, 180, 250, 284, 285]. The IR absorption at
1450 cm ™! to 1463 cm™! appear in a typical range for CHy and CH3z bending vibrations.
Tentatively, we assign it to CH3 asymmetric bending modes, which have been reported
in the range of 1450-1475 cm™! [109, 253, 254]. Alternatively, it could also be related
to a CHg scissor mode, which, however, typically appear at slightly lower frequency near
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1420-1430 cm ™1 [61, 248-251]. The vibrations at 2966 cm~! and 2980 cm™! clearly show
C-H stretching vibrations. The vibration near 2980 cm ™! indicates a C~H bond with a C
atom that is part of an unsaturated C=C bond [109].

As no IR vibration characteristic for an alcohol group (O-H) is detected, it is most
likely not the final hydrogenation product that is visible in the IR spectrum. However, a
new C-H bond vibration appears, which can clearly be assigned to a surface species only
formed during high propenol formation rates. We therefore relate this surface species to a
the half-hydrogenated reaction intermediate (Ipg(i11)). According to the Horiuti-Polanyi
mechanism, first a half-hydrogenated intermediate is formed on the surface by reversible
addition of one hydrogen atom to an unsaturated bond. In the following step, the final
product is produced by irreversible addition of the second hydrogen atom before it desorbs
[286]. Theoretical calculations show that the barrier for addition of an H atom at a C
atom is smaller than for addition at the O atom and should therefore occur preferentially
[280].

The most likely surface species related to the observed IR absorption features is a pro-
penoxy-group, in which the C-O entity is attached to the Pd through the O atom in
an 7'-(0) configuration (CHo=CH-CH(5)-O-Pd). A C-O stretching vibration at similar
frequency has been observed in an n!-(O) configuration of prenal on a Pt-Sn(111) alloy
surface [275]. The high intensity of the 1120 cm™! band, exceeding even the most intense
C=0 vibrational band in acrolein and in the oxopropyl species, additionally supports the
formation of a C—O bond exhibiting a large dynamic dipole moment and, hence, explains
the very high IR intensity. Furthermore, the IR vibration near 2980 cm™!, which indi-
cates a C—H stretching vibration at a C=C group, suggests that the reaction intermediate
Ipq(111) preserves a C=C group. Finally, it should be noted the strong IR absorption re-
lated to the C—C stretching at 1090 cm ™! appears relatively intense although the dynamic
dipole moment of a C—C bond is rather small. According to the metal surface selection
rule (MSSR), the projection of vibrations of the dynamic dipole moment perpendicular
to the surface are visible in IRA spectra, while the vibrations parallel to the surface are
strongly attenuated due to formation of an image dipole moment in the underlying metal
substrate. Based on the MSSR, the high intensity of the C—O and C-C stretching vibra-
tion indicates a strongly inclined C—C—C—O-Pd entity.

It is important to note that the surface reaction intermediate is formed not on the
pristine Pd(111) surface, but on the surface strongly modified with S1 (oxopropyl species).
Indeed, about one acrolein molecule per four Pd surface atoms is accumulated on Pd(111)
to form the spectator prior to the onset of the propenol formation. Microscopically, this
corresponds to a situation when every fourth Pd atom is covered by S1, forming a dense
spectator overlayer structure. Most likely, such strong geometrical confinement of an
adsorption site for acrolein on the S1-covered surface prevents the competing pathway of
C=C bond hydrogenation and allows acrolein to adsorb only via the O atom to activate
the C=0 group. Obviously, the clean Pd(111) surface is not capable of activating the
C=0 group towards selective hydrogenation and the strong modification of the surface by
S1 is required to trigger the desired selective chemistry.
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The slowly formed spectator (S2) The fourth IR spectrum in Figure 10.4 (bottom) has
been collected after the formation rate of gas-phase propenol has decreased almost to zero
(450 s to 540 s). The features assigned to the half-hydrogenated intermediate Ipg(111) have
disappeared. Instead vibrations are observed at 1330 cm™!, 1375 cm ™!, in the range from
2883 cm~! to 2892 cm ™!, and at 2942 cm~!'. All these IR absorption features strongly
point to vibrations of C—H bonds. The sharp peak at 1330 cm ™! is very characteristic for
the umbrella bending mode of the -CHgs group in ethylidyne or an ethylidyne-like species,
which has been observed in previous studies on Pd(111) and Pt(111) before [287, 288].

This result indicates that a fraction of the acrolein molecules decomposes in a decar-
bonylation reaction yielding a Cy fragment and a carbonyl group which eventually poison
the surface. Decarbonylation of acrolein and similar «, S-unsaturated aldehydes on metal
surfaces is a well-known phenomenon [181, 289-292]. The decomposition yields a carbonyl
fragment and a Cy group, such as ethylene. Ethylene formation from acrolein on Pd has
been observed in previous studies [181, 289-291]. Moreover, ethylene is known to convert
to ethylidyne on metal surfaces such as Pd and Pt [287, 288, 293]. Identification of the
carbonyl fragment is most likely not possible, since the C=0 stretching vibration of this
species may strongly overlap with the C=0O vibration of S1. In literature, C=0 stretching
vibrations of various aldehydes have all been reported near 1790-1750 cm~! [109, 244].

Evolution of the Reaction Intermediate and the Final Product

IRAS studies with higher time resolution have been performed in order to compare the
formation of the reaction intermediate on the surface to the appearance of propenol in
the gas phase in more detail. Figure 10.5a illustrates a series of IR spectra obtained on
the Pd(111) surface turning over at 270 K. During the collection of each spectrum the
surface has been exposed to 1.2 - 10'3 acrolein molecules/cm?, which corresponds to 8 s
in the QMS measurement in Figure 10.5b. Note that after the 6" spectrum only every
fourth spectrum is illustrated in Figure 10.5a. Approximately in the 2" or 3'¥ spectrum,
the vibrations indicating Ipq(111) start to appear. The intensities of the peaks grow until
about the 7 or 8" spectrum. Finally, all features pointing to Ipq(111) disappear again.

Figure 10.5b shows the gas-phase formation rate of propenol (grey line) together with
the integral intensity of the most intense IR vibration band of Ipg(i11) at 1120 cm ™!
(black squares). We assume that the intensity of the band at 1120 cm~! approximately
reflects the concentration of Ipg(;11) on the surface. Thus, the propenol formation rate
detected in the gas phase clearly follows the concentration of Ipg(111) on the surface. The
observed strong correlation unambiguously shows that the corresponding surface species is
a reaction intermediate that is directly involved in the selective hydrogenation of acrolein
to the propenol.

10.3.2 Acrolein Conversion at lower Temperatures

Figure 10.2 shows that at 220 K small amounts of both partial hydrogenation products are
detected in the gas phase. In order to study the surface processes relevant for the lower
selectivity and activity as compared to the conversion at 270 K, we have investigated the
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Figure 10.5: The formation of the reaction intermediate Ipq(111) on the surface compared
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to the evolution of gas-phase propenol. (a) Series of IR spectra with high time
resolution taken on the surface turning over. Shown are only the vibrational
regions relevant to Ipq(i11). The integral of the most pronounced peak at
1120 cm ™1 is plotted in (b) together with the propenol formation rate detected
in the gas phase by QMS.
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Figure 10.6: Comparison of the propanal and propenol production rates detected in the
gas-phase (right) and the formation of surface species on Pd(111) turning
over (left) at 220 K.
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Pd(111) surface turning over at 220 K by IRAS. Figure 10.6 presents a series of IR spectra
taken on the Pd(111) surface under reaction conditions with a time resolution of 45 s
(black lines) compared to the IR spectra taken at 270 K (grey line). The simultaneously
detected formation of gas-phase propanal and propenol are shown on the right hand side
of the IR spectra.

The weak IR absorption feature near 1750 cm™! is the only IR vibration that appears
in the whole series of IR spectra at 220 K. The vibration frequency is almost identical to
that of the oxopropyl species (S1) observed at 270 K. The significantly weaker absorption
intensity, however, points to a much smaller concentration of this species on the surface.
Since we have observed the formation of a monolayer of S1 at 270 K, we can conclude that
only a rather small fraction of the Pd(111) surface is getting modified by S1 at 220 K.
Moreover, the IR spectra obtained at 220 K do not indicate the formation of the reac-
tion intermediate Ipg(111) absorbing at 1120 cm . The absence of this surface species is,
however, not surprising. On the one hand, we found that Ipg(111) only appears on the
S1-modified surface — and the concentration of S1 is quite small at 220 K. On the other
hand, the small quantity of the final product propenol already points to a small concen-
tration of Ipq(111). Moreover, it should be pointed out that apparently a large fraction of
the Pd(111) surface is not becoming modified by S1, which could be beneficial for C=C
bond hydrogenation and thus propanal formation. In fact, the propanal formation rate
is significantly larger as determined at 270 K, where the entire Pd(111) surface has been
modified by S1.

Our studies at 220 K provide further insights into the relation between specific surface
processes and the selectivity in partial selective hydrogenation of acrolein. The IRAS
series shows a significantly different surface composition at 220 K as compared to 270 K;
at the same time strong changes of the selectivity are evident by the QMS data. While at
270 K the first deposited acrolein monolayer is completely converted to a dense oxopropyl
monolayer (S1), only a rather small fraction of the Pd(111) surface is becoming modified
by the same species at 220 K. The incomplete modification of the surface and thus the
presence of both modified and unmodified Pd(111) may be the reason for the unselective
conversion of acrolein to propenol and propanal. In more detail, on the one hand, only a
relatively small amount of propenol is formed at 220 K, which seems to be related to the
small fraction of the Pd(111) surface modified by S1. On the other hand, a significantly
larger amount of propanal is produced at 220 K as compared to 270 K, which may be the
result of acrolein conversion on unmodified Pd sites.

10.3.3 Acrolein Conversion at higher Temperatures

Figures 10.2 and 10.9 show that also with increasing temperature above 270 K the selec-
tivity and activity of the Pd catalyst in acrolein hydrogenation decreases. In a similar
approach as in the previous studies at 220 K and 270 K, we have investigated the Pd(111)
surface under reaction conditions at 320 K by simultaneous IRAS and QMS measurements.
Figure 10.7 compares a time-resolved series of IR spectra measured on the Pd(111) sur-
face turning over at 320 K (back lines) to the spectra taken at 270 K (grey lines). The
formation gas-phase formation rates of both products at 320 K are illustrated on the right
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Figure 10.7: Comparison of the propanal and propenol production rates detected in the
gas-phase (right) and the formation of surface species on Pd(111) turning
over (left) at 320 K.
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hand side of the IR spectra.

During the first 45 s of acrolein exposure, two broad IR absorption features appear at
1850 cm ™! and 1800 cm ™! and a sharp peak is observed at 1335 cm ™. In the same period,
the formation rates of both products increase and reach their maxima. In the following
time frame from 45 s to 90 s, the peak at 1800 cm™' vanishes, while the vibration at
1850 cm ™! gains intensity and shifts to 1880 cm~!. The sharp IR absorption feature at
1335 cm™! gains intensity as well. In this period, both product formation rates rapidly
decrease to zero. Finally, according to the IR spectra taken after 90 s and later, the surface
seems to be saturated by the species absorbing at 1880 cm ™! and 1335 cm™! while the
QMS data does not show any further product formation.

The IR vibrations in the 1800-1880 cm ™! range appear at typical frequencies for stretch-
ing vibrations of C=0 groups. The initially appearing IR absorption at 1850 cm ™!, which
shifts to 1880 cm ™! with increasing coverage, is assigned to molecular CO. The vibration
appears in the range of previously observed coverage-dependent shifts of the CO stretch-
ing vibrational frequency [113]. The second feature in the carbonyl stretching region at
1800 cm ™! could either result from CO at a very low surface concentration detected at the
very beginning of the experiment, or it may point to a carbonyl group in a hydrocarbon
species. The IR vibration at 1335 cm™! strongly indicates ethylidyne, which has already
been observed at 270 K.

The IR spectra taken during acrolein conversion over Pd(111) at 320 K show a clearly
different surface chemistry from 270 K and 220 K. The IRAS series obtained at 320 K shows
strong decomposition of acrolein in a decarbonylation reaction yielding CO and ethylidyne.
Only a rather small fraction of acrolein is hydrogenated to propenol or propanal. CO and
ethyline accumulate irreversibly on the surface until saturation after 45-90 s of acrolein
exposure, which corresponds to 6.8 - 10™-1.4 - 1015 molecules/cm? and thus to approxi-
mately 2-4 ML acrolein. The hydrogenation products propanal and propenol, however,
are only formed before the surface is saturated with CO and ethylidyne, indicating that
the latter species are responsible for deactivation of the catalyst. Our studies at 270 K
already indicated that the products from acrolein decarbonylation irreversibly adsorb on
the surface and are responsible for the poisoning of the catalyst. At 270 K, however, the
decarbonylation reaction yields ethyliyne and an aldehyde or ketone fragment instead of
molecular CO. Most likely, the further decomposition of the aldehyde or ketone fragment
to CO requires a higher surface temperature. Moreover, it should be taken into account
that at temperatures near 320 K the hydrogen concentration on the surface is expected to
strongly decrease with increasing temperature, since hydrogen typically desorbs from the
Pd(111) surface near this temperature [294]. A lower hydrogen concentration on the sur-
face than at 270 K may further promote the decomposition instead of the hydrogenation
pathway. In conclusion, our results indicate that the lower activity of the Pd(111) cata-
lyst at higher temperature most likely results from the effective decarbonylation of acrolein
yielding irreversibly adsorbed ethylide and CO, which poison the catalyst’s surface.
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Figure 10.8: (a) Formation rates of the hydrogenation products detected in the gas phase
by QMS and (b) simultaneously taken IR spectra of the Pd/FesO4 model
catalysts turning over at 270 K. The time resolution of the spectra is 20 s
and corresponds to the regions 1 to 3 indicated in (a). (c¢) Model of the
accumulation of CO and CH, fragments from acrolein decomposition.

10.3.4 Selectivity on Pd(111) and Pd/Fe;0, at 270 K

The conversion of acrolein over FezOy4-supported Pd nanoparticles is presented in detail
in a further publication [187] (see Chapter 11). Briefly, over Pd/Fe304 model catalysts, a
very different selectivity has been observed in partial hydrogenation of acrolein. Propanal
is the only gas-phase product formed on the Pd particles, which is most efficient at 220 K.
However, also at 270 K, a significant propanal formation rate has been detected. The
selective formation of propanal on Pd particles is in good agreement with earlier studies
on powdered catalysts under higher pressures showing that essentially only the C=C bond
can be hydrogenated [28, 45].

We have spectroscopically investigated the surface reactions occurring on Fe3O4-support-
ed Pd particles with a diameter of 12 nm to understand the origin of the different selectivity
on Pd(111) and Pd/Fe304. Figure 10.8 shows the propanal and propenol formation rates
detected in the gas phase (left) and a series of simultaneously detected IR spectra of the
Pd/Fe304 surface turning over. The first two spectra are taken at 0-20 s and 20-40 s of
exposure and thus while the propanal formation rate is relatively high. The final spectrum
has been obtained after the surface has become inactive. The IR spectra exhibit strong IR
absorption features in the range from 1800-1960 cm ™!, which can clearly be assigned to
CO molecules on Pd. This observation strongly indicates facile decarbonylation of acrolein
on the Pd particles at 270 K. In Figure 10.8 the IR spectrum of the surface after becoming
inactive (3) is compared to the IR spectrum of CO-saturated Pd/FesO4. The spectra of
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the inactive Pd and the CO-saturated Pd particles show similar IR absorption intensities
in the range from 1800-1860 cm ™!, indicating saturation of the respective CO species on
the inactive particles. The CO species vibrating at 1970 cm™!, in contrast, has not been
formed in the acrolein decarbonylation reaction. Previous studies demonstrated that the
stretching frequency of CO on Pd critically depends on the adsorption site [112, 161, 163—
167]. The broad IR absorption feature at 1800-1860 cm™! has been related to CO on
Pd(111) facets, while CO attached to the edge sites has been found to contribute to the
sharp peak at 1970 cm~!. Thus, our results strongly indicate CO-saturated (111) facets
and CO-free edge sites.

The combination of IRAS and QMS studies indicate that the reversed selectivity of
acrolein hydrogenation on Pd/FezO4 and Pd(111) is related to significant differences in
the surface chemistry under reaction conditions. While decarbonylation of acrolein to CO
occurs on Pd particles, an oxopropyl monolayer is formed on the Pd(111) single crystal.
Decarbonylation of acrolein forming CO has also been observed in our studies on the
Pd(111) single crystal, however, only at higher temperatures. Since CO production on
the Pd(111) crystal is not observed at this low temperature, most likely the (100) facets
or low-coordinated sites, such as edges and corners, catalyze the decomposition to CO.
The formation of a monolayer of CO on the (111) facets, however, indicates that the CO
rapidly diffuses there while the CH, fragments accumulate elsewhere, e.g. at the sites
where the decomposition occurs. The decarbonylation of acrolein continues until a satu-
rated monolayer of CO is formed on the (111) facets.

A possible distribution of CO and CH, on the Pd particles is illustrated in Figure
10.8¢, on top of the QMS data. This comparison allows for two conclusions. On the one
hand, propanal is formed as long as the (111) facets are not saturated with CO. On the
other hand, the product formation rate reaches a maximum after a fraction of Pd sites is
already covered by CO and CH,. Most likely, first, highly reactive Pd sites that catalyze
the decarbonylation have to be blocked in order to enable the hydrogenation reaction.

10.4 Conclusions

The partial hydrogenation of acrolein over Pd has been studied under well-defined UHV
conditions by using molecular beam techniques combined with IRAS and QMS. We have
found the following key surface processes controlling the selectivity towards propenol for-
mation:

e modification of the Pd(111) surface:
Under reaction conditions, the first monolayer of acrolein on Pd(111) is converted
into an oxopropyl species (S1) forming a dense overlayer which is irreversibly ad-
sorbed on the surface.

e hydrogenation of acrolein to propenol on the modified Pd(111):
The subsequently deposited acrolein is adsorbed on the Sl-modified Pd(111) with
the C=0 group pointing to the surface activating the C=0 bond. This species reacts
to the half-hydrogenated intermediate Ipq(111) containing a newly formed C-H bond
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and a saturated C—-O bond, which is attached to the Pd surface. Hence, only one
additional step, the insertion of the second H atom into the Pd—O bond, is required
to form propenol.

e deactivation of the surface by decarbonylation of acrolein:
In parallel to the propenol formation, a fraction of the acrolein molecules decom-
poses in a decarbonylation reaction resulting in ethylidyne and a carbonyl compound
(spectators S2). The two species slowly accumulate on the surface while the propenol
formation rate decreases. Ethylidyne and the carbonyl compound might be respon-
sible for the deactivation of the surface, e.g. by blocking the Pd sites required for
acrolein hydrogenation.

The propenol formation rate exhibits a clear temperature dependence with a strong
maximum at 270 K, while the propanal formation rate is approximately zero at 270 K and
slightly increases towards higher and lower temperatures. In particular, we have found:

e at low temperature (220 K):
Only a small fraction of the initially adsorbed acrolein is converted to the oxopropyl
species (S1). On this partially modified surface, unselective formation of both prod-
ucts propanal and propenol occurs.

e at high temperature (320 K):
Acrolein almost completely decomposes in a decarbonylation reaction to CO and
ethylidyne, which rapidly cover the entire Pd surface. On the one hand, the high
reactivity of the surface towards decarbonylation suppresses the modification of the
surface by species S1. On the other hand, the fast formation of CO and ethylidyne
rapidly blocks and thus poisons the Pd catalyst.

Our studies on acrolein conversion on Pd(111) and FezO4-supported Pd particles at
270 K show that there is strong structure dependence in the selective partial hydrogena-
tion. On Pd particles, we have observed similar surface reactions as on Pd(111) at 320 K:
fast acrolein decarbonylation and no formation of species S1 which would be required for
propenol production.

The obtained relations between reactions on the Pd surface and the chemoselective
hydrogenation of acrolein are expected to be highly relevant for rational design of new
catalytic materials to selectively activate the C=0 bond in multiple unsaturated hydro-
carbons. Particularly, the insights into the role of spectators, governing the selectivity
and activity of the catalyst, hold great potential for the development of future industrial
catalysts, e.g. ligand-modified metal nanoparticles.
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10.5 Supporting Information

Figure 10.9 shows the propanal and propenol formation rates in acrolein hydrogenation at
220 K, 235 K, 250 K, 270 K, 300 K, 320 K, and 350 K. At each temperature, the Pd(111)
surface has been pre-exposed to 4.8 - 101° Hy/(cm?s) for 300 s before the acrolein beam
exposing 1.5 - 1013 molecules/(cm?s) has been switched on additionally. The time scale
has been chosen in a ways that acrolein exposure starts at time 0.

As discussed in the main part of this publication, the Pd(111) crystal is most active and
selective for propenol formation at 270 K. The propenol formation starts after an induction
period of 24 s, rapidly increases until it reaches a maximum after 100 s and finally slowly
decreases. Similar product evolution is observed at 250 K and 300 K. However, at both
temperatures, a slightly larger amount of propanal is detected, and at 300 K, the induction
period is approximately twice as long.

Strong changes of the product formation rates are detected at temperatures below 250 K
and above 300 K. From 250 K to 235 K the propenol formation rate rapidly drops while
the activity for propanal production stays approximately the same. Further decrease of
the temperature to 220 K does not significantly change the product formation rates.

From 300 K to 320 K, the propenol formation drastically drops and the induction period
seems to become shorter again while the propanal production rate slightly increases. At
350 K no hydrogenation product can be detected in the gas phase.
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Figure 10.9: Formation rates of propenol (black lines) and propanal (grey lines) on Pd(111)
during continuous exposure of acrolein and Hy at various temperatures.
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Abstract

Selective hydrogenation of either the C=C or the C=0 bond in acrolein is a model sys-
tem for understanding selective surface chemistry. In this work, selective hydrogenation
of acrolein is investigated over Pd nanoparticles supported on FesO4 as a function of Pd
nanoparticle size and temperature. Pd nanoparticles in the 4-12 nm range are in gen-
eral much less active for C=0 bond hydrogenation than Pd(111), which exhibits near
100% selectivity towards the desired product, propenol. The largest Pd nanoparticles
in this study (12 nm) produced a significant amount of propenol from selective C=0
bond hydrogenation, but only in a narrow temperature range around 250 K. Using in-situ
infrared-reflection absorption spectroscopy (IRAS) to detect surface species during the
reaction, we were able to understand why the selective hydrogenation of acrolein is so
strongly dependent on Pd structure and temperature. We believe that selective hydro-
genation of the C=0 bond in acrolein requires the formation of a spectator species that
is formed on the Pd surface during the beginning of the reaction, and the formation of
this activating spectator species is strongly dependent on temperature and Pd structure.
At higher temperatures (270 K) acrolein decarbonylates strongly on the Pd nanoparticles,
producting CO which covers the facets of the nanoparticles and prevents the formation of
the activating spectator species. At lower temperature (220 K), the activating spectator
species is formed on the surface of the Pd nanoparticles, but the temperature is too low for
significant propenol production. At 250 K, the activating spectator species is formed on
the surface of 12 nm Pd nanoparticles, and the temperature is high enough for significant
propenol production. Pd nanoparticles smaller than 12 nm did not produce a significant
amount of propenol in the 220-270 K range, which suggests that larger Pd nanoparticles
favor hydrogenation of the C=0 bond in acrolein. It is possible that nanoparticle edges
create surface chemistry, such as decarbonylation, that is not favorable for C=0 bond
hydrogenation.
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11.1 Introduction

11.1 Introduction

Selective hydrogenation of «,f-unsaturated ketones and aldehydes, a class of compounds
which have conjugated C=C and C=0 bonds, is a fundamentally interesting problem
and an industrially relevant reaction. The propenol produced from selective hydrogena-
tion of the C=0 bond is the desired product for the fine chemicals and pharmaceuticals
industries, but thermodynamics favors hydrogenation of the C=C bond [30]. Therefore,
selective hydrogenation of the C=0 bond requires manipulation of kinetic effects by means
of a suitable catalyst. However, a lack of fundamental understanding of the parameters
governing the selectivity and activity has inhibited the development of practical heteroge-
neous catalyst systems that can hydrogenate the C=0O bond in «a,B-unsaturated ketones
and aldehydes with high selectivity and activity.

It is generally believed that the adsorption geometry of the reactant on the catalyst
surface is an important factor governing the selectivity of a,3-unsaturated ketone hydro-
genation [34, 35, 40, 62, 181, 245]. The adsorption geometry of the «,S-unsaturated ketone
can be manipulated in favor of C=0 bond hydrogenation by adding bulk substituents to
the C=C functional group [27, 30, 245]. Acrolein is the most difficult a,S-unsaturated
aldehyde to selectively hydrogenate the C=0 bond because there are no substituents at-
tached to the C=C group. Higher partial pressures of the reactant have also been shown
to enhance the selectivity towards C=0 bond hydrogenation [30, 34, 35, 40]. The reason
for this has been given that increasing the partial pressure of the reactant, and in effect its
surface coverage, causes the C=C group to become more tilted with respect to the surface
and less vulnerable to attack by surface hydrogen atoms [27, 34, 62]. The structure of
the catalyst also influences the adsorption geometry of the reactant, but how the catalyst
structure influences the adsorption geometry is far more subtle, and much less understood,
than the effects of molecular structure on adsorption geometry.

Our recent work [185] (Chapter 9) with Pd model catalysts under well-defined ultra-
high vacuum conditions has given some new insight into the relationship between catalyst
structure and selectivity in partial hydrogenation of acrolein. We showed for the first
time that a near 100% selectivity towards hydrogenation of C=0 in acrolein is possible
over Pd(111). This was a particularly surprising result for a couple of reasons. First,
Pd is a very active C=C bond hydrogenation catalyst and has previously showed 100%
selectivity towards hydrogenation of C=C in «,8-unsaturated ketones, even when bulky
substituents are attached to the C=C bond [246, 247, 295]. Prior to our discovery, Au
and Ag were the best known monometallic catalysts for selective hydrogenation of the
C=0 bond in acrolein, with selectivities of only ~ 50% [33, 35, 36, 43, 296]. The second
reason that our results were so unexpected is that the acrolein partial pressures at the
catalyst surface were in the high-vacuum range. At such low partial pressures, acrolein
is expected to have a flat-lying geometry which is not favorable for C=0 hydrogenation
[245]. In agreement with this expectation, the clean Pd(111) surface was not active for
C=0 bond hydrogenation. Selective hydrogenation of C=0 in acrolein required modifica-
tion of the Pd(111) surface with a spectator species that formed during the initial stages
of the reaction. It is not clear how the spectator species activates the Pd(111) surface
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for C=0 hydrogenation, but it is possible that the spectator species creates a geometric
confinement on the surface and steers the acrolein molecules into an adsorption geometry
that is favorable for C=0O hydrogenation. Over Pd nanoparticles supported on FeszOy
(Pd/Fe30y4), the results were much different than over Pd(111). We observed a near 100%
selectivity towards hydrogenation of the C=C bond in acrolein over Pd/Fe3O4. Therefore,
the selective hydrogenation of acrolein is very sensitive to the structure of the Pd catalyst.
Further studies are required to understand the strong structure-dependence in the partial
hydrogenation of acrolein over Pd.

In this work, we extend our previous study by investigating the influence of Pd nanopar-
ticle size (4-12 nm) and temperature (220-270 K) on the selective hydrogenation of acrolein
over Pd/Fe3O4 model catalysts. Gas-phase products of acrolein hydrogenation are de-
tected simultaneously with surface species to gain insight into the mechanism of selective
acrolein hydrogenation. We show that selective hydrogenation of acrolein is sensitive to
both the temperature and the Pd nanoparticle size. A significant amount of propenol
production is observed over 12 nm Pd nanoparticles, but not over 4 or 7 nm Pd nanopar-
ticles, and only in a narrow temperature range around 250 K. Acrolein is more likely to
decarbonylate on Pd nanoparticles than on Pd(111), which is possibly due to the edges
and corners of the nanoparticles. Therefore, selective hydrogenation of the C=0 bond
in acrolein is much more difficult over Pd nanoparticles than over Pd(111), but becomes
more favorable with increasing Pd particle size.

11.2 Experimental

All experiments were performed at the Fritz Haber Institute with an ultra-high vacuum
molecular beam machine that has been described in detail previously [100]. Molecular
beams of acrolein and Hs were focused on the sample simultaneously while the sam-
ple was held at a constant temperature. The effusive molecular beams were produced
by doubly differentially pumped multi-channel array sources. Acrolein (Sigma-Aldrich,
95% purity) was purified prior to each experiment by repeated freeze-pump-thaw cycles.
During all reactivity experiments the flux of Hy on the sample surface was 4.8 - 1019
molecules/cm?/s. The sample was exposed to Hy for five minutes prior to acrolein expo-
sure. The flux of acrolein on the sample surface was 1.5 - 1013 molecules/cm? /s during
pulsed reactivity experiments and 0.6 - 10'® molecules/cm? /s during continuous reactivity
experiments. Gas-phase fragments m/z = 56, 57, and 58 were detected with a quadrupole
mass spectrometer (ABB Extrel). Surface species were detected simultaneously with gas-
phase products using an infrared spectrometer (Bruker IFS 66v) with an MCT detector

and a spectral resolution of 2 cm™!.

The method for preparing the Pd/Fe3O4 model catalysts has been described in detail
previously [153]. Briefly, a well-ordered ~ 10 nm thick Fe3Oy4 film was grown on a Pt(111)
substrate (see [138, 142] for details) followed by Pd deposition onto the Fe3O4 film at 120 K
by physical vapor deposition of Pd (Goodfellow, >99.9%) using a commercial evaporator
(Focus EFM 3). After depositing Pd, the sample was annealed at 600 K and the Pd
nanoparticles were stabilized by repeated cycles of oxidation and reduction at 500 K [152].
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The size of the Pd nanoparticles was controlled by the nominal thickness of the Pd film
deposited onto the Fe3O4 substrate at 120 K (see [153] for details). The Pd(111) crystal
was cleaned by repeated cycles of Ar' sputtering at room temperature, annealing at
1000 K, and oxidation in 1-107% mbar O4 at 750 K. The cleanliness of the Pd/Fe30,4 and
Pd(111) samples was verified prior to every experiment by IRAS of adsorbed CO.

11.3 Results and Discussion

11.3.1 Influence of Temperature and Particle Size on Gas-Phase Products of
Acrolein Hydrogenation

Selective hydrogenation of acrolein over Pd is strongly dependent on the structure of the
Pd catalyst [185] (Chapter 9). Here we investigate the effects of temperature and Pd
particle size on the partial hydrogenation of acrolein. A continuous beam of Hy was fo-
cused on the sample surface, which was held at constant temperature, for five minutes
prior to the introduction of acrolein. After five minutes of hydrogen exposure, an acrolein
molecular beam was exposed to the sample simultaneously in six second pulses while the
product gas was analyzed with a mass spectrometer. Figure 11.1 shows the production
rate of propenol (left column) and propanal (right column) over Pd(111) and Pd/Fe3O4
model catalysts with varying Pd particle size (4 nm, 7 nm, and 12 nm) at 220 K (top
row), 250 K (middle row), and 270 K (bottom row).

There was no significant production of propenol over all of the (4 nm, 7 nm, and 12 nm)
Pd/Fe304 catalysts in the 220-270 K temperature range. Propenol production was only
observed over Pd(111), with the rate increasing from almost zero at 220 K to a maximum
at 270 K. Neither propenol nor propanal were produced during acrolein hydrogenation over
4 nm Pd particles in the 220-270 K temperature range. Similar propanal production rates
were observed over 7 and 12 nm Pd particles at all three temperatures, with a maximum
rate at 220 K. There was a small, but significant, amount of propanal produced during
acrolein hydrogenation over Pd(111) at all three temperatures. These results show that
selective hydrogenation of acrolein is highly sensitive to the structure of the Pd catalyst.
Pd nanoparticles, in general, are not active for propenol production under the conditions
of these experiments. In the following sections, we will investigate the influence of Pd
particle size and temperature on the surface chemistry during acrolein hydrogenation in
order to understand the structure-dependent selectivity displayed in Figure 11.1.

11.3.2 Comparison of Pd(111) and Pd/Fe;0, at 270 K

Simultaneous detection of surface species with IRAS and gas-phase species with mass
spectrometry (IRAS-MS) is a useful technique for elucidating reaction mechanisms. Here
we use IRAS-MS to understand the mechanisms that are responsible for the high struc-
ture sensitivity displayed by Pd catalysts in selective hydrogenation of acrolein. We begin
with the conditions that are optimal for propenol production: acrolein hydrogenation over
Pd(111) at 270 K.Figure 11.2(a) displays the gas-phase production rate of propenol and
propanal over Pd(111) during continuous exposure to acrolein and Hg at 270 K. Similar
to the results displayed in Figure 11.1, there is a nearly 100% selectivity towards propenol
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Figure 11.1: Gas-phase production of propenol (left column) and propanal (right column)
over Pd(111) and Pd/Fe3O4 model catalysts with average Pd nanoparticle
size 4, 7, and 12 nm at 220 K (top row), 250 K (middle row), and 270 K
(bottom row).
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Figure 11.2: Acrolein hydrogenation over Pd(111) at 270 K. (a) Gas-phase production
of propanal (black) and propenol (red). (b) Time-resolved IRAS spectra
collected during acrolein hydrogenation. Spectra labeled 1-4 were collected
during the regions labeled 1-4 in the gas phase products.

production over Pd(111) at 270 K. There is no propenol production during the first ~
20 seconds of the reaction, which suggests that the Pd(111) surface requires modification
by exposure to acrolein and He to become active for propenol production. The rate of
propenol production increases sharply from zero at ~ 20 seconds to a maximum at ~ 90
seconds and then the rate decreases slowly. The corresponding IRAS spectra collected
during acrolein hydrogenation over Pd(111) at 270 K are displayed in Figure 11.2(b).
There are many peaks in the IR spectra shown in Figure 11.2(b). We will only discuss the
peaks at 1750 cm ™!, 1670 cm ™! and 1120 cm™'. For a detailed analysis of all the other
peaks, refer to [176] (Chapter 8). The band near 1670 cm™! is associated with the C=0
stretching mode of molecular acrolein adsorbed on Pd(111). The band at 1755 cm™~! is
most likely associated with a C=0 stretching mode, however, the position of this band
is blue-shifted by ~ 85 cm™! relative to the C=0 stretching band in molecular acrolein.
We believe that the band at 1755 cm ™! is associated with a spectator species which is
the product of partial hydrogenation of the C=C bond in acrolein. Furthermore, we be-
lieve that this species/adsorbate may be responsible for activating the Pd(111) surface for
propenol production, although further work is required to clarify the mechanism. Finally,
the band at 1120 cm ™' is most likely associated with a C-O stretching mode of the reac-
tive intermediate in propenol production [185] (Chapter 9).

In order to understand why Pd nanoparticles are not active for propenol production at
270 K, TRAS was used to detect surface species simultaneously with gas-phase products
during acrolein hydrogenation. Figure 11.3(a) shows the production rate of propanal and
propenol over 12 nm Pd particles at 270 K during continuous exposure of acrolein and
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tion of propanal (black) and propenol (red). (b) Time-resolved IRAS spectra
collected during acrolein hydrogenation. Spectra labeled 1-6 were collected
during the corresponding regions labeled 1-6 in (a). (c) Comparison of the
IRAS spectrum collected during acrolein hydrogenation over 12nmPd /Fe3Oy4
at 270 K (region 6 in (a) and (b)) to the IRAS spectrum of CO adsorbed on
clean 12nmPd/Fe304.



11.3 Results and Discussion

H,. As expected, there was no significant production of propenol. The rate of propanal
production increases from the beginning of the reaction to a maximum at ~ 30 seconds
and then decreases to zero after ~ 90 seconds. Figure 11.3(b) shows the IRAS spectra
labeled 1-6 collected during the corresponding regions in Figure 11.3(a). The series of IRAS
spectra shown in Figure 11.3(b) are significantly different than the series collected during
acrolein hydrogenation over Pd(111) at 270 K (Figure 2(b)). Bands at 1750 cm~! (C=0
stretching), 1670 cm~! (C=0 stretching in acrolein), and 1120 cm~! (C-O stretching) are
not present. Instead, there are bands in the 1800-1960 cm ™! region, which become more
intense and red-shifted with increasing reaction time. These bands are characteristic of
CO adsorbed on 12 nm Pd particles [153]. To demonstrate that the IR spectra displayed
in Figure 11.3(b) are the result of CO adsorbed on Pd nanoparticles, Figure 11.3(c) shows
a comparison of the IR spectrum labeled 6 in Figure 11.3(b) to the IR spectrum of a
saturation coverage of CO on clean 12 nm Pd particles. The two spectra are similar
except the spectrum of CO on clean 12 nm Pd particles is more intense at 1970 cm™?,
which is the position associated with CO adsorbed on edges of Pd particles [153]. These
results show that acrolein decomposes on Pd nanoparticles during acrolein hydrogenation
at 270 K, producing CO which covers the facets, and some other decomposition products
that preferentially adsorb on the edges of the nanoparticles.

11.3.3 Influence of Sample Temperature on Pd Nanoparticle Surface
Chemistry

During pulsed reactivity experiments (Figure 11.1), reducing the sample temperature from
270 K to 220 K increased the rate of propanal production over both 12 nm and 7 nm Pd
particles, but did not significantly change the selectivity. In this section, the influence of
sample temperature on the surface chemistry during acrolein hydrogenation over 12 nm
Pd particles is investigated by IRAS-MS at sample temperatures of 220 K and 250 K.
At 270 K, we saw that acrolein decomposed on 12 nm Pd particles, producing CO which
covered the facets of the nanoparticles. At 220 and 250 K, significantly different surface
chemistry is observed than at 270 K. Figure 11.4 shows the IRAS-MS results of acrolein
hydrogenation over 12 nm Pd particles at 220 K (top row) and 250 K (bottom row).

As expected, there was no propenol detected in the gas phase during acrolein hydro-
genation over 12 nm Pd particles at 220 K (Figure 4(a)). The rate of propanal production
increased sharply to a maximum = 30 seconds after the introduction of acrolein, and
then decreased slowly and approached zero after =~ 180 seconds of acrolein hydrogenation.
The IR spectra collected during acrolein hydrogenation over 12 nm Pd particles at 220 K
are displayed in Figure 11.4(b). There are bands at ~ 1750 cm~! and ~ 1670 cm~! in
the spectrum collected during the first 45 seconds of acrolein hydrogenation (spectrum
1). The band at 1670 cm™! is most likely associated with C=0 stretching in molecular
acrolein. The band at 1755 cm™! is likely associated with C=O stretching that is not
conjugated to C=C. A third peak appears at 1855 cm™! in between 45-90 seconds and
the TRAS spectra do not change significantly after 90 seconds of acrolein hydrogenation
at 220 K. The peak at 1855 cm ™! is most likely associated with CO adsorbed on facets
of the Pd nanoparticles [153]. Interestingly, the band at 1755 cm~! was also observed
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Figure 11.4: Acrolein hydrogenation over 12nmPd/Fe3O,4 at 220 K (top row) and 250 K
(bottom row). Gas-phase production of propanal (black) and propenol (red)
t (a) 220 K and (c¢) 250 K. Time-resolved IRAS spectra collected during
acrolein hydrogenation at (b) 220 K and (d) 250 K. Spectra labeled 1-4 were
collected during the regions labeled 1-4 in the gas phase products.
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during acrolein hydrogenation over Pd(111) at 270 K (see Figure 11.2(b)) and we believe
that this band might be associated with the species that activates the Pd(111) surface for
propenol production. However, the rate of propenol production over Pd(111) is very low
at 220 K (see Figure 11.1) and we would not expect to see propenol production over Pd
nanoparticles at 220 K, even if the activating surface species is observed.

If the surface species with a characteristic band at 1755 cm™! is responsible for acti-
vating the Pd(111) surface for propenol production, and this band is also observed during
acrolein hydrogenation over 12 nm Pd nanoparticles at 220 K, then it could be possible
to produce propenol over Pd particles at a slightly higher temperature. In order to test
this hypothesis, we performed acrolein hydrogenation over 12 nm Pd particles at 250 K,
shown in Figure 11.4, while monitoring (c) gas-phase products and (d) surface species
simultaneously. Similar to the results obtained at 220 K, the rate of propanal production
(Figure 4(c)) reaches a maximum at ~ 30 seconds and then slowly decays to zero after ~
120 seconds of acrolein hydrogenation. In contrast to the results at 220 K, however, there
is a significant amount of propenol production over 12 nm Pd particles at 250 K following
a ~ 45 second induction period at the beginning of the reaction. The rate of propenol
production reaches a maximum at ~ 60 seconds and then begins to slowly decay to zero
after &~ 150 seconds. The amount of propenol produced over 12 nm Pd particles is much
less (=~ 1/30'"") than the amount produced over Pd(111) at 270 K, but it is still significant.
We did not observe any propenol over 12 nm Pd particles at 250 K during pulsed reactiv-
ity experiments (Figure 11.1). It’s possible that continuous exposure of acrolein and/or
the lower flux of acrolein molecules during IRAS-MS experiments is more favorable for
propenol production.

The IR spectra collected during acrolein hydrogenation over 12 nm Pd particles at
250 K (Figure 4(d)) are similar to those collected at 220 K; there are 3 main peaks at
1855, 1755, and 1670 cm ™! that are associated with CO on particle facets, non-conjugated
C=0 stretching, and C=0 stretching in acrolein, respectively. The waves displayed in
all four spectra below ~ 1500 cm~! are from an unstable background and are not from
infrared absorption by adsorbed chemical species. Due to the waves, and also from the
very low rate of propenol production, we are not able to identify the propenol intermediate
species at 1120 cm™'. However, our hypothesis is confirmed and propenol production is
possible over 12 nm Pd particles in a narrow temperature range around 250 K.

In this section, we showed that temperature has a significant effect on the surface
chemistry during acrolein hydrogenation over 12 nm Pd particles. At higher tempera-
ture (270 K), acrolein decarbonylates, producing mainly CO which covers the facets of the
Pd nanoparticles. At lower temperature (220 K), acrolein decomposes to a lesser extent
than at 270 K, producing some CO, but also some partially hydrogenated surface species.
We believe that this partially hydrogenated surface species, which is also observed on the
Pd(111) surface during acrolein hydrogenation at 270 K, may be responsible for activat-
ing Pd(111) facets of Pd nanoparticles for propenol production. Although this partially
hydrogenated species is observed on the 12 nm Pd particles surface during acrolein hy-
drogenation at 220 K, this temperature is too low for hydrogenating the C=0 bond to
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Figure 11.5: Acrolein hydrogenation over 7TnmPd/Fe304 at 250 K. (a) Gas-phase produc-
tion of propanal (black) and propenol (red). (b) Time-resolved IRAS spectra
collected during acrolein hydrogenation. Spectra labeled 1-6 were collected
during the regions labeled 1-6 in the gas phase products.

produce the propenol. At slightly higher temperature, however, the conditions are right for
propenol production over 12 nm Pd particles: the partially hydrogenated surface species
is formed and propenol production is observed. The amount of propenol produced over
12 nm Pd particles at 250 K is much smaller (= 1/30%") than the amount produced over
Pd(111) at 270 K, however. In the next section we investigate the effects of Pd particle
size on the selective hydrogenation of acrolein.

11.3.4 Particle Size Effects

The influence of Pd particle size on the production of propanal and propenol is evident in
Figure 11.1. The 4 nm Pd particles did not produce a significant amount of either propenol
or propanal. It is not clear why the 4 nm particles were inactive. There were no species
detected on the surface of the 4 nm Pd particles during acrolein hydrogenation in the
220-270 K range, so it is likely that the concentration of Pd atoms is too low to turnover a
significant number of acrolein molecules. The amount of Pd in the 4nmPd/Fe30y4 catalyst
is more than an order-of-magnitude less than 7-nm-Pd/Fe304 and 12-nm-Pd/Fe304. The
activity of the 7 nm and 12 nm Pd particles was similar during pulsed acrolein hydro-
genation experiments in the 220-270 K temperature range (see Figure 11.1). However,
we will show that there is a significant difference in the selectivity of acrolein hydrogena-
tion over 7 nm and 12 nm particles that is not evident in the pulsed reactivity experiments.

In the previous section we showed that propenol production was possible over 12 nm
Pd particles, but only in a very narrow temperature range around 250 K. Here we show
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that the Pd nanoparticle size also has a significant influence on the selectivity at 250 K.
Figure 11.5(a) shows the gas-phase production of propanal and propenol during acrolein
hydrogenation over 7 nm Pd particles at 250 K. Unlike the 12 nm particles, there was no
significant production of propenol over 7 nm particles at 250 K. IRAS spectra collected
during acrolein hydrogenation over 7 nm particles at 250 K are displayed in Figure 11.5(b),
with spectra labeled 1-6 collected during the corresponding regions in Figure 11.5(a).
Similar to the IRAS spectra collected during acrolein hydrogenation over 12 nm particles
at 250 K, there are three main bands at 1860, 1760, and 1660 cm ™! that are associated with
CO on particle facets, non-conjugated C=0 stretching, and C=0O stretching in acrolein,
respectively. It is not clear from IRAS-MS why the 12 nm particles are active for propenol,
whereas the 7 nm particles aren’t. It’s possible that the concentration of the surface species
which activates the particles for propenol production is much smaller on the 7 nm particles
than on the 12 nm particles. It is also possible that larger modified domains are more
efficient, or that a minimum domain size is required, for alcohol production.

11.4 Discussion

We have shown that there is a strong structure dependence in the selective partial hydro-
genation of acrolein over Pd model catalysts. The change in selectivity from nearly 100%
towards propenol over Pd(111) to nearly 100% towards propanal over Pd nanoparticles (7
or 12 nm), displayed in Figure 11.1, is the most drastic example of the strong influence of
the Pd structure on the selective partial hydrogenation of acrolein. The 12 nm Pd parti-
cles were capable of producing a small amount of propenol in a narrow temperature range
around 250 K, but no propenol production was observed over 7 or 4 nm Pd particles in the
220-270 K temperature range. Therefore, it appears that the selectivity towards propenol
production increases with increasing Pd particle size, from 0% over 4 and 7 nm particles
up to nearly 100% over the Pd(111) single crystal, which is essentially an infinitely large
particle. It is possible that smaller Pd particles have a higher concentration of edge sites
than larger particles, and these edge sites catalyze some surface reactions, for example
acrolein decomposition, that prevent propenol production.

Using IRAS we were able to gain insight into the surface chemistry that is responsible
for the structure-dependent selectivity in acrolein partial hydrogenation. There were sev-
eral species observed on the surface of Pd(111) during acrolein hydrogenation at 270 K,
including a species which we believe to be an intermediate with a characteristic absorption
band near 1120 cm ™!, and a spectator species at 1755 cm~!. We believe that the spectator
surface species, which has a characteristic infrared absorption band near 1755 cm™! that
is associated with a C=0 bond that is not conjugated to a C=C bond (i.e. not acrolein),
is responsible for controlling the selectivity. The exact structure of this species is not clear
from our results, but we believe that it results from the partial hydrogenation of the C=C
bond in acrolein, leaving the C=0 bond intact. It is not clear how this surface species
activates the Pd(111) surface for propenol production. It’s possible that a dense overlayer
of this partially hydrogenated acrolein surface species forces incoming acrolein molecules
to interact with the surface in a geometry that is favorable for C=0 bond hydrogenation.
This spectator species which activates the Pd(111) surface for propenol production is not
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observed on the surface of Pd nanoparticles (7 and 12 nm) during acrolein hydrogenation at
270 K because acrolein decomposes to CO, which covers the facets of the particles. There-
fore, it is likely that significant propenol production is not observed over Pd nanoparticles
because the edges of Pd nanoparticles catalyze the decomposition of acrolein to CO, in-
stead of forming the spectator species which activates the surface for propenol production.

Temperature also has a significant influence on the selectivity in partial hydrogenation
over 12 nm Pd particles. At 270 K acrolein decarbonlyates on 7 and 12 nm Pd particles,
producing CO which covers the facets. At lower temperature, acrolein decomposes to
a lesser extent and other surface species are observed. At 220 K, the spectator species
which we believe is responsible for activating the Pd(111) surface for propenol production,
with a characteristic absorption band near 1755 cm™', is observed on the surface of 7
and 12 nm Pd particles; however, 220 K is too low for significant production of propenol.
At 250 K, the temperature is high enough for propenol production, but not so high that
acrolein decomposes to CO, and a small amount of propenol production is observed on
12 nm Pd particles. These results improve our understanding of the structure-dependence
in selective hydrogenation of a model multi-unsaturated compound acrolein.

11.5 Conclusions

Selective hydrogenation of either the C=C or the C=0O bond in acrolein is strongly de-
pendent on temperature and the structure of the Pd catalyst. We believe that selective
hydrogenation of the C=0 bond in acrolein is related to a spectator species that is formed
on the Pd surface during the beginning of the reaction, and the formation of this ac-
tivating spectator species is strongly dependent on temperature and Pd structure. Pd
nanoparticles in general are much less active for C=0O bond hydrogenation than single
crystal Pd(111). The largest Pd nanoparticles in this study (12 nm) produced a signifi-
cant amount of propenol from selective C=0 bond hydrogenation, but only in a narrow
temperature range around 250 K. At higher temperature (270 K), acrolein decarbonylates
on Pd nanoparticles producing CO which covers the facets and prevents the formation of
the activating spectator species. At lower temperature (220 K), the activating spectator
species is formed on the surface of Pd nanoparticles, but the temperature is too low for
hydrogenation of the C=0 bond, even over Pd(111).
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12 Insights into the Origin of Selectivity in Acrolein Conversion over Pd/FesOy

Abstract

Atomic-level understanding of kinetic effects that govern the selectivity in partial hydro-
genation of «,B-unsaturated aldehydes is of pivotal importance for the rational design of
new catalytic materials with the desired selectivity towards C=C or C=0 bond conver-
sion. However, in previous studies, the reason for the high selectivity towards C=C bond
hydrogenation over FesO4-supported Pd particles remained unclear. In the present study,
the binding of acrolein to an FesOy4 film and to Fe3Og4-supported Pd particles is studied by
infrared reflection-absorption spectroscopy (IRAS) at 120 K and temperature-programmed
desorption (TPD) experiments to obtain detailed information on the activation of chemical
bonds by means of Fe304 and Pd. IRAS studies show strongly inclined acrolein molecules
on the FesOy4 support with heavily perturbed chemical bonds. Especially the C=0 bond
appears significantly weakened in Fe3Oj4-adsorbed acrolein. Nevertheless, in TPD exper-
iments, acrolein molecules stay intact on the FezOy film until desorption; on Pd/FesOy,
however, decomposition as well as conversion to propanal occurs. Our results indicate
that the FesO4 support promotes the conversion of the C=C bond by activation of the
3-C atom. The polarized form of the C=0 bond (C=0 «» C*-07) seems to be stabilized
by a Lewis acid-base complex between the oxygen atom and electron accepting sites of
the support; the electrophilic character of the carbonyl-C atom is transferred along the
conjugated 7 system to the 5-C atom.
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12.1 Introduction

unsat. alcohol Pd(111) acrolein Pd/Fes04/Pt(111) propanal

Figure 12.1: Reverse selectivity in hydrogenation of acrolein over Pd/Fe3O4 model cata-
lysts and Pd(111): Over Pd/Fe30y4, acrolein is converted to propanal with
nearly 100% selectivity; while over a Pd(111) single crystal, unsaturated al-
cohols are formed with nearly 100% selectivity.

12.1 Introduction

The catalytic hydrogenation of «,f-unsaturated aldehydes is of broad interest for fun-
damental understanding as well as for industrial applications [30]. The primary hydro-
genation product is either a saturated aldehyde or an unsaturated alcohol. Thermody-
namically, the hydrogenation of the C=C bond to the saturated aldehyde is favored [28].
However, fundamental understanding of the parameters governing the selectivity is nec-
essary to avoid the formation of undesired products and thereby an often difficult and
cost-intensive separation process.

It is generally believed that the adsorption geometry of the reactant on the catalyst
surface is an important factor governing the selectivity of the hydrogenation reaction.
The adsorption geometry of an «,S-unsaturated aldehyde or ketone can be manipulated
by adding bulky substituents [27, 31, 32]. However, also the structure of the catalyst can
have a decisive influence on the selectivity. Enhanced conversion of polar functional groups,
such as carbonyl groups, carbon monoxide, and carbon dioxide, over Pt group metals was
achieved upon addition of promoters. Studies on the promoting effect of various metal
oxides show that the activity of a catalyst for conversion of the C=0 bond scales with
their Lewis acidity, indicating a critical role of charge transfer between the C=0 group
and cationic sites of the metal oxide [297, 298]. Particularly TiOs supports were found to
increase the selectivity of C=0 bond hydrogenation in unsaturated aldehydes and ketones
over supported Pt catalysts [41, 52, 54].

Figure 12.1 summarizes the previously observed strong dependence of the selectivity in
partial hydrogenation of acrolein on the structure of the Pd catalyst. Highly selective for-
mation of unsaturated aclohols was observed over a Pd(111) single crystal, while propanal
formation occurred with &~ 100% selectivity over Fe3Oy-supported Pd nanoparticles. The
formation of unsaturated alcohols was found to critically depend on the presence of an
overlayer of spectator species formed on Pd(111) at the initial stages of the reaction. The
origin of the high selectivity towards propanal formation by C=C bond hydrogenation
over Pd/Fe30y4, however, remained unclear [185-187] (Chapters 9, 10 and 11).

In a previous publication we reported the molecular structures of acrolein, propanal and
allyl alcohol on a Pd(111) single crystal surface. We found mostly unperturbed molecules
in the multilayer regime and strongly adsorbed acrolein species in the first monolayer with
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C=0 and C=C bonds parallel to the Pd(111) surface [176] (Chapter 8).

In order to explore the origin of the selectivity in acrolein hydrogenation over Pd/Fe3Oy4
model catalysts, we here report a detailed study on the binding of acrolein to an Fe3Oy
film and Fe3Oy4-supported Pd particles with a diameter of 7 nm by coverage-dependent
infrared reflection-absorption spectroscopy (IRAS) and temperature-programmed desorp-
tion (TPD) experiments. We particularly focus on the molecular structure of acrolein in
the low-coverage limit. The results indicate that the Fe3O4 support promotes the activa-
tion of the 5-C atom and thus the selective conversion of the C=C bond over Pd/Fe3O4
model catalyst.

12.2 Experimental Details

All experiments were performed at the Fritz-Haber-Institut, Berlin, in an ultrahigh vac-
uum (UHV) apparatus that has been described in detail before [100]. Acrolein was dosed
onto the sample through a doubly differentially pumped multi-channel array source con-
trolled by valves and shutters. The source was operated at room temperature, and the
beam diameter was chosen to exceed the sample size. The method for preparing the
Pd/Fe304/Pt(111) model catalysts has been described in detail previously [153]. A well-
ordered 10 nm thick Fe3Oy4 film was grown on a Pt(111) substrate followed by Pd de-
position onto the freshly prepared FesO4 film at 120 K by physical vapor deposition of
4APd (Goodfellow, >99.9%) using a commercial electron-beam evaporator (Focus EFM
3). After depositing Pd, the sample was annealed at 600 K and the Pd particles were
stabilized by repeated cycles of oxidation in 1-107% mbar Oy for 15 min and reduction
in 1-107% mbar CO for 45 min at 500 K (see [152]). The stabilization procedure was
also used to clean the particles after each experiment. The quality of the particles was
checked by infrared reflection-absorption spectroscopy (IRAS) of adsorbed CO prior to
every experiment. Shortly before each experiment, the sample was flashed to 600 K before
cooling to 120 K.

IRAS data were acquired using a vacuum Fourier-Transform infrared (FT-IR) spec-
trometer (Bruker IFS 66v/S) with a spectral resolution of 2 cm™!, a mid-infrared (MIR)
polarizer and p-polarized IR light. Temperature-programmed desorption (TPD) experi-
ments were carried out in the same UHV system by using an automated quadrupole mass
spectrometer (QMS) system (Hiden Analytics). In TPD experiments the following masses
were detected: 2, 28, 31, 56, 57, 58, and 60.

12.3 Results and Discussion

12.3.1 Acrolein on Fe;0,

Figure 12.2a shows a series of coverage-dependent IR spectra of acrolein on an Fe3Oy4 film
at 120 K, ranging from 9-10'3 to 2.7-10*® molecules/cm?. The evolution of characteristic IR
absorption features at low, intermediate, and high coverages point to coverage-dependent
formation of different surface species, to which we will refer as A, B, C, and D. At the low-
est coverage, after exposure of 9 - 10'® molecules/cm?, species A, B, and C appear. While
A and B are saturated, the concentration of C increases until 3.6 - 10'* molecules/cm?
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Figure 12.2: (a) IR spectra of acrolein on Fe3O,4 from sub-monolayer to multilayer cover-
ages at 120 K; (b) Coverage dependent TPD studies of acrolein on Fe3Oy4

have deen deposited. Upon further acrolein exposure, D populates the surface; saturation
of the latter species was not observed. The vibrational modes of the different types of
acrolein are summarized in Table 12.1 and will be discussed below.

Figure 12.2b illustrated a series of TPD experiments of acrolein at coverages from
1.1-10' to 1.12- 10 molecules/cm? on an Fe3Oy film. The TPD spectra show up to four
acrolein desorption temperatures; desorption of other molecules has not been observed.
The different acrolein desorption features point again to the formation of different surface
species. At the two lowest coverages (1.1 - 10 and 2.2 - 10** molecules/cm?), acrolein
desorbs near 380 K and 300 K. At tentatively higher surface concentration (2.2 - 104 and
3.2 - 10" molecules/cm?), a third peak is observed at 230-220 K. Finally, the last desorp-
tion feature grows at 169 K after exposure of 4.3 - 10'* molecules/cm?. With increasing
surface population, the latter peak is gaining intensity and gradually shifts to 147 K.

Both studies, IRAS and TPD, indicate the formation of different acrolein species on the
Fe3O,4 film at low, intermediate, and high coverages. In the following parts of this section,
we will discuss the molecular structure of the adsorbates in these three coverage regimes.

Multilayer Coverages (Species D) The IR spectra of acrolein at multilayer coverages
provide a reference for mostly unperturbed molecules and are thus independent from the
substrate. Table 12.1 shows almost identical IR vibration frequencies of 2.7 - 10! acrolein
molecules/cm? (species D) on Fe3O4 and Pd(111). For a detailed discussion of the IR
vibration modes we therefore refer to our study on Pd(111) [176] (Chapter 8). Here, we
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Table 12.1: Assignment of the coverage dependent IR vibration modes of acrolein on Fe3Oy4

IR vibrations of acrolein / cm~!

mode on FesOy4 on Pd(111) [176] (Ch. 8)

species A/B  species C  species D multilayer coverage
va(CHa) 2860 2857
vs(CHa) 2822 2820
20(CH)co 2766 2766
v(CH)co 2705 2705
v(C=0) 1605/1640 1670 1690-1700 1690-1699
v(C=0) 1618 1618
d(CHa) 1484 1425 1425 1425
d(CH)co 1365 1365
(CH)ce 1281 1365
v(C-C) 1186-1179  1186-1179 1164 1164
wr(HC=CHy) 990 990 990

v = stretch, 0 = bend, wpr = trans-wag, a = asymmetric, s = symmetric
CO = aldehyde group, CC = vinyl group

will briefly summarize the assignment. Asymmetric and symmetric CHy stretch modes
appear near 2860 cm~! and 2822 cm~'. The vibrations at 2766 cm™! and 2705 cm™!
have been explained by strong Fermi resonance between the aldehyde-CH deformation
overtone and its stretch fundamental. The pronounced C=O0 stretch mode was found to
shift from 1690 cm™! to 1700 cm ™! with increasing coverage. The IR absorption assigned
to the C=C stretch vibration is very weak and can only be observed at high acrolein
concentrations at 1618 cm~!. The CHj scissor bend vibration appears at 1425 cm™!, the
aldehyde-CH and vinyl-CH deformation vibrations at 1365 cm ™! and 1281 cm ™!, the C-C
stretch mode at 1164 cm ™!, and a trans-wag vibration of the HC=CHjy group at 990 cm™".

Despite the fact that species D shows several characteristic vibration frequencies, the
strongest indication for its presence on the surface is the pronounced IR absorption of
the C=0 group. According to this feature, formation of species D requires an exposure
of more than 3.6 - 1014 molecules/cm?. At similar coverage, TPD experiments show the
appearance of a relatively weakly attached acrolein species, desorbing at 169 K.

Near Monolayer Coverage (Species C) Before the multilayer species (D) appears on
the surface, species C saturates after the exposure of 3.6 - 104 molecules/cm?. The most
pronounced IR vibration of species C appears at 1670 cm™'. Very weak IR absorption
peaks are indicated at 1425 cm™! and 1365 cm ™! and a stronger one at 1186-1179 cm™".
The vibration at 1670 cm™! points to a slightly perturbed C=0O bond. The vibration
frequency is shifted by 20-30 cm ™! to lower wavenumbers as compared to the unperturbed
species D. The very weak IR absorption peaks at 1425 cm™! and 1365 cm™! have been
discussed above and point to CHs scissor and aldehyde-CH bend vibrations. The vibration
at 1186-1179 cm ™! indicates a C—C stretch vibration, which is slightly shifted to higher

wavenumbers as compared to the multilayer species D (1164 cm™!).
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Simultaneously to the appearance of species C in the IR spectra, we observe the evolu-
tion of an acrolein desorption peak in TPD experiments. The peak appears at 230 K after
exposure of 2.2 - 104 molecules/cm? and saturates at 220 K after exposure of 3.2 - 10'4
molecules/cm?. The higher desorption temperature as compared to species D indicates a
stronger binding of C to the surface.

Both studies, TPD and IRAS, show the formation of the more strongly bound acrolein
species C, which is getting formed at surface coverages up to 3.6 - 10'* molecules/cm?.
We assign this species to molecules near the full-monolayer coverage. Since D is not
getting formed until C is saturated, we conclude that the surface is first fully wetted by a
monolayer of acrolein molecules containing ~ 3.6-10'* molecules/cm? before the multilayer
formation starts. In our previous study on Pd(111), we observed the formation of a full
monolayer at the same surface coverage.

Sub-Monolayer Coverage (Species A and B) IRAS does not only provide information
on the nature of chemical bonds, also their geometry can be deduced based on the metal
surface selection rule (MSSR). According to MSSR, only dynamic dipole moments per-
pendicular to the metal surface can be detected [106, 112, 113]. We took advantage of this
effect to determine the preferred geometry of FesO4-adsorbed acrolein.

After exposure of 910" acrolein molecules/cm?, which corresponds to 1/4 of a mono-
layer, the Fe3sO4 surface is saturated with two low-coverage species. The strongest indica-
tion for the formation of these species are the IR vibrations at 1605 cm~' and 1640 cm™!.
Further IR absorption features are observed at 1484 cm™! and 1186-1179 cm™!.

The IR vibrations at 1605 cm™! and 1640 cm™! appear at relatively low frequencies
compared to typical C=0 or C=C stretch vibrations. Nevertheless, the relatively intense
IR absorption allows for two conclusions. On the one hand, it points to strong dynamic
dipole moments and thus rather to C=0 than C=C bond vibrations. On the other hand,
according to the MSSR, the dipole must be strongly inclined with respect to the metal
surface. The relatively low vibration frequencies indicate strong weakened C=0 bonds.
This effect is most pronounced for the species vibrating at 1605 cm™!, which corresponds
to a redshift of almost 100 cm~!. We refer to this most perturbed adsorbate as type A
and to the species absorbing at 1640 cm™! as type B. However, both C=0 bond appear
to be heavily weakened.

The IR absorption at 1484 cm™! reveals a scissor bending of a perturbed CHy group.
The vibration frequency is significantly blueshifted as compared to acrolein at higher cov-
erages (1425 cm™!). The strong vibration at 1186-1179 cm ™! points to a stretch vibration
of a strongly inclined C-C bond. It appears at slightly higher frequency as compared to
the multilayer regime (1164 cm™!), which points to a strengthening of this bond. Although
the dynamic dipole moments of C—C and CHy bonds are relatively weak, both groups can
be detected at low acrolein concentration on the surface, pointing to strongly inclined C-C
and C=CH, bonds.

In TPD experiments, desorption of acrolein is observed near 380 K and 300 K respec-
tively after the exposure of 1.1 - 10 and 2.2 - 10'* molecules/cm?. This relatively high
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Figure 12.3: Model of the structure of acrolein on Fe3Oy4 in the low-coverage limit.

desorption temperatures indicate strong binding of the molecules to FezOy.

The characteristic IR absorption features of acrolein in the low-coverage limit give de-
tailed insights into the molecular structure of acrolein on Fe304 with regard to the nature
of the chemical bonds and their geometry. On the one hand, the relatively strong intensi-
ties of C=0, C-C and CH; vibrations indicate a strongly inclined molecular chain. On the
other hand, heavy perturbation of the C=0 bond points to binding of acrolein to FesOy4
via the C=0 group. The perturbation along the whole molecular chain, from the C=0
via the C—C to the CHjs group, can be explained by delocalization of electrons in the con-
jugated 7 system. The tendency of the O atom to attract electrons in a carbonyl group
is known to result in a weakening of the C=0 bond and consequently in a decrease of
the C=O0 stretch vibration frequency [109]. The polarized form of the C=0 bond (C=0
<+ C*—07) might be stabilized by cationic surface sites, which attract the negatively
charged O atom. The electrophilic character of the carbonyl-C atom is transferred to the
-C atom via the conjugated 7 system (C°t=C-C=0°" — %+Fe30,), a phenomenon
that is well-known as vinylogy [299-304]. Thereby, the saturated C—C bond gains some 7
character, which increases the bond order and thus its stretch vibration frequency. The
delocalization of electrons away from the terminal CHy group might explain the strong
blueshift of their scissor vibration frequency. The proposed structure of Fe3O4-adsorbed
acrolein is schematically illustrated in Figure 12.3.

12.3.2 Acrolein on Pd/Fe;0,

Figure 12.4 illustrates coverage-dependent IR spectra of acrolein on Pd/Fe304 model cat-
alysts at 120 K. According to our definition of the full-monolayer coverage on pure Fe3Oy4
and on a Pd(111) single crystal, the spectra in Figure 12.4 correspond to coverages of 1/4,
1/2, 3/4 and 1 monolayer. IR spectra at multilayer coverages are almost identical to those
on Fe3O4 and Pd(111) and will not be presented here. Our discussion will be limited to
the region of the C=0 stretch vibrations.
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Figure 12.4: IR vibrations of acrolein on Pd/Fe3O4 at 120 K with coverages ranging from
~ 1/4 monolayer to ~ 1 monolayer.

Table 12.2: Characteristic IR vibrations of the C=0 bond in adsorbed acrolein
IR vibrations / cm™?

a) saturated at 1/4 ML b) saturated at 1 ML
Pd/F6304 F6304 Pd(lll) Pd/Fe304 Fe304 Pd(lll)
1605,1640 1605,1640 - 1663 1670 1663

The IR spectrum of 1/4 ML acrolein on Pd/Fe3sO4 shows two saturated peaks near
1605 cm~! and 1640 cm™!'. A third vibration appears at 1663 cm™!, which becomes
the most pronounced peak at 1 ML of acrolein on Pd/Fe3O4. Table 12.2 compares the
C=0 stretch frequencies of acrolein species that saturate in the low-coverage limit (a) and
species that accumulate until full-monolayer coverage (b) on the three surfaces, Pd/Fe3Oy,
Fe3Oy4, and Pd(111). Almost identical IR spectra of 1/4 ML of acrolein on Pd/FezO4 and
pure Fe3O4 show that a significant amount of acrolein binds to the FesO,4 support. Note
that identification of acrolein on the Pd particles at low coverage might be very difficult.
Previous studies show a flat-lying geometry of acrolein on a Pd(111) surface, which makes
them unavailable for IRAS. However, vibrations of molecules attached to the tilted sides
of the particles might be detectable. Near the full monolayer coverage, discrimination
between molecules attached to Pd and Fe3O, is not possible due to very similar C=0
vibration frequencies on the different surfaces.

Figure 12.5 shows the results of TPD experiments after deposition of 1.6 - 10 acrolein
molecules/cm? (1/2 ML) and 7.5 - 10! molecules/cm? (2 ML) on pristine Pd/Fe3Oy as
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a) 1.6-10™ acrolein / cm? on Pd/Fe;0, b) 7.5-10™ acrolein / cm? on Pd/Fe;0, c) 7.5-10" acrolein / cm? on Hy/Pd/Fe;0,
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Figure 12.5: TPD studies of acrolein at sub-monolayer coverage (a), at multilayer coverage
(b), and at multilayer coverage after hydrogen pre-exposure of Pd/Fe3O4
model catalysts.

well as 2 ML acrolein on Hy pre-saturated Pd/Fe304. TPD experiments of 1/2 ML of
acrolein show decomposition of all molecules to ethylene, CO, and Hs. TPD spectra
show desorption of ethylene near 315 K, carbon monoxide at 445 K, and hydrogen over a
broad temperature range with maxima around 310 K and 420-470 K. Ethylene and CO
desorption as well as Hy desorption near 310 K point to desorption limited processes,
while Hy desorption at 420-470 K indicates reaction limited hydrogen evolution. In TPD
experiments of 2 ML of acrolein on Pd/Fe3Qy,, desorption of acrolein and propanal are
observed in addition to the above mentioned decomposition products. The TPD spectra
schow acrolein desorption in a pronounced peak at 163 K and in a weaker feature near
195 K. The lower-temperature peak points to more weakly adsorbed molecules in the sec-
ond layer, while the peak at higher temperature indicates desorption of more strongly
attached species in the first layer. Propanal appears near 280 K, which shows conversion
of the C=C bond of acrolein with hydrogen. TPD studies after deposition of 2 ML acrolein
on Hy/Pd/Fe3O4 show a larger fraction of acrolein being converted to propanal. The des-
orption peak of the more strongly adsorbed acrolein at 195 K vanishes, while a relatively
large amount of propanal appears near 230 K. The decomposition products ethylene, Ho,
and CO are observed at similar temperatures and with similar intensities as compared to
pristine Pd/Fe3zO4.

TPD of acrolein provides information on the adsorption of acrolein on Pd/Fe3O4 model
catalyst, as well as into the mechanism of its conversion to propanal. On the one hand,
TPD experiments of 1/2 ML acrolein do not only show decomposition of acrolein starting
below 310 K, they also point to a high mobility of acrolein on the Fe3O4 below 310 K. By
IRAS, we found a significant amount of acrolein adsorbed by the Fe3O,4 support. How-
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Figure 12.6: Model of a possible configuration of acrolein and hydrogen on Pd/Fe304
model catalysts

ever, TPD experiments of acrolein on the pure Fe3O,4 film showed no decomposition; in
contrast to previous TPD experiments on Pd(111) where complete decomposition of a
monolayer of acrolein was observed [176] (Chapter 8). The results indicate that decompo-
sition requires diffusion of acrolein from Fe3O4 to Pd. On the other hand, conversion of
acrolein to propanal in TPD experiments as well as in previous studies under isothermal
conditions [185, 187] (Chapters 9 and 11) reveal that conversion of the C=C bond requires
characteristic kinetic effects of the Pd/FesO4 model system and cannot be realized by Pd
or FezOy4 alone.

The combination of IRAS and TPD studies give detailed insights into the mechanism
of acrolein conversion over Pd/Fe3O4 model catalysts. Our results point to strong inter-
action of acrolein with the Fe3O4 support. As discussed before, Fe3O4 seems to activate
the B-C atom and thus promote the conversion of the C=C bond with hydrogen. How-
ever, hydrogenation requires the presence of atomic hydrogen, which can be provided by
Pd. Thus, the characteristic kinetics in hydrogenation over Pd/Fe3O4 model catalysts
may arise from the activation of the 8-C atom by Fe3O4 combined with the availability of
atomic hydrogen on Pd. According to this model, Figure 12.6 illustrates a possible config-
uration of co-adsorbed hydrogen and acrolein on Pd/Fe3O4 model catalysts for propanal
formation.

12.4 Conclusion

The interaction of acrolein with an Fe3Oy4 film and Pd/Fe3O4 model catalyst was stud-
ied by combination of coverage-dependent IRAS and TPD experiments. Particularly the
studies at low surface concentrations give insights into the perturbation of acrolein by the
different surfaces. On FezO4, IRAS results point to strongly inclined acrolein molecules
with heavily perturbed chemical bonds. The C=0 group is found to be significantly weak-
ened, while the C—C bond seems to slightly gain strength and the also the 8-CHs group
appears to be perturbed. We conclude that positively charged Fe3O4 surface sites might
stabilize the polarized form of the C=0 group by attracting the negatively charged O
atom. According to the effect of vinylogy, the electrophilic character of the carbonyl-C
atom can be transferred by the conjugated m system to the §-C atom. Nevertheless,
acrolein is not converted in TPD experiments on pure FesO4. In the presence of Pd,
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however, we observe decomposition of acrolein at low coverage and conversion to propanal
at higher coverage. While decomposition of acrolein was also observed in previous TPD
experiments on Pd(111), propanal is only formed on Pd/Fe3O4 model catalysts. The re-
sults indicate that selective hydrogenation of the C=C bond in acrolein is achieved by
an interplay between the Fe3O4 support, which activates the 5-C atom, and Pd, which
provides atomic hydrogen. Thus, the addition of the first H atom on acrolein can be seen
as 1,4-conjugated addition of Fe3O4 and H.

The enhancement of C=0 bond conversion by Lewis-acid-base complexes between the
the O atom of the CO group and cationic sites, e.g. of the support, is well-known from
literature. However, promotion of a chemical reaction at the 5-C atom using the effect of
vinylogy, which is frequently utilized in organic synthesis [299-304], has - to our knowledge
- not yet been reported in surface science studies on model catalysts.

The presented atomistic-level insights into the kinetics of acrolein conversion on Pd/Fe30y4
model catalysts highlight the role of the oxide support for the highly selective hydro-
genation of the C=C bond. The effect of 5-C activation is expected to play a key role
in hydrogenation of all «,f-unsaturated carbonyl compounds over catalysts containing
Lewis-acidic sites.
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